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Long lines of oil and coal trains could some day rumble regularly through Sacramento – as
strange as that would seem in California, a state that leads the push for clean fuels.

Benicia will hold yet another public hearing Monday night on the Valero refinery’s
controversial plan to run as many as two 50-car crude oil trains daily through Northern
California. Sacramento and other up-rail communities want tough safety measures against
oil train spills and explosions, one of which killed 47 people in a Canadian town.

Yolo County Supervisor Don Saylor said he’ll be in Benicia to testify.

“I am going to ask the council to require the project applicant address the up-rail impacts,”
he said. “We believe the oil and rail companies have the capacity to provide safe cars and
to stabilize the volatile material at its source.”

Sacramento County Supervisor Phil Serna took it a step further than Saylor. In a letter last
week to Benicia, Serna urged Benicia to simply deny the project altogether.

The crux: Federal rules say cities and states can’t tell the railroads what safety measures to
employ. But, can Benicia tell Valero that Valero’s city permit is dependent on the oil
company getting its rail carrier, Union Pacific, to agree to added safety measures?

Coal trains coming?

The Sacramento area may be affected by another Bay Area train battle, this one over a
developer’s plan to ship Utah commodities (read: coal) on trains to a terminal under
construction in Oakland. The coal trains, possibly a mile long, likely would come through
Sacramento.

In Oakland, Mayor Libby Schaaf, state Sen. Loni Hancock, D-Oakland, the International
Longshore and Warehouse Union and environmentalists are concerned about health effects
from coal dust. California itself is a leader in the effort to use cleaner fuels; coal use is
waning here. It galls some that Oakland would participate in shipping coal to other
countries.

http://www.sacbee.com/news/local/transportation/article60154306.html
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Oakland officials are studying the health and safety issues to determine whether the city
can and should say no to coal trains. Hancock is working on several legislative bills to close
the door on public funds supporting coal shipments.

“Exporting a product to other countries that no longer has a (future) in the U.S. is
irresponsible,” she said.

If coal trains do come through Sacramento, it may be daily, and they may be mile-long,
100-car transports.

The terminal operator sent a letter to Schaaf last year saying it will use “newly designed”
covered rail cars so that “fugitive” coal dust isn’t spread around during transport. A Sierra
Club attorney said her group doesn’t trust the Oakland terminal operator to keep its word.

A spokesman for Union Pacific said it ships coal in uncovered or open cars. Wyoming coal
is sprayed with a topping agent to reduce dust. Coal from Utah is not as dusty and is not
sprayed, UP officials said.

Sales tax measure

A new survey shows 69 percent of likely Sacramento County voters would support a half-
cent sales tax to fix roads and improve transit service, including finally getting light rail to
the airport. Elected officials in the county’s cities and on the Board of Supervisors will
decide next week whether to launch the process of putting a measure on the November
ballot.

Sixty-nine percent might seem solid, but under state law proponents will need 67 percent
approval. The survey, conducted for the Sacramento Transportation Authority, shows
support bumping up to 70 percent when voters hear some of the project details but suggests
an organized opposition campaign could cause it to drop as low as 62 percent.

Red light cameras

Two notable transportation bills got early boosts last week, one involving red light citation
costs, the other drunk driving. Both come from state Sen. Jerry Hill, D-San Mateo.

Senate Bill 986 attempts to fix a turn of phrase from back in the 1990s that has allowed
law enforcement agencies in Sacramento and elsewhere to fine drivers more than $500 (in
some places up to $600) for failing to come to a complete stop before making a right turn

http://www.sacbee.com/news/local/transportation/article68545002.html
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on a red light.

Hill’s bill would knock the fine down to around $250 to $290, the amount legislative
officials said they originally meant it to be. We’ve heard from a lot of drivers shocked by
the fine amount, often when they didn’t realize they hadn’t fully stopped. The number of
right-on-red citations has gone up since cities started using red light cameras that have
video capabilities a few years ago.

Hill points out the current fine is one-third of some Californians’ monthly take-home pay.
It’s the same amount if you refused to pull over for an emergency vehicle.

The bill sailed through a Senate transportation committee vote last week.

But it prompted words of warning from Jeff Thom, president of the California Council of
the Blind. Thom pointed out that pedestrians are at risk anytime a car in front of them fails
to stop before turning right. The bill is “well intended,” Thom said, “but it only sends a
message that it is the type of infraction that doesn’t mean anything.”

Hill responded that a $250 fine does, in fact, speak to the seriousness of the violation. “I
don’t think if the cost is $250 instead of $500, (drivers) are going to say it is OK.”

Drunk driving law

We wrote last week about Hill’s effort with Mothers Against Drunk Driving to require
breathalyzers to be installed for at least six months in cars of anyone convicted of drunk
driving in California. For multiple offenders, the devices, also known as an Ignition
Interlock Device, could be required for up to three years.

The bill, SB 1046, has now gathered 17 co-authors and counting, and it got solid support
last week at the Senate public safety committee.

It’s a complicated proposal with a lot of moving parts. But it’s not like California is breaking
new ground; 25 other states already have mandatory ignition interlock laws.

Tony Bizjak: 916-321-1059, tbizjak@sacbee.com, @TonyBizjak
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Coal Dust Frequently Asked Questions

Why is BNSF establishing coal dust emission standards?

How extensive is the coal dust problem?

BNSF has been shipping coal from the PRB for decades - why is this coming up now?

What are the coal dust standards?

When will the standards become effective?

What basis does BNSF have for the specific coal dust standards that BNSF has adopted?

Why shouldn't the railroad be responsible for dealing with the coal dust problem instead of coal

shippers and coal mines?

Why can't BNSF deal with the coal dust problem through increased maintenance?

Could the coal dust problem be related to rapid discharge gates at the bottom of the cars?

Are there other possible sources of dust or contaminants in the rail ballast?

What types of remediation measures are available to meet BNSF's coal dust standards?

Have any of these remedial measures ever been used before?

How do you know that these measures would be effective in meeting BNSF's standards?

Does the application of a surfactant require large quantities of water?

If a surfactant is used, where should the surfactant be applied?

Will all PRB coal shippers be subject to coal dust emission standards?

What will happen if a shipper's trains do not meet the coal dust emission standards?

Does BNSF intend to establish coal dust emission standards outside of the PRB?

What information about coal dust emissions on particular trains is BNSF providing shippers?

Why is BNSF establishing coal dust emission standards?

BNSF has established coal dust emission standards to ensure the reliability, efficiency and safety of

coal transportation out of the Powder River Basin (PRB). BNSF has determined that coal dust escaping

from loaded coal cars can foul the ballast along rail lines and can lead to weakened track structure.

Coal dust deposits have even caused fires in areas where coal dust has accumulated. BNSF is seeking

to promote the uninterrupted flow of coal from the mines in the PRB to coal-fired electric generating

stations and to avoid safety hazards, congestion and delays that can result from compromised rail

infrastructure.

Top

How extensive is the coal dust problem?

The amount of coal dust that escapes from PRB coal trains is surprisingly large. While the amount of

coal dust that escapes from a particular coal car depends on a number of factors, including the

weather, BNSF has done studies indicating that from 500 lbs to a ton of coal can escape from a single

loaded coal car. Other reports have indicated that as much as 3% of the coal loaded into a coal car

can be lost in transit. In many areas, a thick layer of black coal dust can be observed along the railroad

right of way and in between the tracks. Given the high volume of loaded coal trains that move each day

in the PRB, large amounts of coal dust accumulate rapidly along the PRB rail lines.
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BNSF has been shipping coal from the PRB for decades - why is this coming up now?

The volume of coal transported out of the PRB over the Joint Line by BNSF and UP has increased

substantially during this decade. As many as 88 loaded coal trains move out of the PRB in a single

day. As PRB coal traffic expanded, the amount of coal dust deposited along the railroad right of way

increased to levels that adversely affected PRB coal train operations. In May 2005, there were two

significant derailments of coal trains in the PRB within a short period of time, resulting in significant

disruption in service and congestion. BNSF determined that the derailments resulted from weakened

track structure caused primarily by a combination of coal dust and high levels of rainfall along with

other factors. Following the derailments, BNSF undertook extensive efforts to study the scope of the

coal dust problem and to identify emission standards that would minimize the accumulation of coal

dust on the roadbed. Those efforts resulted in coal dust emission standards that BNSF has established

for coal trains operating on the Joint Line and on BNSF's Black Hills subdivision.

Top

What are the coal dust standards?

BNSF's coal dust emission standards are contained in Items 100 and 101 of BNSF's Coal Rules

publication called Price List 6041-B. The standards require that coal cars must be loaded in

conformance with a specified loading template. The new coal loading profile produces a more rounded

contour of the coal in coal cars that eliminates the sharp angles and irregular surfaces that can

promote the loss of coal dust when cars are in transit.

BNSF's coal dust emission standards also provide that the amount of coal dust emitted from a train

may not exceed specified levels as measured by trackside monitors (TSM) at two locations on PRB

lines. One TSM is located at milepost 90.7 on the Joint Line and the other TSM is located at milepost

558.2 on BNSF's Black Hills subdivision. A third trackside monitoring station has been constructed on

the Big Horn subdivision and is fully operational.

When will the standards become effective?

BNSF issued Items 100 and 101 of its Price List 6041-B on May 27, 2009. The requirement in those

Items that coal trains meet specific IDV.2 (Integrated Dust Value) limits was originally set to become

effective on November 1, 2009. However, in late October 2009, BNSF notified its shippers that it was

suspending the effective date of the IDV.2 limits until August 1, 2010 to give the Surface Transportation

Board an opportunity to review and affirm the reasonableness of BNSF's coal dust emission standards

and to give PRB coal shippers additional time to evaluate alternative means of complying with the

standards. BNSF also announced in late October 2009 that it was undertaking a large-scale trial of

coal dust mitigation measures so that shippers can obtain more information on the effectiveness of

various mitigation measures. BNSF hopes and expects that its suspension of the effective date of the

coal dust emission standards and the initiation of a new trial of coal dust mitigation measures will

promote voluntary compliance with BNSF's coal dust standards.
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What basis does BNSF have for the specific coal dust standards that BNSF has adopted?

BNSF has been conducting scientific studies of coal dust for several years. Among other things, the

studies have involved collecting and analyzing data on coal dust emissions from thousands of trains.

BNSF has retained and worked closely with engineering consultants to design monitoring devices for

coal dust emissions, to implement protocols for measuring coal dust emissions from particular trains,

and to analyze the results of field tests. With its outside consultants, BNSF has determined that limiting

coal dust emissions to the IDV.2 levels specified in Items 100 and 101 would reduce coal dust

emission levels by about 85%.

Why shouldn't the railroad be responsible for dealing with the coal dust problem instead of coal

shippers and coal mines?

BNSF does not believe that any shipper's commodity that is transported by BNSF should be permitted

to escape from the shipping container and foul the railroad's roadbed or surrounding areas. Coal

shippers are no different from other shippers who are responsible for securing their freight for transit

by rail.

Top

Why can't BNSF deal with the coal dust problem through increased maintenance?

Cleaning up coal dust after it has escaped from the coal cars in transit is not an acceptable alternative

to taking preventive measures to reduce coal dust emissions. Routine maintenance procedures cannot

address the structural problems caused by coal dust that accumulates along the rail lines.

Extraordinary maintenance measures are required to deal with this problem. For example, BNSF has

found that it must increase substantially the frequency of undercutting – where the ballast is removed,

cleaned and replaced – to remove coal dust accumulations. In addition to the high costs of such

operations, the increased maintenance activities can adversely affect service availability and reliability.

Undercutting operations take rail lines out of service for protracted periods of time. This cuts back on

line capacity that would otherwise be available for transporting coal and can lead to congestion and

service restrictions.

Could the coal dust problem be related to rapid discharge gates at the bottom of the cars?

BNSF has done studies over the past three years that have confirmed that while some coal leaks from

rapid discharge gates on coal cars, the vast majority of coal dust that is deposited on the railroad right

of way comes off of the top of loaded coal cars. BNSF therefore believes that proper maintenance of

rapid discharge gates is an important opportunity to reduce the loss of coal in transit, but coal dust

mitigation efforts must focus on reducing the level of coal dust emitted from the top of loaded coal

cars.

Are there other possible sources of dust or contaminants in the rail ballast?

Organic chemistry and x-ray diffraction analysis confirm that the preponderance of material fouling the

rail ballast is coal. Only minute amounts of brake shoe dust or diesel particulates have been found in

the rail ballast.

Top

What types of remediation measures are available to meet BNSF's coal dust standards?

A number of remediation measures are available to reduce coal dust emissions. In addition to the new



Excerpt of 2010 trial test plan

Enlarge

Low Water Chemicals

Enlarge

loading profile, chemical agents called surfactants can be sprayed over the loaded coal to keep the

coal in place during transit and to reduce coal dust. Other products and services are being explored

and developed. BNSF is confident that as coal shippers begin to implement remediation measures and

search for the most cost-effective approaches, the market will respond with increasingly effective

remediation technologies.

Have any of these remedial measures ever been used before?

Yes. Coal dust suppression measures have been used extensively in areas outside the PRB. The most

common measure until now has been the application of a surfactant. Surfactants have been used for

several years in Canada by the Canadian Pacific to reduce coal dust emissions. In the eastern United

States, Norfolk Southern has used surfactants along with the grooming of loaded coal cars since the

mid 1970's to limit coal dust emissions. Surfactants are increasingly being used in Australia.

How do you know that these measures would be effective in meeting BNSF's standards?

Since 2005, BNSF has been conducting studies in the PRB of coal dust emissions and various

measures available to reduce those emissions. These studies have confirmed that the use of

surfactants can reduce coal dust emissions to the IDV.2 levels set out in BNSF's coal dust emission

standards. In addition, BNSF announced in late October 2009 that that it was undertaking a large-scale

trial of coal dust mitigation measures so that shippers can obtain more information on the effectiveness

of various mitigation measures. The trial will involve participation by chemical vendors as well as

several mines and coal shippers. Different chemical surfactants will be tested in the laboratory and in

the field on operating coal trains to determine the effectiveness of different products and services in

reducing coal dust emissions. The results will be reported to the test participants. BNSF hopes that

this trial will assist coal shippers and their mine agents to identify effective dust suppression measures.

Top

Does the application of a surfactant require large quantities of water?

Several different chemical agents are available for use as a surfactant to reduce coal dust emissions.

Among these products are low-water surfactants.

If a surfactant is used, where should the surfactant be applied?

It is not feasible for BNSF to apply a surfactant while the loaded coal train is on rail property. Stopping

loaded coal trains on the rail property would disrupt operations on the high volume PRB coal lines and

could have a serious adverse impact on the reliability and efficiency of PRB operations. The most

efficient and effective place to apply the surfactant is at the mine immediately after loading of coal into

the rail car.

Will all PRB coal shippers be subject to coal dust emission standards?

Yes. BNSF is the operator of the Joint Line and is responsible for establishing operating rules that

apply to all trains operating on the Joint Line. The coal dust emission standards set out in Item 100

and Item 101 of BNSF's Coal Rules publication referred to as Price List 6041-B have been issued as

operating rules applicable to all trains operating on the Joint Line and on the Black Hills subdivision.

BNSF anticipates establishing in the near future coal dust emission standards for coal trains operating

over BNSF's Big Horn subdivision.

Top

What will happen if a shipper's trains do not meet the coal dust emission standards?



BNSF is hopeful and expects that shippers will comply with the standards and will further address any

specific implementation steps as needed.

Does BNSF intend to establish coal dust emission standards outside of the PRB?

In addition to coal dust emission standards applicable to trains operating on the Joint Line, BNSF has

established coal dust emission standards applicable to coal trains originating in the PRB and operating

over BNSF's Black Hills subdivision. BNSF anticipates setting standards applicable to coal trains

originating in the PRB and operating on the Big Horn subdivision in the near future. In addition, BNSF

is continuing to study the impact of coal dust emissions in areas outside of the PRB.

What information about coal dust emissions on particular trains is BNSF providing shippers?

Since January 2009, shippers whose trains operate over the Joint Line and over BNSF's Black Hills

subdivision have been receiving monthly reports on trains that exceed the coal dust emission levels

specified in Items 100 and 101 of BNSF's Price List 6041-B. In addition, BNSF conducts random field

audits of the loading profiles of coal cars and provides information to shippers and mines on cars that

have a loading profile that deviates from the profile described in BNSF's coal dust emission standards.

Top
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Arsenic Addition to Soils from Airborne Coal Dust
Originating at a Major Coal Shipping Terminal
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Abstract Soil samples were collected from Norfolk,
Virginia in order to examine the extent of particulate
coal, and associated arsenic (As) deposition to local
soils. The particulate coal originates from the adjacent
coal shipping terminal at the Lambert’s Point Docks,
which is the largest marine coal shipping terminal in the
Northern Hemisphere. Particulate coal was separated
from soil samples using heavy liquid (i.e., sodium
polytungstate) extraction. Sand-sized coal separates
isolated from the soil samples were subsequently
digested using concentrated nitric and sulfuric acid,
and analyzed for As by high-resolution inductively
coupled plasma mass spectrometry (HR-ICP-MS).
Selected total soil digests were also analyzed for As
by HR-ICP-MS. Results indicate particulate coal
ranges from less than 1% up to ∼20%, by weight, of
the soil samples analyzed. Arsenic concentrations in
sand-sized particulate coal extracted from these sedi-
ments range from undetectable levels (i.e., <3 ng/kg) up
to 17.4 mg/kg, whereas total As concentrations in the

soils range from 3 to 30.5 mg/kg. The data indicate that
particulate coal originating at the Lambert’s Point Docks
is an additional source of As to local soils, especially
sites proximal to the shipping terminal. Although the
particulate coal itself likely poses only minor health
hazards (if any), the environmental consequences of As
transported with the particulate coal is not known.

Keywords Coal dust . Arsenic . Soils .

Airborne transport . Coal shipping terminal . Virginia

1 Introduction

Environmental concerns over the use of coal as a fossil
fuel have commonly focused on the impact that mining,
coal combustion, and the resultant fly ash has on
environmental quality (e.g., Querol et al. 1991, 1992,
1999; Kizilshtein and Kholodkov 1999; Feng et al.
2000; Finkelman et al. 2002, 2006; Fuge 2005;
Yudovich and Ketris 2005; Greb et al. 2006; Kolker
et al. 2006). It is generally accepted, for example, that
combustion of high-sulfur coal has contributed to the
occurrence of acid rain and the consequent acidifica-
tion of watersheds with low acid buffering capacity
(Gupta 1999). Moreover, because fly ash generated
from coal combustion can be enriched in many trace
elements, including a number of potentially toxic trace
elements such as arsenic (As), selenium (Se), cadmium
(Cd), chromium (Cr), and mercury (Hg), studies have

Water Air Soil Pollut (2007) 185:195–207
DOI 10.1007/s11270-007-9442-9
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examined the impact of trace element loading to the
environment from fly ash fall-out (Eskenazy 1995;
Querol et al. 1999; Fuge 2005; Mastalerz and
Drobniak 2007). However, the environmental impact
of and/or the potential human health issues arising
from transport and shipping of coal, and subsequent
inhalation of resulting “environmental” coal dust, have
typically not been examined, although occupational
inhalation has been extensively studied (e.g., coal
workers’ pneumoconiosis; Attfield et al. 1997, 1998;
Finkelman et al. 2002; Centeno et al. 2005). Recent
investigation of coal workers’ pneumoconiosis (also
known as black lung disease) suggests that finely
disseminated pyrite grains within coat dust may be
responsible for the inflammation of lung tissue that
leads to development of lung fibrosis (Finkelman et al.
2006). Possible human health issues may also arise
from inhalation of airborne “environmental” particulate
coal owing to the fact that: (1) it can occur in size
fractions (e.g., PM2.5; <2.5 μm) that are potentially
hazardous (Zheng et al. 1999); and (2) because it may
be enriched in pyrite and/or toxic trace elements such

as As, Hg, Se, Cd, and Cr (Eskenazy 1995; Smith et al.
1998; Querol et al. 1999; Finkelman et al. 2006).

The facility at the Lambert’s Point Docks in
Norfolk, Virginia (Fig. 1) is home to North America’s
largest coal shipping terminal in terms of total
tonnage shipped. Specifically, more than 28 million
tons of coal is shipped from Lambert’s Point Docks
annually (Dinsmore 1999). The method used to load
coal from railroad cars to waiting ships involves
overturning each coal-filled railroad car and dumping
the coal onto a conveyor belt leading to the transport
ship, where it is dumped again into the ship’s hold.
Owing to the nature of the process, the coal loading
method generates “environmental” coal dust that is
subsequently transported into nearby regions of Norfolk
and Portsmouth, Virginia (Fig. 1). The Virginia
Department of Environmental Quality (VDEQ (Virginia
Department Environmental Quality) 2002) estimates
that the coal pier at Lambert’s Point released approx-
imately 35 tons of particulate coal into the air during
2000, although it is permitted to release up to 50 tons/
year. It is important to note that this permitted release

Fig. 1 Map showing the
location of the study region
in southeastern Virginia,
USA (insert) and the loca-
tions of soil cores (N1

through N8, DS1 and DS2),
and surface soil samples (S1
through S15), within the city
of Norfolk, Virginia. Soil
cores are shown as filled
circles, whereas the surface
sample locations are
depicted as filled triangles.
In addition, major railway
lines (++++) within the city
of Norfolk are also shown
along with a number of
landmarks and neighbor-
hoods. Old Dominion Uni-
versity is shown as ODU
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level for airborne coal dust was exceeded in 1999
(VDEQ 2002). Black, gritty veneers of what appears to
be particulate coal coating objects (e.g., automobiles,
window sills, plants, etc.) are common in both Norfolk
and Portsmouth, Virginia, and anecdotal accounts
suggest that such veneers are more prevalent in the West
Ghent neighborhood of Norfolk, proximal to the
Lambert’s Point Docks. These thin coatings of probable
coal dust suggest that airborne transport of coal dust from
the Lambert’s Point Docks is prevalent in the region. It
should be mentioned that coal has also been transported
into the study area via railways for reasons other than
immediate export via the Lambert’s Point Docks,
including its use in household heating, storage for future
shipment, and for burning in local coal-fired power
plants.

2 Study Site

The study area is located in the southeast corner of the
State of Virginia, on the east coast of the USA (Fig. 1). It
is bounded by the Elizabeth River (i.e., tidal) along the
west and south, the Lafayette River (also tidal) to the
north, and thus includes a significant portion of the city
of Norfolk, Virginia. The Lambert’s Point Docks are
located within Norfolk’s city limits, along the Elizabeth
River (Fig. 1). The region surrounding the docks is
highly urbanized and characterized by low elevation
and relatively flat terrain (Mixon et al. 1989).

The study region is underlain by the Tabb
Formation, which was deposited during several high
and low stands of sea-level during the Pleistocene
(Mixon et al. 1989). The youngest member of the
Tabb Formation is the Poquoson Member, which is a
medium to coarse sand that grades upwards to clayey
sands. The Poquoson Member is characterized by
ridge and swale topography and achieves a maximum
thickness of 4.6 m (Mixon et al. 1989). The Poquoson
Member, however, is not exposed within the city of
Norfolk (Mixon et al. 1989). Beneath the Poquoson
Member is the Lynnhaven Member, which was
deposited during a high stand of sea-level in the
Pleistocene. The Lynnhaven Member is the chief
member of the Tabb Formation that outcrops in the
study region. The Lynnhaven Member consists of fine
to coarse sands that grade upwards to sandy silts. It is
cross-bedded at the base and has several channel cuts
filled with clayey silt and organic material. The

Lynnhaven Member is an extensive surficial deposit
that averages roughly 6 m in thickness and has a toe
altitude of 5.4 m above mean sea-level (Mixon et al.
1989). Underlying the Lynnhaven Member is the
Segfield Member, the oldest member of the Tabb
Formation. The Segfield Member is composed of
clayey sand that grades upwards to clayey silt. The
Segfield Member also contains numerous channel fills
at its base and is cross-bedded with clayey sands and
clayey silts throughout. The Segfield Member ranges
up to 15.2 m thick, and is assigned an approximate
age of 71,000 years based on uranium-series dating of
coral (Astrangia sp.) that occurs within the deposit
(Mixon et al. 1989).

Soils in the study region are classified as urban soils
(e.g., Brady and Weil 1996); hence, detailed descrip-
tions of the soil have not been published. However,
the soils in the study area closely resemble soil units
common to southeastern Virginia including the Sassa-
fras fine sandy loam, the Woodstown fine sandy loam,
and the Keyport very fine sandy loam (Henry et al.
1959). All of these specific soils are found outside of
the immediate study area, within the broader Hampton
Roads region of southeastern Virginia. The Sassafras
fine sandy loam is a friable, red/brown soil that grades
to yellow/red, and is typically well drained. The
Woodstown fine sandy loam is a moderately well
drained friable soil that ranges from brown through
yellow/brown to yellow in color. The Keyport very
fine sandy loam is a moderately well drained soil that
is characterized by high water holding capacity. The
Keyport ranges from gray/brown to yellow/brown in
color, and is mottled at depth (Henry et al. 1959).

The study area is characterized by warm humid
summers, with a mean high temperature of 25.3°C,
and mild winters with an average low temperature of
6.5°C (Henry et al. 1959). The area’s annual
precipitation is ∼1,100 mm/year with the majority
falling during the winter months (Henry et al. 1959).
Prevailing winds for the area are from the west
(Halpern et al. 2001).

3 Materials and Methods

3.1 Sample Collection and Textural Classification

Eight 32 cm deep soil cores were collected from the
city of Norfolk, with seven of these cores from the

Water Air Soil Pollut (2007) 185:195–207 197



immediate study area (labeled Ni, where i identifies
the core number on Fig. 1). Two additional soil cores
were also obtained from the Great Dismal Swamp
outside of the immediate study (i.e., identified as DSi
on insert map of Virginia of Fig. 1). In addition, 15
surface soil samples, collected at a depth of 4 cm,
were obtained from the study region (marked Si on
Fig. 1). Sample locations were chosen primarily based
on accessibility (i.e., public property or permission
from title holder) and location relative to the
Lambert’s Point Docks. The soil cores from the Great
Dismal Swamp (i.e., DS1 and DS2; Fig. 1) were
collected as controls in order to determine the amount
of particulate coal present in soils from regions we
initially considered to be unaffected by deposition of
particulate coal originating from the Lambert’s Point
Docks.

All soil core samples where collected to an
approximate depth of 32 cm using a stainless steel
hand auger. The auger was rinsed with ultra-pure
Milli-Q water (18 MΩ-cm) before commencing each
coring. The soil samples were then extracted from the
top of the auger and sampled at depth increments of
4.5 cm (i.e., 4 cm after accounting for soil expansion).
Each soil sample was removed from the auger by
scraping it off with a pre-cleaned (i.e., nitric acid
rinsed) plastic spatula. Soil samples where then
placed into pre-labeled, Ziplock®-style polyethylene
bags, returned to the laboratory, and subsequently
dried in an oven before analysis.

The textural classification of each soil sample was
determined (i.e., Bounds 2001) by adding 40 g
aliquots of dried soil to a 10 mL solution of sodium
hexametaphosphate in 100 ml of Milli-Q water. The
soil solution slurry was subsequently stirred to
disperse the soil. After dispersal, the slurry was
transferred to a 1,000 mL graduated cylinder, and
filled to 700 mL with Milli-Q water (Bounds 2001).
The slurry was shaken and allowed to settle for 40 s at
which point a hydrometer reading was obtained. The
hydrometer reading was used to determine the weight
of the soil remaining in the water after the sand has
settled out. Temperature was measured to correct the
hydrometer reading. The same procedure was then
repeated for the clay fraction, however; in this case,
the hydrometer was read after 1.5 h, which allows for
both the sand and silt fraction to settle (e.g., see Gee
and Bauder 1986, for method details, and Table 2 of
Bounds 2001, for details concerning the distribution

of sand-, silt-, and clay-sized particles in each soil
sample). Briefly, the sand-sized fraction of the
sediment cores ranges from 50 to 80 wt.%. The silt-
sized fraction accounts for between 10 to 40 wt.%,
whereas the clay-sized fraction accounts for 9–20 wt.%
of each sample (Bounds 2001).

3.2 Coal Particle Separation

In order to extract the coal particles from the soil
samples, 10 g of each soil was first placed into
separate 150 mL beakers along with a solution
consisting of 15 mL of sodium hypochlorite (“Baker
Analyzed,” reagent grade) in 100 mL of Milli-Q water
(18 MΩ-cm). It should be noted that all separations
and sample handling were conducted in a class 100
laminar flow bench to minimize potential contamina-
tion from particles. The soil slurries were subsequent-
ly allowed to sit for a period of 1–5 days. The sodium
hypochlorite procedure was chosen because Lewis
and McConchie (1994) argue that it destroys the soil
organic matter but does not affect coal particles.
Indeed, no visible effects of the sodium hypochlorite
on coal particles were observed in preliminary tests
using crushed coal particles. Each soil sample was
then wet sieved using sieves of 250 μm, followed by
63 μm, to separate the fine and coarse sand-size
fractions from one another, and to separate the silt/
clay fraction. Sample aliquots that passed through
each sieve were collected in 600 mL beakers. Upon
completing the sieving, the size fractions (i.e.,
>250 μm, >63 μm, and silt/clay fractions) were dried
and weighed (Bounds 2001).

For the sand fraction of each soil sample, 25 mL of
sodium polytungstate (>=2.0 g/cm3; Fisher Scientific,
ACS certified) was added in order to separate the coal
from the rest of the soil. Sodium polytungstate was
used because its density is greater than that of coal,
but less than the density of the silicates and metal
oxides in the soil. Consequently, the coal generally
floats in the solution, whereas the silicates and metal
oxides sink. Because coal particles containing finely
disseminated pyrite could potentially sink in the
heavy liquid solution, we cannot entirely rule out
some loss of coal during the separation (see Sec-
tion 4.2 below). After a period of 1 h, the sodium
polytungstate and suspended coal particles were
decanted and filtered through a number 41 Whatman
filter to separate the coal from the heavy liquid. The
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recovered coal particles were then washed with Milli-Q
water, dried, and weighed (Bounds 2001).

Because only the >63 μm fraction of coal (i.e.,
sand-sized) was analyzed for As (see below), the
<63 μm coal fraction (i.e., the silt/clay fraction) was
subsequently subjected to digestion with hydrogen
peroxide (“Baker Analyzed,” reagent grade). The
hydrogen peroxide attacks the coal but does not affect
the silt or clay minerals (e.g., Lewis and McConchie
1994). Before the coal was digested with hydrogen
peroxide, the weight of the silt/clay fraction was
measured. The remaining silt/clay fraction was then
dried and weighed, and the weight of the coal
digested determined by difference (Bounds 2001). It
should be noted that because the hydrogen peroxide
may also dissolve sulfides, sulfates, and carbonates,
the calculated difference gives a maximum value for
the weight of the coal fraction.

3.3 Arsenic Analysis

As mentioned above, only the sand-sized coal fraction
from each soil sample was analyzed for arsenic (As)
in the recovered coal. Aliquots of the sand-sized coal
fraction were crushed, reweighed, and then placed in
180 mL borosilicate glass digestion beakers along
with 10 mL of concentrated Trace Metal Grade HNO3

(Fisher Scientific) and 1 mL of concentrated Trace
Metal Grade H2SO4 (Fisher Scientific). The sample
slurry was then allowed to sit covered overnight in a
class 100 laminar flow hood. The coal samples were
subsequently heated at 110°C on a hotplate for 4 h.
The samples were then removed from the hotplate and
allowed to cool for 15 min, after which 5 mL of 30%
v/v ultra-pure H2O2 (Suprapur® grade) was added,
and the samples returned to the hotplate for another
90 min. The samples were then removed from the
hotplate and 10 mL of Milli-Q water was added. At
this point, the samples were allowed to cool, and were
subsequently filtered through number 41 Whatman
filter, to remove any remaining silicate, into 100 mL
volumetric flasks, rinsed with Milli-Q water, and the
volume made up to 100 mL with Milli-Q water. The
samples were then transferred to pre-cleaned (i.e.,
acid-washed; Johannesson et al. 2004) high density
polyethylene sample bottles and stored until analysis.
Similar procedures were followed for the total soil As
analysis, however, instead of a combined HNO3 and
H2SO4 digestion, only 15 mL of Trace Metal Grade

HNO3 (Fisher Scientific) was used to digest the soil
(Bounds 2001). The procedural blanks, consisting
initially of 10 mL of Milli-Q water, were subjected to
the same reagents to assess their potential as sources
of As contamination during the digestion procedure.

Arsenic concentrations in the soil coal digests and
bulk soil digests were measured by high-resolution
inductively coupled plasma mass spectrometry (HR-
ICP-MS; VG Axiom) at the Harry Reid Center for
Environmental Studies, University of Nevada, Las
Vegas (Dr. J. Cizdziel, analyst). The HR-ICP-MS was
calibrated and the sample concentrations verified
using a series of As calibration standards of known
concentrations (1, 5, 15, 100 μg/kg). The calibration
standards were prepared from NIST traceable High
Purity Standards (Charleston, SC). In addition, a
check standard (16.8 μg/kg) was prepared from a
Perkin Elmer As standard and analyzed regularly
during the analyses to certify accuracy. Platinum was
added to each sample prior to analysis as an internal
standard to monitor for matrix effects, differences in
sample viscosity, solute build-up on the sampler and
skimmer cones, and instrument drift during the
analyses (Guo 1996). Analytical precision was on
the order of 5.9% relative standard deviation (RSD)
for arsenic concentrations at 1 μg/kg, and 3.1% RSD
at 100 μg/kg arsenic. The analytical precision of the
check standards analyses was 2.2% RSD. Detection
limits for As were ∼ 3 ng/kg using our approach, and
As concentrations in procedural blanks were generally
at or below detection (Bounds 2001).

4 Results and Discussion

4.1 Soil Textual Classification

Soils were matched to the Soil Survey of Norfolk
County (i.e., Henry et al. 1959) based on color and
textural classification. Texturally, all collected soil
cores are sandy loams, and can be classified as
belonging to the Woodstown, Sassafras, and Keyport
soil types of Henry et al. (1959). Based on soil colors,
seven samples including the Manchester Avenue (N1),
37th Street (N2), 35th Street (N3), 39th Street (N5),
Silbert Road (N6), Beckner Street (N7), and the
Dismal Swamp East (DS2) belong to the Keyport soil
type. The Princess Anne Road (N4) and the Dismal
Swamp West (DS1) samples, however, fit the descrip-
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tion of the Woodstown soil type, whereas the Cape-
view Avenue (N8) sample shares characteristics with
the Sassafras soil (see Henry et al. 1959; Bounds
2001).

4.2 Soil Separation Testing

In order to establish the recovery efficiency of the
extraction procedure used here to separate particulate
coal from silicates, metal oxides, and organic matter
in local soil samples (Section 3.2), the separation
method was first applied to a simulated test soil
sample containing a known amount of coal particles
(see Bounds 2001 for details). Briefly, 9 g of sand and
1 g of crushed coal (collected from the Lambert’s
Point Docks) were mixed to create the test soil. Five
separate aliquots from this test soil were then
processed using the heavy liquid procedure described
above in Section 3.2. Recoveries of coal particles
from each of these test soil aliquots were 95, 81, 87,
84, and 87%, with a mean recovery (± standard
deviation) of 86±5.2% (Bounds 2001). The mean
recovery indicates that the soil coal extraction method
is relatively accurate, although it generally leads to an
underestimate of the actual amount of particulate coal
present in the soils. The underestimates may reflect
some loss during the sodium polytungstate separation
owing to sinking of coal particles containing heavy
minerals like pyrite. Therefore, our estimates of the
amount of particulate coal present in soils from
Norfolk, Virginia likely err on the low side. The
actual amount of particulate coal may exceed the

estimates by as much as 17%, on average (Bounds
2001).

Precision for the separation technique was quanti-
fied by using a second soil core collected from the
Manchester Avenue site in Norfolk (location N1), and
subjecting six different replicates of this soil sample
to the heavy liquid separation procedure. The repli-
cate analyses produced a relative standard error of ±
8.46%, indicating that the separation procedure
produces relatively consistent results (i.e., better than ±
10%; Bounds 2001).

4.3 Particulate Coal Distribution

The distribution of coal (in wt.%) in the soil cores and
surface samples are presented in Tables 1 and 2,
respectively. The surface soil samples (i.e., S1 through
S15, Table 2), which were collected at depths of 4 cm,
are comparable to the shallowest samples from each
soil core (Table 1). The amount of particulate coal that
occurs in the surface soil samples (i.e., 4 cm depth) of
the study area varies from a high of ∼ 20% by weight,
to a low of 1 wt %, exhibiting a mean value (±
standard deviation) of 7.1±3.9 wt. %. The surface
sample (4 cm) from the 37th Street core (i.e., N2)
exhibits the highest amount of particulate coal (i.e.,
19.9 wt. %). The 37th Street core is located less than
1 km east of the Lambert’s Point Docks (Fig. 1). The
surface sample (4 cm depth) of the Silbert Road core
(N6), which is located approximately 5.5 km to the east
of the Lambert’s Point Docks (Fig. 1), has 3.4 wt. %
particulate coal, whereas the surface sample from the

Table 1 Amount of particulate coal (in weight %) recovered from soil cores collected within Norfolk (N) and the Great Dismal
Swamp (DS) in southeastern Virginia

Depth (cm) N1 N2 N3 N4 N5 N6 N7 N8 DS1 DS2

4 4.56 19.9 7.88 7.82 10 3.45 7.42 1.08 1.23 1.59
8 2.2 20 7.29 7.22 9.84 3.95 6.72 0.83 1.33 1.47
12 3.79 18.1 7 7 9.59 3.57 5.38 0.48 1 2.02
16 3.75 16.2 6.87 6.87 8.33 3.55 5.57 0.68 1.31 1.74
20 3.98 14 6.62 6.62 6.42 3.34 4.21 0.05 1.12 1.26
24 3.03 10.4 5.91 5.91 6.15 2.78 3.1 0.01 1.29 1.63
28 1.77 7.46 5.2 5.2 5.32 2.79 1.82 0.04 1.12 1.42
32 2.12 8.82 4.64 4.64 3.88 3.88 1.56 0.05 1.07 1.59

N1 Manchester Avenue, N2 37th Street, N3 35th Street, N4 Princess Anne Road, N5 39th Street, N6 Silbert Road, N7 Beckner Street, N8

Capeview Avenue, DS1 collected along the Washington Ditch in the Great Dismal Swampa , and DS2 collected at Arbuckle Landing,
near the outflow of the Feeder Ditcha

a See Johannesson et al. (2004).
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Capeview Avenue core (N8), roughly 12 km northeast
of the docks, exhibits 1.1 wt % particulate coal
(Table 1). The decrease in the amount of particulate
coal within the surface soils with increasing distance
from Lambert’s Point Docks, and the fact that the
prevailing wind direction for the region is from the
west (Halpern et al. 2001), suggests that the docks are
the chief source of particulate coal to these soils.
Similar areal distribution patterns of particulate coal
occur at depths in these soils (Bounds 2001). Soil
samples collected proximal to the railroad tracks in the
study region (e.g., N7, S10, S7, and S9) also exhibit
relatively high particulate coal levels (Tables 1 and 2).
These elevated soil coal levels indicate that coal cars
transporting coal into the city along existing rail lines
are also a source of particulate coal to local soils. Others
have also recognized the importance of railway lines as
sources of potential contaminants (Smith et al. 2006).

The amount of particulate coal in each soil core
collected from the city of Norfolk (i.e., N1 through
N8) decreases with increasing depth (Fig. 2). The
decrease in particulate coal with depth is most evident
for soil core N2, located less than a km from the
Lambert’s Point Docks (Figs. 1 and 2). For the
Capeview Avenue core (N8), the amount of particu-
late coal decreases from ∼1.1 wt. % at a depth of 4 cm
to below detection at 20 cm, where it remains with
increasing depth (to 32 cm, Fig. 2, Table 1). The two

soil cores from the Great Dismal Swamp (DS1 and
DS2) exhibit low, but constant amounts of particulate
coal with depth (Fig. 2; Table 1). Both Great Dismal
Swamp soil cores have amounts of particulate coal at
the surface (i.e., 4 cm depth) that are comparable to
the Capeview Avenue (N8) core (1.23 and 1.59 wt. %
vs. 1.08 wt. %, respectively), but have higher amounts
of particulate coal at depth (Table 1, Fig. 2). The
Great Dismal Swamp cores exhibit similar amounts of
particulate coal at depth to the Manchester Avenue
(N1), Silbert Road (N6), and Beckner Street (N7) cores
from within the city of Norfolk (Table 1; Fig. 2).
Hence, the Great Dismal Swamp soil cores indicate
that much of the Hampton Roads region of south-
eastern Virginia has experienced atmospheric deposi-
tion of particulate coal originating from the Lambert’s
Point Docks, or possibly other coal shipping docks in
the region (e.g., Newport News, Virginia).

Assuming a uniform distribution of particulate coal
in the surface soils equal to the mean amount of coal
estimated from our soil core and surface samples (i.e.,
4 cm depth, 7.1±3.9 wt. %, n=22), and an approx-
imate bulk density for the soil of 1.9 g/cm3 (ρsolids=
2.65 g/cm3 with porosity ∼30%), the amount of
particulate coal contained within the top 4 cm of the
soils can be roughly estimated for the immediate
study area (Norfolk south of the Lafayette River,
north of the Eastern Branch of the Elizabeth River,
and west of the railway line to the U.S. Naval
Reservation; Fig. 1, ∼33 km2). These values lead to
an estimate of 1.8×108 (±105) kg of particulate coal
in the top 4 cm of soil within the immediate study
area. It is important to stress that this estimate is
severely compromised by the limited sample coverage
in the study region and the assumption of a uniform
distribution of coal, which the data demonstrate varies
as a function of distance from the Lambert’s Point
Docks. Thus, the actual inventory of particulate coal
in these soils could conceivable differ by orders of
magnitude. It is noteworthy, however, that this rough,
first approximation of the particulate coal inventory in
Norfolk surface soils seems high compared to the
permitted amount of particulate coal that the State of
Virginia allows the Lambert’s Point Docks to release
annually (i.e., 50 tons: VDEQ (Virginia Department
Environmental Quality) 2002). The estimate suggests
that the our approach overstates the amount of
particulate coal in Norfolk soils (laboratory experi-
ments indicate, however, that the method under-

Table 2 Amount of particulate coal (in weight %) recovered
from surface samples (collected at ∼4 cm depth) from Norfolk,
Virginia

Weight % coal

S1 4.73
S2 5.36
S3 4.89
S4 6.07
S5 6.23
S6 7.03
S7 14.6
S8 7.49
S9 9.56
S10 8.93
S11 3.87
S12 4.82
S13 4.35
S14 3.77
S15 3.24
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estimates the amount of coal present, Section 4.2),
that other sources of particulate coal dust, such as the
coal shipping terminal in nearby Newport News,
Virginia, local railway lines, etc., contribute coal dust
to Norfolk soils, and/or that the Lambert’s Point Dock
commonly exceeds its permitted release levels of
particulate coal to the atmosphere. Clearly, more study
of the fluxes of particulate coal in the Hampton Roads

region of Virginia is warranted to better constrain the
sources and mass balance of particulate coal.

4.4 Soil Arsenic Concentrations

Coal shipped to and from the Lambert’s Point Docks
originates from mines in Alabama, Indiana, Illinois,
Kentucky, Tennessee, Ohio, Pennsylvania, Virginia,
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and West Virginia (Norfolk Southern 2007). Coal
from these states, which are located within the
Appalachian and Eastern Interior coal basins, have
As concentrations that range, on average, from 20 to
70 mg/kg (Kolker et al. 2006; Mastalerz and
Drobniak 2007; and references therein). The mean
As concentration of coal from Virginia is 20.2 mg/kg
(Henderson et al. 1985; Hower et al. 1997). These
mean values are between an order of magnitude to as
much as ∼45 times greater than upper continental
crust As concentrations (1.5–2.0 mg/kg; Taylor and
McLennan 1985; Wedepohl 1995). Hence, because of
the relatively high As concentrations that characterize
some coal from the Appalachian and Eastern Interior
coal basins, we chose to evaluate whether the

particulate coal dispersed to Norfolk soils has
enriched As in these soils.

Arsenic values for the sand-sized coal particles
extracted from cores N1 through N7 range from a high
of 17.4 mg/kg at 8 cm depth within the 37th Street
core (N2), to below detection (i.e., <3 ng/kg) at 16 cm
and 32 cm depths within the Silbert Road core (N6;
Fig. 3; Table 3). Because no sand-sized coal particles
were recovered from the Capeview Avenue core (N8),
or the Great Dismal Swamp cores (DS1, DS2), we did
not determine the coal-dust associated As in these
cores using the methods employed in this study.
Nonetheless, the mean As concentration for sand-
sized coal particles collected from all depths in cores
N1 through N7 is 7.3 mg/kg.
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Arsenic concentrations of sand-sized coal particles
from Norfolk soil cores are all lower than the mean
As values reported for coal from the Appalachian and
Eastern Interior coal basins (Kolker et al. 2006), as
well as the average As concentration reported for
Virginia coals (i.e., 20.2 mg/kg; Henderson et al.
1985). We expect that the As concentration of the
sand-sized coal particles recovered from Norfolk soils
to generally be lower than bulk coal samples from the
Appalachian and Eastern Interior coal basin owing to:
(1) selective mining that extracts low As coals; (2)
coal cleaning that can reduce As in coal by as much
as 50%; (3) physical separation of As-bearing pyrite
during transport and shipping; and (4) possible loss of
some As-rich coal particles during our laboratory
separations where denser pyrite containing particles
may sink (R.B. Finkelman, 2007, personal communi-
cation). Nevertheless, As concentrations of sand-sized
coal particles recovered from Norfolk soils are similar
to those measured in coals samples (n=3) obtained
from the Lambert’s Point Docks (i.e., 12.6 mg/kg;
Bounds 2001). Arsenic concentrations measured in
sand-sized particulate coal from the Norfolk soil core
samples are, therefore, enriched by 4–5 times, on
average, over that of the upper continental crust.

A recent survey of As levels in surficial deposits (i.e.,
soils and sediments) of North America indicates that
backgroundAs concentrations range from crustal values
(1–2 mg/kg) up to ∼7 mg/kg in soil/sediments of
southeastern Virginia, with the highest levels centered
in Norfolk (Grosz et al. 2004). These preliminary data
suggest that background As concentrations in soils/
sediments from the Norfolk region are, to a first
approximation, similar to average soil As concentra-
tions in the USA (e.g., 5–7 mg/kg; Shacklette and
Boerngen 1984; Yang and Donahoe 2007). However,
the observation that directly to the west of the city of
Norfolk, the background surficial As concentrations
drop to crustal or lower values from a high of ∼7 mg/kg

within the city center (Grosz et al. 2004), supports the
hypothesis that coal shipping through the Lambert’s
Point Docks is at least partially responsible for
elevating soil zone As concentrations within the city.

Arsenic concentrations for the total (i.e., bulk) soil
digests (silicate minerals, metal oxides, amorphous
phases, organic matter, and particulate coal), per-
formed on aliquots from 8 cm depth for each soil
core, ranged from a high of 30.5 mg/kg to a low of
3.0 mg/kg, with a mean As value of 13.3 mg/kg
(Table 4). The total soil digests indicate that Norfolk
soils (from a depth of 8 cm) are enriched in As by a
factor of 2 to 20 times over upper continental crustal
abundances (Taylor and McLennan 1985; Wedepohl
1995), and by as much as five times over background
soil concentrations (Shacklette and Boerngen 1984;
Grosz et al. 2004; Yang and Donahoe 2007).
Therefore, it can be inferred from these data that a
substantial amount of the total As in Norfolk soils (at
8 cm depths) reflects the presence of sand-sized,
particulate coal in these soils (Fig. 4). More specifi-

Table 3 Arsenic concentrations (in mg/kg) of sand-sized particulate coal recovered from soil cores collected from Norfolk, Virginiaa

Depth (cm) N1 N2 N3 N4 N5 N6 N7 Mean Max Min

8 5.1 17.4 5.5 10.9 13.1 1.3 4.3 8.2 17.4 1.3
16 11 14.5 3.5 10.2 9.6 BD 0.2 8.2 14.5 BD
24 3.2 5 1.8 9.7 4 14 5.3 6.1 14 1.8
32 2.6 11.6 0.5 5.5 3.8 BD 15.9 6.7 15.9 0.5

a No sand-sized particulate coal was recovered from N8, DS1, or DS2, hence, we did not analyze this absent coal size fraction for As.

BD below detection

Table 4 Arsenic concentrations (in mg/kg) of total soil digests
of soil samples collected from 8 cm depth in each soil core
from the study region

As (mg/kg)

N1 8.1
N2 16.6
N3 7.8
N4 20.7
N5 30.5
N6 3
N7 12.1
N8 25.9
DS1 3.2
DS2 5.1
Mean 13.3
Max 30.5
Min 3
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cally, the amount of As in these soils from 8 cm depth
that owes its origin to sand-sized coal particles ranges
from ∼36% for the Beckner Street (N7) sample up to
∼100% for the 37th Street core (N2), with an overall
mean of ∼58% (Table 4; Fig. 4). Another important
feature of the percentage of As in these soil core
samples that is attributable to particulate coal is that
this percentage generally decreases with distance from
the Lambert’s Point Docks (Fig. 4). Note that
essentially all of the As within the 8 cm sample from
the 37th Street core (N2), which is located within
1 km of the Lambert’s Point Docks, can be attributed
to particulate coal, whereas only ∼36% of the As from
the 8 cm sample of the Beckner Street core (N7),
approximately 5.5 km from the Docks, can be
ascribed to particulate coal. Thus, particulate coal
originating from Lambert’s Point Dock is an impor-
tant source of As to the local soils, especially for soils
located in close proximity to the Docks.

Because we have only analyzed As in sand-sized
coal particles extracted from the soil samples, and
owing to the fact that our soil-coal separation
techniques tends to underestimate the amount of coal
dust in the soils (Section 4.1), the actual percentage of
As in these soils due to particulate coal originating
from Lambert’s Point Docks may be higher than
indicated in Fig. 4. Nevertheless, these data suggest

that coal shipping through the Lambert’s Point Docks
is adding particulate coal and As to the soils of
Norfolk, Virginia. The significance of this additional
As to human and/or environmental health in south-
eastern Virginia is currently unknown. However,
application of phosphorous-rich fertilizers to these
soils, many of which are overlain by lawns, could
potentially lead to the mobilization of the added As in
Norfolk soils (e.g., Peryea and Kammereck 1997).
Furthermore, a recent study demonstrated that chil-
dren playing in playgrounds with chromated copper
arsenate treated wooden playground structures or with
sand that has come in contact with such structures,
acquire more soluble As on their hands compared to
children not exposed to such structures or the
associated sand (Kwon et al. 2004). Moreover, children
that live near open-pit coal mines more frequently
complain of respiratory distress to family physicians
than children living more distal to such operations
(Howel et al. 2001; Moffatt and Pless-Mulloli 2003).
Hence it seems reasonable to investigate more fully
the possible health effects of particulate coal and
associated As, if any, on the local populace of
Hampton Roads. Finally, on a related topic, Reidel
et al. (2000) presents data that strongly suggests that
meteoric water interacting with standing coal piles in
the region can significantly increase the As loading to
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local surface water bodies. Further investigation of
Norfolk’s groundwater, as well as the estuarine waters
surrounding the city, may shed additional light on the
potential impact of particulate coal derived As on these
waters and the local environment.

5 Conclusions

Substantial amounts of particulate coal originating
from the Lambert’s Point Docks are documented in
soil samples from Norfolk, Virginia, with regions
closest to the shipping terminal containing the most
particulate coal by weight. Along with the particulate
coal, arsenic associated with the coal is also enriched
in these soils by 2 to 20 times over upper crustal
abundances, and by ∼five times over estimated
background soil As concentrations. The data pre-
sented here indicate that the Lambert’s Point Docks is
a significant source of particulate coal to the local
environment, and further, that this coal contributes As
to the local soils.
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Respiratory morbidity in Merseyside
schoolchildren exposed to coal dust and air
pollution
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Abstract
A cross sectional study was carried out to
determine whether schoolchildren in a
specific locality exposed to pollution from
steam coal dust have an excess of respira-
tory symptoms compared with children in
control areas.
A total of 1872 primary schoolchildren

(aged 5-11 years) from five primary
schools in the Bootle dock area of
Liverpool (exposed area), five primary
schools in South Sefton (control area),
and five primary schools in Wallasey
(control area) were studied. A question-
naire was distributed through the schools
and was completed by the parents of
the children. The questionnaire inquired
about respiratory symptoms (cough,
wheezing, and shortness of breath),
allergy, atopy, smoking, and socioeco-
nomic factors. Height, weight, and peak
expiratory flow were measured.
Compliance was good (92%) and

similar in the three study areas. The
children in the three areas were ofsimilar
mean age (7.5 years), height (1-24 m), sex
ratio, and had a similar prevalence of
paternal (6.2%) and maternal (7%)
asthma. The exposed zone contained
more unemployed parents (41, 29, and
29% respectively), more rented housing
(64, 45, 34%), and more smoking parents
(71, 60, 59%) than the control areas.
Respiratory symptoms were significantly
more common in the exposed area,
including wheeze (25.0, 20-6, and 17.5%),
excess cough (40.0, 23-4, and 25-1%), and
school absences for respiratory symptoms
(47-5, 35-9, and 34-9%). These differences
remained significant even if the groups
were subdivided according to whether or
not parents smoked or were employed.
Multiple logistic regression analysis
confirmed the exposed zone as a signifi-
cant risk factor for absenteeism from
school due to respiratory symptoms
(odds ratio 1.55, 95% confidence interval
1-17 to 2.06) after adjusting for con-
founding factors. Standard dust deposit
gauges on three schools confirmed a
significantly higher dust burden in the
exposed zone.
An increased prevalence of respiratory

symptoms in primary schoolchildren
exposed to coal dust is confirmed.
Although the association with known
coal dust pollution is suggestive, a cross

sectional study cannot confirm a causal
relation and further studies are needed.
(Arch Dis Child 1994; 70: 305-312)

There is a growing public and scientific
awareness of the impact ofasthma and allergies
on health in terms of morbidity. In recent years
increases in the prevalence of asthma have
been reported in some countries and dif-
ferences have been observed between regions
and countries. 1-4 Possible explanations for
these variations include changes in the treat-
ment of allergic disease, diagnostic labelling,
the use of medical care, or risk factors such as
air pollution conditioning prevalence or
severity.5 6 A large international study in eight
European countries of chronic respiratory
diseases in children in relation to air pollution
coordinated by the World Health Organisation
clearly showed an association between air
pollution and various respiratory indices in
children (cough, shortness of breath, bron-
chitis).7 Of the two air pollutants studied
smoke appeared to have a far greater effect
than sulphur dioxide. Wheezing was not
associated with smoke or sulphur dioxide
concentrations. More recent research has
implicated total suspended air particles as an
important contributory cause of respiratory
symptom episodes in children.8 l

Air pollution with substances known to be
allergenic has been shown to be a cause of
asthma. Whether air pollution from substances
not known to be allergenic or directly irritant
to the airways can lead to an increased
incidence of asthmatic symptoms or altered
bronchial hyperreactivity is not known, how-
ever, nor is it established whether any effects
apply to everyone or to specific subsets of the
population such as children with an atopic
diathesis. 12 13 Sultz et al have reported a signifi-
cant correlation between levels of air pollution
and the number of children admitted to
hospital with asthma in Buffalo, USA.14

In Liverpool in 1991 an opportunity arose to
compare the effect of an increased environ-
mental dust burden in a specific locality with
unaffected areas in the same city. In the first
part of 1988 a bulk handling facility on the
Liverpool docks began importing first petro-
leum coke and later steam coal for various uses
including local power stations. The coal was
unloaded by mechanical grabs, stockpiled on
the docks for variable periods, and then
transferred to either rail or road wagons for
transportation. The volume of coal/petroleum
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which the nuisance dust complaints had come.
* They ranged from 0-5 to 2 km distance from

the terminal. These were the only primary
schools located within this area.

Litherland

0

0

L0

Wallasey
A

A

Birkenhead

Location ofschools in exposed and control areas.

coke in 1988-9 was 0 5 million tonnes,
increasing to nearly 2 million tonnes in
1991-2. The local council had received over

600 complaints about dust nuisance by April
1991, almost all from residents living within
1-2 km ofthe coal terminal. A group ofparents
and teachers produced an uncontrolled survey

from the school nearest to the dock (<500 m)
which suggested a high incidence of 'asthma'
and inhaler usage, and a preliminary audit of
general practice attendance'5 reported an

increase in self reported ill health but this did
not seek to ascertain if specific problems
occurred in children. In response a steering
committee was established to investigate
whether there was an increased prevalence of
respiratory symptoms in the 'affected area'
and, if so, whether this was due to known
factors or could be the result of pollution.

Subjects and methods
DESIGN
A cross sectional survey of respiratory
symptoms in primary schoolchildren (5-11
years) was designed to determine the preva-
lence of respiratory symptoms in the exposed
area compared with two control areas in
Merseyside of similar socioeconomic status.
All three areas were recognised to have major
housing and unemployment problems and it
was thought before the study that these were of
similar order.

DEFINING THE STUDY POPULATIONS
Coal dust exposed group (exposed)
This group consisted of children residing in
and attending the five primary schools geo-
graphically proximate to the coal handling
terminal (figure) and including the area from

Control group 1
Children attending five primary schools 5-8
km southwest of the terminal and thus upwind
of the prevailing winds were included in this
group. This is dockland area on the other side
of the River Mersey, but the docks are now

largely non-operational.

Control group 2
This group consisted of children attending five
primary schools in an area 3-8 km from the
coal terminal. There were no complaints of
coal dust nuisance from residents of this area

and it is beyond the projected limit for the
dispersion of dust emanating from the docks.

QUESTIONNAIRE
A questionnaire was sent to parents and
distributed through the primary schools. It was
adapted and modified from a new question-
naire designed by Clifford et al.16 This
questionnaire had been tested in Southampton
and Birmingham and had a high response rate
(84%); it was found to be highly repeatable
with respect to current symptoms. This
questionnaire, with slight modifications, was

pilot tested among several households in
the exposed area and parental suggestions
considered in designing the final format. In
particular, the layout and style were made
easier for lay people to understand and
questions were added about socioeconomic
factors in the home, attitudes to the coal and
grain terminals on the docks, and about school
absences for respiratory symptoms. The study
questionnaire includes questions on several
factors related to the risk of asthma. These
include: type of dwelling (construction,
carpets, dampness); type of heating; furred
pets in the house currently and previously;
parental smoking at the time of the study and
previously; type of infant feeding; and family
history of allergy. This allows risk factors for
respiratory morbidity other than air pollution
to be assessed.
Wheeze and dyspnoea were identified by the

questions: 'Has your child ever had an attack
of wheezing (by wheezing, I mean noisy
breathing and a whistling sound coming from
the chest not the throat)?' and 'Has your child
ever been either unexpectedly breathless at rest
or more breathless than you would expect after
exercise (by breathless, I mean out ofbreath or

puffed)?' Questions used to identify abnormal
cough were 'Has your child ever seemed to
cough more (or to get more coughs) than other
children?' Morbidity was assessed using ques-
tions related to hospital admission and school
absenteeism due to respiratory symptoms.
Socioeconomic information was requested
related to housing and employment. Questions
relating to croup and hay fever were included

N
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for completeness and also as controls as they
are not typical of asthma.

QUANTIFICATION OF AIR POLLUTION
The local authority collected dust level
measurements using British Standard dust
deposit gauges as part of a separate environ-
mental assessment of the area between
December 1990 and November 1991.
Monitoring was carried out using a four weekly
sampling period. During the school survey
further British Standard dust deposit gauges
were set up on a single school roof in each of
the study areas and collected samples were
analysed following British Standard guidelines.

SAMPLE SIZE, EXCLUSIONS, AND STATISTICAL
ANALYSIS
We wanted to estimate the differences in
prevalence of respiratory symptoms due to
environmental exposure between two groups
(either groups 1 and 2, or 1 and 3, or 2 and 3),
where no reasonable estimates of exposure risk
for the groups were available. An estimate with
an expected prevalence of 10% and relative
risk of 1-5 with 90% power requires 525 in
each group. To ensure a representative sample
five primary schools were enrolled for each
study area. There were a total of 4084
children in the 15 survey schools and thus the
questionnaires were distributed to every
second child, assuming 75% compliance on
questionnaire completion. Statistical analyses

Table 1 Prevalence of socioeconomic variables in control and exposed groups. Values are
% (number)

Significance (p value)

Exposed Exposed v Exposed v
Variable Control I Control 2 area control area 1 control area 2

Maternal employment 46-6 (646) 42-5 (633) 27-4 (121) <0-001 <0-001
Paternal employment 71 1 (564) 71-0 (558) 59-5 (363) <0-001 <0-001
Rented home 34-2 (669) 44-9 (648) 64-5 (462) <0-001 <0-001
Damp house 15-6 (652) 11-8 (645) 21-4 (448) <0-25 <0-001
Smokers in house 58-6 (679) 60-3 (675) 70-6 (476) <0-001 <0-001
Pet in house 63-2 (688) 50-1 (659) 54-4 (471) <0-01 NS

NS=not significant at 5% level.

Table 2 Respiratory variables in control and exposed groups. Values are % (number)

Significance (p value)

Exposed v Exposed v
Control Control Exposed control control

Variable area 1 area 2 area area I area 2

Ever diagnosed asthma 17-0 (675) 15-3 (675) 21-1 (474) NS <0-025
Ever diagnosed bronchitis 11-0 (665) 9-5 (653) 16-5 (462) <0-01 <0-001
Ever diagnosed croup 14-1 (665) 12-3 (653) 14-2 (458) NS NS
Well controlled asthma* 82-3 (124) 87-8 (115) 72-1 (111) NS <0-01
Maternal asthma 7-7 (660) 5-9 (641) 7-5 (452) NS NS
Paternal asthma 5-5 (633) 6-1 (642) 7-1 (439) NS NS
Attack of wheezing 20-6 (656) 17-5 (644) 25-0 (448) NS <0-01
Attack of breathlessness 11-2 (663) 10-2 (650) 19-1 (451) <0-001 <0-001
Excess cought 25-1 (686) 23-4 (670) 40-0 (480) <0-001 <0-001
Ever admitted to hospital

for respiratory symptoms 9-5 (664) 3-5 (651) 8-2 (408) NS <0-001
Absent from school for

respiratory symptoms 34-9 (642) 35-9 (638) 47-5 (453) <0-001 <0-001
Allergies, eczema, or hay fever 16-7 (610) 12-7 (612) 13-6 (427) NS NS
All drugs prescribed 13-8 (675) 10-7 (663) 17-7 (468) NS <0-001
Antiasthmatic drugs 9-9 (675) 6-2 (663) 11-7 (468) NS <0-001

NS=not significant at 5% level.
*Proportion of those with asthma in whom it was well controlled.
tChild who seems to cough more (or get more coughs) than other children.
tAbsent for one or more days in preceding 12 months.

were performed using EpiInfo and the
Statistical Package for Social Sciences (SPSS).

PROJECT SCHEDULE AND IMPLEMENTATION
The questionnaires were distributed to each
school's headteacher in September 1991 and
the surveys were completed concurrently in the
three study areas between October and
December. Questionnaires were delivered to
the schools and given to every second child in
each class based on alphabetical order.
Children returned them to the class teacher
when they had been completed. Class lists were
made available by headteachers to enable com-
pliance to be calculated. Absentees were seen at
revisits scheduled within two weeks of the
initial survey. Informed consent was requested
from parents to measure the height, weight,
and peak respiratory flow of all children.

Air pollution gauges were placed during the
months of December 1991-April 1992. The
study protocol was approved by the ethical
committee of the district health authority
and the education authorities for the study
areas.

Results
STUDY POPULATIONS
A total of 1872 (92-0%) questionnaires were
returned out of 2035 sent to parents. Of these,
78-5% were completed by the mother, 4X8% by
the father, and 15.8% by both parents. The
response rates in the three study areas were
similar. In particular, the two schools in the
exposed area from which complaints were
made about the risk of asthma and coal dust
exposure showed comparable compliance
figures to other schools (92 and 99%).

There were significant socioeconomic dif-
ferences between the exposed and control
zones. Parental unemployment, the proportion
of housing that was rented or was damp, and
the proportion of smoking parents were all
significantly higher in the exposed area (table
1). The mean height, weight, age, and sex ratio
were not different, however. Peak expiratory
flow adjusted for height was similar between
the three areas and was not different from
the mean predicted values standardised for
height17 (mean (SD) values (1/min): exposed
area 242 (69); control 1, 225 (72); and control
2, 238 (69)).

Children from the exposed zone had a lower
mean (SD) birth weight (g) than children from
either control area (exposed 3250 (600);
control 1, 3290 (57); control 2, 3350 (600)).
They were also reported to have been breast
fed for a shorter period (months) (exposed 4-0
(3 4) (SD) months; control 1, 4-5 (4.5);
control 2, 4-6 (4 5)). As there was no signifi-
cant difference between the two control areas
this offered the opportunity to pool the control
data for some of the subsequent analyses.

RESPIRATORY SYMPTOMS
The whole group comparisons show that there
was a significantly increased prevalence ofmost
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Table 3 Compliance and respiratory indices (%/o) in individual schools

Control area 1 Control area 2 Exposed area

Variable 1 2 3 4 5 1 2 3 4 5 1 2* 3 4* 5

Compliance 86 95 98 89 76 93 93 96 79 76 92 99 84 99 82
Well controlled asthmat 96 86 75 83 65 97 84 92 70 82 80 62 86 75 58
Attack of wheezing 23 19 20 26 18 20 17 20 15 15 17 22 23 32 23
Attackofbreathlessness 7 12 12 13 10 11 10 10 9 9 14 17 11 25 19
Excess coughf 27 24 26 22 23 21 24 26 21 22 37 38 33 43 43

*The two schools closest to coal stockpile. Schools coded 1 and 2 in exposed area were those from which the original complaints
were received. tProportion with well controlled asthma. tChild who coughs more than other children.

Table 4 Composite respiratory symptom prevalence (%)
in study areas

Control Control Exposed
Respiratory area I area 2 area
symptoms* (n=637) (n= 616) (n=426)

C+ B+ W+ 7-1 5-4 12-7t
C+ B- W- 7-1 6-2 13-6t
C+ B- W+ 5-0 3-9 4-2
C+B+W- 1.1 1 1 30
C- B+ W+ 1-3 1-5 1-6
C- B- W- 69-1 71-3 54-2t
C- B- W+ 4-6 3-4 3-5
C- B+ W- 00 0-8 09

C=excess cough during last 12 months; B=severe attack of
breathlessness at any time; W=attack of wheezing at any time.
+ or - indicates symptom present or absent.
*Total do not make 100% as about 6% of children reported a
cough but not in preceding 12 months.
tExposed v control 1 or 2, p<0-01.

of the respiratory symptoms in the exposed
group (table 2). Thus in the exposed zone
significantly more children had been diagnosed
by a doctor as having asthma and their asthma
was less likely to be well controlled. In con-
trast, factors known to predispose to asthma,
such as one or both parents having asthma or
the presence of any allergy, were not higher in
the exposed area. Specific questions about the
incidence of hay fever, eczema, or croup were
also not different between areas. Comparison
of response rates and respiratory indices in
individual schools showed that between school
response rates were comparable within each of
the three areas (table 3). This comparison also
showed that the higher prevalence of respira-
tory indices in the exposed area did not result
from increased reporting in a single school.

In all areas there were expected associations
to be found; thus respiratory symptoms were
less common in girls than boys (relative risk
(95°/0 confidence interval) for ever diagnosed
asthma 0-64 (0 50 to 0-82); wheezing
0 71 (0-56 to 0 90)). The exception was
increased cough in the preceding 12 months
which showed no relation with gender.
Maternal asthma showed a more significant
association with breathlessness or wheezing
or absenteeism from school due to these
symptoms than paternal asthma.
There was no significant difference in either

the duration ofwheezing or episodes ofbreath-
lessness or their age of onset between the three
study areas. Neither was the onset of wheez-
ing or breathlessness more common in the
exposed area in the three years before the
survey which corresponded to the period of
coal importation. The symptoms of recent
cough, wheeze, and breathlessness occurred
together in 12-7% of children in the exposed
area, which is significantly increased compared

with the other areas (table 4). The symptom of
recent cough but without associated wheezing
or breathlessness also occurred more often in
the exposed area.

All conditioning environmental factors
(infection, weather, exercise, smoke, cigarette
smoking, emotion, and household dust) were
reported as significantly more likely to provoke
wheezing or coughing in the children in the
exposed area. High prevalence figures for
respiratory indices were reported for the
exposed children when the parent considered
coal dust exposure was associated with
symptoms (ever diagnosed asthma 42-2%;
attack of breathlessness, 41 2%; excess cough
75.5°/o). Of parents in all study areas who did
not report excess childhood cough as a
problem, however, about 80% indicated that
conditioning factors (including coal dust) were
not likely to provoke this symptom. Hospital
admissions at any age due to respiratory
disease were increased when the parent
considered coal dust exposure a problem
(17.3% compared with 2-6%). Analysis of
variance showed no significant difference in
peak flows between the two groups categorised
by parental opinion on coal dust exposure.
There was no increased risk of parental asthma
which ever parental opinion was held about
the respiratory risk to children of coal dust
exposure.

SEVERITY OF RESPIRATORY SYMPTOMS
Severity of respiratory symptoms was assessed
in relation to school days lost in the preceding
12 months with cough, wheeze, or breathless-
ness. The frequency of school absenteeism
because of respiratory symptoms was higher
in four of five schools in the exposed area
compared with the 10 schools in the control
areas. Table 5 shows the distribution of school
days lost due to cough, wheeze or breathless-
ness for the three groups. Lost days due to
respiratory symptoms are more common in
schools in the exposed area. Hospital admis-
sion for wheezing or breathlessness in the year
preceding the questionnaire was slightly over
2% of children for the exposed area and

Table 5 Distribution ofschool days lost in preceding 12
months due to respiratory symptoms. Values are %

School days Control Control Exposed
lost area 1 area 2 area

None 65-1 64-1 52-5
1-5 23-2 24-0 26-3
6-20 8-6 9 9 15-2
>20 3-1 2-0 6-0
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Table 6 Respiratory variables in control and exposed groups in relation to passive smoking. Values are % (number)

Control area I Control area 2 Exposed area

Non- Non- Non-
Variable smoking Smoking smoking Smoking smoking Smoking

Ever diagnosed asthma 17-4 (276) 16-9 (396) 13-1 (267) 16-7 (406) 22-1 (140) 20-7 (334)
Ever diagnosed bronchitis 8-8 (274) 12-6 (389) 7-8 (256) 10-6 (396) 15-4 (136) 16-9 (326)
Ever diagnosed croup 11-6 (275) 15-7 (388) 10-2 (256) 13-6 (396) 12-7 (134) 14 8 (324)
Well controlled asthma* 88-2 (51) 78-1 (73) 94-3 (35) 85-0 (80) 83-9 (31) 67 5 (80)
Maternal asthma 7-7 (260) 4-1 (363) 4-8 (249) 6-8 (384) 6-9 (131) 7-3 (300)
Paternal asthma 6-0 (267) 8-6 (383) 3 9 (255) 6-6 (376) 8-3 (132) 7-3 (313)
Attack of wheezing 17-3 (271) 23-0 (374) 15-4 (253) 18-7 (380) 23-3 (129) 25-3 (312)
Attackofbreathlessness 84 (273) 12-9 (379) 8-1 (259) 11-9 (380) 17-2 (128) 19-9 (317)
Excess cought 20-1 (278) 28-6 (396) 20-0 (265) 25-1 (394) 36-3 (138) 41-6 (334)
Ever admitted to hospital for

respiratory symptoms 7-8 (268) 10-7 (385) 3-1 (256) 3-6 (386) 9-0 (134) 8-0 (327)
School absent for respiratory
symptoms in last yeart 30-8 (260) 37-7 (371) 30-5 (253) 38-8 (376) 46-0 (126) 48-0 (321)

Allergies 15-9 (258) 17-4 (350) 13-9 (244) 12-0 (367) 17-7 (130) 11-8 (297)
Drugs prescribed§ 15-3 (281) 12-5 (392) 12-3 (261) 9-8 (400) 18-2 (137) 17-5 (331)

*Proportion of those with asthma in whom it is well controlled.
tChild who seems to cough more than other children.
[Absent for one or more days.
§70% of all drugs were for asthma.

control 1. A lower proportion of children
were admitted to hospital with respiratory
symptoms in control area 2 (<0 5%/0). There
was a lower proportion of children in the
exposed group who had well controlled asthma
compared with either control group (table 2).

STRATIFICATION ANALYSES
For each of the socioeconomic differences
between the areas (table 1) the groups were
divided into two strata for that variable and the
between group comparisons repeated. Table 6
illustrates this approach for passive smoking.
Children of smokers do have more respiratory
symptoms than the children of non-smokers,
but for both smoking and non-smoking sub-
groups there remains an increased incidence of
respiratory symptoms in the area exposed to
dust. This pattem of exposed versus control
group differences was consistent for each of
these analyses.

REGRESSION ANALYSIS AND CONTROL FOR
CONFOUNDING FACTORS
A more sophisticated method of controlling for
the background differences between areas is to
perform a multiple logistic regression. This
constructs odds ratios for each zone adjusted
for multiple confounders. The respiratory out-
come variables fall into three main groups,
relating to any history of respiratory disease,
existence of current problems, and severity.
Multiple logistic regression models were con-
structed for one outcome variable from each
of these groups: ever diagnosed asthma,
wheezing, and absenteeism from school. The
odds ratios and x2 values were calculated for
each potential risk factor separately; these
variables were candidates for inclusion in
multiple logistic regression models if the x2
value was significant at the 10% level.
Significant risk factors fell into several broad
groupings: variables relating to allergies, family
history of respiratory disease, household
pets, passive smoking, dampness, and socio-
economic status, in addition to sex (boy),
geographical zone (exposed zone), and age.
Within each of these groups the main factors

were identified using stepwise logistic regres-
sion. For example, the main factor among
variables relating to allergies was the presence
ofany allergy; adding variables for the presence
of specific allergies (for example hay fever,
eczema) into the model did not significantly
reduce the deviance. Among the passive smok-
ing variables, whether there were any smokers
in the household was a dominant factor; incor-
porating the number of smokers or the type
(pipe/cigarette) did not significantly reduce the
deviance. Responses to subsidiary questions
often had missing values; for wheezing and
ever diagnosed asthma the presence of rising
damp had a marginally larger x2 value than the
general variable for the presence of any damp,
but it was not chosen because it had missing
values for over half the data set. Having thus
identified the dominant risk factors in each
group, stepwise logistic regression was used to
select a model from these variables. Finally,
each remaining variable in the data set was
entered in turn to the model and the model
revised by stepwise methods: if adding it
significantly reduced the deviance, or remov-
ing a variable already in the model did not
significantly increase the deviance, the model
was revised.

Table 7 details the resulting models. For
ever diagnosed asthma, other allergies,
parental history, sex (boy), and socioeconomic
status (renting rather than owner occupier) are
the dominant risk factors; going to school in
the exposed zone, smoking, dampness, and
household pets, though significant when
considered in isolation, do not have odds ratios
significantly different from unity after adjust-
ing for known confounders, and their inclusion
in the model does not significantly alter the
odds ratios for other variables. A similar model
resulted for wheeze, but passive smoking is an
additional significant risk factor for wheeze.
The model for recent absenteeism from school
due to cough wheeze or breathlessness, how-
ever, which we take as a measure of severity, is
different: sex and parental history are now
omitted and other health problems are a risk
factor; going to school in the exposed zone
enters as a dominant risk factor with an odds
ratio of 1-59, which is significantly greater than
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Table 7 Adjusted odds ratio for isk indices from multiple
logistsc regression

95%
Odds Confidence

Variable ratio interval

Wheezing (n= 1272)
Any allergy 4-95 3-52 to 6-96
Either parent with asthma 2-41 1-60 to 3-62
Sex (girl) 0-66 0-49 to 0-89
Father unemployed 1-44 1-05 to 1-97
Passive smoking 1-44 1-05 to 1-98
School in exposed zone 1-37 0-98.to 1-91

School absenteeism* due to cough, wheezing, or breathlessness
(n= 1391)
Any allergy 2-72 2-02 to 3-66
School in exposed zone 1-59 1-23 to 2-04
Passive smoking 1-33 1-05 to 1-68
Other health problems 1-36 1-05 to 1-75
Mother unemployed 1-29 1-02 to 1-63

Ever diagnosed asthma (n= 1409)
Any allergy 6-27 4-49 to 8-74
Mother has diagnosed asthma 2-68 1-38 to 5-20
Father has diagnosed asthma 1-97 1-09 to 3-55
Sex (girl) 0 70 0-52 to 0-95
Rented home 1-37 100 to 1 87
School in exposed area 1-25 0-88 to 1-76

*More than one day in preceding 12 months.

unity after adjusting for confounding effects
about which we have information (95%
confidence interval 1.23 to 2 04).

Peak flow can be predicted well from the
child's height, age, and sex. Zone and other
respiratory disease risk factors do not improve
the predictions. The seasonal distribution of
respiratory problems is the same for exposed
and control zones (that is, a slight increase in
autumn/winter). The predictive power of the
logistic regression models is poor, reflecting
the fact that much of the variation between
children in the occurrence and severity of
respiratory disease is unexplained by the
measured variables.

AIR POLLUTION DATA
A number of problems were associated with
the study, in particular the loss of samples due
to damage of the gauges from vandalism. Only
a few results were then available for the study.
It is difficult to draw full conclusions from so
few results; however, it appears that the
exposed area has appreciable pollution from
airborne dust.
The monitor in the exposed area showed

consistently higher loading than either of the
control schools for comparable sampling
periods. A large percentage of the insoluble
fraction in the exposed area consisted of com-
bustible matter, which may consist of unburnt
coal, partially combusted coal, or oil and other
organic matter (combustible matter in exposed
area 39.2%; control 1, 6-3%; control 2, 6.5%).
It was not possible to carry out further analysis
on these samples to positively identify the
components due to the destructive nature of

Table 8 Summary ofBritish Standard dust deposit gauge results in exposed area
(December 1990 to November 1991)

Undissolved deposited matter (mg/m2/day)

No of Mean (SD)
Location samples annual amount* Median Minimum Maximum

1 12 148-8 (50 5) 151-4 45-3 245-9
2 13 109-4 (45 8) 200-9 44 0 200-9

*Based on four weekly sampling periods.

the initial test. A higher pH was recorded in
samples from the exposed area than in the
controls, but this may result from other local
influences not necessarily related to coal. The
variable nature of the weather over each
sampling period of four weeks meant that it
was not possible to positively categorise the
sources of the material deposited within the
gauges. Detailed results of the standard deposit
gauge analyses for the three areas are available
on request.
The local authority summary of deposited

dust results during the preceding year
(December 1990-November 1991) in two
sites in the exposed area is shown in table 8.
For three of the sampling periods dust deposit
gauge results showed average deposition values
over 200 mg/m2/day.

Discussion
Questionnaire surveys are widely used to
study respiratory symptoms in children. Such
questionnaires have been shown to yield
reproducible answers,18 but the validity of a
survey is dependent on the response rate
achieved. The excellent response rate to the
questionnaire of over 90/o is similar to that
obtained by the Southampton survey (which
had used a similar format) and was better and
more uniform across the groups and schools
than several other recently published studies of
childhood respiratory symptoms (Birmingham
schoolchildren 69 and 84%; Munich and
Leipzig children 76 and 88%; Swiss children
74%; and the Monkton coking works study
788/oS 19 20). A higher response rate increases
the confidence in the data and so does the com-
parability of the responses between the schools.
One of the schools in the exposed area has been
the subject of much press speculation and thus
responses from this index school which was
closest to the coal terminal might have biased
the results. In the event this school was no dif-
ferent from the remaining four in the exposed
zone for many of the respiratory indices.
Another possible source of bias could have
occurred if more children had been off sick in
the exposed zone and been missed by the
survey; the even response rate suggests this is
also unlikely, but had it occurred, correction
would have increased the differences observed.
The three areas were studied in parallel over a
three month period so that any climatic or
seasonal influences were the same for each
area.
We were concerned that parents in the

exposed zone might simply answer yes indis-
criminately. It is therefore reassuring that the
reported incidence ofhay fever and croup were
not different between the zones and that when
a child was reported to have, for example, an
increased cough within the last year, further
questions as to the relation of the symptom to
other provoking factors were consistent across
the groups, suggesting that these were genuine
symptoms resulting in genuine morbidity.
The level of respiratory symptoms in our

two control areas are comparable with
those reported elsewhere3 16 and suggest that
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Liverpool in general is no different from other
cities in the UK. The increased level of respira-
tory symptoms in the exposed zone shows up
on each of the analyses and despite controlling
for all the potential confounding variables,
including socioeconomic factors. There is a
possibility that other socioeconomic factors
might be operating - for example, standards of
hygiene. There can be no doubt, however, that
the children in this area do have an excess of
respiratory morbidity.

Hospital admissions due to respiratory
disease were not significantly increased in the
exposed compared with the control zones.
Hospital admissions in the exposed area due to
respiratory disease were increased, however,
when the parent considered coal dust exposure
to be a health problem. This suggests that
parental attribution of cause and effect may
have followed the development of symptoms
and illness (decided by a hospital doctor and
not a parent) rather than it being a pheno-
menon of parental overreporting of symptoms.
The severity of symptoms may be greater in
children with asthma after exposure to air
pollution thus increasing the likelihood of
hospital admission. There is evidence that the
effect on child health in the exposed area is
sufficient to cause an increase in the number of
school days lost due to respiratory symptoms.
Wheezing and asthma are recognised as
important causes of school absence.
Absenteeism in the control areas was compar-
able with that reported in a study from
Nottingham.21

Before the study the parents had labelled the
respiratory problems as asthma. We observed
an increased incidence of diagnosed asthma,
but the most striking statistical correlations
between the zones was for the symptom 'recent
cough'. Recent cough without wheeze or
breathlessness is markedly higher in the
exposed children as well as the symptom com-
plex of cough, wheeze, and breathlessness that
is typical of asthma. This could imply that the
major effect of air pollution is to cause an
increase in coughing, possibly as a direct effect
of inhaling an increased burden of dust. It is
reassuring that the peak flows measured in
each of our study areas were normal, but it
should be remembered that measurements
were only performed on children when they
were at school and thus by definition well. It is
established that workers in dusty jobs are likely
to develop a cough productive of phlegm, but
that this 'simple bronchitis' occurs without air-
flow limitation.22 The confounding influence
of cigarette smoking in miners has resulted in
some controversy, but in general coal dust is
not held to be a cause of airway obstruction
even in those miners who have simple bronchi-
tis. All the studies of dust and occupation are
of adults, however, and there are no longitudi-
nal data about the effect of increased cough
(associated with other markers of morbidity
such as absence from school) on children. The
growing and maturing lung may handle a dust
burden differently from the adult lung and
moreover these children are exposed 24 hours
a day, whereas workers are only exposed for

eight. It is established that children of smoking
parents fare less well and the magnitude of the
effect between our study areas suggests that the
local environment in north Liverpool is at least
as important as passive smoking for these
children.

This study was cross sectional in design and
although we can confidently state that there is
a respiratory problem in the exposed area, we
cannot attribute the problem to a specific
cause. There is an increased dust pollution
problem in the area which is relatively recent
and which provides a simple, straightforward
explanation. Moreover, the effect on cough in
particular fits with the hypothesis that this is
the result of an increased burden of inhaled
dust. Further studies are needed to confirm or
deny the connection.
The other obvious pollutant to blame is the

grain terminal, but this has been present for
many years and the grain handling is almost
entirely by enclosed processes. There are some
animal feeds arriving intermittently on the
docks which are not well handled and could
provide a potential source of allergenic
pollution that could provoke asthma. Asthma
was the weakest correlate in the survey, how-
ever; we did not detect increased hospital
admissions for asthma and the symptoms
complex of wheeze and breathlessness was
not increased. In dust samples analysed there
were plentiful amounts of combustible,
carbonaceous material.
Our findings of an increase in symptoms in

an area with a high dust pollution load is con-
sistent with other reports published since our
study began. A study from South Wales
reported an increased diagnosis of asthma by
general practitioners when a new surface coal
mine began operation.23 It is not clear whether
this was really asthma or whether the
general practitioners were overdiagnosing the
symptom of cough. A Swiss study looked at the
respiratory health of primary schoolchildren in
three areas and noted that respiratory
symptoms were highest in the area with the
highest level of suspended particulates in the
air and that they were independent of levels of
nitrogen and sulphur oxides.8 The Monkton
coking works study from the north of England
and the Munich/Leipzig study from Germany
found similar results. In the former it is
interesting that the effects were much more
prominent in children than adults.'920 Lastly,
in the USA a longitudinal study of school-
children showed changes in peak expiratory
flow and symptoms over time, which varied in
response to changing levels of airborne
particulates.24

If air pollution is causing these effects it'
would seem to be a chronic effect (which may
be cumulative), but which is not sufficient to
lead to an increased prevalence of severe
attacks requiring admission to hospital.
Although symptoms and morbidity factors
such as time off school are increased there is no
evidence of serious damage. All these studies
support the hypothesis that the increased
respiratory symptoms in children in north
Liverpool have been exacerbated by the dust
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pollution. The annual average deposition rate
of undissolved matter shown in table 7 for one
of the two sites in the exposed area is above the
likely nuisance guidelines of 130 mg/m2/day. It
is important not to overinterptet a cross

sectional study, however; we can state confi-
dently that there is a child health problem, but
further studies are needed to determine if
pollution is the cause.
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Subcommittee on Workforce Protections 

Hearing on “Examining the Tragic Explosion at the Kleen Energy Power Plant 
in Middletown, Connecticut”  

June 28, 2010 

Good morning Chairman Woolsey and distinguished members of Congress.  I am John Bresland, board 
member of the U.S. Chemical Safety Board.  Thank you for convening this important field hearing of the 
House Education and Labor Committee and for inviting me to appear before you.   

My statement today is on my own behalf and does not necessarily reflect the views of the other board 
members.  This week we are welcoming two new members to the Chemical Safety Board:  Dr. Rafael 
Moure-Eraso, who will serve as the new chair, and Mr. Mark Griffon.  Dr. Moure and Mr. Griffon were 
confirmed by the Senate just last Wednesday evening. 

The Chemical Safety Board or CSB is an independent, non-regulatory federal agency that investigates 
major industrial accidents involving hazardous substances.  We were established in 1998 and have 
investigated approximately 70 industrial fires, explosions and toxic gas releases across the country.  
These include the West Pharmaceutical explosion of 2003, the BP Texas City refinery explosion of 2005, 
and the Imperial Sugar explosion of 2008.  Most recently, we have been called in to investigate the 
causes of the explosion and fire at the Deepwater Horizon oil rig in the Gulf of Mexico. 

For the past four-and-a-half months, the CSB has conducted an intensive investigation of the root causes 
of the February 7, 2010, accident at the Kleen Energy power plant under construction here in 
Middletown.  That investigation began less than 24 hours after the explosion and has involved a large 
number of our personnel. 

I myself observed portions of the site on the Tuesday immediately following the explosion (Figure 1).  It 
was a scene of devastation and of tragedy.  For us, it was one of the most challenging investigations we 
have ever conducted. 

Our team has interviewed more than 90 witnesses, has gathered large numbers of documents from all 
the parties involved, and has painstakingly examined the site and key pieces of evidence.   We have also 
conducted an exhaustive review of applicable federal and state regulations, codes, and standards 
governing the gas power industry and the work activities underway on the morning of the explosion. 

CSB Investigation of Kleen Energy Explosion Reveals Significant Gap in Current Standards 

Madam Chairman, the CSB team has uncovered what we believe is a significant gap in these standards – 
a gap that threatens the continued safety of workers at facilities that handle flammable natural gas. 

CSB investigators have determined that no specific federal workplace safety standards prohibit 
intentional, planned releases of natural gas into workplaces, as occurred here on February 7.  We also 



Page 2 of 13 
 

determined that there are safe, feasible, economical alternatives to the unsafe gas-handling practices 
that caused this accident. 

The tragedy that took six lives and injured many others at Kleen Energy was not the first explosion 
involving natural gas that the CSB has investigated.  On June 9, 2009, a similarly destructive accident 
occurred at the ConAgra Slim Jim meat processing plant in Garner, North Carolina (Figure 2).  That 
explosion during what is known as “gas purging” of a process pipe killed four workers and injured 67 
others.  It substantially destroyed the facility, leading to a permanent shutdown that cost more than 600 
jobs in the region.  

A mere three days before the accident at Kleen Energy, on February 4, the CSB held a public meeting in 
North Carolina to present our preliminary findings on the ConAgra explosion and to issue urgent safety 
recommendations for changes to the National Fuel Gas Code to prevent the unsafe indoor venting of gas 
during purging operations. 

At the hearing, accident victims spoke to the Board – none more poignantly than Debra Pettiway, who 
worked for ConAgra and whose only son, 33-year-old Lewis Watson, also worked at the Slim Jim plant 
and was killed in the explosion, leaving behind a wife and child.  Ms. Pettiway implored the Board, “For 
the people that did die, please don't let them die for nothing.”  Ms. Pettiway’s plea has, I believe, 
inspired our continuing work to promote the safer handling of fuel gases – the work that we plan to 
complete here today in Middletown. 

Madam Chairman, I am here to testify that these deadly accidents in Connecticut and North Carolina 
were preventable.  There are readily available alternative practices that will completely eliminate the 
hazard.  It is my earnest hope that standards will be put in place that will require these safer practices in 
the future. 

Natural Gas Blow Released Huge Volume of Flammable Gas at Kleen 

The explosion at Kleen Energy occurred during what has been termed a “natural gas blow.”  This was a 
procedure to clean out debris from large, newly constructed natural gas piping that provided fuel to the 
plant’s large electricity-generating gas turbines. 

The cleaning of natural gas piping is a necessary activity when putting new piping into service at gas 
power plants, because even small debris particles can cause damage to the turbines, which are very 
large and costly.  The turbine manufacturers – including companies like Siemens and General Electric – 
require cleaning of the piping as a condition of the warranty on the turbines. 

Although contractors involved in constructing the Kleen Energy plant had considered using high-
pressure air to clean out the piping, it was eventually decided to use high-pressure natural gas for this 
purpose.   Using natural gas, we determined, has generally been done as a matter of custom and 
convenience at new power generation facilities, since an abundant supply of high-pressure natural gas is 
readily available from nearby gas pipelines that are already connected into these plants. 
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Gas blows of this kind can result in vast releases of natural gas to the atmosphere.  Figure 3 shows a gas 
blow conducted at Kleen Energy about a week prior to the accident; a geyser-like plume of gas and 
debris towers over the large plant. 

Over a four-hour period on the morning of February 7, workers were conducting a series of 15 planned 
gas blows involving different sections of piping within the plant.  The gas was supplied at a high pressure 
of approximately 650 pounds per square inch gauge (psig). 

This gas was vented directly to the atmosphere, without being captured or combusted.  The venting 
occurred through large, horizontal, open pipe ends that were less than 20 feet off the ground and were 
located in congested areas adjacent to the power generation building. 

Our investigators obtained gas company records that show that some two million standard cubic feet of 
natural gas were released to the atmosphere during these gas blows on February 7.  To put that into 
some perspective, that is more than two billion BTUs worth of gas – enough to fuel a typical American 
home every day for more than 25 years. 

During the final ten minutes prior to the blast, approximately 480,000 cubic feet of gas were released.  
That is enough gas to fill a pro basketball arena with an explosive fuel-air mixture. 

Workers Were Not Adequately Involved in Safety Planning 

No safety meeting was held that morning among the workers involved in the gas blows.  About 150 
workers were present at the site.  Although workers were evacuated from the area south of the power 
generation building, there was no effort to evacuate nonessential personnel from the building itself; 
however, a few workers evacuated themselves due to concern about the odor from the gas that was 
being released. 

While efforts were made to eliminate or control ignition sources outside the building, some ignition 
sources were difficult or impossible to eliminate.  In addition there were abundant ignition sources that 
remained inside, including electrical devices and welding equipment.  We view that the formation of a 
flammable gas cloud was the fundamental hazard, and thus determining a specific ignition source has 
not been a major focus of our investigation. 

At approximately 11:15 a.m. the gas found one of the numerous available ignition sources and 
exploded. 

Two Previous Fires or Explosions Occurred During Natural Gas Blows at Power Plants 

CSB investigators discovered that this was not the only explosion that has occurred during a natural gas 
blow at a power plant.  In October 2001, a fire occurred during a natural gas blow at a First Energy 
power plant in Ohio.  Flames reportedly shot 30-40 feet in the air following a sudden, unexpected 
ignition of the gas.  In that case, operators were able to shut off the supply of gas within a period of 
seconds, before injuries or serious damage occurred.  
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The next occurrence was even more serious.  On January 26, 2003, a similar explosion occurred at the 
Calpine Wolfskill Energy Center in Fairfield, California.  This blast, which was actually photographed as it 
began (Figure 4), also happened during a gas blow to clean piping, using high-pressure (630 psig) natural 
gas. 

The explosion was powerful enough to be heard 10 miles away.  However, workers were 80 to 140 feet 
away from the location of the vent and were spared injury.  Investigators from Calpine noted that one of 
the causes of the accident was that available alternative cleaning methods such as compressed air were 
not being used. 

Perhaps because these previous accidents did not cause severe injuries or damage, they were not widely 
publicized or acted upon by the gas power industry, which has continued to use natural gas for pipe 
cleaning. 

Natural Gas Blows Remain Common, Despite Safer Alternatives 

Following the explosion at Kleen Energy, we enlisted the help of an industry organization called the 
Combined Cycle Users’ Group to conduct a survey of gas power companies concerning their pipe 
cleaning practices.  The survey confirmed that there are a number of alternatives to using natural gas 
blows for cleaning debris from pipes. 

These alternatives include blowing with air, nitrogen, or steam, or using a cleaning device known as a 
“pig” which can be pushed through the piping.  Although no method is completely free of any risks, 
using compressed air, for example, completely eliminates the catastrophic fire and explosion hazard 
associated with using natural gas.  Other methods, such as using a cleaning pig with compressed air as 
the motive force, also eliminate the fire hazard. 

These methods are practical and affordable and work as well if not better than natural gas.  Many 
companies use these alternative techniques.  Despite the availability of these alternative methods, we 
were disturbed to find that natural gas blows remain the most popular single technique, practiced by 
37% of respondents in our survey.  We even learned of several natural gas blows that were performed 
after the CSB’s announcement at a news conference on February 25th that these operations were 
inherently unsafe and should be avoided. 

General industry safety guidelines dating back for several decades emphasize the importance of 
eliminating process hazards to the greatest degree possible, rather than trying to control the hazards of 
inherently dangerous activities.  This approach, often termed “inherent safety,” recognizes that despite 
the best of intentions, efforts at controlling serious hazards are ultimately prone to failure over time.  In 
the safety hierarchy, permanent elimination of a hazard is always preferable whenever it is possible to 
do so. 

While not every natural gas blow leads to an explosion or to injuries, the activity is inherently dangerous 
and difficult to conduct in a way that reliably results in safe dispersion of the gas before it contacts an 
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ignition source.  In fact, there are even indications that natural gas blows can self-ignite due to static 
electricity or impact sparks from metal debris. 

Madam Chairman, the hazard of natural gas releases into workplaces is one that can and should be 
eliminated. 

Current Regulations and Guidance Allow Natural Gas Blows 

CSB investigators examined numerous standards, codes, and guidance from the U.S. Occupational Safety 
and Health Administration (OSHA), the National Fire Protection Association (NFPA), the American 
Society of Mechanical Engineers (ASME), the Electric Power Research Institute (EPRI), and the State of 
Connecticut.  Yet we found nothing that specifically prohibits natural gas blows or mandates the use of 
feasible alternatives. 

What we did find in our investigation was a series of exemptions governing the natural gas power 
industry.  For example, we found that the National Fuel Gas Code (NFPA 54), which has been adopted by 
at least 35 states across the U.S., has a specific exemption for power plants and for piping above a 
pressure of 125 psig.  We found that other NFPA documents that provide guidance for power plants, 
including NFPA 37 and NFPA 850, are silent on the issue of gas blows. 

In addition we were told that industry representatives have resisted the development of NFPA or other 
consensus codes that would contain potential mandatory safety requirements for the power industry.  
NFPA 850, a document focused on fire protection in the electric power industry, has thus been 
designated a “recommended practice” rather than a code and it remains completely voluntary in all 
jurisdictions. 

Urgent Safety Improvements Are Warranted 

Madam Chairman, I would submit to you that the present patchwork of inadequate codes and voluntary 
practices does not protect America’s workers from the kind of explosions that killed six at Kleen Energy, 
killed four at ConAgra, and threatened many others with death or injury. 

That’s why today, at our CSB public meeting later this evening, I intend to vote for and support new 
urgent safety recommendations calling for OSHA to enact new regulations to control this hazard, and I 
will encourage the other Board members to do the same. 

The two accidents at Kleen Energy and ConAgra – and many others over the years – underscore the fact 
that OSHA currently has no regulatory standard for the safe handling of natural gas.  In contrast, OSHA 
has specific regulatory standards for other flammable gases, including the liquefied petroleum gases 
propane and butane as well as acetylene and hydrogen. 

Data gathered by our investigators demonstrate, however, that natural gas is far more widely used than 
the other common flammable gases.  For example, natural gas use exceeds that of propane by a factor 
of 15 (Figure 5).  Propane use is specifically regulated by OSHA; natural gas is not. 
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I will not seek to catalogue here all the accidents that have resulted from unsafe natural gas releases in 
industrial workplaces – they are both serious and numerous.   Our draft urgent recommendations 
mention some of the most severe examples, including the catastrophic coal dust explosion that was 
ignited by an inadvertent gas release during the purging of a natural gas line at the Ford River Rouge 
power plant in Dearborn, Michigan, in 1999.  That single accident killed six workers, injured dozens of 
others, and caused an estimated one billion dollars in property losses. 

Other jurisdictions have gone further than federal OSHA.  In California, state construction regulations 
prohibit work in an atmosphere where flammable gas exceeds 20% of the lower explosive limit (LEL).  
Similar regulations prohibit any work activity in an atmosphere above 20% of the LEL in a majority of 
Canadian provinces. 

OSHA Should Develop Safety Standards for Natural Gas 

The draft urgent recommendations that the CSB will consider tonight would call upon OSHA to enact 
new gas safety regulations that will: 

- Prohibit the use of natural gas for pipe cleaning, the cause of the explosion at Kleen Energy 
- Prohibit the venting or purging of fuel gas indoors, the cause of the explosion at ConAgra 
- Prohibit any work activity where the flammable gas concentration exceeds a fixed, low 

percentage of the lower explosive limit 
- Require that companies involve their workers and contractors in developing safe procedures 

and training for handling fuel gas 

I believe OSHA should proceed with developing these regulations as quickly as possible, as a matter of 
considerable urgency.  In the electrical generating sector alone, there are some 125 new gas-fired power 
plants planned for completion between 2010 and 2015 (Figure 6).  These plants not only represent a 
major financial investment, but unless steps are taken to prevent unsafe gas blows, many workers may 
be placed in harm’s way over the next five years. 

Additional draft urgent recommendations will seek safety improvements from the NFPA, the American 
Society of Mechanical Engineers, the Electric Power Research Institute, the major gas turbine 
manufacturers, and the State of Connecticut and other states. 

All these recommendations remain “draft” until they are voted on and approved by the full Board.  I ask 
consent to have the 18 draft recommendations – together with more than 60 findings of fact that 
support the recommendations, included in the record of this morning’s hearing. 

If the Board approves the recommendations this evening, our intention is to conclude the CSB 
investigations of the explosions at Kleen Energy and ConAgra.  We believe that the 18 urgent 
recommendations proposed today – together with the two urgent recommendations we issued on 
February 4 – address all of the principal root causes of these two tragic accidents.  If adopted by the 
recipients, I have no doubt that future accidents will be avoided and lives will be saved as a result. 
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We need to put an end to the unsafe and potentially deadly practice of venting huge volumes of natural 
gas in the vicinity of workers and ignition sources.  The CSB’s draft recommendations represent a 
comprehensive, multi-layered strategy for doing just that. 

Let me add, Madam Chairman, that we had an encouraging meeting just over a week ago with the OSHA 
Assistant Secretary, Dr. David Michaels, and his deputies to discuss the proposed recommendations.  I 
know that Dr. Michaels and the other dedicated leaders and staff of OSHA are just as concerned about 
these recent fuel gas accidents as we are. 

I hope that as you proceed with your work on this issue, you will consider providing OSHA with whatever 
specific fiscal resources, personnel, or statutory tools it may need to proceed quickly with the new 
recommended standards. 

I thank you again, Madam Chair, for convening today’s hearing and I thank you and the entire 
Connecticut Congressional delegation for your unwavering support of the CSB’s investigation and our 
work to improve worker safety.  I will be happy to answer any questions you may have. 
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Figure 1.  Aerial photograph taken shortly after the devastating gas explosion February 7, 2010, at the 
$1 billion Kleen Energy power plant in Middletown, Connecticut. 
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Figure 2. ConAgra Slim Jim meat processing plant in Garner, North Carolina, following the natural gas 
explosion of June 9, 2009, which killed 4 workers, injured 67 others, and caused much of the building to 
collapse.
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Figure 3. Natural gas blow conducted at the Kleen Energy plant a week prior to the explosion on 
February 7, 2010, showing plume of gas and debris hundreds of feet high. 
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Figure 4. Previous explosion during a natural gas blow on January 26, 2003, at a Calpine natural gas 
power plant in Fairfield, California.  The explosion was heard 10 miles away. 
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Figure 5. Graph showing annual U.S. consumption of various flammable gases.  Although propane and 
other liquefied petroleum gases, hydrogen, and acetylene are regulated by specific OSHA safety 
standards, OSHA currently has no specific standard for the safety of natural gas (methane), which is by 
far the most common gas. 
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Figure 6.  Approximately 125 new gas-fire power plants are expected to come into operation over the 
next five years across the United States.  The majority of states have new plants under construction. 
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Preface 

The California Energy Commission’s Public Interest Energy Research (PIER) Program supports 
public interest energy research and development that will help improve the quality of life in 
California by bringing environmentally safe, affordable, and reliable energy services and 
products to the marketplace. 

The PIER Program conducts public interest research, development, and demonstration (RD&D) 
projects to benefit California’s electricity and natural gas ratepayers. The PIER Program strives 
to conduct the most promising public interest energy research by partnering with RD&D 
entities, including individuals, businesses, utilities, and public or private research institutions. 

PIER funding efforts focus on the following RD&D program areas: 

• Buildings End-Use Energy Efficiency 
• Energy-Related Environmental Research 
• Energy Systems Integration  
• Environmentally Preferred Advanced Generation 
• Industrial/Agricultural/Water End-Use Energy Efficiency 
• Renewable Energy Technologies 
• Transportation 

In 2003, the California Energy Commission’s PIER Program established the California Climate 
Change Center to document climate change research relevant to the states. This center is a 
virtual organization with core research activities at Scripps Institution of Oceanography and the 
University of California, Berkeley, complemented by efforts at other research institutions. 
Priority research areas defined in PIER’s five-year Climate Change Research Plan are: 
monitoring, analysis, and modeling of climate; analysis of options to reduce greenhouse gas 
emissions; assessment of physical impacts and of adaptation strategies; and analysis of the 
economic consequences of both climate change impacts and the efforts designed to reduce 
emissions. 

The California Climate Change Center Report Series details ongoing center-sponsored 
research. As interim project results, the information contained in these reports may change; 
authors should be contacted for the most recent project results. By providing ready access to 
this timely research, the center seeks to inform the public and expand dissemination of climate 
change information, thereby leveraging collaborative efforts and increasing the benefits of this 
research to California’s citizens, environment, and economy. 

For more information on the PIER Program, please visit the Energy Commission’s website 
www.energy.ca.gov/pier/ or contract the Energy Commission at (916) 654-5164. 
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Abstract 

 

Several epidemiological studies have reported elevated mortality following a heat wave. 
Immediately after the California heat wave in July 2006, county coroners reported that the high 
temperatures caused approximately 147 deaths. However, heat wave-related deaths are likely 
to be underreported due to a lack of a clear case definition and the multifactorial nature of heat-
related mortality. Public health policy suggests a need for a careful assessment of mortality 
following a heat wave. In addition, it is useful to provide a comparison of the mortality impact 
per degree during heat waves versus high temperatures observed during non heat-wave 
periods. For this study, daily data were collected for mortality and weather in seven California 
counties known to be affected by the July 2006 heat wave. The association between apparent 
temperature and daily mortality was assessed using a Poisson regression model and combined 
across counties in a meta-analysis. The results were then used to estimate the increases in the 
number of deaths during the heat wave. The analysis indicated a 9 percent (95 percent CI = 1.6, 
16.3) increase in daily mortality per 10 degrees Fahrenheit change in apparent temperature for 
all counties combined. This estimate is almost 3 times larger than the effect estimated for the full 
warm season and 1.3 times that found for July in previous years (non heat wave years 1999 to 
2003). The estimates indicate that actual mortality during the July 2006 heat wave was 2 or 3 
times greater than coroner estimates. This multi-county analysis provides additional evidence 
that the risk of mortality increases with prolonged exposure to high apparent temperatures, as 
is common during a heat wave. In addition, the mortality effect per degree F was found to be 
several times higher than that reported during non-heat wave periods.  
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1.0 Introduction 
Heat waves are widely publicized because of their effects on entire communities. Previous heat 
waves in the United States (CDC 1995, 1996, 2002; Kaiser et al. 2001; Naughton et al. 2002), as 
well as the 2003 heat wave in Europe (Canoui-Poitrine et al. 2006; Conti et al. 2006; Conti et al. 
2005; Grize et al. 2005; Le Tertre et al. 2006; Pirard et al. 2005; Simon et al. 2005) have gained 
widespread attention. While there is no universal definition for a heat wave, any prolonged 
period of high temperatures usually lasting at least three consecutive days, especially 
accompanied by high nighttime temperatures, is deemed a heat wave (Kaiser et al. 2001). The 
number of heat-related deaths is often tabulated by county coroners during and after a heat 
wave. However, for several reasons, these counts are likely to underestimate the full impact of 
the heat wave. Heat-related deaths are typically certified as death from heat stroke or 
hyperthermia, typically when the core body temperature is found to be greater than 105 degrees 
Fahrenheit (°F). Therefore, deaths from other causes, such as cardiovascular and respiratory 
diseases that can be exacerbated by heat, may not be classified as heat related (Conti et al. 2006; 
Haines et al. 2006; McGeehin and Mirabelli 2001). Second, as recommended by the National 
Association of Medical Examiners, the heat-wave diagnosis: ”may be established from the 
circumstances surrounding the death, investigative reports concerning environmental 
temperature, and/or measured antemortem body temperature at the time of collapse.” Thus 
there will be some judgment on the part of the county coroner and the diagnoses may be 
inconsistently applied (Bouchama and Knochel 2002; CDC 1995, 1996; Kaiser et al. 2001). Third, 
in the absence of an “officially” declared heat wave, coroners may not be alerted to consider 
heat-related or exacerbated deaths (Shen et al. 1998). Therefore, the actual number of deaths 
from the heat wave is likely to be much higher than the number confirmed, not only during a 
heat wave, but especially during a non heat wave period (Basu et al. 2008; Basu and Samet 2002; 
Saez et al. 1995).  

In this study, we examined data from the heat wave that struck California in July 2006 in an 
attempt to statistically determine the likely number of excess deaths that occurred during this 
period. Beginning around July 14 and experienced over a large part of the state, the heat wave 
was characterized by nearly triple-digit daytime temperatures, higher than normal humidity, 
and very high nighttime temperatures. Coroners’ reports indicated that 147 (127 in the nine 
counties under study) people were killed by the heat wave, but state officials reported at the 
time that this number was almost certainly underreported (Thompson 2007).  

In our analysis, we used a conventional time-series analysis to first empirically estimate the 
association between daily temperature and daily mortality counts in the counties that were 
most affected by the heat wave. Then we used these empirical associations to calculate the 
increased number of deaths due to the heat wave in each county and compared these numbers 
with estimates based on coroner reports. We also compared our empirical relationships, in 
terms of % change in mortality per degree F, with those developed from California data during 
non-heat wave periods from earlier years. Such comparisons highlight the important effects that 
are likely to occur as heat waves increase in frequency over time due to climate change.  
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2.0 Data and Methods 

2.1. Data 
The number of daily all-cause deaths for July 2006 was requested for all California counties, 
with more than five confirmed or presumed heat-related deaths from July 14–August 1, 2006, 
based on the coroners’ reports. The confirmed heat-related cases were obtained from the 
California Office of Emergency Services Law Enforcement Branch, which contacted each 
county’s coroner/medical examiners offices. In an attempt to complete a timely analysis of the 
heat wave effects, we obtained the data before they were made available from the state vital 
statistics records. For this reason, only “all-cause” mortality was available, and only for the 
period of July 2006. 

Data were requested by calling the County Heath Officers, which are part of the California 
Center for Health Statistics (CHS). Ultimately, the counties of Fresno, Imperial, Los Angeles, 
Kern, Merced, Sacramento, and San Bernardino provided mortality data. San Joaquin and 
Stanislaus counties were also contacted, but the necessary all-cause mortality data were 
unavailable, so the two counties are not included in the initial empirical analysis. However, 
since more than five heat-related deaths occurred in these two counties, we included the 
counties in our estimates by extrapolating the meta-results (described below) from the other 
counties. Daily disease-specific mortality and demographic information about the decedents 
were not available at the time of our analysis.  

Hourly data on relative humidity and ambient temperature were obtained for the nine affected 
counties from the California Irrigation Management Information System (CIMIS). The apparent 
temperatures, which are a function of relative humidity and ambient air temperatures and are 
better (Kalkstein 1986) indicators of potential heat stress than temperature alone, were 
calculated for each monitor and then averaged across the monitors in each county. Apparent 
temperature is defined earlier (Basu et al. 2008) and was calculated based on the 24-hour daily 
average of temperature, as well as on the daily countywide averages of the maximum and 
minimum temperatures.  

2.2. Methods 
2.2.1. Estimating the County-Specific Temperature-Mortality Associations  
We first determined the empirical relationship between apparent temperature and daily 
mortality for each county for July 2006. The daily mortality counts are non-negative discrete 
integers that represent rare events, which typically follow the Poisson distribution. Therefore, 
Poisson regression was used to quantify the relationship between apparent temperature and 
mortality. Similar regression models have been used to examine the effects on mortality from 
air pollution and from temperature during non-heat waves (Medina-Ramon and Schwartz 2007; 
Ostro et al. 2007). We also examined the potentially confounding role of day of the week, since 
there is some evidence that this factor can affect mortality counts. However, during the month 
of July, day of week was not a confounder, so a simple univariate model was used. A Poisson 
model was estimated for each county, and then the results were combined in a random effects 
meta-analysis model using Stata (StataCorp 2003). The coefficient from the meta-analysis was 
then applied to the two counties for which mortality data were unavailable. All temperature 
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effects were reported in degrees Fahrenheit. We also tested the impact of multivariate models 
including ozone in the sensitivity analysis, detailed below.  

2.2.2. Quantifying the Mortality Impact  
Once empirical relationships between apparent temperature and mortality were determined for 
each county, the parameter estimates were used to calculate the increases in the number of 
deaths from the heat wave in each county. To do so, we needed to determine the temperature 
difference between the non-heat wave period and the heat wave period, which we defined in 
two ways: (1) July 15 through July 26, and (2) July 15 through July 31. We used two definitions 
of the heat wave period because delineation of the heat wave was uncertain and varied by 
region, and because death related to heat waves could continue for a few days following the 
episode. Temperatures during two different non-heat wave periods were examined: (1) the 
average apparent county-specific temperature during the non-heat wave portion of July 2006, 
and (2) the average county-specific historical apparent temperatures in July from 1999–2005. 
Thus, if apparent temperatures in July 2006 were higher overall than an historically “average” 
year, this method would incorporate the real effects from the heat waves relative to a “normal” 
year. 

The excess deaths from the heat wave were calculated separately for each county based on the 
difference in temperature between the heat wave period and non-heat wave period (described 
above) and temperature-mortality coefficient. Confidence intervals for the combined nine-
county mortality affect were determined by statistically summing across all nine counties’ 
distributions (with the temperature parameter estimate, its standard error, and assuming a 
normal distribution) using a Monte Carlo simulation over 100,000 trials in version 7.2.1 of 
Crystal Ball (Decisioneering 2006).  

2.2.3. Sensitivity Analyses 
We conducted several sensitivity analyses to explore how our assumptions would affect the 
mortality account. First, we used the meta-estimate of the effect of temperature on mortality for 
the seven counties and applied it to all nine counties in the analysis. This method assumes that, 
given the statistical and random variation that might occur in any single county regression, the 
meta-estimate might provide a more robust estimate of the overall effect. As a second sensitivity 
analysis, we estimated a model that included a term for ozone, since this pollutant is often 
highly correlated with temperature. The meta-estimate from this model was then used to 
calculate mortality effects. In our final sensitivity analysis, we calculated mortality after 
subtracting off the potential effects of ambient ozone, since several studies have reported effects 
on mortality (Bell et al. 2004). Specifically, an analysis of the 95 largest cities in the United States 
generated a pooled estimate of a 0.25% increase in mortality (95% CI = 0.12% - 0.39%) per 10 
parts per billion (ppb) change in 24-hour average ozone. Subtracting off a potential ozone effect 
would thus provide a more conservative estimate of the independent effect of apparent 
temperature. Each of these sensitivity analyses was conducted using the two definitions of the 
heat wave period.  

2.2.4. Comparison of Parameter Estimates to Companion Non-Heat Wave 
Analysis 
Finally, we compared the estimated mortality effect per degree Fahrenheit apparent 
temperature increase using data during the heat wave compared to data during non-heat wave 
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periods (i.e., May to September, 1999–2003) to determine the shape of the functional 
relationship between temperature and mortality. Such a comparison tests for the likelihood of a 
non-linear association between temperature and mortality; a functional relationship not 
observed during the non-heat wave years of (May to September) 1999 to 2003 in California 
(Basu et al. 2008) but observed in many cities that tend to have higher apparent temperatures 
than those observed in California (Armstrong 2006; Stafoggia et al. 2008).  

3.0 Results 
Table 1 shows the descriptive statistics about each county’s weather and all-cause mortality 
data. The table summarizes the number of monitors; average, minimum, and maximum 
apparent temperatures; the average and range of daily mortality counts; and the number of 
confirmed/presumed heat-related deaths based on the coroners’ reports. The number of 
temperature monitors used in the analysis ranges from two in Sacramento County to nine in 
Imperial County. The latter also has the highest temperatures (average, minimum, and 
maximum) and the lowest average daily deaths (only two) during July 2006, whereas Los 
Angeles had 163 deaths. Fresno and Stanislaus counties had the highest confirmed/presumed 
heat-related deaths based on the coroners’ reports.  

Figure 1 shows the average apparent temperatures for each county during the study period and 
highlights the pattern of the heat wave, where the highest temperatures vary by county and 
occurred from July 13–28. Imperial County had the highest temperatures overall, and Los 
Angeles County temperature peaked early. The remaining counties have generally similar 
distributions of apparent temperatures; San Bernardino has the mildest average apparent 
temperature during the peak of the heat wave.  

Table 2 summarizes the county-specific regression coefficients and the combined meta-analysis 
indicating the increased risk of mortality for a 10°F (5.6°C) in apparent temperature. Positive 
associations between apparent temperature and mortality were observed in each of the 
counties, with several being statistically significant. Imperial County had the highest coefficient 
(51%), while Los Angeles County had the lowest (4.3%). The combined result from a random 
effects meta-analysis of the seven counties indicates a statistically significant 9% (95% CI = 1.6, 
16.3) change in daily mortality per 10°F (5.6°C) change in apparent temperature. 

 



 5 

Table 1. Average daily temperature and mortality data and county statistics, July 1, 2006 through July 31, 2006 

 
Fresno Imperial Kern 

Los 
Angeles Merced 

Sacra-
mento 

San 
Bernardino 

San 
Joaquin Stanislaus 

Number of 
Temperature 
Monitors 
 

8 9 5 7 3 2 4 3 4 

Average Apparent 
Temperature (oF) 
 

83.5 101.3 84.4 81.4 80.1 77.7 77.1 78 78.1 

Minimum Apparent 
Temperature (oF) 
 

71.7 92.2 74.4 73.6 67 67.3 69 66.6 65.6 

Maximum Apparent 
Temperature (oF) 
 

97.2 108.6 95.8 93 97.1 96.5 83.5 92.8 94.6 

Average of Daily 
Deaths 
 

17.5 2.2 13 162.5 3.2 24.6 33.2 - - 

Range of Daily 
Deaths 
 

(10–32) (0–6) (5–21) (138–193) (1–7) (13–34) (18–48) – – 

Total Heat-related 
Deaths# 

 
26 11 15 5 6 13 10 17 24 

2006 Estimated 
Population (1000s)* 892 160 780 9,948 246 1,375 1,999 673 512 

#Confirmed or presumed heat-related between July 14–August 1 by the County Coroner/Medical Examiners Office as reported by the California Office of 
Emergency Services. 

*U.S. census: http://quickfacts.census.gov/qfd/states/06/06099.html
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Figure 1. The average apparent temperature for the month of July 2006, by county 

 
 

Table 2. Basic results of Poisson regression estimating number  
of deaths per 10°F change in apparent temperature  

 

 

County 
Percent change in 
mortality per 10oF 95% CI 

Fresno 19.4 8.6, 30.2 

Imperial 51.3 -11.3, 113.8 

Kern 7.0 -8.3, 22.4 

Los Angeles 4.3 -1.9, 10.4 

Merced 11.8 -11.1, 34.7 

Sacramento 6.1 -2.1, 14.3 

San Bernardino 11.4 -2.7, 25.4 

Meta-analysis 9.0 1.6, 16.3 
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Table 3 summarizes the results for the estimated mortality impacts during the heat wave, for 
the two heat wave definitions. In the basic model, we applied the pooled estimated regression 
effect and 95% CI based on a Monte Carlo summation of the quantitative temperature-mortality 
estimates summarized in Table 2. Comparing county-specific temperatures during heat wave 
days of July 2006 with the average temperatures during non-heat wave days for the same 
month in 2006, we obtained a central estimate of 188 for the heat wave defined as July 15–26 
(95% CI = 119, 257) and 209 (95% CI = 132, 284) for the heat wave defined as July 15–31, versus 
127 for the same nine counties based on the coroners’ reports. 

Using the average temperatures for July 1999–2005 as a contrast period, we obtained an 
estimate of 243 deaths (95% CI = 106, 381) and 260 deaths (95% CI = 97, 425), respectively.  

In the second analysis, we used the meta-estimate of the effect of temperature on mortality for 
all counties in the Monte Carlo summation. In this case, the mortality count estimates are 206 
(95% CI = 141, 273) and 330 (95% CI = 173, 488) using the two alternative contrast time periods 
and the heat wave definition of July 15–26. In the third analysis, we used county-specific 
regression models that included ozone. In several of these models, the parameter for 
temperature effects increased, while ozone was usually not statistically different from zero. 
Using these models, the mortality estimates increased to 248 (95% CI = 147, 350) and 397 (95% 
CI = 203, 591) respectively. The larger effect was mostly due to the higher apparent temperature 
coefficient in Los Angeles County, with ozone in the model.  

In all the above analyses the mortality count estimates were higher for the July 15–31 definition 
of the heat wave versus the July 15–26 definition (see Table 3). However, we did not find an 
ozone effect in our analysis of July 2006, probably due to the low statistical power in the 30-day 
analysis. In addition, ozone was not found to be a confounder or an effect modifier during non 
heat wave periods in California in previous analysis. There are many recent multi-city studies 
that report mortality effects of ozone (Bell et al. 2004). Therefore, for the final analysis and to 
ensure that no ozone-related mortality is attributed to temperature, we used a coefficient, 
relating ozone to mortality, based on a meta-analysis of the 95 largest U.S. cities (Bell et al. 
2004). This coefficient was applied to county-specific daily ozone data and the resulting 
mortality estimates were subtracted from the total mortality derived in the base case. As 
displayed in Table 3, the estimates decrease to 160 (95% CI = 105, 213) and 215 (95% CI = 92, 
337) for the two comparison time periods of July 2006 and July 1999–2005, respectively. 
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Table 3. Increases in deaths from all causes associated with the July 2006 heat wave, 
in nine California counties (central estimate with 95% confidence interval in 
parenthesis) 

* based on the National Morbidity, Mortality, and Air Pollution Study of 95 U.S. urban communities (Bell 
et al. 2004) 
 

3.1. Comparison of Parameter Estimates to Companion Non-Heat 
Wave Analysis 
In our final analysis, we compared the regression coefficients for temperature during the July 
2006 heat wave period versus that during the non-heat wave years of 1999–2005, based on Basu 
et al. (2008). There were four counties (Fresno, Kern, Los Angeles, and Sacramento) that were 
common to both studies. The heat wave analysis also included empirical estimates from the 
counties of Imperial, Merced, and San Bernardino, while the non-heat wave analysis of the 
earlier years also included the counties of Contra Costa, Orange, Riverside, San Diego, and 
Santa Clara. Therefore, Table 4 presents results for the four common counties as well as the full 
set of counties in each analysis. For the earlier years, we present results for both the full period 
of analysis (May through September) as well as for July only. 

 

  
Heat-wave defined as July 15–26 

  
Heat-wave defined as July 15–31 

Model 

 
Versus July 2006  

non-heat wave 
days 

 
Versus average 
for July 1999–

2005 

  
Versus July 2006  

non-heat wave 
days 

 
Versus average 
for July 1999–

2005 
1. Base model 
using county-
specific 
regressions 
 

188 (119, 257) 243 (106, 381)  209 ( 132, 284) 260 ( 97, 425) 

2. Temperature-
mortality meta 
estimate used 
for every 
county 
 

206 (141, 273) 330 (173, 488)  223 (155, 292) 370 (181, 558) 

3. Model 1 with 
ozone  
 

248 (147, 350) 397 (203, 591)  333 (212, 455) 505 (269, 739) 

4. Model 1 
minus ozone 
effect estimated 
from NMMAPS 
study * 

160 (105, 213) 215 (92, 337)  181 (118, 240) 232 (83, 381) 
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Table 4. Comparison of mortality effects in heat wave versus non-heat wave periods  

Heat Wave Period, 2006  Non-Heat Wave Period, 1999–2003 

July  May–September  July 

 

 

 

County 

Percent 
change 

per 10oF 

 
 

95% CI 
 

Percent 
change 

per 10oF 

 
 

95% CI 
 

Percent 
change 

per 10oF 

 
 

95% CI 

Fresno 19.4 8.6, 30.2  1.3 -1.4, 4.1 
 

7.7 0.3, 15.1 

Kern 7.0 -8.5, 22.5  3.5 0.4, 6.7 
 

8.4 0.4, 16.4 

Los Angeles 4.3 -1.9, 10.4  4.4 2.9, 6.0 
 

6.4 2.7, 10.1 

Sacramento 6.1* -2.1, 14.3  2.6 0.4, 4.7 
 

5.6 0.3, 10.9 

Meta 
Analysis 
(4 similar 
counties) 

 

8.4 1.9, 14.9  3.2 1.9, 4.6 

 

6.6 3.8, 9.3 

Meta-
Analysis 

(all 
counties)# 

9.0 1.6, 16.3  2.3 1.0, 3.6 

 

4.1  2.6, 6.1 

#Analysis based on data from 7 counties from heat wave (Fresno, Imperial, Kern, Los Angeles, Merced, Sacramento, 
San Bernardino) and 9 counties during non-heat wave years (Contra Costa, Fresno, Kern, Los Angeles, Orange, 
Riverside, Sacramento, San Diego, and Santa Clara)  
 
The mortality effect reported in Table 4, expressed as the percent increase in mortality per 10°F 
change in apparent temperature, obtained for the four common counties is 8.4% for the heat 
wave versus 3.2% for the analysis of May through September, 1999–2003 and 6.6% for July 
1999–2003. For the effect estimates for the four common counties, most of this difference is due 
to the results for Fresno. For all available counties (seven for the July 2006 heat wave and nine 
for the 1999–2003 non-heat wave periods) the heat wave effect is 9.0%, versus 2.3% and 4.1% for 
May–September, 1999–2003, and July, 1999–2003, respectively, of non-heat wave years. Thus, 
for both the four common counties and all county analyses, the temperature effect during the 
heat wave appears to be roughly two to three times greater than that during the general non-
heat wave period. 

4.0 Discussion 
The relationship between high temperatures and mortality is well established (CDC 1994; Faunt 
et al. 1995; Mackenbach et al. 1997). The findings presented here provide evidence that the 
overall mortality impact of the heat wave is greater than those described as “heat-related” 
deaths in the coroners’ reports. These reports suggest 127 deaths during the July 2006 heat wave 
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in California for the nine counties examined. Our results, however, suggest that the true effect 
may be 1.25 to 3 times that estimate, depending on the assumptions used. Compared to the non-
heat wave days of July 2006 as a reference period, the central estimates of excess mortality 
during the heat wave ranged from 160 to 333 deaths, depending on the regression model used 
and the definition of heat wave days. However, 2006 was warmer than previous years, so if July 
(1999–2005) is used for the baseline temperature the central estimates ranged from 215 to 505 
heat wave deaths. Our results support the hypothesis that coroner reports are likely to 
understate the true effect of a heat wave.  

Our results also suggest that the mortality effects per degree Fahrenheit apparent temperature 
may be approximately two to three times higher during heat wave versus non-heat wave 
periods. This finding is supported by evidence for non-linear temperature dose-response 
functions generated from the many studies that included higher apparent temperature than 
those typically observed in California (Diaz et al. 2006; Medina-Ramon and Schwartz 2007). In 
the latter, where the humidity is generally very low in the areas with high temperature (and 
hence, the low apparent temperatures relative to the U.S. East Coast and Europe), we have 
observed evidence of fairly linear dose-response functions between temperature and mortality 
(Basu et al. 2008). Evidence of stronger effects during the heat wave days are provided by 
several recent studies. For example, when mean daily apparent temperatures were limited to 
above 75°F, the effect estimates were higher than those that were observed for the entire 
distribution of data distribution (Basu et al. 2008). In an analysis of 50 U.S. cities, Medina-
Ramon and Schwartz (2007) reported an estimated mortality effect of extreme heat of 3.9% per 
degree of minimum temperature versus 0.7% during the less extreme days. They also report 
larger effects among cities with cooler average temperatures and less air conditioning. In an 
analysis of three European cities, Hajat et al. (2006) reported stronger effects per degree for the 
heat wave periods (defined as the ninety-ninth percentile of temperatures) relative to general 
summer temperatures. Specifically, for London, Budapest, and Milan, the impact of same day 
temperature during the heat waves was 1.2, 3.4, and 3.2 times that of general summertime 
effects, respectively. In addition to mortality, existing studies suggest greater effects on 
morbidity during heat waves as well (Ebi et al. 2006; Haines et al. 2006; Patz and Olson 2006; 
Schwartz et al. 2004). 

There are several limitations of our analysis. First, regarding the mortality data, each county’s 
office obtained the data individually, and only data for July 2006 were available. Different 
methods of extracting the data might affect the overall results. Second, counties were selected 
for the heat wave study if they had five or more confirmed heat-related deaths. Because of the 
lack of a clear case definition, some of the county’s inclusion (or exclusion) may have been a 
direct result of the coroners’ interpretation for that county. Third, the delineation of the heat 
wave period is uncertain and varies by region, as shown in Figure 1. Therefore, to test the 
sensitivity of our assumptions, we used two definitions of the heat wave period in this study. 
Finally, the appropriate contrast period for the heat wave is uncertain, as are the potential 
effects of concurrent ozone. As a result, we conducted several sensitivity analyses to suggest the 
likely range of estimates. We also chose not to conduct an analysis that compared observed 
versus expected mortality, since that method is heavily dependent on the selection of a 
reference period and also since it would be more difficult to factor out the pollution effects.  
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As opposed to the coroner reports of 127 heat wave deaths in the nine counties that we 
examined, our analysis suggests that total mortality was as much as a twice that estimate 
relative to a baseline of the non-heat wave period of July 2006, and as much as a triple that 
estimate relative to July temperatures from earlier, cooler years. In addition, our analysis and 
those of others indicate that, absent substantial efforts in mitigation and adaptation, significant 
direct effects on health, in terms of both mortality and morbidity, will result from both increases 
in general temperatures and more frequent heat waves expected from global climate change.  
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Abstract--The current understanding of the phenomenon of self-heating of coal and coal mine waste 
dumps is discussed along with the status of a number of numerical models developed to predict self- 
heating behaviour. Within this framework the commonly used industrial tests to predict the self-heating 
propensity of coal are assessed and their limitations identified. Future work requires further elucidation 
of the role of water on the oxidation rate of coal and other carbonaceous materials, as well as validation 
of numerical models on commercial size coal stockpiles. 
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NOTATION 
Arrhenius pre-exponential factor 
constants determined by experiment 
empirical constant in Elovich equation 
concentration of gas at time t 
Elovich term 
concentration of oxygen 
initial concentration of oxygen in air 
initial extent of oxidation of the coal when 
the stockpile was built 
amount of oxidation after time t 
heat capacities of air and dry coal, respectively 
diffusion coefficients for gas diffusion 
through coal matrix 
diffusion coefficient for oxygen 
diffusion coefficient for water vapour 
particle diameter 
activation energy 
apparent activation energy of oxidation 
apparent activation energy of change of phase 
by water vapour 
source term for heat 
acceleration due to gravity 
heat of oxidation 
heat of water sorption 

h empirical constant 
K effective thermal diffusivity of coal matrix 
k permeability of the coal matrix 
n apparent order of reaction 
P pressure 
q amount of oxygen taken up per unit mass of 

coal or carbonaceous material 
R gas constant 

Ro rate of oxidation 
ro rate of oxidation at a reference temperature 
T temperature 

T O reference temperature 
t time 

U gas velocity 
v empirical constant 

W concentration of water vapour in the gas 
Wc equilibrium concentration of water vapour 

empirical constant in Elovich equation 
fl volume coefficient of thermal expansion 
e voidage of the coal matrix 

p, density of air 
p, density of coal 
po fluid density at To 
/, dynamic viscosity of fluid 
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I. I N T R O D U C T I O N  

Self-heating can be defined as the phenomenon of 
a temperature rise in a material under ambient condi- 
tions, where the heating results from some chemical 
and/or physical process occurring within the mate- 
rial. The temperature rise may increase sufficiently 
that combustion or an explosion follows. 

Self-heating propensity has long been recognised 
in rural areas, particularly as it affects stacks of hay 
or seeds.l In the coal industry self-heating has a long 
history as a potential or actual problem. The self- 
heating of coal stockpiles can create problems for 
coal producers as practices may have to be adopted 
to minimize self-heating in stored coal. Similarly 
self-heating can be a problem for transportation of 
coal over large distances, particularly as it may 
affect the safety of vessels. 2 In underground mining, 
fires due to self-heating in coal goafs (gobs) raise 
major safety concerns. 3 In surface mining self-heat- 
ing in reject materials such as tailings and spoil 
piles poses long-term environmental problems as 
large areas may not be able to be rehabilitated due 
to excessive heat and/or contamination. 4 In recent 
years the exploitation of low-rank, low-sulphur 
coals in western U.S.A. also raises issues concerned 
with self-heating during drying, storage and trans- 
port. 5 

As a result of these concerns self-heating needs to 
be prevented and/or controlled. While this imperative 
has long been accepted, it has also been recognised 
that the processes responsible for self-heating are 
complex. Consequently, progress in the science of 
self-heating leading to useful industrial practice has 
not been rapid or extensive. Although much valuable 
work has been carried out and a number of practical 
'industry tests' developed, procedures based on funda- 
mental scientific understanding with wide applicabil- 
ity have not, to the knowledge of the authors, been 
evident. 

The purpose of this article is twofold. First, to 
describe the scientific basis of self-heating of carbona- 
ceous materials and to indicate the current state of 
knowledge of numerical modelling of the physical 
and chemical processes responsible for self-heating. 
Second, to describe the 'tests' currently in use or 
potentially useful for industry for coal stockpiles, 
and where possible discuss these in the light of a 
more fundamental scientific approach. This article 
will focus on coal and coal-related substances such 
as coal, char and coal-mine waste. 

While considerable effort has been devoted to inves- 
tigating control measures and strategies for limiting 
self-heating outbreaks in coal stockpiles, this article 
will not examine this aspect. The reader is directed 
to the following references: Thompson and Rayner, 6 
Landers and Donavenf  Colijn and Vitunae, s and 
Young. 9 
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FIG. 1. Schematic diagram of a coal stockpile. 

2. THE CAUSES OF SELF-HEATING 

Self-heating of a coal stockpile (or coal char stock- 
pile or mine waste dump) results when the rate of 
heat generation within the stockpile is greater than 
the rate at which heat can be transported to and 
dissipated in the external environment. 

Figure 1 shows a schematic diagram of a coal 
stockpile and illustrates some of the main features of 
coal stockpile self-heating. Air transported into the 
stockpile provides oxygen for the oxidation of coal. 
The heat liberated is transported into and away from 
the stockpile. Water vapour is transported either 
into the stockpile or away from the stockpile depend- 
ing on the relative humidity of the atmosphere and 
the equilibrium relative humidity within the coal for 
a given coal water content. 

As well as the interactions identified above, out- 
door stockpiles are also affected by the weather 
through wind, rain and solar radiation. Stockpiles 
also consist of a distribution of particle sizes which 
may be approximately monodisperse for a sized coal 
stockpile, although in general comminution will 
result in some fines. 

While development of a general quantitative model 
for self-heating which takes all the above factors into 
account would be a daunting, if not impossible task, 
the major effects and interactions relevant to coal 
stockpiles will be described below. Of prime impor- 
tance among these are quantitative descriptions 
of each of the heat generation and dissipation pro- 
cesses. 

2.1. Sources o f  Heat 

2. I. 1. Interaction o f  coal with oxygen 

The major heat generation mechanism responsible 
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FIG. 2. Arrhenius behaviour of the rate of oxidation of coal 
from the Lithgow seam (Australia). 

for the self-heating of coal stockpiles is the interac- 
tion of oxygen with coal. The chemistry of interaction 
of oxygen with coal is complex and will not be dealt 
with here in any detail. The reader is referred to 
Schmidt, 1° Yohe, 11 Guney, 12 Herring, 12 Marinov 14 
and Clemens, Matheson and Rogers 15 for compre- 
hensive discussions. Briefly, and in broad terms three 
types of processes are believed to occur. These are: 

(i) physical adsorption; 
(ii) chemical adsorption which leads to the forma- 

tion of coal-oxygen complexes and oxygenated 
carbon-species, e.g. carboxyl, carbonyl and 
other species; and 

(iii) oxidation in which the coal and oxygen react 
with the release of gaseous products, typically 
carbon monoxide (CO), carbon dioxide (CO2), 
and water vapour (H20). 

Schma116 provides a summary of many of these 
processes, including the role of coal composition, 
and the reader is referred to his monograph for 
greater detail. However, of the above processes oxida- 
tion is by far the most exothermic. 

There have been many studies of the low-temper- 
ature interaction of oxygen with coal, with many 
authors using the Elovich equation to describe the 
decrease of the rate of sorption with increasing 
uptake. 1~-19 The Elovich equation for constant tem- 
perature can be expressed as 

dq 
- a exp ( -- ctq). (1) 

dt 

In Eq. (1), q is the amount of oxygen taken up 
per unit mass of carbonaceous material (coal or 
char), t is the time and a and at are empirical con- 
stants which in general depend on the temperature. 

The dependence of the rate of oxidation on '-.m- 
perature and oxygen concentration can be expressed 
in the form 

dq = AC" exp ( - E / R T )  (2) 
dt 

where C is the concentration of oxygen, E is the 
apparent activation energy, T is the absolute tempera- 
ture, R is the gas constant, A is the Arrhenius pre- 
exponential factor and n is the apparent order of the 
reaction. 

While there is continuing discussion as to the 
origin and meaning of the 'Elovich' term the ap- 
proach taken in this work is to treat Eq. (1) in purely 
empirical terms. 

In a study of the oxidation rate of coal and coal 
char Nordon, Young and Bainbridge 2° showed that 
the oxidation rate of a coal char exhibits both an 
Arrhenius-like temperature dependence and Elovich 
kinetics. They carried out an experimental study 
whereby a prepared sample of coal char was placed 
in a reactor and maintained at constant temperature. 
Air was supplied to the reactor and sample at known 
rates and humidities. The air leaving the reactor was 
measured to determine its oxygen content. The rate 
of uptake of oxygen by the sample was measured for 
different samples and at different temperatures be- 
tween - 5 0  to ~ 100°C and for periods up to 30 
days. Nordon et al. fitted an equation of the form 

Ro = dq /d t  = ro A exp [ - - (E  + B ' q ) / R T ]  (3) 

to their experimental data. In Eq. (3), B' is defined 
as B' = b R T ,  where b may depend on temperature 
and r o is the rate of oxidation at a reference tempera- 
ture T O (in Nordon et al. 2° To = 293 K and A is 
defined as A = e x p ( E / R T o ) ,  so that A e x p ( -  
E / R T )  = 1 for T = To). Nordon et al. included the 
temperature dependence of the Eiovich term explic- 
itly in their rate law. 

The value of the apparent order of the reaction in 
low-temperature oxidation studies of coal and other 
carbonaceous materials has been shown to vary from 
~ 0.5 to 1.0. l't6 In order to simplify the mathematics 
(described later) the order of reaction will be assumed 
to be equal to 1 in the remainder of this article. 

Figure 2 shows the Arrhenius-like dependence of 
the rate of oxidation of a bituminous coal (in this 
case from the Lithgow seam, NSW, Australia), while 
Fig. 3 shows the Elovich behaviour of an Australian 
bituminous coal at a temperature of 85 °C. The data 
in Fig. 3 represent a total elapsed time of 30 days. 
(Fig. 2 was re-drawn from the data of Nordon et 
al. 2° and the data for Fig. 3 were kindly provided by 
N. W. Bainbridge.) 

At 35 °C, typical initial oxidation values for some 
selected Australian coals and coal shales vary from 
0.1 t o  8 × 10  -9 (kgO2/kg coal/s). 21 Values of the 
apparent activation energy derived from the methods 
of measurement described by Nordon et  al. 2° range 
from 63 to 69 kJ/mole. 21 The 'Elovich' terms in Eq. 
(3) are treated as empirical constants and vary for 
each coal studied. Full descriptions of the methods 
used to obtain the experimental data described above 
can be found in Nordon et  al. 2° 
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FIG. 3. Elovich behaviour of the oxidation rate of an 
Australian bituminous coal at a temperature of 75 °C.21 

Empirical rate laws similar to Eq. (3) can be meas- 
ured by the above methods for any coal. In general 
the values for the constants in Eq. (3) vary from coal 
to coal and are best obtained by direct measurement 
and empirical fitting of  the data. 

In an at tempt to provide a more detailed descrip- 
tion of  oxidation, pore diffusion, a shrinking core 
model and chemisorption have been used to describe 
the 'Elovich '  behaviour for oxidation up to times of  
several hours. 1 a. 19.22 

The effect of  coal particle size on the oxidation 
rate must also be considered in order to present a 
useful oxidation rate law for self-heating modelling. 
At one extreme, for a hard coal with no internal 
pore structure, the rate of  reaction would be expected 
to depend on the external surface area of  the coal 
particles and hence on the particle radius. For  a 
highly porous coal, and assuming no mass-flow 
limitations, the rate of  reaction would be expected to 
be independent of  particle size. Glasser and Brad- 
shaw 23 report that Smith 24 found the reactivity to 
be substantially independent of  particle size for fine 
coal with particle sizes in the range 75-300/tm, while 
Itay et  al. 2s found that rates depended to some 
extent on particle size. SchmaP 6 investigated the 
dependence of  reaction rate on particle size for three 
Australian steaming coals by using sieved coal sam- 
ples up to a maximum value of  3 .4mm. In his 
experiments no clear influence of  particle size on 
oxidation rate was found. This result is consistent 
with measurements by Sondreal and Ellman 26 on 
lignite particles less than ~ 5 mm. These authors 
reported a decreasing oxidation rate as the particle 
size increased beyond ~ 5 mm to ~ 12 ram. Further, 
these authors fitted their oxidation rate data to an 
equation of  the form 

h 
r - e -vd) = j ( 1  -- (4) 

¢ /  

where h and v are empirical factors and d is the mean 
particle size. As the particle size d--* 0, the rate of  
reaction approaches a limiting value consistent with 
their experimental data. Other workers 1°'22'2v report 
findings which are either in broad agreement with or  
in conflict with those reported above. At present 
there is no simple explanation or rule which can be 
applied, although the nature of  the coal in question 
will clearly be important.  

Glasser and Bradshaw 2a used a reaction rate equa- 
tion which assumed that the oxidation occurred essen- 
tially on the surface of  the coal particles. This assump- 
tion led them to a simple expression in which the 
reaction rate was inversely proport ional  to the part- 
icle radius. 

As the role of  particle size on oxidation rate de- 
pends on the coal being studied, no simple generalisa- 
tions are possible. Consequently, the approach recom- 
mended here is to measure the oxidation rate of  the 
coal on a coal sample typical of  the size distribution 
in the proposed application. 

Values for the heat released during oxidation for 
coals and coal chars have been measured by a 
number of  workers, including Nordon and Bain- 
bridge 2s and Sondreal and E l lman)  6 Experimental 
methods were based on the use of  an isothermal 
calorimeter with values for the heat of  reaction vary- 
ing from ~250 to ~ 3 8 0 k J / g m o l  02 with most 
values in the range 300-380 kJ/g mol 02. Values of  
about  350 kJ/g mol 02 seem most appropriate for 
general use. 

2.2. W a t e r  Vapour  

Water vapour plays an important  role in the behav- 
iour of  stockpiles of  coal. The amount  of  water 
contained by coal for a given value of  relative humid- 
ity is described by its adsorption/desorption isotherm. 
While the reaction of  oxygen with coal is exothermic, 
the interaction between water vapour and coal can 
be exothermic or endothermic depending on whether 
the water condenses or evaporates. Consequently, it 
is essential that the role of  water vapour be under- 
stood and taken into account in any attempt to 
describe the self-heating of  coal stockpiles. 

There is continuing debate as to whether water 
content has any effect on the intrinsic oxidation rate 
of  a coal. Sondreal and Ellman 26 performed a series 
of  experiments on lignite, where they determined the 
oxidation rate for a range of  moisture contents. The 
lignite was sized to 12.5 mm by 6.3 mm and dried in 
an inert atmosphere. These workers found that the 
oxidation rate initially increased with moisture con- 
tent up to a value o f  20% water (by mass) and then 
decreased with increasing moisture content. 

Itay et  al. 25 used a dry coal crushed to 75 pm. The 
coal was oxidized at 56 °C for about  5 hours and 
then a small quanti ty of  water added. They observed 
an increase in the oxidation rate and concluded that 
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the water had a catalytic effect on the oxidation 
reaction. Nordon et al. 2° also reported oxidation 
rate dependence on moisture content for an Austral- 
ian coal char. These workers found an increase in 
oxidation rate for the Yallourn chars by a factor of 
about 6 for an increase in char moisture content 
from 2 to about 13 wt. ~ .  However, more recent 
work at the CSIRO laboratories tends to show that 
for coals which have not been dried, increasing the 
water content acts to depress the initial oxidation 
rate, particularly when the water content approaches 
the equilibrium moisture value. This behaviour is 
probably due to liquid water blocking some of the 
pores and inhibiting the access of oxygen. As the 
oxidation rate is the most fundamental coal property 
responsible for self-heating, this area clearly requires 
further work, and at this stage no conclusive state- 
ments can be made. 

3. MATHEMATICAL BASIS FOR MODELLING SELF- 
HEATING 

In Section 2 the major heat generating mechanism 
responsible for self-heating was described. In attempt- 
ing to predict the temperature of a pile of coal, it is 
crucial to quantify not only the heat-generating 
mechanisms but also the heat-loss mechanisms. Fur- 
ther, the overall heat balance must be defined so that 
the accumulation of heat in the stockpile can be 
described. 

The first attempts to describe self-heating in math- 
ematical terms were those by Semenov 29 and Frank- 
Kamenetskii, 3° who studied thermal explosions and 
runaway chemical reactions. 

While the work of Frank-Kamenetskii still forms 
the basis for much activity into self-heating (Section 
6.5.), the major limitations of the model, namely that 
oxygen concentration is undiminished by reaction, 
restrict its general validity and hence applicability. 
Also, as more of the factors affecting self-heating are 
taken into account, analytical solutions to the model 
equations are more difficult to obtain. 

The Frank-Kamenetskii model assumes that the 
reactants are not consumed during the reaction and 
that diffusion is the only transport mechanism. These 
assumptions give rise to an equation for energy con- 
servation of the form 

2 V 2 T  = A exp [ - E / R T ]  (5) 

where 2 is the thermal conductivity of the self-heating 
material. Solutions to this equation for many shapes 
and boundary conditions have been obtained by 
a number of authors (see, for example, Boddington 
et al.31). 

In more recent years computers have been used to 
provide numerical solutions of model equations de- 
scribing in greater detail the physics and chemistry 
of self-heating. This approach had its beginnings in 
the early work of Sondreal and Ellman 26 and 
Nordon 32 and has also been pursued by Schmal, 16 

and more recently by Edwards, 33'34 Glasser and 
co-workers (see Ref. 23 for a summary), Nordon et 
al. 35 and Carras et al. 36 Readers interested in the 
more fundamental aspects of this subject are referred 
to the work of Gray and Lee 37 or Boddington et 
at. 31 

As will have by now become apparent, a full 
description of the physical and chemical processes 
leading to self-heating is complex, and in formulating 
a tractable mathematical description of the processes 
many assumptions must be made. These will be 
discussed as they arise in the following sections. 

First, the coal stockpile is assumed to be well 
represented by a homogeneous, isotropic porous 
body. This assumption of homogeneity is perhaps 
adequate for a coal stockpile, notwithstanding the 
heterogeneous nature of coal. For dumps of coal 
mine waste, which will contain some coal, coal shale 
and rock, it seems inappropriate and this assumption 
will be discussed further subsequently. 

Transport mechanisms for heat and mass are 
assumed to be diffusion and forced and natural 
convection. 

In formulating a mathematical description of self- 
heating it is necessary to describe not only the rate of 
heat generation but also its transport through the 
stockpile and dissipation to the external environ- 
ment. This is done by using the appropriate conserva- 
tion equations. These equations will be stated first, 
each term described, and its role in the generation, 
transport and dissipation processes discussed. 

In a homogeneous porous body in three dimen- 
sions the equations describing heat, mass and momen- 
tum balances are as follows (see, for example, 
Bear38). 

heat balance 
OT (1 - e)VTpsc  s ~ + p a C a 8 U ' V r  

-- (1 -- e )pscsKV 2 T +  G = 0 (6) 

where T is the temperature of the coal matrix and 
fluid, e is the voidage of the coal matrix, G is the 
source term for heat, Pa and Ps are the density of 
air and coal at temperature To, K is the effective 
thermal diffusivity of the coal matrix, ca and c s are 
the heat capacities of air and dry coal, U is the gas 
velocity. 

The first term of Eq. (6) gives the rate at which 
heat is accumulated (or lost) by the coal matrix, the 
second term gives the rate at which heat is trans- 
ported by the gas velocity U (the advection term), 
the third term gives the rate at which heat is con- 
ducted through the coal matrix, while the fourth 
term, G is the rate at which heat is generated or lost 
by the coal matrix. 

mass balance for  a gas (e.g. oxygen or water vapour) 

aB e - - + e U ' V B - D B  V 2 B + F = O .  (7) 
0t 
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Equation (7) describing the mass balance for a gas is 
similar in structure to Eq. (6), only in Eq. (7) the 
quantity referred to is not heat but mass of gas, 
where B is the concentration of gas (e.g. oxygen or 
water vapour) at time t, F is the source/sink term 
and D B is the diffusion coefficient for the gas in the 
coal matrix. 

momentum balance 

U = k ( _ V p  + pg). (8) 
e/t 

Equation (8), describing the momentum balance, is 
deduced from Darcy's law for fluid flow in a porous 
medium 38. Darcy's law was initially derived from 
experimental data and generalised into the form 
shown. The first term in Eq. (8) describes flow due 
to a pressure gradient while the second term describes 
the buoyancy due to gas density changes with tempera- 
ture. In Eq. (8), P is the pressure,/z is the dynamic 
viscosity of the gas, k is the permeability of the coal 
matrix and g is the acceleration due to gravity 

continuity 

V. U = 0. (9) 

Equations (6-9) also assume the validity of the 
Boussinesq approximation. This approximation 
essentially states that the temperature variation of 
the fluid properties can be ignored except for the 
density, and that the density dependence is only 
taken into account when it gives rise to a buoyancy 
force (see Tritton 39 for a complete discussion of the 
Boussinesq approximation). Further, the dependence 
of density can be approximated in a linear fashion i.e. 

p = po(l - - / i f (T -  To)) (10) 

where fl is the volume coefficient of thermal expan- 
sion and Po is the fluid density at T o. 

Equations (6-9) form an approximate description 
of the transport mechanisms involved in self-heating 
and must be solved with appropriate initial and 
boundary conditions to yield quantitative informa- 
tion on self-heating phenomena. 

Before the solution is possible, expressions for the 
fate of oxygen and water vapour and the source/sink 
terms in these equations are required. Using the 
specific form of Eq. (7): 

for  oxygen 

e t 3 C + e u ' V C - D ~ V 2 C + R o  = 0  (11) 
0t 

where 

Ro = A¢ C"f(Eo, T, C~, Cr). (12) 

for  water vapour 

e d W + e u . V W - D w V Z W + R w  = 0 (13) 
0t 

where 

Rw = Awf(Ew, T, IV, We) (14) 

where Ro and Rw are the rates of reaction of oxygen 
(irreversible) and interaction of water vapour (revers- 
ible), respectively, Co is the initial concentration of 
oxygen in the air, Ci is the initial extent of oxidation 
of the coal when the stockpile was built, Cr is 
the amount of oxidation after time t, W is the 
concentration of water vapour in the air, Wc is the 
equilibrium water vapour concentration, Eo and Ew 
are the apparent activation energies of oxidation and 
change of phase by water vapour, A~ and Aw are rate 
constants determined by experiment and Dw and D¢ 
are the effective diffusion coefficients for water 
vapour and oxygen, respectively. 

Equations (12) and (14) are not expressed explicitly 
as they are empirical in nature and vary from coal to 
coal. However, Eqs (12) and (13) have the general 
form of Eq. (3) as described in Section 2.1.1. 

The source/sink term in Eq. (6), G, takes into 
account heat liberated by oxidation and heat ab- 
sorbed/liberated from the coal matrix by the evapora- 
tion/condensation of water vapour. In terms of the 
variables defined to date this term may be described 
by: 

G = - H o ( l - e ) p s R o - H w ( 1 - e ) p s R  w (15) 

where Ho and Hw are the heats of oxidation and 
water sorption, respectively. 

The equations described above form a set which 
are, in general, too complex to be solved by analytical 
methods. However, when subjected to appropriate 
boundary and initial conditions they can be solved 
by numerical methods, provided values of the coal 
properties are known. The coal properties required 
and their dependence on temperature and moisture 
content can be measured for each coal. Experimental 
methods for measuring the key coal properties can 
be found in Nordon et al. 2° and Nordon and 
Bainbridge. 2 8 

4. NUMERICAL SOLUTIONS 

Equations (2), (3) and (6-15) and simplifications 
of these equations form the basis for much numerical 
work carried out in the past 15 years (see, for exam- 
ple, Nordon, 32 Schmal, 16 Glasser and Bradshaw, 23 
Nordon et aL 35 and Edwards33). 

Nordon 32 published the results of his computa- 
tions on the self-heating of coal char. He presented a 
model of a one-dimensional (ID) stockpile with heat 
and mass transfer determined by diffusion and forced 
convection (i.e. the ID versions of Eqs (6), (7) and 
(9)). Nordon's  work was distinguished by (i) his 
inclusion of oxygen and water vapour conservation 
and (ii) his characterisation of the oxidation rate of 
the char as an Elovich process (Eq. (1)). Nordon 
expressed his model in dimensionless form and ob- 
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FIG. 4. Schematic diagram showing the temperature rise as 
a function of time and length of the one-dimensional coal 

bed (adapted from Nordon32). 

'°°I 
2xt0°lsx,051 It xt0,  
ms-'lms'llms' 

0 . .  

0 ~  1 x 1 0 - 4 ~ _ ~ _ _ _  

Time 

FIG. 5. Schematic diagram showing the effect of increasing 
airflow on the temperature of a coal bed of length 4.5 m 

(adapted from Nordon3 2). 

tained numerical solutions for a range of boundary 
and initial conditions. 

Figure 4 shows a schematic diagram adapted from 
Nordon. The temperature rise is shown for four 
different size coal beds. For the variables used by 
Nordon, a bed size of less than 4.5 m produced self- 
heating of  small magnitude. As the bed size increased 
to 4.6 m the temperature accelerated to a higher 
stable temperature. An 8.0 m bed showed a single 
rapid increase in temperature. These results demon- 
strated the critical behaviour of self-heating phenom- 
ena. In fact the behaviour is even more complex than 
described by Nordon as, once appreciable tempera- 
ture gradients are established, natural convection 
becomes a major mass transfer mechanism. This 
factor leads to major complications and will be sub- 
sequently discussed. 

Nordon was able to model the effect of air trans- 
ported by forced convection. Figure 5 shows the 
results of his calculations for a bed of length 4.5 m. 
With no impressed airflow the bed exhibits a tempera- 
ture increase of  about 12 K. An airflow of l0 -5 m/s 
sends the bed into a steep temperature rise, indicating 
that combustion would probably follow. As the air- 
flow is increased to 2 x 10 -5 m/s the bed becomes 
unstable earlier. However, further increase in the air 
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velocity (e.g., to 5 x 10 5 m/s) increases the time at 
which instability is evident, until for large airflows, 
for example, l0 ~ m/s, the temperature is depressed 
compared with zero airflow. This behaviour can 
be explained as follows. For low airflows the 
major effect is to increase the transport of oxygen 
into the pile and hence the rate of heat generation. 
As the airflow increases, the dominant effect ulti- 
mately becomes the transport of heat away from 
the pile, which acts to depress the temperature of 
the bed. 

The significance of this work demonstrates that 
air entering the stockpile, beyond that which occurs 
by diffusion alone, can have a major effect on the 
temperature of the pile. As mentioned earlier, once 
temperature gradients are established in the stock- 
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TABLE 1. Values of the coal bed properties used in the 
calculations of Nordon e t  al. 3 s 

K = 0 . 1 2  x 10-6m2/s 
D e = 1.2 x 10 -5 m2/s 
Dw = 1.3 x D B m2/s 
p, = 1260kg/m 3 
c, = 1423J/kgK 
p, = 1.10 kg/m 3 
c, = 1008J/kgK 
Ho = 10.8 MJ/kg (02) 
H w = 2.4 MJ/kg 

pile, natural convection may become the major 
oxygen and heat transport mechanism. Nordon and 
co-workers extended the diffusion-based modelling 
described above to two- and three-dimensional simu- 
lations of stockpile behaviour. The results of the 
most recent application of this work (Nordon e t  al.  35) 

are illustrated in Figs 6 and 7. These figures show 
the performance of a full three-dimensional model of 
a 2 x 2 x 2 m stockpile of coal. The model includes 
heat and mass transfer by diffusion and forced 
convection and coal properties from an Australian 
bituminous coal. Figure 6 shows the effect of bed 
porosity on the self-heating behaviour for a coal with 
3 wt.~o water content. The difference in porosity has 
a major effect on the temperature achieved. Curve 1 
(porosity 0.2) shows a commonly observed mode of 
stockpile behaviour. The temperature increases ini- 
tially, peaks at about 70 °C at about 50 days and 
then decreases slowly. Curve 2 (porosity 0.3) shows a 
more rapid temperature increase initially than curve 
1. In this case the complete curve has not been 
shown as, in practice, when the temperature of a 
stockpile reaches about 80 °C, combustion normally 
follows. 

Figure 7 shows the corresponding case for an 
initial water content of 10 wt.~. The extra water in 
this case has a moderating effect on the thermal 
behaviour, with the maximum temperature attained 
(for both porosities) significantly smaller than for 
the case of 3 wt.~ water content (Fig. 6). The values 
of the coal bed properties used in the calculations 
are shown in Table 1. 

Nordon's work has also been extended by 
Schmal, 16 who not only performed model calcula- 
tions but also carried out extensive measurements of 
the self-heating of three 2500 t test stockpiles of coal. 
Schmal also simulated the effect of natural convec- 
tion in his model by estimating the magnitude of air 
velocity generated by temperature differences within 
the stockpile. The results of Schmal's model are in 
broad terms similar to those of Nordon, bearing in 
mind the different coals investigated in both cases. 
An important result from Schmal's measurements on 
the three piles is the clear evidence for natural con- 
vection as a major mass transport mechanism. (The 
results of Schmal's experiment will be described in 
Section 5). 

Glasser and Bradshaw 23 used a simple calculation 

to show that for typical stockpile values diffusion 
alone as a mass transfer mechanism would only 
result in a temperature rise of about 70 K. They 
concluded that diffusion alone could not provide 
sufficient oxygen to allow ignition and combustion. 
In an attempt to estimate the relative importance of 
the two mass transfer mechanisms, diffusion and 
natural convection, these authors carried out an ap- 
proximate calculation where they assumed that the 
oxidation rate of a coal was proportional to the 
external surface area of the coal particles. This as- 
sumption allowed them to express the oxidation rate 
as a function of the particle diameter. 

Their analysis showed that for a stockpile of uni- 
form particle size only for diameters < 1 mm did the 
diffusional oxygen flux become comparable with the 
flux due to natural convection for a 20 K temperature 
difference. This calculation, while approximate, fur- 
ther illustrates the importance of natural convection. 
However, for smaller particle sizes and indeed mix- 
tures of particle sizes, it is clear that diffusion remains 
an important mechanism in the initiation of self- 
heating. In recent years, Glasser and co-workers 
and Edwards 33 have extended Nordon and Schmal's 
work by explicitly considering the role of natural 
convection in the self-heating and ignition of coal 
stacks. Young e t  al .  4°  carried out an experimental 
and modelling study of natural convection in a lab- 
oratory (1 x 1 x 1/2 m) stack of coal. The coal was 
in an inert atmosphere so no oxidation could occur, 
and heat was provided by a centrally located heating 
rod whose power input could be varied. The presence 
of natural convection was measured by detecting 
temperature distortions in the vertical direction. In 
the absence of natural convection and assuming con- 
duction is the only heat transfer mechanism, iso- 
therms would be symmetric around the heater. If 
natural convection occurred the isotherms would be 
expected to be distorted in the vertical direction. 
Young e t  al .  4 °  showed that the temperature field 
measured was distorted, and were able to model the 
situation reasonably well, thus proving that natural 
convection is a heat and mass transfer mechanism 
important in coal dumps. Carras e t  a/. 36 have also 
carried out a similar experiment and calculations of 
the same kind with comparable results. 

Edwards 33 has also studied the effects of con- 
vection in coal beds. He developed a model which 
simulated an experiment on small test stockpiles 
conducted by the U.S. Bureau of Mines. A cylindrical 
coal bed with a centrally located cylindrical heater 
was subjected to forced convection airflows of 
30 l/min. The particle diameters were less than 
~ 15cm and the total voidage volume was 
~ 5 x 103 L. He modelled explicitly the gas and 
solid temperatures with the heat transfer between the 
particles and gas, described by Newton's law of 
cooling. A simple Arrhenius temperature dependence 
was assumed with the activation energy and pre- 
exponential coefficient being derived from adiabatic 
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calorimetry measurements. A comparison of the pre- 
dicted temperature in the coal bed at a distance of 
15 cm from the midpoint of the heater, as a function 
of time over a period of about 40 days, yielded 
excellent agreement with the measured temperature 
from the same location. Over the 40-day period the 
predicted and measured temperatures were always 
within about 5 °C of each other. 

Edwards 33 also simulated a coal bed impacted on 
one surface by wind. Applying a 1D model, he used 
the Blake-Kozeny equation to calculate the perme- 
ability from a knowledge of particle size and coal 
bed voidage. Edwards found that the interstitial air 
speed induced in the coal bed by wind was 
~ 10 5 cm/s for a surface wind of 2.2 m/s. However, 
once self-heating became important the buoyancy 
induced flows were dominant, with interstitial air- 
flows of about 10 -2 cm/s. 

Brooks and Glasser 41 studied the implications of 
natural convection as a transport mechanism. In order 
to do so and to isolate the main features of natural 
convection they assumed a 'simple' model of coal 
stockpile behaviour, which they refer to as the 'average 
temperature model'. Their model is as follows: 

(i) The coal bed was assumed to be an insulated 
tube aligned vertically, open at both ends with 
zero radial gradients. 

(ii) The coal bed was treated as a continuum with 
gas and solid temperatures assumed to be equal. 
The pressure drop along the bed was calculated 
from the first term of the Ergun equation. 

(iii) The coal-oxygen reaction was assumed to be a 
first-order surface reaction with the rate con- 
stant inversely proportional to particle size. 
Moisture effects were not included. 

(iv) Diffusion was neglected with natural convection 
being the major mass flow mechanism. 

(v) Only the time-varying behaviour of temperature 
was considered with a steady-state assumption 

(vi) 

(vii) 

made for oxygen concentration, pressure and 
flow rate through the bed. 
Heat loss occurred by radiation and flow 
through the bed. 
The reaction rate and gas flow could be calcu- 
lated from the average temperature of the coal 
bed (and hence the model name). 

In order to obtain analytical solutions to their 
equations Brooks and Glasser also assumed that: (i) 
the coal was not consumed in the dump, (ii) the coal 
did not age with oxidation, and (iii) the steady-state 
solution would provide valuable insight. The model 
developed used particle size as the major variable 
and assumed the coal particles were of uniform size. 

Due to the strong dependence of the reaction rate 
on temperature, assumption (vii) above may have 
serious consequences. However, while the many as- 
sumptions made in deriving the model solutions limit 
the applicability of the model, the assumptions allow 
analytical solutions which are important in gaining 
insight into the various mechanisms involved. Figure 
8 shows a schematic diagram of the locus of solutions 
to the Brooks and Glasser 41 model with particle size 
as the independent variable. This figure shows that 
multiple solutions exist for the model equation in a 
given range of particle sizes in the coal stockpile. 

Brooks and Glasser interpret Fig. 8 as follows. 
Starting with small values of particle size the maxi- 
mum temperature increases with particle size until 
the curve begins to turn back on itself (marked A in 
Fig. 8). This point corresponds to extinction. For 
particle sizes larger than A, the only stable solution 
to the model equations is a low-temperature one, 
that is, there is no combustion. The explanation for 
this behaviour is that for small particle sizes the flow 
of oxygen into the stockpile is small due to the large 
resistance to the flow. Oxygen is consumed near the 
surface and the heat generated is transported to the 
environment, resulting in only small temperature 
rises. As the particle size increases the resistance to 
flow decreases, as does the particle reaction rate 
which is inversely proportional to the particle size. 
The net effect is that the reaction penetrates deeper 
into the coal bed and the heat is not so easily lost to 
the boundaries. As a result the maximum tempera- 
ture of the coal bed rises initially. At a particular 
point, however, the decrease in oxidation rate with 
increasing size means that heat generation becomes 
negligible, leading to a drop in the maximum tempera- 
ture followed by extinction. 

The work of Glasser and co-workers has been 
summarized recently in a detailed review by Glasser 
and Bradshaw, 23 to which the reader is referred for a 
comprehensive description of their modelling results. 
This paper contains considerable detail of calcula- 
tions performed by Bradshaw, 42 who numerically 
solved equations of the type presented in Eqs (3) and 
(6-9). The oxidation rate was taken to depend in- 
versely on the particle size and the effects of coal 
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for three experimental coal stockpiles (adapted from 

Schmal 16). 

aging were ignored. The non-steady-state behaviour 
of the heat balance equation was considered explic- 
itly, with the gas and momentum equations being 
assumed to be steady state. This work examined the 
occurrence of convective cells within stockpiles of 
various sizes and shapes, as well as the position of 
and conditions leading to ignition. Several relatively 
simple criteria were developed based on the simula- 
tions carried out, to which the reader is referred. 23 

Brooks e t  al .  43 carried out extensive calculations 
of the stability of the equations similar to those used 
in the 'average temperature model' described earlier. 
They investigated the stability of the solutions and 
the implications for ignition. 

In broad terms the model solutions presented to 
date exhibit in a semi-quantitative way the known 
behaviour of real coal stockpiles. For example, the 
maximum temperature attained by self-heating is 
shown to depend on stockpile size and on the degree 
of compaction, while the time at which maximum 
temperature is attained depends on the initial mois- 
ture content of the coal bed. Also small airflows, 
owing to mainly natural convection (however, forced 
convection can also be important), can have a major 
effect on the thermal behaviour and stability of coal 
stockpiles. The assumption of an oxidation rate 
which depends inversely on the particle size, while 
useful in allowing solutions to be obtained, will not 
apply to all coals. Consequently, the results of calcula- 
tions based on this assumption may have limited 
application. Also the 'aging' of coal needs to be 
considered explicitly. 

While predictions from the numerical model devel- 
oped to date now exhibit many of the features of 
large-scale commercial stockpiles, there remains con- 
siderable scope for the validation of these model 
predictions. Validation is both an expensive and diffi- 
cult experimental task, but nevertheless essential for 

the modelling approach to be fully useful as a predic- 
tive tool for use by the coal industry. 

5. A P P L I C A T I O N  OF M O D E L  R E S U L T S  

As well as carrying out a modelling study, 
Schma116 reports on extensive measurements on 
three 2500 t stockpiles. The stockpiles were trapezoi- 
dal in cross-section with a base length of 25 m and a 
height of 6 m. The three stockpiles were constructed 
as follows. Pile 1 was made of loosely stored coal 
built up from successive layers 2 m thick. The pile 
had a bulk density of 952 kg/m a. Pile 2 was con- 
structed by compacting 1 m thin layers with a bull- 
dozer. This pile had a bulk density of 1076 kg/m 3. 
The third pile was similar to the second except that a 
vibratory roller was also used to compact the pile. 
The bulk density of Pile 3 was 1200 kg/m 3. The piles 
varied in porosity from 31% for Pile 1, 22% for Pile 
2 and 13% for Pile 3. The stockpiles were instru- 
mented with thermocouples and gas probes and the 
self-heatir, s monitored. Input data for use in model- 
ling were obtained from measurements on the coal 
used as well as the stockpile characteristics. In order 
to match the results of the computer simulations to 
the measurements, Pile 1 was assumed to have an 
internal gas velocity of 3 x 10 -4 and 7 x 10 -4 m/s, 
Pile 2 a gas velocity of 10 4 m/s and Pile 3 a zero gas 
velocity. The ambient temperature was assumed to 
vary over the course of a year and was based on the 
24 hour average as measured at the Royal Dutch 
Meteorological Institute. 

Figure 9 shows the results of the maximum tem- 
perature measured in each pile as a function of time. 
Since the thermocouples could not measure every 
point within the pile it is possible that the 'maximum' 
was somewhat smoothed out. Three different types 
of behaviour are evident for the three piles. Pile !, 
which was the least compacted stockpile, showed an 
increase in temperature up to about 160 days and 
then a temperature decline. Pile 2 showed a continual 
increase in temperature, although the rate of increase 
decreased after about 300 days. Pile 3 showed the 
smallest rate of increase. Schmal also analysed the 
temperature contours within the pile and the oxygen 
concentrations measured. 

Measurements of airflow through Piles 1 and 2 
showed that relatively large flows were measured, up 
to about 3 x 10 a m/s (Kok's results quoted by 
Schmap6). Schmal concluded that the large flows 
were due to the effect of natural convection within 
the piles. He also observed that the flow rates were 
largely independent of the ambient wind velocity. 
An empirical relation of the form u = 1.6 
× 10 3834AT, where AT is the difference in 

temperature between the pile and the ambient tem- 
perature was suggested from Kok's data (quoted by 
Schma116). Figure 10 shows the results of Schmal's 
calculation for each pile. The simulations can be 
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made to provide a reasonable fit to the data for 
appropriately chosen values of airflow within the 
piles. 

Schmal concluded that his modelling approach 
was in reasonable agreement with the measured maxi- 
mum temperatures. For instance, the Pile 1 simula- 
tion could be fitted to the measurements by varying 
the gas flow rate. For Pile 2 the rates of temperature 
rise are different for the model prediction compared 
with the measured data. Here the temperature of 80- 
90 °C was maintained for a long period in the experi- 
ment due to moisture evaporation. For Pile 3 the 
predicted and measured values were in good agree- 
ment. Overall, Schmal concluded that his model pro- 
vided a good description of self-heating and "there- 
fore can be used for predictive purposes". 

6. I N D U S T R Y  T E S T S  

The emphasis on the work described above has 
been on developing models based on adequate scien- 
tific description of the processes leading to self- 
heating. Nevertheless, coal producers and users 
require immediate methods for assessing the self- 
heating potential of different materials. As a result, 
a number of practical 'tests' have been proposed and 
used by the coal industry. These methods will be 
described briefly. Kim 4~ has also provided a sum- 
mary of many of these tests. 

The major thrust of these methods is to use the 
measurement of a coal property (or combination of 
properties) which allows coals to be ranked relative 
to one another with regard to self-heating. If a par- 
ticular coal is shown to perform 'better' on a test 
than a coal whose self-heating behaviour is, to some 
extent, understood then the behaviour of the un- 
known coal can be assessed. While this approach is 

mainly empirical it has been widely used by the coal 
industry, as practical results based on the more funda- 
mental approach described earlier have been slow to 
be developed to the point where they can be readily 
applied and accepted by coal producers. 

6.1. Crossing Po in t  M e a s u r e m e n t s  

There are many variations of crossing point meas- 
urements, which essentially measure the onset of 
significant self-heating in a coal sample under speci- 
fied conditions. This temperature is often referred to 
as the 'crossing point' or 'relative ignition tempera- 
ture'. Typically these methods involve: (i) prepara- 
tion of the sample to a standard size, (ii) subjecting 
the sample to a specified atmosphere before and 
during the 'tests', (iii) placing the sample in an oven 
whose temperature can be steadily increased as a 
function of time, and (iv) measuring the temperature 
at which the temperature of the sample exceeds that 
of the oven, indicating ignition has taken place. 
Examples of this type of approach may be found in 
the work of Sherman et  al.,45 Kruelen,46 Kirov,47 
Chamberlain and Hall, 48 Cudmore and Sanders 49 
and Mikula et al. 5° 

For instance, Cudmore and Sanders 49 describe a 
procedure whereby 5 ml of a fresh sample is sized to 
- 600 #m to + 300 pm, placed in an aluminium oven 
and brought to a temperature of 120 °C under an 
atmosphere of CO2. At 120 °C, oxygen is substituted 
for CO2 and the temperature of the sample and oven 
monitored. 

Further variations on this approach involve the 
development of indices to take into account more of 
the information available from the measurement, 
such as heating rate (see, for example, Sebastian and 
Mayers 51 and Feng et a/.52). 

Interpreting the results of these ignition or crossing 
point tests in a fundamental way presents a number 
of difficulties. First, ignition temperature is not a 
unique number as the temperature at which a sub- 
stance ignites depends on many factors including its 
environment. Ignition temperatures quoted in the 
literature show wide variation and range from 
approximately 130 to 500 °C, depending on the coal 
and the design and protocol of the apparatus 
adopted. Second, the environment in which crossing 
point or ignition temperature tests are carried out 
are quite different from those actually encountered 
by stockpiles. Crossing point measurements are used 
to rank coals on a scale of increasing propensity to 
self-heat. 

6.2. Calor imetry  

In general two types of calorimetry have been 
applied to coal in an attempt to create a method of 
classifying coals for self-heating. Both methods rely 
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on measuring some aspect of the exothermicity of 
the oxygen-coal reaction. 

6.2.1. Isothermal  calorimetry 

At ambient temperatures, oxidation of coal pro- 
duces heat at a rate of approximately 10 4 W/g or 
less. Isothermal calorimeters measure the rate of 
production of thermal energy, and this rate has been 
used by some workers to describe the self-heating 
propensity of coals. Experimental detail on the design 
and use of these calorimeters may be found in Mac- 
kenzie et al. 53 and Nordon et al. 54 

Isothermal calorimetry in which the sample is ex- 
posed to ambient air (see, for example, Nordon et 
a/. 2°) provides the most physically meaningful data 
in terms of self-heating. In this case the heat of 
reaction of oxygen with the coal as well as the rate of 
reaction can be measured directly at a constant tem- 
perature. By placing the entire isothermal calorimeter 
in an oven it is also possible to carry out the measure- 
ment at different temperatures. 

However, while isothermal calorimetry provides 
measurements of a moderately well-defined chemical 
process, it yields only some of the information for a 
specific self-heating prediction of a coal stockpile to 
be made. 

6.2.2. Adiabat ic  calorimetry 

Adiabatic calorimetry consists of measuring the 
temperature rise in a coal sample reacting with 
oxygen under adiabatic conditions. The latter are 
commonly achieved using an oven, within which the 
sample is enclosed, and increasing the temperature 
of the oven to match that recorded by a thermometer 
within the sample. 

The adiabatic calorimeter measures the maximum 
temperature attained by the sample. This tempera- 
ture has been used to rank different coals according 
to their self-heating tendency. Moxon and Richard- 
son 55'56 have used the maximum temperature at- 
tained in an adiabatic calorimeter under controlled 
oxidising conditions, and related these values to the 
chemical and petrographic properties of the coals 
analysed. Recently their technique has been devel- 
oped into a commercial instrument. 

Using a modified adiabatic calorimetric technique, 
Smith and Lazzara 57 at the U.S. Bureau of Mines 
developed a method incorporating an adiabatic oven. 
Their method is as follows. Coal was pulverised and 
dried in an atmosphere of nitrogen at 67 °C. A 100 g 
sample of the 74-150/am fraction was packed into a 
wire basket and located within an adiabatic oven 
under a flow of dry nitrogen. The oven was brought 
to a preset temperature. When the sample had 
achieved thermal equilibrium the flow was switched 
to preheated air at a rate of 200 cm3/min. The tempera- 
ture of the sample was monitored and indicated 
whether a sustained exothermic reaction was taking 

place or whether the sample was cooling. If the 
sample cooled a similar experiment was carried out 
with a fresh sample and an increased initial tempera- 
ture in 5 °C increments. In this way the minimum 
self-heating temperature was measured when a pro- 
longed exothermic reaction or thermal runaway oc- 
curred for a particular coal sample. A feature of this 
procedure is that the walls of the oven and sample 
are monitored and the oven temperature auto- 
matically adjusted to track the temperature of the 
self-heating coal sample. As a consequence heat 
losses from the sample were minimised. 

6.3. Oxygen  Sorption 

As described in Section 2, the rate of oxygen 
consumption by coal is characterised by two factors. 
First, the rate of reaction increases with temperature, 
approximately exponentially, second, the rate of reac- 
tion decreases with time (see, for example, Nordon 
et a/., 2° Young and Nordon 5a and Darby59). Conse- 
quently the measurement of oxygen uptake by coal 
in air at a fixed temperature provides a method for 
comparing the self-heating potential of different 
coals. 

The measurements reported by Nordon et al. 2° 

may take up to 30 days. As a result, a number of 
'quick' methods for this test have been proposed for 
example, Itay et al. 25 Brooks and Glasser, 41 Miron 
et at'. 6° and Procarione. 61 These methods consist of 
measuring the reduction in the partial pressure of 
oxygen in a sealed container holding the coal sample 
at constant temperature. This reduction reflects the 
amount of oxygen absorbed by each sample. Miron 
et al. 6° compared the ranking of their sealed flask 
results for the coals they tested with the ranking 
obtained from their adiabatic oven results. In gen- 
eral they found good agreement between the two 
methods for ranking the self-heating propensity of 
coal. 

The measurement of oxygen sorption can also be 
undertaken within an isothermal calorimeter (see 
Nordon et al. s4). This method provides not only the 
oxygen sorption but also the heat of reaction and 
can be used to measure the complete oxidation law 
for a given coal. 

6.4. Baske t  Methods  

Another test procedure, developed by Bowes and 
Cameron, 62 is based on the theoretical work of 
Frank-Kamenetskii. 3° The experimental method is 
as follows. A basket of particular size and shape, 
filled with prepared coal, is placed in an oven whose 
temperature is allowed to increase to a preset level. 
A thermocouple inside the coal indicates whether 
combustion takes place. If the sample does not ignite 
the experiment is repeated with the oven temperature 
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preset to a higher value than before. An iterative 
procedure is used to determine the ignition tempera- 
ture within an accuracy of approximately 2 °C. The 
entire set of experiments is then repeated for baskets 
of similar shape but different size so that the critical 
temperature is determined as a function of  the basket 
size. Solution of the simple energy equations used by 
Frank-Kamenetskii allows the experimental data to 
be interpreted and extrapolated to stockpiles of sig- 
nificant size. While this approach provides a simple 
theoretical and experimental procedure it is too 
simple to describe stockpile behaviour adequately. 
For  instance, the simple model on which most experi- 
mental tests are based does not take into account 
consumption of oxygen or the role of water. A full 
description of the technique is provided by Bowes. 62 

6.5. Overall Assessment of  Tests 

Of the methods outlined above, the direct measure- 
ment of oxygen uptake, sometimes called apparent 
reactivity, is the simplest to interpret in physical 
terms, and in the opinion of the authors provides the 
best method for comparing the self-heating potential 
of different coals. Combined with an isothermal cal- 
orimeter, the sorption method ensures the empirical 
oxidation law for a specific coal sample. Neverthe- 
less, and as pointed out in Sections 2 and 3, self- 
heating behaviour depends in a complicated way on 
many factors, and no measurement of a single coal 
property can be used to predict the self-heating be- 
haviour of coal stockpiles. 

When applied to a set of coals, the various tests 
described above can lead to a relative ranking of the 
propensity of the coals to heat spontaneously, albeit 
within certain limitations. The need for convenient, 
relatively rapid and affordable industrial tests has 
spawned a variety of approaches. Notwithstanding 
this activity, there have been few attempts to market 
such tests commercially, in spite of the prevalence of  
self-heating. As far as the authors are aware there is 
only one commercial instrument currently on the 
market and it is based on adiabatic calorimetry. It is 
likely that this development will spur others to im- 
prove their tests for commercial instrumentation and 
provide further refinements to the measurement of  
self-heating. Qualifications will still, however, apply 
to the interpretation of the delivered data for predict- 
ing self-heating in coal stockpiles or coal waste 
dumps. 

7. CONCLUSIONS AND FUTURE WORK 

The phenomenon of self-heating of coal is the 
result of several complex physical and chemical pro- 
cesses. Attempts to elucidate the dependence of these 
factors have led to various mathematical models of  
coal stockpile behaviour. Unfortunately to date there 

is no single model which satisfactorily deals with the 
many physical and chemical interactions at work in 
the self-heating process. However, recent models pro- 
posed by Nordon, 32 Schmal, 16 Glasser and Brad- 
shaw, 22 Nordon et al. 35 and Edwards, 33 although 
differing to some extent in their assumptions, are 
able to provide semi-quantitative predictions of stock- 
pile behaviour. One of the most significant variants 
in all cases is the coal studied. Hence, each coal 
stockpile has to be examined separately. 

A major limitation with all the models so far is 
their lack of validation on a large scale or practical 
stockpile. Predictions at the 2500 t test level for one 
particular model may not be valid at the 100,000 t 
level. The effect of scale-up on natural convection 
and other heat and mass transfer processes in the 
models remains to be investigated. 

The final test of any coal self-heating model is the 
extent to which its predictions match actual stockpile 
behaviour. In future work, attention needs to be 
directed at validating the models on large stockpiles 
at coalfield sites and assessing the scale-up effects on 
selected critical factors. This work should also be 
extended to coal mine waste dumps which are receiv- 
ing increased attention for their various environmen- 
tal impacts. 

Due to the heterogeneous nature of coal there is a 
need to measure properties such as the oxidation 
rate, heat of  oxidation, heat of sorption, thermal 
diffusivity and permeability of the coal matrix. Also 
the effect of particle size and moisture content on the 
oxidation rate of the material being studied (e.g. 
coal, char or waste material) needs to be resolved. 

In view of the past record on simple predictive 
techniques for assessing the self-heating propensity 
of coals, it is clear that no single property can be 
employed to assess self-heating behaviour. The condi- 
tions under which that property is measured are 
normally too confining and fail to match the real 
world. Nonetheless, measuring oxygen sorption of a 
series of coals, at simulated and typical stockpile 
atmospheric conditions does provide a most useful 
and relative indicator of self-heating propensity. The 
result, however, only provides a minor contribution 
to the many factors which need to be taken into 
account to predict the overall self-heating of  a stock- 
pile or coal waste dump. 

Finally, while substantial progress has been made 
in elucidating the physical and chemical processes 
responsible for self-heating, considerable work on 
model development and validation still needs to be 
done. Only when models are capable of  predicting 
stockpile behaviour with sufficient accuracy will they 
become useful practical tools for application and 
acceptance by coal producers and users. 

Acknowledgement--The authors would like to thank 
N. W. Bainbridge for many useful discussions and 
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ALAMEDA COUNTY HEALTH CARE SERVICES AGENCY Rebecca Gebhart, Acting Director 
PUBLIC HEALTH DEPARTMENT Muntu Davis, MD, MPH, Director and County Health Officer 
 
Office of the Director  
   
1000 Broadway, Ste. 5000 (510) 267-8010 
Oakland, California 94607 (510) 268-2140 

 
 
 
Feb 9, 2016 
 
Zoe Chafe 
Oakland Councilmember Dan Kalb 
1 Frank Ogawa Plaza, 2/F, Oakland, CA 94612 
Phone: (510) 238-7001 
Fax: (510) 238-6910 
 
Re: Clarification of 10/6/15 responses to the City Administrator’s follow-up questions about 
the proposed Oakland Bulk and Oversized Terminal project and review of HDR Engineering 
Report 
 
Dear Ms. Chafe, 
 
Below are citations and background info to your clarify your questions about my responses to 
the Oakland City Administrator’s follow-up questions about the proposed Oakland Bulk and 
Oversized Terminal project and review of HDR Engineering Report submitted on 10/6/15. 
 
1) Are these follow up comments of October 6 the only submission or was there a previous 

one?  
See the letter from the Sept 21st hearing. 

 
2) “Residents of the flatlands of East Oakland are anticipated to be impacted by the 

transport of coal dust.” (p1)  
a) See BNSF FAQ, from the following google drive (from the Moving Forward Network). 

https://drive.google.com/folderview?id=0ByaDcI-
8M5aXSS01RzJXQy1mRHc&usp=sharing    
i) How extensive is the coal dust problem? (This question is no longer listed on the 

BNSF FAQ page.) 
The amount of coal dust that escapes from PRB coal trains is surprisingly large. 
While the amount of coal dust that escapes from a particular coal car depends on 
a number of factors, including the weather, BNSF has done studies indicating that 
from 500 lbs to a ton of coal can escape from a single loaded coal car. Other 
reports have indicated that as much as 3% of the coal loaded into a coal car can be 
lost in transit. In many areas, a thick layer of black coal dust can be observed along 
the railroad right of way and in between the tracks. Given the high volume of 
loaded coal trains that move each day in the PRB, large amounts of coal dust 
accumulate rapidly along the PRB rail lines. 

ii) 2014 article from Atmospheric Pollution Research, Diesel particulate matter 
emission factors and air quality implications from in-service rail in Washington 
State, USA, by Jaffe DA et. al. 

https://drive.google.com/folderview?id=0ByaDcI-8M5aXSS01RzJXQy1mRHc&usp=sharing
https://drive.google.com/folderview?id=0ByaDcI-8M5aXSS01RzJXQy1mRHc&usp=sharing
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ABSTRACT  
We sought to evaluate the air quality implications of rail traffic at two sites in 
Washington State. Our goals were to quantify the exposure to diesel particulate 
matter (DPM) and airborne coal dust from current trains for residents living near 
the rail lines and to measure the DPM and black carbon emission factors (EFs). We 
chose two sites in Washington State, one at a residence along the rail lines in the 
city of Seattle and one near the town of Lyle in the Columbia River Gorge (CRG). At 
each site, we made measurements of size–segregated particulate matter (PM1, 
PM2.5 and PM10), CO2 and meteorology, and used a motion–activated camera to 
capture video of each train for identification. We measured an average DPM EF of 
0.94 g/kg diesel fuel, with an uncertainty of 20%, based on PM1 and CO2 
measurements from more than 450 diesel trains. We found no significant 
difference in the average DPM EFs measured at the two sites. Open coal trains 
have a significantly higher concentration of particles greater than 1 μm diameter, 
likely coal dust. Measurements of black carbon (BC) at the CRG site show a strong 
correlation with PM1 and give an average BC/DPM ratio of 52% from diesel rail 
emissions. Our measurements of PM2.5 show that living close to the rail lines 
significantly increases PM2.5 exposure. For the one month of measurements at 
the Seattle site, the average PM2.5 concentration was 6.8 μg/m3 higher near the 
rail lines compared to the average from several background locations. Because the 
excess PM2.5 exposure for residents living near the rail lines is likely to be linearly 
related to the diesel rail traffic density, a 50% increase in rail traffic may put these 
residents over the new U.S. National Ambient Air Quality Standards, an annual 
average of 12 μg/m3. 

 
3) Additionally, workers at the Terminal, the larger Development Area, and the Port of 

Oakland are another population that will be impacted and continuously exposed to 
working conditions dangerous to their health and safety. (p1) 
a) For questions about worker safety and human health effects, see the following report: 

The Human Health Effects of Rail Transport of Coal Through Multnomah County, 
Oregon A Health Analysis and Recommendations for Further Action, available at 
https://multco.us/file/9977/download .   

 
4) Any additional sources of air pollution will have a significantly greater impact in an area 

already disproportionately burdened by multiple sources of air pollution and with high 
rates of emergency room visits and hospitalization for asthma and cancer risk from 
existing pollution. (p2) 
a) Cumulative impact is the impact on the environment, which results from the 

incremental impact of the action when added to other past, present, and reasonably 
foreseeable future actions regardless of what agency (Federal or non-Federal) or 
person undertakes such other actions. Cumulative impacts can result from individually 
minor but collectively significant actions taking place over a period of time. (40 CFR § 
1508.7) Source: https://www.environment.fhwa.dot.gov/projdev/qaimpact.asp, 
Question 1.  

b) See also EPA document, Consideration Of Cumulative Impacts In EPA Review of NEPA 
Documents, http://energy.gov/sites/prod/files/G-EPA-cumulative_impacts.pdf   
 

5) Higher concentrations of diesel exhaust, a complex mixture of particles and gases, in 
addition to the 15% of coal dust lost along the rail lines (the remaining percentage of an 
unestimated amount of coal dust lost after implementation of the HDR Engineering’s 

https://multco.us/file/9977/download
https://www.environment.fhwa.dot.gov/projdev/qaimpact.asp
http://energy.gov/sites/prod/files/G-EPA-cumulative_impacts.pdf
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proposed coal dust mitigation methods), will negatively impact communities in East and 
West Oakland, Ashland-Cherryland, San Leandro and Hayward that already impacted by 
air pollution.  (p2) 
a) See BAAQMD’s report entitled, “Identifying Areas with Cumulative Impacts from Air 

Pollution in the San Francisco Bay Area, Version 2, March 2014”, see figure ES1 – 
Revised Impacted communities, figure 6 – Pollution-vulnerability index and 7- Revised 
(version 2) impacted communities (blue line) shown with the top 15% of the pollution-
vulnerability index and the top 25% of the emissions index. 
(http://www.baaqmd.gov/~/media/Files/Planning%20and%20Research/CARE%20Pro
gram/Documents/ImpactCommunities_2_Methodology.ashx?la=en) 

b) See Abstract from Diesel particulate matter emission factors and air quality 
implications from in-service rail in Washington State, USA, above. 

 
6) The impacts from coal transport would backpedal on important recent public health gains 

from improved air quality and reduced asthma rates, particularly in West Oakland (p2). 
a) Any citations for recent health gains, or the change in emissions/concentrations that 

created the health gains?  
1. See the two Bay Area Air Quality Management District Community Air Risk 

Evaluation (CARE) maps (see cancer risk map below, contact David Ralston 
BAAQMD for original maps and more detail), which shows risk levels assuming a 
70-year exposure at a constant level of emissions. Units are potential excess 
cancers per million people exposed.  

 
Potential cancer risk from toxic air contaminants for the Bay Area in year 2005 (left) and 2015 (right) 

 
2. See the graphics attached (as a PPT separately) showing decline in inpatient and 

ED hospital visits for children 0-4 years in West Oakland (most dramatically) as 
well as East Oakland and AC. 

http://www.baaqmd.gov/~/media/Files/Planning%20and%20Research/CARE%20Program/Documents/ImpactCommunities_2_Methodology.ashx?la=en)
http://www.baaqmd.gov/~/media/Files/Planning%20and%20Research/CARE%20Program/Documents/ImpactCommunities_2_Methodology.ashx?la=en)
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b) Any idea how much the proposed coal handling would set back air pollution mitigation 
efforts?  
1. You would need to ask BAAQMD about this project. 
2. Also, see Coal and health in the Hunter: Lessons from one valley for the world, 

http://caha.org.au/wp-content/uploads/2015/02/CAHA.CaseStudy.Newcastle.pdf  
 

7) Inhalation of coal dust would put vulnerable populations at greatest health risk. These 
populations include children less than 5 years of age, pregnant women, elderly and people 
with asthma and other respiratory disease, and people with cardiovascular disease. 
Inhalation of coal dust is linked to increased risk of lung disease and cancer. (p3)  
a) Citation for fact that vulnerable populations are at greatest health risk? 

1. Sensitive Receptors – Members of the population who are particularly sensitive to 
the effects of air pollutants, such as children, the elderly, and people with 
respiratory illnesses. Sensitive receptors can also be facilities or land uses, such as 
schools, hospitals and residential areas, where sensitive receptors live, work, and 
play. (BAAQMD’s CARE Program Retrospective & Path Forward Report, 2004 – 
2013, pg. 116) 

2. Additional citations should be available from the BAAQMD. Both the Cumulative 
Impacts work done by Phil Martien and even definitions of ‘Sensitive Receptors’ 
(populations more vulnerable to impacts of pollution) came from that work, 
though may have originated with CARB and EPA and other environmental science 
work. 

b) Citation for fact that coal dust is linked to increased risk of lung disease and cancer?  
1. See Environmental and Occupational Causes of Cancer New Evidence, 2005–2007, 

by Clapp RW et al., Rev Environ Health. 2008 Jan–Mar; 23(1): 1–37. 
(http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2791455/) 
“Laryngeal Cancer. In a multi-center case-control study, increased risk of laryngeal 
cancer was associated with several occupational exposures.79 In this study, 
exposure to coal dust increased risk among those ever exposed. When differing 
durations of exposure were assessed, a clear and significant dose-response trend 
was observed with those in the highest exposure category experiencing significant 
elevations in risk. Inclusion of a 20-year lag strengthened the association based on 
weighted duration of exposure (based on total number of hours of exposure 
based on a certain job period) (OR=6.53).”1 
“Lung Cancer. Studies continue to identify increased risk of lung cancer associated 
with air pollution… Lastly, a meta-analysis of the risk of lung cancer associated 
with indoor air pollutants in a Chinese population found significant elevations 
among both sexes based on exposure to domestic coal used for heating and 
cooking, indoor exposure to coal dust, cooking oil vapor and (environmental 
tobacco smoke) ETS.”2  

2. There are numerous studies on the increased occurrence of chronic lung disease 
and lung cancer in coal miners. 
 

                                                           
1
 Occupational exposure and laryngeal and hypopharyngeal cancer risk in central and eastern Europe. Shangina O, Brennan 

P, Szeszenia-Dabrowska N, Mates D, Fabiánová E, Fletcher T, t'Mannetje A, Boffetta P, Zaridze D. Am J Epidemiol. 2006 Aug 
15; 164(4):367-75. 
2
 Air pollution and lung cancer risks in China--a meta-analysis. Zhao Y, Wang S, Aunan K, Seip HM, Hao J.  Sci Total Environ. 

2006 Aug 1; 366(2-3):500-13. 

http://caha.org.au/wp-content/uploads/2015/02/CAHA.CaseStudy.Newcastle.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2791455/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2791455/#R79
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8) Citation for fact that inhalation of coal dust is linked to increased risk of lung disease and 
cancer?  
a) NIOSH Pocket Guide to Chemical Hazards - Coal dust 

(http://www.cdc.gov/niosh/npg/npgd0144.html) 
Synonyms & Trade Names Anthracite coal dust, Bituminous coal dust, Lignite coal dust 
Physical Description Dark-brown to black solid dispersed in air. Properties vary 
depending upon the specific coal type. Combustible Solid; slightly explosive when 
exposed to flame. 
Exposure Routes inhalation 
Symptoms Chronic bronchitis, decreased pulmonary function, emphysema 
Target Organs respiratory system  

b) Citation for fact that vulnerable populations are at greatest health risk?  
See http://www.movingforwardnetwork.com/2014/10/all-coal-freight-running-
through-kansas.html  
“Dr. Jennifer Lowry, medical director of the Center for Environmental Health at Kansas 
City’s Children’s Mercy Hospital, is concerned about the impacts of coal dust from 
trains in Kansas City, especially on the respiratory health of lower income Hispanics 
and African-Americans. These communities often live near train lines because the 
housing there is more affordable…. The researchers said their (Coal Train Pollution 
Signature Study) findings (http://www.abc.net.au/cm/lb/5045940/data/report-
data.pdf) suggest that residents living within a quarter-of-a-mile of coal trains 
experience dust pollution at harmful levels that can cause asthma and even 
premature death. 
‘Just looking at the graph here it’s very obvious that the levels of particulate matter 
increase significantly as the trains are going by,’ says Lowry. ‘So it doesn’t take much 
to make the leap that if the particulate matter in the air is that high then obviously 
people are going to be breathing it in.’ “ 
Greg Muleski, an environmental engineering consultant and dust expert has studied 
how coal dust comes off passing coal trains for many years. 
‘It’s primarily wind erosion, and that’s driven by large particles,’ he says. ‘The term is 
saltation, literally hopping along the surface, and what happens is the coal trains are 
110 cars along, so the particles from the first car hop down all the way through.’ ” 

c) Any idea how many people in the areas surrounding the project fall into the 
vulnerable populations groups? More than in other areas? 
i) It is more important to look at the rates of disease associated with air pollution, 

such as asthma emergency department visits and hospitalizations, in East and 
West Oakland, which are about or over two times the Alameda County rates. 

ii) Below are two slides of the analysis and results from the Ditching Dirty Diesel 
Collaborative’s Health Impact Assessment of the AC Transportation Commission’s 
Proposed Goods Movement Plan. You can see the data used to identify freight-
impacted communities. Let us know if you want more detail. 

 
 
 
 
 
 
 
 

http://www.cdc.gov/niosh/npg/npgd0144.html)
http://www.movingforwardnetwork.com/2014/10/all-coal-freight-running-through-kansas.html
http://www.movingforwardnetwork.com/2014/10/all-coal-freight-running-through-kansas.html
http://www.abc.net.au/cm/lb/5045940/data/report-data.pdf)
http://www.abc.net.au/cm/lb/5045940/data/report-data.pdf)
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9) Workers will have to constantly water the stockpiles to reduce the risk of combustion and 
fires. (p3). Better citation?  
a) Prevention of spontaneous combustion in coal stockpiles: Experimental results in coal 

storage yard, V. Fierro et al., Fuel Processing Technology (Impact Factor: 3.35). 
05/1999; 59(1):23-34., 
https://www.researchgate.net/publication/222919364_Prevention_of_spontaneous_
combustion_in_coal_stockpiles_Experimental_results_in_coal_storage_yard  
“3.5. Pile PCB (fly ash–water slurry) 
The effect of covering coal stockpiles with an inert layer was studied by Kok et al. [14];  
spraying  a  coal  pile  of  similar  size  with  a  latex  product  and  the  application  of 
several sealing material was qualitatively discussed by Raftopoulus [20]. However, this 
is the first time that a fly ash–water slurry has been used in coal piles of this size. The 
evolution of the average temperature was also plotted in Fig. 6, where it can be 
observed that the increase of the temperatures is smooth and constant up to the day 
65, from this day to the 110 the temperatures measured were higher due to the low 
humidity in the air and the absence of rain. The maximum temperature recorded was 
88.58C after 107 days and the total average temperature of this pile was 41.08C at the 
end of the experimental period. The average temperatures for all the slopes were low, 
as can be seen in Fig. 6, pointing out  its lower  activity.  Thus, this pile can be 
considered as a ‘cold pile. The evolution of the ash layer was very satisfactory 
supporting well rain, wind and temperature variations. To keep the adequate 
moisture content, periodically the ash layer was irrigated carefully.”  

b) Prevention and Control Module for Spontaneous Combustion of Coal at Coal Yards, S. 
Deepak Kumar, Nov 08, 2011, http://www.energybiz.com/article/11/11/prevention-
and-control-module-spontaneous-combustion-coal-coal-yards   
“Stage 3: Controlling -- Monitoring is essential as a first measure for controlling 
spontaneous combustion of coal. Control measures need to be implemented when 
the temperature of the stockpile reaches to the level of 60°C -- 70°C: 

… 
Water sprinklers. Though use of water should be carried out sensibly as there is 
always risk of production of water gas by the mixture of carbon monoxide and 
hydrogen. Water should not used in thick jet. Sprinklers are suggested instead of 
water jets.” 

 
10) Any concerns about health effects of coal dust potentially entering water in the Bay Area? 

I see noted in 12a that “additional stormwater measures to prevent water mixed with coal 
from entering the Bay waters.” (p5)  
a) Briefly, what are the human health concerns of coal dust entering the water system in 

the Bay?  
i) It should be noted that if coal dust accumulates in the Bay waters, the fish and 

shellfish would need to be monitored for contamination and with any hazardous 
material release in the Bay. 

ii) Lawsuits have been brought against coal terminals for evidence of Clean Water 
Act violations. For example, Clean Water Advocates Sue Coal Terminal for 
Polluting Mississippi River http://content.sierraclub.org/press-
releases/2014/03/clean-water-advocates-sue-coal-terminal-polluting-mississippi-
river   
(1) From above article: “coal and petcoke – an oil-refining byproduct with high 

levels of arsenic, mercury and other toxins hazardous to human health and 
aquatic life – have been discharged into the river in enough quantities to 

https://www.researchgate.net/publication/222919364_Prevention_of_spontaneous_combustion_in_coal_stockpiles_Experimental_results_in_coal_storage_yard
https://www.researchgate.net/publication/222919364_Prevention_of_spontaneous_combustion_in_coal_stockpiles_Experimental_results_in_coal_storage_yard
http://www.energybiz.com/article/11/11/prevention-and-control-module-spontaneous-combustion-coal-coal-yards
http://www.energybiz.com/article/11/11/prevention-and-control-module-spontaneous-combustion-coal-coal-yards
http://content.sierraclub.org/press-releases/2014/03/clean-water-advocates-sue-coal-terminal-polluting-mississippi-river
http://content.sierraclub.org/press-releases/2014/03/clean-water-advocates-sue-coal-terminal-polluting-mississippi-river
http://content.sierraclub.org/press-releases/2014/03/clean-water-advocates-sue-coal-terminal-polluting-mississippi-river
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produce visible spills on a regular basis. The suit also cites the EPA’s 
determination that stormwater runoff from coal piles “can flush heavy metals 
from the coal, such as arsenic and lead, into nearby bodies of water.” 

(2) See also case against BNSF for Clean Water Act violations in Washington. 
Press release: http://content.sierraclub.org/press-releases/2014/01/major-
victory-coal-dust-case-advances-against-bnsf-us-clean-water-act   

 
11) To reduce exposure of workers in the Terminal, they would need to constantly spray 

water and wear protective equipment, including respirators that can filter PM 2.5 100% of 
the time when working in the Terminal and handling the coal. Most respirators lose their 
effectiveness after becoming wet, which is more likely if water spraying or misting will be 
used in OBOT. Additional compliance and monitoring would need to be included with 
these measures.  (p6). Citation?  
a) This was a general comment, and citations will depend on the type of respirator used. 

For example, for N95 respirators, see CDC’s The National Personal Protective 
Technology Laboratory (NPPTL), 
http://www.cdc.gov/niosh/npptl/topics/respirators/disp_part/respsource3healthcare.
html. 
“Should be discarded when it becomes damaged or deformed; no longer forms an 
effective seal to the face; becomes wet or visibly dirty…” 

 
12) Need more info re: fire and explosion hazard. This is of significant concern. Any 

information on the probability of fire or explosion, examples of fire/explosion from similar 
projects, communication with emergency services about this issue, ability to protect 
public and/or workers from this risk, etc. would be very useful.  
a) See the “Fires due to spontaneous combustion of coal” section in the aforementioned 

report: The Human Health Effects of Rail Transport of Coal Through Multnomah 
County, Oregon A Health Analysis and Recommendations for Further Action, available 
at https://multco.us/file/9977/download.   

b) See: http://www.sightline.org/2012/04/11/coals-spontaneous-combustion-problem/ 
c) PRB COAL DEGRADATION–CAUSES AND CURES, by Hossfeld RJ and Hatt R, 

https://www.researchgate.net/publication/228972594_PRB_COAL_DEGRADATION-
CAUSES_AND_CURES, found that: Spontaneous combustion of coal is a well-known 
phenomenon, especially with PRB coal. This high-moisture, highly volatile sub-
bituminous coal will not only smolder and catch fire while in storage piles at power 
plants and coal terminals, but has been known to be delivered to a power plant with 
the rail car or barge partially on fire… 

http://content.sierraclub.org/press-releases/2014/01/major-victory-coal-dust-case-advances-against-bnsf-us-clean-water-act
http://content.sierraclub.org/press-releases/2014/01/major-victory-coal-dust-case-advances-against-bnsf-us-clean-water-act
http://www.cdc.gov/niosh/npptl/topics/respirators/disp_part/respsource3healthcare.html
http://www.cdc.gov/niosh/npptl/topics/respirators/disp_part/respsource3healthcare.html
https://multco.us/file/9977/download
http://www.sightline.org/2012/04/11/coals-spontaneous-combustion-problem/
https://www.researchgate.net/publication/228972594_PRB_COAL_DEGRADATION-CAUSES_AND_CURES
https://www.researchgate.net/publication/228972594_PRB_COAL_DEGRADATION-CAUSES_AND_CURES
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ABSTRACT 

The State of California faces a range of impacts from global climate change, including increases 
in extreme heat, wildfires, coastal flooding, and erosion. Changes are also likely to occur in air 
quality, water availability, and the spread of infectious diseases. To date, a great deal of 
research has been done to forecast the physical effects of climate change, while less attention has 
been given to the factors that make different populations more or less vulnerable to harm from 
such changes. While disaster events may not discriminate, impacts on human populations are 
shaped by intervening conditions that determine the human impact of the event and the specific 
needs for preparedness, response, and recovery. 

In this study, the authors analyzed the potential impacts of climate change by using recent 
downscaled climate model outputs to create a variety of statistics and visualizations that show 
their distribution across the state. To understand how the population exposed to these impacts 
will be affected, social vulnerability – defined as the susceptibility of a given population to harm 
from exposure to a hazard, directly affecting its ability to prepare for, respond to, and recover, 
must be evaluated. 

The researchers developed a new climate vulnerability index to indicate the social vulnerability 
of a region’s population to climate-related harm. The index combines 19 indicators into one 
overall climate vulnerability score and includes factors specifically related to climate impacts, 
such as air conditioner ownership, childhood obesity, percentage of tree cover, pre-term births, 
workers in outdoor occupations, and others. 

The authors present a series of maps showing where social vulnerability to climate change is 
greatest, and where it intersects with the most severe projected climate change impacts. The 
most significant risk from climate change occurs where there are large groups of people 
exposed to a climate-related hazard and where there is high social vulnerability.  

Understanding vulnerability factors and the populations that exhibit these factors are critical for 
crafting effective climate change policies and response strategies. They are also important to the 
emerging study of climate justice, which is the concept that no group of people should 
disproportionately bear the burden of climate impacts or the costs of mitigation and adaptation. 

 

Keywords: climate change, social vulnerability, economic vulnerability, social vulnerability, 
California, sea level rise, wildfire, extreme heat, air quality, water, energy, electricity, 
agriculture 
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SECTION 1: 
Introduction 
California faces a range of impacts from global climate change, including an increase in extreme 
heat events, wildfires, coastal flooding, and erosion. Other consequences of climate change 
include changes to air quality, water availability, and the spread of certain infectious diseases. 
A significant body of research focuses on developing projections of potential climate impacts for 
California. The vast majority of these studies emphasize the physical effects of climate impacts 
on various sectors, including water resources, ecosystems, energy, agriculture, and public 
health.  

Studies show that social variables, such as age, race, and income, affect the ability of an 
individual to prepare, respond, and recover from a natural disaster or other potential climate 
impacts (Cutter et al. 2009, Pastor et al. 2006, Rossi et al. 1983, Hewitt 1997). Low-income 
communities and communities of color are especially vulnerable to natural disasters. For 
example, mortality rates from Hurricane Audrey, which struck the coast of Louisiana in 1957, 
were more than eight times higher among blacks than among whites (Bates et al. 1963, cited in 
Pastor et al. 2006). A study of all United States disasters between 1970 and 1980 found that 
white households had $2,370 less of a financial burden following a disaster than other racial 
groups (Rossi et al. 1983). Reports following Hurricanes Hugo and Katrina pointed to a range of 
problems related to a lack of understanding and appropriate preparation and response to 
ensure equal protection for low-income communities (Pastor et al. 2006). Thus, while extreme 
events may not discriminate, impacts on human populations are shaped by intervening 
conditions that determine the human impact of the event and the specific needs for 
preparedness, response, and recovery (Hewitt 1997). 

This study looks specifically at social vulnerability to climate change — defined as the 
susceptibility of a given population to harm from exposure to a hazard, directly affecting its 
ability to prepare for, respond to, and recover (Cutter 2009). Social vulnerability is a function of 
diverse demographic and socio-economic factors that influence a community’s sensitivity to 
climate change. Understanding vulnerability factors and the populations that exhibit these 
vulnerabilities is critical for crafting effective climate change adaptation policies and disaster 
response strategies. This is also important to achieving climate justice, which is the concept that 
no group of people should disproportionately bear the burden of climate impacts or the costs of 
mitigation and adaptation. 
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SECTION 2: 
Literature Review of Social Vulnerability Factors 
Numerous studies have identified a wide range of socio-economic factors that increase 
vulnerability to various environmental and natural hazards, such as extreme heat, floods, 
wildfires, and poor air quality. Typically, these studies are based on a retrospective analysis of a 
particular event or series of events, for example, Hurricane Katrina. Here, the authors 
summarize the available studies in an effort to better understand social vulnerability to 
potential climate impacts. However, while some factors, such as poverty, have been linked to a 
range of hazards, others are more specific to a particular hazard.  

2.1 Natural Hazards 
Natural hazards are physical events that have an adverse impact on humans or the 
environment. These hazards consist of a broad range of phenomena, including wildfires, floods, 
droughts, and earthquakes. A natural hazard becomes a “natural disaster” when it impacts 
human systems and disrupts the social system on a material, psychological, or health basis. 
Adverse health impacts associated with natural disasters include death or injury during the 
event, as well as psychological trauma after the disaster as a result of evacuations, 
displacement, and property loss. Non-health related impacts include dislocation, property loss, 
and fracturing of the social fabric.  

A significant body of research has been dedicated to identifying socio-economic factors that 
increase vulnerability to natural disasters (Table 1). Those with low incomes are particularly 
vulnerable to disasters in a number of ways, and for a variety of reasons. They are often under-
insured, and more likely to have a home that is damaged in a disaster due to lower quality 
construction (Fothergill and Peek 2004; Bolin and Bolton 1986; Blanchard-Boehm 1997). 
Additionally, those with low incomes may not have the resources to evacuate when a disaster 
strikes (Bolin and Bolton 1986; Blanchard-Boehm 1997 cited in Heberger et al. 2009). A related 
risk factor that has been identified is car ownership and access to public transit; those without a 
vehicle are less likely to evacuate (Brodie et al. 2006). During emergency response, studies have 
found that the poor are one of the groups most likely to not have their needs met (Fothergill and 
Peek 2004). Further, those with low incomes are more likely to suffer emotional stress and other 
psychological impacts after a disaster (Fothergill and Peek 2004, citing Bolin and Bolton 1986 
and Bolin 1993).  

Besides poverty, age and other socio-economic factors are commonly associated with increased 
vulnerability to a disaster. Multiple studies have found people of color and ethnic minorities to 
be particularly vulnerable to disasters (Hajat et al. 2003; Blanchard-Boehm 1997; Perry and 
Mushkatel 1986; Phillips and Ephraim 1992). Women (who are disproportionately poor), the 
elderly (who often live on fixed incomes), and children are also vulnerable groups (Hajat et al. 
2003). Those who are disabled or have a disabled family member are also more vulnerable, as 
disabilities can make evacuation more difficult (Hajat et al. 2003; Brodie et al. 2006). 
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Table 1: Factors Contributing to Social Vulnerability to Natural Hazards  

Category 
Vulnerability 

Factor(s)/Vulnerable 
Population 

Source 

Socio-
economic 

Low-income  
Bolin and Bolton 1986; Fothergill and Peek 
2004; Blanchard-Boehm 1997; Collins and Bolin 
2009; Hajat et al. 2003 

People of color (ethnic 
minorities) 

Hajat et al. 2003, Blanchard-Boehm 1997; Perry 
and Mushkatel 1986; Phillips and Ephraim 
1992, cited in Pastor et al. 2006  

Women Hajat et al. 2003 

Age 
Elderly Hajat et al. 2003 
Children Hajat et al. 2003 

Housing 
conditions 

Home renters Collins and Bolin 2009 
Flammable roof, 
vegetation within 10 
meters of home  

Collins 2005 citing Foote 1994; Howard et al. 
1973 

Isolation 

Language ability/linguistic 
isolation 

Wang and Yasui 2008 

Isolation from public 
agencies or fear of 
interacting with public 
agencies 

Wang and Yasui 2008 

Geographic isolation Moser and Ekstrom 2010 

Other 

No health insurance Bovbjerg and Hadley 2007 

No vehicle Brodie et al. 2006 
Disabled (or family 
member disabled) 

Hajat et al. 2003; Brodie et al. 2006 

Institutionalized 
populations 

Moser and Ekstrom 2010; Caruson and 
MacManus 2008 

 

Social and geographic isolation are also factors in how people are impacted by a disaster. Wang 
and Yasui (2008) note that “many recent disaster response crises illustrate how language 
barriers, isolation from public agencies, and fear of interacting with public agencies combine to 
increase the vulnerability of many residents.” Geographic isolation, such as living in rural areas, 
often results in slow emergency response times. A study of vulnerability to climate impacts in 
San Luis Obispo, California, found that, “response time is fast for highly populated regions yet 
over 20 minutes in the more isolated rural regions, creating geographic differences in response 
capacities, and thus in vulnerability” (Moser and Ekstrom 2010).  

Finally, institutionalized populations, such as those in hospitals, nursing homes, and prisons are 
reliant on the preparedness and response of the facility. Many post-disaster analyses have 
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found flaws in the disaster preparedness and evacuation planning of institutions (Moser and 
Ekstrom 2010; Caruson and MacManus 2008). 

2.2 Extreme Heat 
Extreme heat events are, by definition, a natural hazard. However, they are discussed 
separately due to the significant body of research dedicated to this hazard and the unique socio-
economic vulnerability factors associated with these events. A large number of factors, both 
intrinsic and extrinsic, can contribute to different levels of risk to heat-related illness or death 
(Table 2). Intrinsic factors are those that are inherent to the individual, such as age or medical 
condition, while extrinsic factors are those that are external to the individual, such as living 
conditions or access to transportation. Heat-related illness and death have been studied 
extensively, largely through analysis of past extreme heat events. Even relatively moderate heat 
can cause heat-related illness or death for those who are not acclimated to heat. In a 2006 heat 
wave in California, for example, those in the relatively cooler Northeast part of the state and in 
the Pacific coast had the highest rate of emergency room visits, suggesting that people in these 
areas may have higher vulnerability due to lack of adaptation to heat. However, the Central 
Valley had the highest rate of hospitalizations (Knowlton et al. 2009).  

Perhaps the most widely identified risk factor for heat related illness and death is age. Those 65 
years and older are particularly vulnerable (Knowlton et al. 2009; Naughton et al. 2002; Basu 
and Ostro 2008; Whitman et al. 1997; Poumadere et al. 2005; Reid et al. 2009), as are children, 
adolescents (Knowlton et al. 2009; AAP 2000), and infants (Basu and Ostro 2008). The American 
Academy of Pediatrics (2000) states that, “for morphologic and physiologic reasons, exercising 
children do not adapt as effectively as adults when exposed to a high climatic heat stress.” 

Medical conditions and use of medications have also been found to increase vulnerability to 
extreme heat, particularly diabetes (Reid et al. 2009; Schwartz 2005), psychiatric illness 
(Naughton et al. 2002; Poumadere et al. 2005), and cardiovascular disease (Poumadere et al. 
2005). In a 1995 heat wave in Chicago, being confined to bed was found to be the strongest risk 
factor for heat-related death (Semenza et al. 1996). Some medications can modify the body’s 
thermoregulatory capacity, thus increasing vulnerability to heat-related illness (McGeehin and 
Mirabelli 2001). Tranquilizer use was an important risk factor for heat-stroke death in a study of 
St. Louis and Kansas City (Kilbourne et al. 1982).  

Various living conditions are also associated with increased vulnerability to extreme heat. 
Those most commonly identified as vulnerable are those that live on higher floors of multistory 
buildings (Kilbourne et al. 1982; Semenza et al. 1996; Poumadere et al. 2005), live in homes with 
fewer rooms (Kalkstein 1993; Poumadere et al. 2005), lack access to air conditioning in the home 
(Reid et al. 2009), or do not turn on air conditioning or fans to avoid high electricity bills. 
Additionally, those without access to public transit or who do not own vehicles may be at 
increased risk because they are unable to go to cooler areas or community cooling centers 
(Shonkoff et al. 2009).  

Neighborhood conditions can also affect vulnerability to extreme heat. Harlan et al. (2006) 
identified living in a neighborhood with high settlement density, sparse vegetation, and lack of 
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open space as factors contributing to heat stress. Shonkoff et al. (2009, 2011) found a positive 
correlation between poverty and high amounts of impervious surfaces in a community, and a 
negative correlation between poverty and tree cover in four urban areas of California. Thus, 
suggesting that low-income populations are disproportionately exposed to the heat island effect 
of urban areas. The lack of electricity is a risk factor particularly for American Indians, who 
have a much higher rate of the absence of electricity than the general population (Houser et al. 
2001). Additionally, those living in high-crime areas may be afraid to open their windows (Blum 
et al. 1998).  

Social isolation, including lack of access to media, lack of strong community networks or social 
ties with neighbors, limited English language skills, living alone, and not leaving home every 
day have all been associated with increased risk of heat-related illness and death (Harlan et al. 
2006; Poumadere et al. 2005; Naughton et al. 2002; Semenza et al. 1996). For example, during the 
2003 Paris heat wave, 919 people died in their homes. Of those 919, 452 people were transported 
to the Institut Médico-légal for an autopsy, which noted that 92 percent of them lived alone 
(Poumadere et al. 2005).  

In addition to these vulnerability factors, some studies have found correlations between race or 
ethnicity and increased risk of illness or death. African Americans (Basu and Ostro 2009; 
Ishigami et al. 2007; Whitman et al. 1997) and other non-white racial groups (Reid et al. 2009) 
were found to be particularly vulnerable to extreme heat events. In the 1995 heat wave in 
Chicago, mortality among African Americans was 50 percent higher than among whites 
(Whitman et al. 1997). In their literature review, McGeehin and Mirabelli (2001) conclude that 
disproportionate risk of heat-related death among African Americans is likely a result of living 
in inner-city neighborhoods, poverty, housing conditions, and medical conditions.  

Poverty is also associated with high vulnerability (Poumadere et al. 2005; Reid et al. 2009; 
Harlan et al. 2006). For example in a heat wave in the Midwestern United States in 1980, many 
of the victims were poor and did not turn on fans which had been supplied to them through 
emergency relief efforts because they could not afford high utility bills (Fothergill and Peek 
2004). Crop workers are particularly vulnerable to heat related death due to their high exposure 
rates; between 1992 and 2006, crop workers died from heat stroke at a rate nearly 20 times 
greater than the general population and 40 percent of these workers that died were identified as 
Mexican or Central American (MMWR 2008). In addition to their long work days in the sun, 
these workers are excluded from some labor and occupational health legal protections, which 
makes them particularly vulnerable (Shonkoff et al. 2009). 
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Table 2: Factors Related to Vulnerability to Heat-related Illness or Death 

Category 
Vulnerability Factor(s)/Vulnerable 
Population 

Source 

Age 
Age: 65 years and older 

Knowlton et al. 2009; Naughton et al. 2002; Basu 
and Ostro 2008; Whitman et al. 1997; Poumadere 
et al. 2005; Reid et al. 2009 

Children and adolescents Knowlton et al. 2009; AAP 2000 
Infants (1 year of age or less) Basu and Ostro 2008 

Medical 
condition and 
medications 

Certain medications associated with 
aging 

McGeehin and Mirabelli 2001 

Cardiovascular disease Poumadere et al. 2005 
Diabetes Reid et al. 2009; Schwartz 2005 
Psychiatric illness Naughton et al. 2002; Poumadere et al. 2005 
Using major tranquilizers Kilbourne et al. 1982 
People with known medical problems 
who were confined to bed or who were 
unable to care for themselves 

Semenza et al. 1996 

Obesity Luber and McGeehin 2008 
Alcoholism Kilbourne et al. 1982 

Living 
conditions 

Living on higher floors of multistory 
buildings 

Kilbourne et al. 1982; Semenza et al. 1996; 
Poumadere et al. 2005 

Lack of access to air conditioned 
environments, no AC in home, or 
inability to pay high electricity bills 
resulting from AC use 

McGeehin and Mirabelli 2001; Reid et al. 2009; 
Semenza et al. 1996; Kilbourne et al. 1982; 
Fothergill and Peek 2004 

Living spaces with fewer rooms Kalkstein 1993; Poumadere et al. 2005 
No electricity Houser et al. 2001 
Heat island effect (low tree cover and 
high percentage of impervious surfaces) 

Shonkoff et al 2009 

High settlement density, sparse 
vegetation; having no open space in the 
neighborhood 

Harlan et al. 2006 

Access to transit or car ownership Shonkoff et al. 2009 
Residence in high-crime areas McGeehin and Mirabelli 2001 

Social isolation 

Lack of access to media McGeehin and Mirabelli 2001 
Lack of social and material resources to 
cope with extreme heat 

Harlan et al. 2006 

Inadequate English language skills McGeehin and Mirabelli 2001 
Social isolation, living alone, and/or not 
leaving home every day 

McGeehin and Mirabelli 2001; Poumadere et al. 
2005; Naughton et al. 2002; Semenza et al. 1996 
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Table 2: (continued) 

Socio-
economic 

factors/ other 

Women Ishigami et al. 2007; Poumadere et al. 2005 

Race other than white Reid et al. 2009 

African Americans 
Basu and Ostro 2009; Ishigami et al. 2007; 
Whitman et al. 1997 

Poverty 
Poumadere et al. 2005; Reid et al. 2009; Harlan et 
al. 2006; Fothergill and Peek 2004 

Less than high school diploma Reid et al. 2009 
Outdoor workers such as crop workers, 
construction workers 

MMWR 2008; CDC 2010 

Lack of health insurance  

Citizenship/legal status Shonkoff et al. 2009 

 

2.3 Air Quality 
The literature on social vulnerability and air quality is extensive (Table 3). According to the 
Environmental Protection Agency, people who are more vulnerable to ozone, include children, 
people with lung disease, those who work or play outdoors, and people with asthma. High 
ozone levels are associated with increased frequency of asthma attacks that require a doctor’s 
attention or use of medication, in part because ozone makes people more sensitive to allergens 
that can trigger these attacks (EPA 2010; Jerrett et al. 2009). Medina-Ramon and Schwartz (2008) 
identified people aged 65 and older as having the largest increase in mortality with increased 
concentrations of ozone. Those with atrial fibrillation, or abnormal heart rhythm , were also 
identified as particularly vulnerable (Medina-Ramon and Schwartz 2008). Those who lack 
health insurance and are exposed to elevated air pollution may have more severe health 
impacts than those with insurance (Morello-Frosch et al. 2009). 

Populations susceptible to adverse health outcomes as a result of exposure to particulate matter 
are similar to those that are susceptible to ozone pollution. Elevated levels of particulate matter 
exist in areas with high concentrations of industrial manufacturing, oil refining and combustion, 
and diesel vehicle traffic (Hammond et al. 2008). In agricultural areas such as the Central Valley, 
dust from fields also contributes to particulate matter (Fourgères 2007). These are also areas 
with higher rates of poverty and people of color (Keeler et al. 2002). Zeka et al. (2006) found that 
mortality rates (all-cause mortality) for those over 75 years of age were significantly affected by 
particulate matter more than other age groups. Children, infants, and those with 
cardiopulmonary disease are also particularly susceptible (AAP 2004; Jerrett et al. 2009). There 
is also evidence that elevated levels of particulate matter contribute to asthma exacerbations 
resulting in emergency room visits and hospitalizations (Norris et al. 1999; Lin et al. 2002; Ostro 
et al. 2009).  
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Wildfires can have significant adverse air quality impacts. Wildfire smoke can contain many 
different compounds, but particulate matter is the compound of greatest concern for human 
health (Lipsett et al. 2008). Groups sensitive to wildfire smoke, therefore, are similar to those 
identified as sensitive to particulate matter, i.e., the elderly, children, and those with 
cardiovascular disease. Additional groups that have been identified as sensitive to wildfire 
smoke are those with asthma and other respiratory disease, pregnant women, and smokers 
(Lipesett et al. 2004). 

In addition to age and medical condition, some socio-economic factors can contribute to the risk 
of adverse health outcomes associated with air pollution. Medina-Ramon and Schwartz (2008) 
found an elevated risk of ozone-related death for African Americans and women. Another 
study found that single-mother families are overrepresented in areas with hazardous levels of 
air pollution (Downey and Hawkins 2008). Additionally, people of color may be 
disproportionately exposed to ozone. The Central Valley contains five of the nation’s ten most 
ozone polluted counties, and farm workers in the valley are particularly vulnerable to increases 
in ozone levels as they work in fields along roads where ozone levels are highest (Fourgères 
2007). Lack of insurance among vulnerable populations is another factor that can lead to greater 
health complications (Shonkoff et al. 2009; Cordova et al. 2006).  
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Table 3: Risk Factors and Vulnerable Populations Related to Several Air Pollutants 

Pollutant Category 
Vulnerability Factor(s)/Vulnerable 
Population 

Source 

General 

Age 

Infants AAP 2004 

Children 
EPA 2010; AAP 2004, Bunyavanich 
and McMichael 2003; Lipsett et al. 
2008 

People age 65 and older 
Medina-Ramon and Schwartz 2008; 
AAP 2004; Lipsett et al. 2008 

Insurance Lack of insurance Morello-Frosch et al. 2009 

Socio-
economic 

Single-mother families Downey and Hawkins 2008 

Low-income 
Cordova et al. 2006; Health Canada 
2004 

Ozone 

Existing 
medical 

condition 

Lung disease EPA 2010 
Cardiopulmonary disease AAP 2004; Jerrett et al. 2009 
Asthma EPA 2010 
Atrial fibrillation (abnormal heart 
rhythm) 

Medina-Ramon and Schwartz 2008 

Socio-
economic 

African Americans Medina-Ramon and Schwartz 2008 
Women Medina-Ramon and Schwartz 2008 

Exposure Those who work or play outdoors EPA 2010 

Particulate 
matter 

Age People age 75 and older Zeka et al. 2006 

Socio-
economic 

Without high school degree Krewski et al. 2000 

Ethnic Minorities 
Keeler et al. 2002 

Low-Income 
Existing 
medical 

condition 

Cardiopulmonary disease AAP 2004  

Diabetes O’Neill et al. 2005 

Exposure 

People who live in areas with high 
concentrations of industrial 
manufacturing, oil 
refining/combustion, and diesel vehicle 
traffic 

Hammond et al. 2008 

Wildfire smoke 

Existing 
medical 

condition 

Asthma and other respiratory disease  Lipsett et al. 2008 

Cardiovascular disease Lipsett et al. 2008 

Other 
Pregnant women Lipsett et al. 2008 
Smokers Lipsett et al. 2008 
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2.4 Environmental Infectious Disease 
Studies show that several population groups, the elderly, children, and teens, are especially 
vulnerable to adverse health outcomes associated with environmental infectious diseases 
(Gerba et al. 1996; Nwachuku and Gerber 2004; Gerba et al. 1996). Socio-economic factors that 
increase risk are shown in Table 4. Children are more exposed to pathogens in the environment 
and are especially vulnerable because their digestive and immune systems are still developing 
(Nwachuku and Gerber 2004). Immune function degrades with age, resulting in the increased 
vulnerability of the elderly to infectious disease (Gerba et al. 1996). Additionally, pregnant 
women and immune-compromised individuals are at increased risk (Jamieson et al. 2006; Gerba 
et al. 1996).  

Table 4: Vulnerability Factors for Infectious Diseases 

Disease Vulnerability Factor(s)/Vulnerable Population Source 

Viral 
encephalitides 

Elderly (especially Saint Louis encephalitis) IPCC 1997 
Children under 16 years are at greatest risk of 
LaCrosse encephalitis. 

IPCC 1997 

Other 
Infectious 
Diseases 

Children 
Nwachuku and Gerba 2004; Gerba et 
al. 1996 

Teens Nwachuku and Gerba 2004 
The elderly Gerba et al. 1996 
Immunocompromised individuals Gerba et al. 1996 
Pregnant women Jamieson et al. 2006; Gerba et al. 1996 

 

2.5 Impacts on Natural Ecosystems 
While all people are dependent upon the function of natural ecosystems, the connection 
between the natural world and their livelihood is more direct for some groups. In particular, 
those dependent upon a particular natural resource, such as commercial fishermen or 
subsistence farmers, will be the first affected by changes in these resources. For American 
Indians, loss of subsistence resources can be especially devastating. Cordalis and Suagee (2008) 
write, “The loss of traditional cultural practices because important plants and animals are no 
longer available may prove to be too much for some tribal cultures to withstand on top of the 
external pressures they have faced during recent generations.” 

No research was found that focused specifically on the impacts of climate change on those with 
natural (non-managed) ecosystem-based livelihoods in California. Most of the research done on 
the impacts of climate change on native peoples in the U.S. was conducted in Alaska, where 
resource changes will be significant and are already being felt. For tribes in the Pacific 
Northwest who are traditionally dependent on salmon as a resource, decline or loss of salmon 
runs would cause both the loss of a healthy food source and a deep cultural loss (Hanna 2007, 
ITEP). Additionally, decreased coastal upwelling is expected along the coast, which would 
decrease coastal productivity and therefore those reliant on coastal resources (USCCSP 2008).  
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SECTION 3: 
Approach 
Climate risk is a function of exposure and vulnerability. The primary objective of the research 
project was to identify geographic areas within the state with heightened risk to projected 
climate impacts, as a guide to policymakers and affected communities on where to focus climate 
adaptation efforts. The methodology employed in this analysis included the following: (1) 
develop or obtain geographic data on the extent and severity of projected physical impacts of 
climate change to determine exposure to these impacts; (2) gather data on indicators of social 
vulnerability that relate to these impacts at an appropriate geographic scale; and (3) overlay 
vulnerability and exposure layers to produce a composite of exposure and vulnerability. The 
areas of overlap indicated locations with a heightened risk of impact by climate change as a 
result of exposure and social vulnerability. Each step is described in greater detail in sections 3.1 
and 3.2. 

Community engagement was integrated into this project in two forms. A Project Advisory 
Committee was established in the initial phases of the project that included eight 
representatives from federal, state, and regional agencies and community-based organizations. 
The Project Advisory Committee provided input on the analytical methods employed and the 
availability of quality data for the analysis. Secondly, input from a local collaborative of 
community leaders and advocates, the Oakland Climate Action Coalition (OCAC) was 
obtained. The OCAC consists of more than 30 community, environmental, labor, and other 
organizations that collaborate to identify and integrate community-driven priorities for climate 
change mitigation and adaptation in the City of Oakland. OCAC members provided input to 
this study on additional vulnerability factors to consider, potential limitations to the data and 
methods, and guidance on the outreach strategy for the results of the research. Meetings with 
the OCAC were held in October 2010, May 2011, July 2011, August 2011, September 2011, 
October 2011, and November 2011.  

3.1 Climate Impacts  
Climate change is expected to cause a number of changes to natural and human systems. The 
quantitative analysis was limited to those impacts for which sufficient data exists to assess local 
areas within California. These include extreme heat, wildfires, coastal flooding due to sea level 
rise, and air quality. For the sake of consistency, all climate impacts except air quality were 
evaluated under the Intergovernmental Panel on Climate Change (IPCC) A2 and B1 greenhouse 
gas emissions scenarios, which correspond to medium and medium-high greenhouse gas 
emission scenarios, respectively (see below for a description of the scenarios). These scenarios 
were selected to be consistent with other climate impact and vulnerability studies in California. 
For all climate impacts, reported data represented averages over the following time periods 
(with the midpoints in parentheses): 1971–2000 (1986), 2010–2039 (2025), 2040–2069 (2055), and 
2070–2099 (2085). Similar data was not available for air quality. Air quality data was obtained 
from a modeling study covering current conditions (2000–2006) and mid-century (2047–2053) 
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under a business-as-usual greenhouse gas emissions scenario and an extrapolation of current 
pollutant emissions.  

3.1.1 IPCC Climate Change Scenarios 
The impacts of climate change will ultimately depend on future greenhouse gas concentrations. 
Future greenhouse gas emissions, however, remain uncertain and are influenced by a variety of 
demographic, socio-economic, and technological factors. Scenarios can be a useful tool for 
examining how changes in these driving factors affect greenhouse gas concentrations. The IPCC 
produced the Special Report on Emissions Scenarios (SRES), which outlines four storylines that 
differ according to demographics, social, economic, environmental, and technological factors, 
which lead to different levels of greenhouse gas emissions. Each storyline has a number of 
different scenarios, referred to as a family. A total of 40 scenarios have been developed by the 
IPCC to guide climate research.  

The four storylines are described as follows: 

The A1 storyline is characterized by “a future world of very rapid economic growth, global 
population that peaks in mid-century and declines thereafter, and the rapid introduction of 
new and more efficient technologies. Major underlying themes are convergence among 
regions, capacity building, and increased cultural and social interactions, with a substantial 
reduction in regional differences in per capita income” (IPCC 2000). The A1 family is further 
divided into three subgroups that are differentiated according to energy source: fossil 
intensive (A1FI), non-fossil sources (A1T), and a mix of fossil and non-fossil sources (A1B). 

The A2 storyline is characterized by “self-reliance and preservation of local identities” 
(IPCC 2000). Population is expected to continuously increase, but economic growth and 
technological development are expected to be slow. 

The B1 storyline has the same population projections as the A1 storyline but has “rapid 
changes in economic structures toward a service and information economy, with reductions 
in material intensity, and the introduction of clean and resource-efficient technologies” 
(IPCC 2000). 

The B2 storyline is characterized by “a world with continuously increasing global 
population at a rate lower than A2, intermediate levels of economic development, and less 
rapid and more diverse technological change than in the B1 and A1 storylines” (IPCC 2000). 

3.1.2 Extreme Heat 
For this analysis, a downscaled climate model output of daily temperature developed by the 
Scripps Institution at the University of California at San Diego was used. These raster datasets 
have a spatial resolution of 12 kilometers (km) and contained simulated daily minimum, 
maximum, and average temperature for the period 1950 to 2100. Data from four climate models 
were averaged in order to provide a more robust estimation that is less dependent on a single 
model. The four models were: 
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• CGCM4/CanCM4 from the Canadian Centre for Climate Modeling and Analysis 

• CCSM3 from the University Corporation for Atmospheric Research  

• GFDL CM2.x from the Geophysical Fluid Dynamics Laboratory (GFDL) 

• HadCM3 from the UK Met Office Hadley Centre for Climate Change 

Summary statistics were generated from the daily files by processing with scripts written in the 
Python programming language, and a series of database queries in Microsoft Access. Scripts 
and query definitions are available by request to the authors. For additional detail about these 
data, see Maurer et al. (2010). 

This study evaluated exposure to extreme heat. There is no standard definition of extreme heat. 
This analysis used the deviation from an average temperature over a given period of time. 
Using climate model output from 1971 to 2000 determined the 95th percentile daily maximum 
temperature for each grid cell during the summer (May 1 to September 30), which was defined 
as the local high-heat threshold. This approach was consistent with that used in other studies, 
notably Joacim et al. (2010) and the National Climate Data Center (2010), and took into account 
temperature acclimation, e.g., residents in San Francisco will likely suffer heat impacts when the 
temperature reaches the 90s, while residents in Los Angeles are more accustomed to this 
temperature range and may not suffer ill effects. Although heat stress is frequently determined 
based on apparent heat, which includes the effects of humidity, humidity forecasts were not 
readily available and thus the temperatures were based on temperature data alone. Therefore, 
the analysis might underestimate heat stress, particularly for those living in humid areas.  

To determine the 95th percentile for each grid cell, the authors compiled the summer daily 
maximum temperature for the historical period from 1971 to 2000. Following the procedure for 
calculating percentiles described by Helsel and Hirsch (2002) the temperatures were sorted and 
assigned a non-exceedance probability, using the Weibull plotting position. Thirty years worth 
of summer temperatures for a region (represented by a grid cell) provided 4,590daily values. 
Once these values were sorted, the 95th percentile was the 4,361st number, i.e., this was the 
daily maximum temperature that was exceeded less than 5 percent of the time.  

By definition, the local high-heat threshold is exceeded 7.6 days each year, on average (5 percent 
of the 153 days from May 1 to Sept 30). Future exposure to extreme heat was divided into low, 
medium, and high bins based on the number of days where the exposure exceeded the local 
high-heat threshold. The cutoff for low exposure was defined as less than a tripling of the 
number of high-heat days. High exposure was set as exposure to five times the number of high-
heat days. Thus, the three bins of exposure level are as follows: 

 

Low Exposure: < 22.8 days 

Medium Exposure:  22.8 to < 38 days 

High Exposure: 38 or more days 

http://www.gfdl.noaa.gov/
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These cutoffs are arbitrary. In reality, risks related to extreme heat exposure occur along a 
continuum and cannot be neatly categorized. These categories, however, were useful for 
identifying where exposure to extreme heat was greatest. 

There are a number of ways to measure the relative increase in temperature due to climate 
change. In developing an indicator for heat stress, the authors considered using a single 
statewide threshold, e.g., annual number of days above a threshold of 105ºF. However, there is 
also a small body of evidence, and some precedent, for the use of a more local temperature 
threshold for determining heat stress. This is based on the observation that populations are 
acclimatized to local temperatures, and will begin to suffer symptoms of heat-related illnesses 
as local temperatures increase relative to the historic norm. Based on this finding, a relative 
increase approach was chosen. The authors caution against using this as a sole indicator of heat-
related climate change impacts because areas in the state with less pronounced increases in 
temperature relative to historic temperatures might have high absolute temperatures that 
should be considered in adaptation planning. 

3.1.3 Wildfire Risk  
Two datasets were merged to evaluate future wildfire risk. CalFire published geographic 
information system (GIS) shapefiles of Fire Hazard Severity Zones, which are ranked as 
moderate, high, and very high fire severity. This dataset was the highest-resolution 
geographical information available showing the current extent and severity of wildfires in 
California.  

Climate-based projections of future wildfire risk were produced for the 2011 California Climate 
Change Center studies by Krawchuk and Moritz (2012). Those studies focused on changes in 
the distribution and frequency of fire in future climates. The fire model outputs are raster layers 
that show the probability of one or more fires occurring in each grid cell over the 30-year 
periods. For this study GIS software was used to overlay the fire frequency data with census 
tract boundary files from the U.S. Census. A small census tract might cover less area than a 
single grid cell, while large census tracts might cover dozens of cells. The authors used the 
ArcGIS Zonal Statistics tool to calculate the mean of grid cells within each tract. Each grid cell 
(or pixel) in the raster dataset contained a value from 0 to 1, representing the model of one or 
more fires in a 30year period in that grid cell. The zonal statistics tool averaged the values of all 
the cells that fall within its boundaries. The result of the calculation was the average probability 
of one or more fires in a 30-year period in each of California’s 7,049 census tracts.  

Averages had the disadvantage of smoothing out the data somewhat, as large tracts included 
areas with both high and low risk. Census tracts were relatively large, and it would be desirable 
to perform the analysis at a smaller geographic scale. However, there was significant 
uncertainty associated with attempts to precisely quantify expected fire damages because fire is 
unpredictable and depends on a variety of factors, including future patterns of development 
and fire suppression policies. It was concluded that summarizing the data at the tract level 
preserved most, but not all, of the variance in the original dataset. Because this step made it 
possible to overlay climate impacts and social vulnerability datasets, we deemed it an 
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acceptable compromise; we gave up some geographic precision in order to make the data more 
useful for the analysis. 

The wildfire probability data was divided into three bins of low, medium, and high exposure, in 
order to simplify the visualization and presentation of results. The bin sizes were set at the 
following: 

Low Exposure: < 14.2% 

Medium Exposure: 14.2%–33.3% 

High Exposure: > 33.3% 

 

These cutoffs were arbitrary. In reality, risks related to wildfire exposure occur along a 
continuum and cannot be neatly categorized. These categories, however, were useful for 
identifying where exposure to wildfire was greatest. 

3.1.4 Coastal Flooding from Sea Level Rise 
Flood risk inundation maps for the California coast were developed by the Pacific Institute and 
described in Heberger et al. (2009). These maps showed the areas at risk from a 100-year flood 
event following a 1.0 meter (39 inches) and 1.4 meter (55 inches) rise in sea levels and 
corresponded to estimates under the A2 and B1 scenario, respectively, by the end of the 
century. The 100-year flood was chosen because it is a standard for planning, insurance, and 
environmental regulations. Note that these estimates include coastal flood risks only, e.g., 
flooding caused by rising seas along the Pacific Ocean and San Francisco Bay. Higher sea levels, 
however, can also worsen flooding in nearby rivers as higher water surface elevations at the 
downstream end of a river causes water to back up and increase upstream flooding. These 
impacts were not evaluated in this study.  

3.1.5 Air Quality 
Projected air quality conditions were analyzed using model output from Kleeman et al. (2010). 
An effort was made to analyze as many air quality constituents for which reliable information 
could be found, including ozone and particulate matter. After further discussion with other 
scientists, however, it became clear that there was no apparent trend in the ozone simulations. 
In other words, there was no evidence from the modeling that ozone concentrations were either 
increasing or decreasing with time under any of the scenarios they modeled. As a result, the 
discussion of climate change and air quality was limited to respirable, fine particulate matter 
(PM2.5), for which researchers express the most confidence in their numerical models. There are 
a number of other air quality parameters that are important to human health, particularly 
ozone, for which reliable data were not as readily available.  

Air quality data were based on downscaled climate model output from the National Center for 
Atmospheric Research Parallel Climate Model under the B06.44 business as usual scenario. 
Note that this scenario does not correspond to the IPCC scenarios (A2 and B1) used elsewhere 
in this paper. The air quality modeling was based on a projection of future emissions which 
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extrapolates current emissions trends and does not include emissions controls. The modeling 
did not include the effects of new or proposed air quality regulations in California. In other 
words, pollution was expected to keep growing at current rates. While it seems likely that 
stricter regulations could affect this rate, the effect of regulation was not included. The air-
quality models were run for seven-year windows in order “to account for the effects of El Niño 
Southern Oscillation (ENSO) events and the intra-annual variability in the climate data that 
would have different implications in the final air quality results” (Kleeman et al. 2010, 143). 

Modeled PM2.5 concentrations were divided into three bins of low, medium, and high exposure, 
in order to simplify the visualization and presentation of results. The bin sizes were set at the 
following: 

Low Exposure: < 6 µg/m³ 

Medium Exposure: 6–12 µg/m³ 

High Exposure: > 12 µg/m³ 

 

These bins were based on California’s air quality standard for average annual ambient PM2.5 
concentration. The California standard for the average airborne concentration has been set at 
12 micrograms per cubic meter (µg/m³). The standard was adopted by the California Air 
Resources Board, following a scientific review mandated by the legislature under the Children’s 
Environmental Health Protection Act (ARB 2009) and is stricter than the EPA national standard 
of 15 µg/m³. The lowest bin was defined as one half of the state average annual standard 
concentration. Airborne concentrations greater than this, but below the standard, were defined 
as medium, while those areas where the average annual concentration exceeds the state 
standard were defined as high risk. Note that these delineations were arbitrary and not based 
on any scientific risk assessments. 

3.2 Vulnerability to Climate Impacts 
To compare social vulnerability to climate change among areas within the state, a vulnerability 
index that combined many vulnerability factors into one composite score was used. The 
methodology for the index was based on the Social Vulnerability Index (SoVI) (Cutter et al. 
2003), developed to assess social vulnerability to hazards. Cutter’s original formulation of SoVI 
included 32 factors that the literature suggested contribute to a community’s ability to prepare 
for, respond to, and recover from hazards (Cutter et al. 2003). The SoVI index quantified social 
vulnerability using available data, mostly from the U.S. Census, including income, race, 
unemployment, and others. A custom index was developed that differs from SoVI in that it 
solely includes indicators specific to climate change impacts, as identified in the literature 
review (see Section 2).  

The vulnerability index was developed based on 19 separate factors. Table 5 shows the 
vulnerability factors, the indicator used to represent that vulnerability, and the data sources 
used in the analysis. Ideally, the social vulnerability index would have included more than 19 
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factors, but was limited due to the availability of data on various vulnerability factors. For 
example, some social characteristics, such as the level of community organization in an area, 
will have a significant effect on the population’s ability to respond to and recover from climate 
change. Yet an indicator for this factor was not included in the analysis because reliable data at 
the appropriate scale were not available.  

The social vulnerability index was compiled at the census tract level. Thus, a single 
vulnerability value for each of the 7,049 census tracts in the state (which average 5,000 people in 
each) was created.1 For much of the data collected, census tracts were the smallest geographic 
boundary at which the data was aggregated. Each of the 19 variables was measured and 
reported in its own units (e.g. number of low-income residents or percent impervious cover). In 
order to add these variables together, they were transformed to standard units using z-score 
standardization, as employed in Cutter et al. (2003). The cardinality was then adjusted to ensure 
that the sign of the factor represents the way the factor influences vulnerability. For example, a 
high percentage of low-income residents indicate higher vulnerability, giving this variable a 
cardinality of +1. By contrast, a higher percentage of high-school graduates indicate lower 
vulnerability, so this variable has a cardinality of -1. Once all of the variables were transformed, 
the component z-scores were averaged to generate a vulnerability score for each of the 7,049 
census tracts in the state (HVRI 2011a). To compare social vulnerability among areas in the 
state, the index scores were grouped into terciles, with scores below the 33rd percentile 
considered Low Vulnerability, those between the 33rd and 66th percentile considered Medium 
Vulnerability, and the higher tercile comprising High Vulnerability.  

In addition to a single vulnerability index, maps for each vulnerability factor are available 
at www.pacinst.org and can be accessed by agencies, community groups, and individuals to 
help inform climate adaptation efforts. It is important to note that some indicators of 
vulnerability are not intended to measure progress toward more resilient communities, e.g., 
race and age characteristics of a community will not change through efforts to build resilience. 
Thus, these indicators will not be useful in measuring the effect of these efforts. Separate 
indicators will likely be needed to track climate planning and action processes.  

                                                      
1 The census tract boundaries from the 2000 Decennial Census were used, rather than the more recent 
2010 census boundaries. Much of the data used was collected from 2005–2009 and was aggregated with 
the year-2000 census tract boundaries. It will be several years before American Community Survey data 
which is grouped according to the 2010 Census boundaries become available. 
 

http://www.pacinst.org/
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Table 5: Vulnerability Factors Included in the Vulnerability Index and their Data Sources 

Vulnerability 
Factor 

Indicator Data Source 

Households with 
air conditioning 

Households with an air conditioning unit Roberts 2011a 

Population over 25 
with a diploma 

People over age 25 who have a high school 
diploma 

U.S. Census, American 
Community Survey (2005–
2009)  

Born outside the 
U.S. 

People who were born outside the United 
States 

U.S. Census, American 
Community Survey (2005–
2009) 

Impervious areas Land in the area that has an impervious 
surface (e.g. sidewalk or roof) 

EPA 2001 

Residents living in 
institutions 

Population living in “group quarters”, 
including institutions like correctional 
facilities, nursing homes, and mental 
hospitals, college dormitories, military 
barracks, group homes, missions, and shelters. 

U.S. Census, American 
Community Survey (2005–
2009) 

Households with 
limited English 

Population 5 years and over who answered 
that they speak English less than "very well" 

U.S. Census, American 
Community Survey (2005–
2009) 

Households with 
no vehicle 

Percentage of households with no vehicle 
available 

U.S. Census, American 
Community Survey (2005–
2009) 

People of color People identifying as any other race or 
ethnicity besides white.  

U.S. Census, American 
Community Survey (2005–
2009) 

Households in 
poverty 

Households with an income that is below 
200% of the official federal poverty level  

U.S. Census, American 
Community Survey (2005–
2009) 

Pre-term births Infants that were born before completing 37 
weeks (about 8.5 months) of pregnancy  

Roberts 2011b 
 

Renter-occupied 
households 

Percent of households where people are 
renting 

U.S. Census, American 
Community Survey (2005–
2009) 

Over 65 and living 
alone 

Percent of households occupied by someone 
over age 65 who lives alone 

U.S. Census, American 
Community Survey (2005–
2009) 

Tree canopy cover Land covered by tree canopy Calculated by Jessdale et 
al. using data from Nat’l 
Land Cover Dataset, 2001 

Under age 18 Population under age 18 U.S. Census, American 
Community Survey (2005–
2009) 
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Table 5: (continued) 

Vulnerability 
Factor 

Indicator Data Source 

Unemployment  Population 16 years and over able to work 
who are unemployed 

U.S. Census, American 
Community Survey (2005–
2009) 

Have jobs working 
outdoors 

Percent of workers who work in agriculture, 
forestry, mining, or construction 

U.S. Census, American 
Community Survey (2005–
2009) 

Pregnancy Percentage of women 15 to 50 years old who 
had a birth in the past 12 months 

U.S. Census, American 
Community Survey (2005–
2009) 

Food access Access to full-service supermarkets according 
to Low Access Area measurement tool 

The Reinvestment Fund 
2010 

Youth fitness Fraction of children that are overweight or 
obese in tract (i.e., fraction over 85th 
percentile for age and gender based on the 
CDC growth curves. 

Ortega Hinojosa 2011 

 

3.3 Study Limitations 
The index integrated the 19 factors for which local data were available for the entire state. Data 
were not available for a range of factors that scientists and practitioners have found to influence 
vulnerability to natural hazards and climate change, such as diabetes, homelessness, and 
citizenship status. Thus, the social vulnerability factors included in this study represented a 
subset of known vulnerability factors, and the resulting index scores might have under-
represented the vulnerability of some areas.  

The analysis summarized social vulnerability at the census tract level, obscuring any variation 
within tracts. The Census Bureau periodically redraws tract boundaries so that the population 
within each tract is relatively homogenous and ranges between 1,500 and 8,000 residents. 
However, population changes happen more frequently than adjustments to tract boundaries, 
allowing for potentially significant demographic variation within tracts and size differences 
between tracts.  

The estimated number of people affected was based on current population figures, as reported 
in the U.S. Census. The total state population, however, is projected to reach 60 million by 2050, 
a 60 percent increase over 2000 levels (CA Department of Finance 2007). The analysis did not 
use population projections because these projections are not available at the census tract level. 
The actual rate and distribution of population growth, and social and economic change will 
play a key role in shaping vulnerability in the future. For example, if the trend of the shrinking 
middle class and intensified poverty continues, the number of people socially vulnerable to 
climate impacts will surpass estimates. Adequate data were not available to evaluate these 
changes. 
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SECTION 4:  
Results  
4.1 Social Vulnerability Index 
To compare overall social vulnerability to climate change among areas within the state, a single 
vulnerability index that combines data from 19 vulnerability factors was used to calculate a 
vulnerability index for each of the 7,049 census tracts in the state. A higher score indicated the 
population within a tract had greater social vulnerability to climate-related disturbances. The 
values had an average of 0 and a standard deviation of 0.5. The minimum score was –1.99, and 
the maximum was +1.90 (Figure 1). The distribution was asymmetric, with a positive skew. 
While both the mean and the median were close to zero, there was a large cluster of index 
values between –1 and 0. There were very few tracts with a vulnerability score between –1 and 
–2, which would be indicative of very low vulnerability. On the positive side of the distribution, 
the values were more evenly spread, gradually decreasing in frequency between 0 and +2.  

 
Figure 1: Distribution of Calculated Vulnerability Scores for California Census Tracts 

The index scores were broken into terciles, with scores below the 33rd percentile categorized as 
low vulnerability, those between the 33rd and 66th percentile categorized as medium, and the 
higher tercile comprising high vulnerability. The low vulnerability category included tracts 
with a score less than –0.285. Medium vulnerability included tracts with a score between –0.285 
and +0.167, and high vulnerability included tracts with a score greater than +0.167. Areas with a 
high vulnerability were found throughout the state but were largely concentrated within the 
San Joaquin Valley and in the southeastern portion of California (Figure 2). In total, about 12.4 
million Californians lived in census tracts with high social vulnerability to climate impacts 
(Table 6). A disproportionate number of those with high vulnerability were located in Los 

More vulnerable Less vulnerable 
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Angeles County (Figure 3). Approximately 27 percent of the state’s population lived in Los 
Angeles County. Yet, more than 40 percent of those in census tracts with high social 
vulnerability, or about 5 million people, were located in Los Angeles County. There were also 
large numbers of people in high vulnerability areas in Orange, Riverside, and San Diego 
Counties.  

In some rural counties, the total number of residents in highly vulnerable tracts was not large 
but represented a large fraction of the total population in the county. For example, in Imperial 
County, more than 90 percent of the population lived in areas with high social vulnerability. 
Likewise in Merced County, 70 percent of the population resided in areas with high social 
vulnerability to climate impacts.  
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Figure 2: Social Vulnerability Index Scores, by Census Tract 
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Figure 3: Social Vulnerability of California’s Population, by County 
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Table 6: Social Vulnerability of California’s Population, by County 

County 
  

Low social 
vulnerability   

Medium social 
vulnerability   

High social 
vulnerability   

Total 
population 

Alameda 
 

510,000 (35%) 
 

569,000 (39%) 
 

378,000 (26%) 
 

1,460,000 
Alpine 

 
1,150 (100%) 

 
0 (0%) 

 
0 (0%) 

 
1,150 

Amador 
 

32,200 (85%) 
 

5,790 (15%) 
 

0 (0%) 
 

38,000 
Butte 

 
157,000 (72%) 

 
61,400 (28%) 

 
0 (0%) 

 
218,000 

Calaveras 
 

46,500 (100%) 
 

0 (0%) 
 

0 (0%) 
 

46,500 
Colusa 

 
0 (0%) 

 
10,100 (48%) 

 
10,900 (52%) 

 
21,000 

Contra Costa 
 

603,000 (59%) 
 

254,000 (25%) 
 

159,000 (16%) 
 

1,020,000 
Del Norte 

 
22,800 (79%) 

 
1,340 (5%) 

 
4,590 (16%) 

 
28,700 

El Dorado 
 

160,000 (91%) 
 

15,200 (9%) 
 

357 (0%) 
 

176,000 
Fresno 

 
183,000 (21%) 

 
203,000 (23%) 

 
505,000 (57%) 

 
891,000 

Glenn 
 

1,870 (7%) 
 

22,700 (81%) 
 

3,350 (12%) 
 

27,900 
Humboldt 

 
75,400 (58%) 

 
53,600 (42%) 

 
0 (0%) 

 
129,000 

Imperial 
 

0 (0%) 
 

14,600 (9%) 
 

145,000 (91%) 
 

160,000 
Inyo 

 
4,230 (24%) 

 
13,200 (76%) 

 
0 (0%) 

 
17,400 

Kern 
 

148,000 (19%) 
 

246,000 (31%) 
 

387,000 (50%) 
 

781,000 
Kings 

 
15,100 (10%) 

 
69,400 (47%) 

 
62,200 (42%) 

 
147,000 

Lake 
 

38,400 (59%) 
 

26,400 (41%) 
 

0 (0%) 
 

64,800 
Lassen 

 
21,200 (62%) 

 
13,200 (38%) 

 
0 (0%) 

 
34,400 

Los Angeles 
 

1,950,000 (20%) 
 

2,820,000 (29%) 
 

5,020,000 (51%) 
 

9,790,000 
Madera 

 
36,000 (25%) 

 
39,800 (28%) 

 
68,900 (48%) 

 
145,000 

Marin 
 

212,000 (86%) 
 

20,300 (8%) 
 

14,700 (6%) 
 

247,000 
Mariposa 

 
17,900 (100%) 

 
0 (0%) 

 
0 (0%) 

 
17,900 

Mendocino 
 

33,300 (39%) 
 

43,000 (50%) 
 

9,710 (11%) 
 

86,000 
Merced 

 
11,700 (5%) 

 
59,800 (25%) 

 
171,000 (70%) 

 
242,000 

Modoc 
 

0 (0%) 
 

9,160 (100%) 
 

0 (0%) 
 

9,160 
Mono 

 
12,900 (100%) 

 
0 (0%) 

 
0 (0%) 

 
12,900 

Monterey 
 

68,100 (17%) 
 

102,000 (25%) 
 

234,000 (58%) 
 

405,000 
Napa 

 
39,900 (30%) 

 
68,000 (51%) 

 
24,300 (18%) 

 
132,000 

Nevada 
 

97,100 (100%) 
 

0 (0%) 
 

0 (0%) 
 

97,100 
Orange 

 
1,380,000 (46%) 

 
762,000 (26%) 

 
831,000 (28%) 

 
2,980,000 

Placer 
 

292,000 (88%) 
 

36,200 (11%) 
 

3,370 (1%) 
 

332,000 
Plumas 

 
15,300 (75%) 

 
5,210 (25%) 

 
0 (0%) 

 
20,600 

Riverside 
 

710,000 (35%) 
 

755,000 (37%) 
 

571,000 (28%) 
 

2,040,000 
Sacramento 

 
405,000 (29%) 

 
590,000 (43%) 

 
381,000 (28%) 

 
1,380,000 

San Benito 
 

0 (0%) 
 

29,400 (54%) 
 

25,400 (46%) 
 

54,800 
San 
Bernardino 

 
503,000 (25%) 

 
916,000 (46%) 

 
567,000 (29%) 

 
1,990,000 

San Diego 
 

1,160,000 (39%) 
 

1,100,000 (37%) 
 

727,000 (24%) 
 

2,990,000 
San Francisco 

 
85,600 (11%) 

 
369,000 (46%) 

 
342,000 (43%) 

 
797,000 
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Table 6: (continued) 

County 
  

Low social 
vulnerability   

Medium social 
vulnerability   

High social 
vulnerability   

Total 
population 

San Joaquin 
 

120,000 (18%) 
 

329,000 (49%) 
 

216,000 (33%) 
 

665,000 
San Luis 
Obispo 

 
152,000 (58%) 

 
110,000 (42%) 

 
0 (0%) 

 
262,000 

San Mateo 
 

235,000 (33%) 
 

314,000 (45%) 
 

153,000 (22%) 
 

702,000 
Santa 
Barbara 

 
112,000 (28%) 

 
167,000 (41%) 

 
123,000 (31%) 

 
402,000 

Santa Clara 
 

494,000 (29%) 
 

887,000 (51%) 
 

348,000 (20%) 
 

1,730,000 
Santa Cruz 

 
125,000 (50%) 

 
66,700 (27%) 

 
59,900 (24%) 

 
251,000 

Shasta 
 

130,000 (72%) 
 

48,500 (27%) 
 

1,290 (1%) 
 

179,000 
Sierra 

 
3,240 (100%) 

 
0 (0%) 

 
0 (0%) 

 
3,240 

Siskiyou 
 

30,500 (69%) 
 

12,500 (28%) 
 

1,400 (3%) 
 

44,400 
Solano 

 
174,000 (43%) 

 
151,000 (37%) 

 
81,500 (20%) 

 
406,000 

Sonoma 
 

271,000 (58%) 
 

161,000 (35%) 
 

32,200 (7%) 
 

464,000 
Stanislaus 

 
59,200 (12%) 

 
235,000 (47%) 

 
211,000 (42%) 

 
505,000 

Sutter 
 

40,600 (45%) 
 

26,900 (30%) 
 

23,300 (26%) 
 

90,700 
Tehama 

 
23,000 (38%) 

 
30,600 (50%) 

 
7,050 (12%) 

 
60,600 

Trinity 
 

13,900 (100%) 
 

0 (0%) 
 

0 (0%) 
 

13,900 
Tulare 

 
53,600 (13%) 

 
135,000 (33%) 

 
227,000 (55%) 

 
416,000 

Tuolumne 
 

49,300 (88%) 
 

6,460 (12%) 
 

0 (0%) 
 

55,800 
Ventura 

 
402,000 (51%) 

 
210,000 (27%) 

 
180,000 (23%) 

 
792,000 

Yolo 
 

96,800 (50%) 
 

62,300 (32%) 
 

33,900 (18%) 
 

193,000 
Yuba 

 
18,800 (26%) 

 
37,500 (53%) 

 
14,600 (21%) 

 
70,900 

Total 
 

11,700,000 (32%) 
 

12,300,000 (34%) 
 

12,400,000 (34%) 
 

36,300,000 
Note: Population estimates represent the total number of people within a given county that are living in census 
tracts with low, medium, and high social vulnerability. The percent of the county population that these groups 
represent are shown in parentheses. Population estimates are rounded to three significant figures.  

 

4.1.1 Contributing Factors in the Most Vulnerable Areas of the State 
As described above, the vulnerability z-scores were divided into thirds and ranked as low, 
medium, and high vulnerability. To understand which of the 19 factors were most influential 
over the index scores of the most vulnerable census tracts, the average values of each factor in 
tracts scoring in the top 33 percent were evaluated. Figure 4 shows the average z-score value of 
the vulnerability factors within the tracts with high social vulnerability. The factors with higher 
average scores made a greater contribution to the high vulnerability scores in these tracts. 
Nearly all of the individual factors contributed in some way to the vulnerability scores, except 
for “Residents over the age of 65 living alone” and “Residents living in institutions.” Four 
factors (lacking a high-school diploma, low-income, non-English speaking, and people of color) 
were the primary drivers for the most vulnerable census tracts. Each of these factors had an 
average z-score of around 1, indicating that their values were 1 standard deviation above the 
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mean for the group. However, the values for individual tracts within the high vulnerability 
group showed considerable variation. In the 2,350 tracts that were in the top third, more than 90 
percent of these had positive (more vulnerable) values for these four factors. The stem-and-
whisker plots in Figure 5 show the distributions for the four most important factors.  

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

Average
z-score

 
  Figure 4: Average Z-Scores for Individual Vulnerability Factors for Tracts Ranked Highly 

Vulnerable 

Note: Popn = population; HS = high school 
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Figure 5: Stem-and-Whisker Plots Showing the Distribution of the Top 4 Vulnerability Factors for 

Tracts Ranked Highly Vulnerable 

Note: No HS Diploma: Population over the age of 25 without a high-school diploma. 
In Poverty: Households with an income that is below 200 percent of the official federal poverty level. 
Non-English Speakers: Population 5 years and over who answered that they speak English less than "very well." 
People of Color: People identifying as any other race or ethnicity besides white. 
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4.2 Climate Impact and Social Vulnerability Analysis 
Climate risk is a function of exposure and vulnerability. The vulnerability index score maps 
were overlaid with maps of projected exposure to extreme heat, particulate matter, coastal 
flooding, and wildfire to identify areas with high social vulnerability and high projected 
exposure to climate change disturbances. The areas of overlap indicated those locations with 
heightened risk of being impacted by these climate changes as a result of exposure and social 
vulnerability. The following sections describe this overlay for each of the climate impacts. 

4.2.1 Extreme Heat 
The magnitude of extreme heat was measured in terms of the number of days that the daily 
maximum temperature exceeds the 95th percentile historical (1971–2000) local high-heat 
threshold during the summer months (May 1 through September 30). Results were compiled at 
the 1/8-degree grid cell and shown in Figures 6 through 8. Results were summarized by county 
in Table 7.  

By definition, the 95th percentile high-heat threshold is the local temperature exceeded 7.6 days 
per year, on average, over the summer months during the historical period (1971–2000). The 
95th percentile temperature fell within 80–90 degrees F in many of the coastal and northern 
counties, and reached over 100 degrees in much of the Central Valley and southern California 
(Figure 6). Climate change increased the number of extreme heat events across the state. The 
largest increases in the number of days exceeding the local high heat threshold were in the 
inland and southern parts of California. For example, in Inyo County, the number of days 
exceeding the local high heat threshold (101°F) increased from 7.6 days under historic 
conditions to 40 days under the B1 scenario and 71 days under the A2 scenario by 2070–2099. 
The coast experienced considerably smaller increases. In San Francisco County, for example, the 
number of days exceeding the local high heat threshold (79.4°F) increased from 7.6 days under 
historic conditions to 16 days under the B1 scenario and 27 days under the A2 scenario by 2070–
2099. In the following sections, these results are used to determine the total number of people 
and vulnerable populations that would be affected under the A2 and B1 climate change 
scenarios. 
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Figure 6: Historical (1971–2000) 95th Percentile Daily Maximum Temperature Over the Summer 

Period (May 1 to September 30) 

Note: Results show the historical local high-heat threshold, defined as the temperature that is 
exceeded 5 percent of the time during the summer months for the period 1971 - 2000. Results 
are averaged from four downscaled climate models. 
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Figure 7: Number of Days Exceeding the Historical (1971–2000) 95th Percentile Daily Maximum 
Temperature Over the Summer Period in the B1 Scenario 

 
Note: Figure shows the average number of days where the daily maximum temperature exceeds the 
local high-heat threshold from May 1 to September 30 over the analysis period. Projections are based 
on the B1 scenario and are averaged for four downscaled climate models. 
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Figure 8: Number of Days Exceeding the Historical (1971–2000) 95th Percentile Daily Maximum 
Temperature Over the Summer Period in the A2 Scenario  

Note: Figure shows the average number of days where the daily maximum temperature exceeds the 
local high-heat threshold from May 1 to September 30 over the analysis period. Projections are based on 
the A2 scenario and are averaged for four downscaled climate models. 
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Table 7: Number of Days Exceeding the Historical (1971–2000) 95th Percentile Daily Maximum 
Temperature Over the Summer Period in the A2 and B1 Scenario, by County 

   B1  A2 

County  
T95* 
(°F) 

1971- 
2000 

2010- 
2039 

2040- 
2069 

2070- 
2099  

T95* 
(°F) 

1971- 
2000 

2010- 
2039 

2040- 
2069 

2070- 
2099 

Alameda   93.2 7.6 13 18 22   93.3 7.6 14 21 35 
Alpine  81.1 7.6 24 37 45  81.3 7.6 25 44 73 
Amador   99.0 7.6 19 30 37   99.2 7.6 20 35 61 
Butte  100 7.6 18 28 35  100 7.6 20 34 60 
Calaveras   97.6 7.6 20 30 39   97.5 7.6 22 37 63 
Colusa  101 7.6 17 26 32  101 7.6 20 32 55 
Contra Costa   96.0 7.6 15 21 25   96.0 7.6 16 23 39 
Del Norte  75.8 7.6 16 26 34  75.9 7.6 16 27 55 
El Dorado   92.4 7.6 20 32 40   92.4 7.6 22 39 66 
Fresno  94.8 7.6 20 31 40  94.8 7.6 21 36 63 
Glenn   100 7.6 16 25 31   100 7.6 19 32 55 
Humboldt  81.5 7.6 16 24 31  81.6 7.6 16 26 50 
Imperial   112 7.6 18 25 32   112 7.6 19 36 64 
Inyo  101 7.6 21 31 40  101 7.6 25 42 71 
Kern   101 7.6 19 27 34   101 7.6 21 35 62 
Kings  104 7.6 19 29 37  104 7.6 20 34 60 
Lake   97.1 7.6 15 22 27   97.0 7.6 17 27 46 
Lassen  91.0 7.6 20 31 38  91.0 7.6 24 39 65 
Los Angeles   96.4 7.6 16 21 27   96.4 7.6 17 28 51 
Madera  95.8 7.6 20 32 40  95.8 7.6 22 38 64 
Marin   91.9 7.6 13 16 20   91.9 7.6 13 19 33 
Mariposa  95.6 7.6 20 32 40  95.6 7.6 22 37 64 
Mendocino   89.4 7.6 15 22 27   89.3 7.6 17 27 48 
Merced  102 7.6 19 29 37  102 7.6 19 32 56 
Modoc   91.6 7.6 20 30 36   91.7 7.6 23 37 62 
Mono  83.8 7.6 23 35 45  83.9 7.6 25 44 73 
Monterey   91.9 7.6 13 19 24   91.9 7.6 14 21 38 
Napa  98.0 7.6 15 22 26  98.0 7.6 16 26 44 
Nevada   92.3 7.6 20 30 38   92.3 7.6 22 38 65 
Orange  89.8 7.6 15 19 24  89.8 7.6 15 24 45 
Placer   91.4 7.6 19 30 38   91.3 7.6 22 38 65 
Plumas  89.9 7.6 20 31 39  89.9 7.6 24 39 65 
Riverside   107 7.6 18 25 32   107 7.6 20 35 63 
Sacramento  102 7.6 17 26 32  102 7.6 18 31 53 
San Benito   94.3 7.6 15 22 29   94.3 7.6 15 24 44 
San 
Bernardino 

 106 7.6 19 27 35  106 7.6 22 39 69 

San Diego   95.5 7.6 16 21 27   95.5 7.6 16 27 50 
San Francisco  79.4 7.6 11 14 16  79.7 7.6 12 17 27 
San Joaquin   101 7.6 16 24 30   101 7.6 17 28 50 
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Table 7: (continued) 

   B1  A2 

County  
T95* 
(°F) 

1971- 
2000 

2010- 
2039 

2040- 
2069 

2070- 
2099  

T95* 
(°F) 

1971- 
2000 

2010- 
2039 

2040- 
2069 

2070- 
2099 

San Luis 
Obispo 

 89.8 7.6 15 21 26  89.7 7.6 16 25 44 

San Mateo   83.6 7.6 12 15 18   83.7 7.6 12 18 34 
Santa Barbara  85.1 7.6 15 20 26  85.1 7.6 16 25 45 
Santa Clara   92.5 7.6 13 19 24   92.6 7.6 14 21 38 
Santa Cruz  87.1 7.6 12 17 21  87.3 7.6 13 18 34 
Shasta   97.5 7.6 18 27 34   97.6 7.6 20 33 57 
Sierra  88.4 7.6 21 32 40  88.4 7.6 24 41 68 
Siskiyou   91.1 7.6 18 28 34   91.2 7.6 19 32 53 
Solano  99.4 7.6 16 23 28  99.5 7.6 18 27 45 
Sonoma   91.9 7.6 14 19 23   92.1 7.6 14 22 41 
Stanislaus  101 7.6 18 27 33  101 7.6 18 30 52 
Sutter   103 7.6 18 28 35   103 7.6 19 33 60 
Tehama  98.8 7.6 18 27 33  98.8 7.6 20 33 56 
Trinity   93.7 7.6 17 26 31   93.8 7.6 18 29 48 
Tulare  93.1 7.6 21 32 41  93.1 7.6 23 40 68 
Tuolumne   88.2 7.6 21 34 42   88.2 7.6 23 40 68 
Ventura  87.9 7.6 15 21 26  87.8 7.6 16 28 51 
Yolo   103 7.6 17 25 31   103 7.6 19 31 52 
Yuba   101 7.6 20 30 38   101 7.6 21 37 63 
Note: T95 values represent the county average 95th percentile daily maximum temperature from May 1 to 
September 30 over the historical period (1971–2000). Table shows the average number of days where 
the daily maximum temperature exceeds the local high-heat threshold from May 1 to September 30 over 
the analysis period. Projections are based on the A2 scenario and are averaged for four downscaled 
climate models. 

By the end of the century, under both A2 and B1 scenarios, the number of extreme heat days 
during the summer months was projected to increase in every county in the state (Table 8). 
Under the B1 scenario, 22 million, or 59 percent, of the state’s current population resided in 
areas that will have 22.8 to 38 days, a medium exposure, of extreme heat during the summer 
months by the end of the century. About 1.7 million people, or less than 5 percent of the state’s 
population, lived in areas that will have more than 38 days, high exposure, of extreme heat 
during the summer months by the end of the century. Of those with high exposure to extreme 
heat, about 39 percent, or 650,000 people, also lived in areas with high social vulnerability. The 
remaining 61 percent of those with high exposure were evenly split among low and medium 
social vulnerability. 

Exposure to extreme heat was much greater under the A2 scenario (Table 9) than under the B1 
scenario. By the end of the century, 28 million Californians, about 76 percent of the population, 
would face more than 38 days of temperatures that currently occur on the hottest 7.6 days of the 
year. Of those with high exposure to extreme heat, about 37 percent, or 10.1 million people, also 
lived in areas with high social vulnerability.  
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Table 8: Population Vulnerability and Extreme Heat Exposure Under the B1 Scenario  
by the End of the Century 

Exposure to 
extreme heat 

Social Vulnerability Total 
Population Low Medium High 

Low (<22.8 days) 3,520,000 (27%) 4,400,000 (34%) 5,220,000 (40%) 13,100,000 

Medium (22.8–38 
days) 

7,630,000 (35%) 7,390,000 (34%) 6,490,000 (30%) 21,500,000 

High (>38 days) 513,000 (31%) 496,000 (30%) 652,000 (39%) 1,660,000 

Total 11,700,000 (32%) 12,300,000 (34%) 12,400,000  (32%) 36,300,000 

Note: Population estimates represent the total number of people living in census tracts according to the 
tract’s social vulnerability index score and exposure to extreme heat. The percent of the population that 
these groups represent is shown in parentheses. Population estimates are rounded to three significant 
figures.  
 
Table 9: Population Vulnerability and Extreme Heat Days Under the A2 Scenario by the End of the 

Century 

Exposure to 
extreme heat 

Social Vulnerability 
Total Low Medium High 

Low (<22.8 days) - (0%) - (0%) - (0%) - 

Medium (22.8–38 
days) 

2,980,000 (34%) 3,510,000 (40%) 2,260,000 (26%) 8,750,000 

High (>38 days) 8,680,000 (32%) 8,780,000 (32%) 10,100,000 (37%) 27,600,000 

Total 11,700,000 (32%) 12,300,000 (34%) 12,400,000 (34%) 36,300,000 

Note: Population estimates represent the total number of people living in census tracts according to the 
tract’s social vulnerability index score and exposure to extreme heat. The percent of the population that 
these groups represent are shown in parentheses. Population estimates are rounded to three significant 
figures. 

Table 10 shows the social vulnerability of population in areas with high exposure (>38 days) to 
extreme heat under the B1 and A2 scenarios by county. Under the B1 scenario, about 1.7 million 
people, or less than 5 percent of the state’s population, lived in areas with high exposure to 
extreme heat. Most of those with high exposure to extreme heat were concentrated in the San 
Joaquin Valley, with nearly 45 percent of those with high exposure, or 740,000 people, in Fresno 
County alone (Figure 9). In these areas, the number of extreme heat days would increase 500 
percent by the end of the century. About 39 percent of those with high exposure to extreme 
heat, or 650,000 people, lived in census tracts with a high social vulnerability under the B1 
scenario. Those that lived in areas of high exposure and high social vulnerability were 
concentrated in Fresno and Tulare Counties. 
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Under the A2 scenario, about 27.6 million people, or about 76 percent of the state’s population, 
lived in areas with high exposure to extreme heat. The population with high heat exposure was 
concentrated in the Los Angeles and San Diego areas, with 64 percent living in Los Angeles, 
Riverside, Orange, San Bernardino, and San Diego Counties (Table 10; Figure 10). Nearly 71 
percent of those living in areas with high exposure and high social vulnerability were also 
located in these five counties. Fresno County also had large numbers of people living in areas 
with high exposure and high social vulnerability. In other counties, there were fewer people in 
areas with high heat exposure and high social vulnerability, yet, in some cases, they comprised 
a high percentage of the county population. In Imperial, Monterey, and Merced Counties, for 
example, more than 70 percent of the population with high exposure to extreme heat also lived 
in census tracts with high social vulnerability.  

Sixteen counties in the state have a historical 95th percentile heat threshold that was 100°F 
degrees or higher. In these counties, the number of days of extreme heat was projected to 
increase by an average of 26 days under the B1 scenario and an average of 51 days under the A2 
scenario. This was a four- to eight-fold increase in the number of summer days with 
temperatures exceeding 100°F. While the population in these counties might be more 
accustomed to high temperatures, the increases in number of high heat days in these areas 
could pose a greater challenge than increases in areas where the heat threshold is lower. 

Table 10: Social Vulnerability of Population in Areas with High Exposure (>38 Days) to Extreme 
Heat Under the B1 and A2 Scenarios by the End of the Century, by County 

  
  
COUNTY 

Population Affected Under B1 Scenario Population Affected Under A2 Scenario 
Social Vulnerability   

Total 
Social Vulnerability   

Total Low Medium High Low Medium High 
Alameda 0 0 0 0 41,800 9,880 2,100 53,800 
Alpine 1,150 0 0 1,150 1,150 0 0 1,150 
Amador 6,190 0 0 6,190 32,200 5,790 0 38,000 
Butte 0 0 0 0 157,000 61,400 0 218,000 
Calaveras 19,500 0 0 19,500 46,500 0 0 46,500 
Colusa 0 0 0 0 0 10,100 10,900 21,000 
Contra 
Costa 0 0 0 0 223,000 203,000 134,000 560,000 
Del Norte 0 0 0 0 22,800 1,340 4,590 28,700 
El Dorado 23,700 15,200 357 39,300 160,000 15,200 357 176,000 
Fresno 183,000 203,000 358,000 744,000 183,000 203,000 505,000 891,000 
Glenn 0 0 0 0 1,870 22,700 3,350 27,900 
Humboldt 54,500 32,200 0 86,700 69,500 53,600 0 123,000 
Imperial 0 0 0 0 0 14,600 145,000 160,000 
Inyo 4,230 13,200 0 17,400 4,230 13,200 0 17,400 
Kern 0 0 0 0 148,000 246,000 387,000 781,000 
Kings 15,100 49,300 29,100 93,500 15,100 69,400 62,200 147,000 
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Table 10: (continued) 

  
  
COUNTY 

Population Affected Under B1 Scenario Population Affected Under A2 Scenario 
Social Vulnerability   

Total 
Social Vulnerability   

Total Low Medium High Low Medium High 
Lake 0 0 0 0 38,400 26,400 0 64,800 
Lassen 3,350 13,200 0 16,500 21,200 13,200 0 34,400 
Los 
Angeles 0 0 0 0 1,520,000 2,210,000 4,510,000 8,240,000 
Madera 36,000 14,500 23,300 73,800 36,000 39,800 68,900 145,000 
Mariposa 17,900 0 0 17,900 17,900 0 0 17,900 
Mendocino 0 0 0 0 33,300 43,000 9,710 86,000 
Merced 7,470 26,200 57,800 91,400 11,700 59,800 171,000 242,000 
Modoc 0 0 0 0 0 9,160 0 9,160 
Mono 12,900 0 0 12,900 12,900 0 0 12,900 
Monterey 0 0 0 0 0 13,800 37,400 51,200 
Napa 0 0 0 0 21,500 10,800 0 32,300 
Nevada 19,400 0 0 19,400 97,100 0 0 97,100 
Orange 0 0 0 0 1,310,000 656,000 795,000 2,760,000 
Placer 17,100 0 3,370 20,400 292,000 36,200 3,370 332,000 
Plumas 5,790 5,210 0 11,000 15,300 5,200 0 20,600 
Riverside 0 0 0 0 710,000 755,000 571,000 2,040,000 
Sacramento 0 0 0 0 405,000 590,000 381,000 1,380,000 
San Benito 0 0 0 0 0 5,190 6,760 12,000 
San 
Bernardino 19 0 0 19 503,000 916,000 567,000 1,990,000 
San Diego 0 0 0 0 1,090,000 988,000 681,000 2,760,000 
San Joaquin 0 0 0 0 120,000 329,000 216,000 665,000 
San Luis 
Obispo 0 0 0 0 67,600 39,700 0 107,000 
San Mateo 0 0 0 0 0 9,950 0 9,950 
Santa 
Barbara 0 0 0 0 90,600 125,000 47,400 263,000 
Santa Clara 0 0 0 0 29,900 679 8,790 39,400 
Santa Cruz 0 0 0 0 21,820 4,010 0 25,800 
Shasta 0 0 0 0 130,000 48,500 1,290 179,000 
Sierra 3,240 0 0 3,240 3,240 0 0 3,240 
Siskiyou 0 0 0 0 30,500 12,500 1,400 44,400 
Solano 0 0 0 0 174,000 147,000 67,700 389,000 
Sonoma 0 0 0 0 13,800 14,500 0 28,300 
Stanislaus 0 5,490 0 5,490 59,200 235,000 211,000 505,000 
Sutter 0 0 0 0 40,600 26,900 23,300 90,700 
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Table 10: (continued) 

  
  
COUNTY 

Population Affected Under B1 Scenario Population Affected Under A2 Scenario 
Social Vulnerability   

Total 
Social Vulnerability   

Total Low Medium High Low Medium High 
Tehama 0 0 0 0 23,000 30,600 7,050 60,600 
Trinity 0 0 0 0 13,900 0 0 13,900 
Tulare 28,100 112,000 180,000 321,000 53,600 135,000 227,000 416,000 
Tuolumne 49,300 6,460 0 55,800 49,300 6,460 0 55,800 
Ventura 0 0 0 0 402,000 210,000 180,000 792,000 
Yolo 0 0 0 0 96,800 62,300 33,900 193,000 
Yuba 4,590 0 0 4,590 18,800 37,500 14,600 70,900 
Total 513,000  496,000  652,000  1,660,000  8,680,000  8,780,000  10,100,000  27,600,000  

Note: Population estimates represent the total number of people living in census tracts with high exposure 
to extreme heat according to the tract’s social vulnerability index score. Population estimates are rounded 
to three significant figures. 
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Figure 9: Social Vulnerability of Population in Areas with High Exposure (>38 Days) to Extreme 

Heat Under the B1 Scenario by the End of the Century, by County 
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Figure 10: Social Vulnerability of Population in Areas with High Exposure (>38 Days) to Extreme 
Heat Under the A2 Scenario by the End of the Century, by County 



39 

4.2.2 Coastal Flooding 
Table 11 shows the social vulnerability of the population with increased exposure to coastal 
flooding under the B1 and A2 scenarios. These data are presented in graphical form in Figures 
11 and 12.  

Under the B1 scenario, with a 1.0 meter (m) rise in sea levels, nearly 420,000 people were 
exposed to coastal flood risk by the end of the century. Under the A2 scenario with a 1.4 m rise 
in sea levels, more than 480,000 people along the California coast were exposed to coastal flood 
risk by the end of the century. Under both the A2 and B1 scenarios, about 18 percent of those 
exposed to coastal flooding lived in areas with high social vulnerability. San Mateo County had 
a large number of people living in areas with high social vulnerability, as did Marin, Monterey, 
Orange, and Ventura Counties. About 43 percent of those exposed to flooding from sea level 
rise lived in areas with a medium social vulnerability. The remainder lived in areas with low 
social vulnerability.  

Sea level rise and social vulnerability showed strong regional trends. Impacts from sea level rise 
were largely clustered in the San Francisco Bay area and the Los Angeles region, especially 
Orange County. Social vulnerability, however, was generally low in the Los Angeles region, 
with the exception of Ventura County, where more than half of those impacted lived in census 
tracts with high social vulnerability. The San Francisco Bay Area had large numbers of people 
living in areas with high social vulnerability. The discrepancy between the San Francisco and 
Los Angeles regions reflect the economic geography of the region. In Los Angeles, the most 
valuable properties tend to be located along the ocean; in San Francisco, by contrast, the most 
valuable properties are in the hills overlooking the San Francisco Bay. 
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Table 11: Social Vulnerability of Population Exposed to Coastal Flooding by the End of Century 
Under the A2 and B1 Scenario, by County 

  B1 Scenario A2 Scenario 
  Social Vulnerability   Social Vulnerability   
County Low Medium High Total Low Medium High Total 
Alameda 7,380 36,700 3,390 47,500 11,200 49,700 5,100 66,000 
Contra Costa 236 1,870 2,220 4,330 299 2,470 3,030 5,800 
Del Norte 1,960 143 289 2,390 2,110 162 341 2,610 
Humboldt 4,560 1,890 0 6,450 5,190 2,570 0 7,760 
Los Angeles 5,990 2,670 1,240 9,900 8,200 3,570 1,890 13,700 
Marin 19,600 4,240 12,100 35,900 21,600 4,780 12,900 39,200 
Mendocino 358 54 204 616 379 57 212 649 
Monterey 816 4,550 10,200 15,600 884 2,870 10,500 14,300 
Napa 545 370 191 1,110 569 467 475 1,510 
Orange 76,600 16,800 7,190 101,000 85,400 18,400 7,550 111,000 
San Diego 1,680 4,580 308 6,570 2,030 6,790 483 9,310 
San Francisco 123 2,480 5,360 7,960 359 4,020 5,920 10,300 
San Luis 
Obispo 784 278 0 1,060 1,020 306 0 1,320 
San Mateo 21,800 66,300 18,200 106,000 22,400 69,400 21,500 113,000 
Santa Barbara 293 5,030 447 5,770 337 5,640 677 6,660 
Santa Clara 9,810 15,400 157 25,400 11,000 19,800 374 31,200 
Santa Cruz 2,320 7,930 4,210 14,500 2,620 8,620 4,780 16,000 
Solano 1,030 5,870 3,710 10,600 1,100 6,900 4,270 12,300 
Sonoma 971 233 0 1,200 975 266 0 1,240 
Ventura 4,500 1,540 7,470 13,500 5,760 1,870 8,670 16,300 

Total 161,000 179,000 76,900 417,000 184,000 209,000 88,700 481,000 
Note: Population estimates represent the total number of people living in census tracts exposed to coastal 
flooding according to the tract’s social vulnerability index score. Population estimates are rounded to 
three significant figures. 
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Figure 11: Social Vulnerability of Population Exposed to Coastal Flooding Under the B1 Scenario 
by the End of the Century, by County 
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Figure 12: Social Vulnerability of Population Exposed to Coastal Flooding Under the A2 Scenario 

by the End of the Century, by County 
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4.2.3 Wildfire  
Figures 13 and 14 show the probability of one or more fires over a thirty-year period under 
historic conditions and as modeled for the B1 and A2 scenarios. The modeled probability of 
future wildfires was highest in the Sierra foothills and along the coast, especially in Southern 
California. Under the A2 and B1 scenarios, the probability of wildfire was projected to increase 
across California through the end of the century. Larger increases were projected for the A2 
scenario compared to the B1 scenario. By the end of the century, the probability of a wildfire 
over large swaths of Southern California was projected to be 45 percent or higher for the A2 
scenario.  

The number of Californians exposed to wildfires and their social vulnerability are shown in 
Table 12 and Table 13. Under the B1 scenario, approximately 8.4 million people lived in areas 
with a wildfire risk in excess of 33 percent by the end of the century, which was categorized as 
high exposure. All of those living in areas with a high exposure to wildfire were in southern 
California (Table 14; Figure 15). Of those living in areas with high exposure to wildfire, about 
one-third was also living in areas with high social vulnerability. Los Angeles County had large 
numbers of people living in areas with both high exposure and high vulnerability, as did San 
Diego, San Bernardino, and Orange Counties (Table 14). 

Table 12: Social Vulnerability of Population with Increased Probability of Wildfire Under the B1 
Scenario, 2070–2099 

Wildfire Exposure 
Social Vulnerability 

Total Low Medium High 
Low (<14.2%) 3,690,000 4,990,000  4,030,000  12,700,000  
Medium (14.2 to 33.3%) 5,010,000 4,660,000  5,540,000  15,200,000  
High (>33.3%) 2,950,000  2,640,000  2,780,000  8,380,000  
Total 11,700,000  12,300,000  12,400,000  36,300,000 

Note: Population estimates represent the total number of people living in census tracts according to 
the tract’s social vulnerability index score and exposure to wildfire. Population estimates are rounded 
to three significant figures. 

While exposure to wildfire was greater under the A2 scenario, both scenarios showed similar 
statewide trends. More than 11 million people lived in areas with a high exposure to wildfire by 
the end of the century under the A2 scenario, or 34 percent more people than under the B1 
scenario (Table 13). Of those living in areas with high exposure to wildfires, nearly 4.4 million 
people, or 39 percent, also lived in areas with high social vulnerability. Many of those living in 
areas with both high exposure and high social vulnerability were in Los Angeles County (Table 
14; Figure 16). Large numbers of people living in areas with high exposure and high social 
vulnerability were also found in San Diego, San Bernardino, and Orange Counties (Table 14).  
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Table 13: Social Vulnerability of Population Exposed to Wildfire Under the A2 Scenario, 2070–2099 

Wildfire Exposure 
Social vulnerability 

Total Low Medium High 
Low (<14.2%) 3,540,000 4,840,000  3,980,000  12,400,000 
Medium (14.2 to 33.3%) 4,490,000  4,280,000 3,990,000  12,800,000 
High (>33.3%) 3,630,000  3,180,000  4,380,000 11,200,000  
 Total  11,700,000  12,300,000  12,400,000 36,300,000 

Note: Population estimates represent the total number of people living in census tracts according to 
the tract’s social vulnerability index score and exposure to wildfire. Population estimates are rounded 
to three significant figures. 

 

Table 14: Social Vulnerability of Population in Areas with High Exposure to Wildfire by County, 
2070–2099 

  
  
COUNTY 

Population with High (>33.3%) Probability 
Under B1 Scenario 

Population with High (>33.3%) Risk Under A2 
Scenario 

Social Vulnerability   
Total 

Social vulnerability   
Total Low Medium High Low Medium High 

Los Angeles 1,180,000 1,540,000 2,170,000 4,890,000 1,480,000 2,010,000 3,720,000 7,210,000 
Orange 589,000 72,800 34,900 697,000 830,000 236,000 129,000 1,190,000 
Riverside 12,800 3,520 5,290 21,600 67,700 8,630 9,300 85,700 
San Bernardino 266,000 427,000 256,000 949,000 280,000 491,000 362,000 1,130,000 
San Diego 666,000 560,000 304,000 1,530,000 593,000 320,000 132,000 1,040,000 
San Luis 
Obispo 0 0 0 0 15,200 18,000 0 33,200 
Santa Barbara 30,200 0 0 30,200 67,800 18,200 3,400 89,400 
Ventura 214,000 39,200 9,160 263,000 301,000 72,600 24,200 398,000 
Total 2,950,000 2,640,000 2,780,000 8,380,000 3,630,000 3,180,000 4,380,000 11,200,000 
Note: Population estimates represent the total number of people living in census tracts with high exposure to 
wildfire according to their social vulnerability index score. Population estimates are rounded to three significant 
figures. 
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Figure 13: Probability of One or More Fires over the 30-year Analysis Periods Under the B1 

Scenario 

Note: Data are from Krawchuk and Moritz (2012) and are based on GFDL Model and UPlan Base-Case 
Growth Scenario. 
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Figure 14: Probability of One or More Fires over the 30-year Analysis Periods  

Under the A2 Scenario  

Note: Data are from Krawchuk and Moritz (2012) and are based on GFDL Model and UPlan Base-Case 
Growth Scenario. 
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Figure 15: Social Vulnerability of Population with High Wildfire Exposure Under the B1 Scenario 

by the End of the Century, by County 
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Figure 16: Social Vulnerability of Population with High Exposure to Wildfire Under the A2 Scenario 

by the End of the Century, by County 
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4.2.4 Air Quality 
Figure 17 shows average particulate matter concentration under present (2000–2006) conditions 
and by mid-century, using data from Kleeman et al. (2010). Under historic climate conditions, 
an estimated 10.9 million Californians lived in census tracts with PM2.5 levels above the 
California standard. By 2050, this number is projected to increase. By 2050, an estimated 14 
million residents lived in census tracts with PM2.5 levels projected to be above the California 
standard in 2050, which is categorized as high exposure (Table 15). About half of those with 
high exposure also lived in areas with high social vulnerability. Those in areas with high social 
vulnerability and high PM2.5 concentration were largely concentrated in southern California (4.2 
million) and along the San Francisco Bay (Figure 18). Those in areas with high exposure and 
high vulnerability are especially high in Los Angeles County, with significant numbers also in 
Orange, Santa Clara, San Francisco, Imperial, and Alameda counties (Table 16).  

 

 

Figure 17: Average Particulate Matter (PM2.5) Concentration Under Present (7-yr Average 2000– 
2006) and Projected Future Conditions (2047–2053) 

Note: Projections are based on the NCAR B06.44 “Business as Usual” emissions scenario. 

 

 



50 

Table 15: Social Vulnerability of Population Exposed to PM2.5 Concentrations, 2047–2053 

Exposure to PM2.5 
Social Vulnerability 

Total Low Medium High 
Low (<6 µg/m³) 1,970,000 1,390,000  596,000  3,950,000 
Medium (6-12 µg/m³) 7,310,000  6,350,000 4,660,000  18,300,000 
High (>12 µg/m³) 2,380,000  4,560,000  7,100,000 14,000,000  
 Total  11,700,000  12,300,000  12,400,000 36,300,000 

Note: Population estimates represent the total number of people living in census tracts according  
to the tract’s social vulnerability index score and exposure to particulate matter. Population  
estimates are rounded to three significant figures. 

 



51 

 
Figure 18: Social Vulnerability of Population in Census Tracts with High Exposure to PM2.5 

Concentration, 2047–2053 
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Table 16: Social Vulnerability of Population in Tracts with High Exposure to PM2.5 Concentrations, 
2047–2053 

 Social Vulnerability  
County Low Medium High County Total 
Alameda 202,000 426,000 321,000 949,000 
Contra Costa 41,200 55,200 89,600 186,000 
Imperial 0 11,100 79,200 90,300 
Kern 0 33,800 142,000 176,000 
Los Angeles 693,000 1,720,000 4,190,000 6,610,000 
Marin 7,470 0 0 7,470 
Monterey 1,140 12,600 99,600 113,000 
Orange 700,000 645,000 776,000 2,120,000 
Riverside 48,000 57,400 63,900 169,000 
San Bernardino 184,000 399,000 433,000 1,020,000 
San Diego 68,700 43,700 0 112,000 
San Francisco 65,800 234,000 313,000 612,000 
San Joaquin 0 20,700 0 20,700 
San Mateo 21,100 21,000 52,000 94,000 
Santa Clara 217,000 615,000 309,000 1,140,000 
Solano 26,400 15,900 0 42,400 
Sonoma 15,300 19,800 0 35,200 
Tulare 49,100 83,000 82,700 215,000 
Ventura 14,200 33,800 76,100 124,000 
Total 2,350,000 4,450,000 7,030,000 13,800,000 

Note: Population estimates represent the total number of people living in census  
tracts with high exposure to particulate matter concentrations according to the  
tract’s social vulnerability index score. Population estimates are rounded to three  
significant figures. 
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SECTION 5:  
Discussion 
5.1 Climate Impacts and Social Vulnerability 
The State of California faces a range of impacts from global climate change, including increases 
in extreme heat, wildfires, and coastal flooding, and erosion. Changes are also likely to occur in 
air quality, water availability, and the spread of infectious diseases. A significant body of 
research has focused on understanding the physical impacts of climate change. It has become 
increasingly clear that any analysis of those affected by climate change must include a broader 
discussion of social vulnerability to these impacts. Social vulnerability is defined as the 
susceptibility of a given population to harm from exposure to a hazard, directly affecting its 
ability to prepare for, respond to, and recover. Vulnerabilities, like lack of access to a vehicle or 
other means of transportation, are shaped by intervening conditions that are not tied to a 
specific hazard but will greatly determine the human impact of the disaster and the specific 
needs for preparedness, response, and recovery (Hewitt 1997). 

In this study, we analyzed the potential impacts of climate change by using recent downscaled 
climate model outputs, creating a variety of statistics and visualizations to show their 
distribution across the state. To understand how the population exposed to these impacts 
would be affected, we looked at social vulnerability. 

Our main findings include the following: 

• By the end of the century, under both A2 and B1 scenarios, the number of extreme heat 
days during the summer months is projected to at least double and in some areas 
increase by 500 percent. Impacts are largest in the A2 scenario and in inland and 
southern parts of California. More than 20 million Californians (59 percent) live in areas 
that will have three times as many extreme heat days per year under the more 
conservative scenario B1, and more than three quarters of the state population will 
experience a five-fold increase in extreme heat days under the A2 scenario. Of this latter 
population, about 37 percent, or 10.1 million people, also live in areas with high social 
vulnerability. 

• Sixteen counties in the state have a 95th percentile heat threshold that is 100 degrees or 
higher. In these counties, the number of days of extreme heat is projected to increase by 
an average of 26 days under the B1 scenario and an average of 51 days under the A2 
scenario. But while warmer temperatures will affect all Californians, it will be especially 
problematic for those with heightened vulnerabilities. Large numbers of socially 
vulnerable populations can be found throughout California but are concentrated in Los 
Angeles, Orange, San Diego, and San Bernardino counties. Additionally, some counties 
have smaller numbers of highly vulnerable populations but a much larger percent of 
their total population are highly vulnerable. 
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• Mean sea level along the California coast is projected to rise from 1.0 to 1.4 m by the end 
of the century under the B1 and A2 scenarios, respectively. It is estimated that a 1.0 m 
and a 1.4 m rise in sea levels will expose 420,000 people and 480,000 people, respectively, 
to a 100-year flood event. Sea level rise induced coastal flooding is largely centered on 
the San Francisco Bay Area and the Los Angeles region, especially Orange County. 
Social vulnerability, however, is generally low in the Los Angeles region, with the 
exception of Ventura County, where more than half of those impacted exhibit a high 
social vulnerability. The San Francisco Bay Area has large numbers of highly vulnerable 
populations, with more than half of the population at risk of inundation in Contra Costa, 
San Francisco, and Monterey counties scoring in the top tercile for social vulnerability. 
The discrepancy between vulnerability in the San Francisco and Los Angeles regions 
reflects the economic geography of the region. In Los Angeles, the most valuable 
properties tend to be located along the ocean, while in San Francisco the wealthier 
communities are in the hills. 

• The likelihood of wildfire is projected to increase across California through the end of 
the century under both the A2 and B1 scenarios. Larger increases are projected for the 
A2 scenario compared to the B1 scenario. Southern California has an especially high 
probability of wildfire. By the end of the century, the probability of a fire over large 
swaths of southern California is projected to be 45 percent or higher. Approximately 8.4 
million people live in areas with a wildfire probability in excess of 33 percent under the 
B1 scenario, which was categorized as high exposure; 2.8 million of these people live in 
census tracts with high social vulnerability. An estimated 11.2 million people live in 
areas with high exposure to wildfire by the end of the century under the A2 scenario, or 
34 percent more people than under the B1 scenario. Of those living in areas with high 
exposure to wildfires, 4.4 million people, or 39 percent, also live in areas with high social 
vulnerability.  

• Particulate matter levels above the current California standard are a major health threat 
that contributes to asthma, heart disease, cancer and other ailments. Currently, 15 
percent of the California’s population has PM2.5 levels exceeding this threshold, and by 
2050 there will be a projected increase to 39 percent. An estimated 14 million current 
residents live in these highly impacted areas, half of whom also live in areas with high 
social vulnerability. The large number of highly impacted and highly vulnerable 
residents in Los Angeles County represents a profound geographic concentration of 
potential air quality effects. Projecting air quality changes due to climate change is a 
rapidly developing scientific field, and the current science serves to highlight areas of 
concern and raise questions, but is also limited by factors such as wind currents and 
changing local land use and transportation patterns. 

Note that the climate impacts evaluated here represent only a subset of potential impacts. 
California will also likely experience a range of other direct and indirect impacts, including 
changes in ozone concentrations, the frequency and intensity of droughts, the frequency and 
intensity of riverine floods, etc. These impacts were not evaluated in this analysis because data 
were not yet available to evaluate these impacts geographically.  
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Furthermore, impacts associated with the medium to medium-high greenhouse gas emissions 
scenarios from the IPCC are evaluated. As a result, this study does not provide the full range of 
possible future emissions scenarios and does not reflect the worst case climate change impacts 
that could occur. It is of note that current greenhouse gas emissions are exceeding those of even 
the high emissions scenarios. These analyses should be updated as more and better data become 
available. 

Finally, the population estimates in this analysis are based on current population figures, as 
reported in the U.S. Census. The total state population, however, is projected to reach 60 million 
by 2050, a 60 percent increase over 2000 levels (CA Department of Finance 2007). Our analysis 
does not use population projections because these projections are not available at the census 
tract level. The actual rate and distribution of population growth, and social and economic 
change will play a key role in shaping vulnerability in the future and should be evaluated in 
future studies. 

5.2 Value of a Social Vulnerability Analysis 
Within the hazards literature, it is widely accepted that risk is a function of exposure and 
vulnerability to that impact. Much of the early literature on climate change focuses on modeling 
climate impacts, reflecting exposure to a particular hazard. Although still limited, there is 
growing interest in understanding and evaluating social vulnerability to climate change in 
recent years. For example, Heberger et al. (2009) found that a 1.4 meter rise in sea levels will put 
480,000 people at risk of a 100-year flood event along the California coast, given year 2000 
population levels. A demographic analysis revealed large numbers of people at risk with 
heightened vulnerability, including some regions with disproportionate numbers of low-
income households and communities of color. Furthermore, they noted that given the high cost 
and the likelihood that individuals and state and local agencies will not protect everything, 
adaptation raised additional environmental justice concerns in decisions about who and what to 
prioritize in adaptation planning (Heberger et al. 2009). Likewise, Oxfam America (2009) 
published a research report that examined social vulnerability to four climate hazards (drought, 
flooding, hurricane force winds, and sea level rise) in the 13-state U.S. Southeast. The Oxfam 
study used a social vulnerability index to identify hot spots that are at particularly high risk to 
climate impacts. Additionally, the NOAA Coastal Services Center and University of South 
Carolina Hazards and Vulnerability Research Institute published data and maps of the Social 
Vulnerability Index to assist coastal communities with integrating social vulnerability analyses 
into planning (HVRI 2011b). Like previous studies, the results of this analysis show that some 
communities are at greater risk to climate impacts as a result of high exposure and high social 
vulnerability.  

The creation of an index is useful for assessing overall vulnerability and comparing areas within 
the state. An index-based approach allows analysis across the state and within counties to 
identify areas where efforts are especially needed to build community resilience. Strategies for 
building community resilience to climate change, however, will benefit from being tailored to 
the projected climate change impacts in a given area, and the social groups who have 
heightened vulnerability within that area. Both the results of the index scoring and the results 
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for each individual vulnerability factor included in the index would be valuable in assessing 
social vulnerability to climate change.2  

Understanding vulnerability factors and the populations that exhibit these factors is critical for 
crafting effective climate change adaptation policies and response strategies. For example, a 
vulnerability analysis can highlight geographic areas where targeted assistance is needed, and 
be used to guide discussions about how to distribute climate adaptation funds. Additionally, it 
can be useful for identifying which adaptation strategies would be most effective in a particular 
area. For example, efforts to encourage residents to install air conditioners may not be effective 
among some highly vulnerable populations that may not be able to afford higher energy bills 
that result from using these devices. 

Vulnerability indicators, however, simplify complex relationships and do not account for 
contexts in which the relationship between the social characteristic and vulnerability may be 
reversed. For example, not having an adult household member who speaks English has been 
found to increase vulnerability, households with this characteristic may actually be less 
vulnerable in a community where information is shared through social networks communicated 
in a language other than English. In other words, some conditions are strengths at times, 
vulnerabilities at others.  

It is important to note that there may be highly vulnerable people within a low vulnerability 
tract. The common geographic denominator for most of the data analyzed was the census tract, 
of which there were 7,049 in California in 2000. For a state of 36 million people, this means that 
the average tract contains about 7,000 people. Whenever a population’s characteristics are 
averaged across large areas, smoothing is inevitable and local variation within that area is lost. 
A census tract with a relatively low social vulnerability score, indicates a populace that is above 
average in terms of health and income. Within that same tract, however, there may be families 
living in poverty, senior citizens, or disabled persons that are more vulnerable and likely to 
require assistance in responding to and recovering from a natural disaster or other disturbances. 

Additionally, one must use caution when comparing urban and rural areas. Densely populated 
areas tend to have a much larger number of highly vulnerable populations compared to less-
populated rural areas. In some of the rural areas, however, a larger percentage of the population 
is characterized by high social vulnerability. This has implications for adaptation planning and 
implementation, much of which will occur at the local level. For example, highly impacted areas 
with small populations have a much smaller population base on which to spread the costs of 
adaptation. As a result, additional support for adaptation planning and implementation might 
be needed in these rural areas. 

Finally, some indicators of vulnerability are not intended to measure progress toward more 
resilient communities, e.g., race and age characteristics of a community will not change through 
efforts to build resilience. Thus, these indicators will not be useful in measuring the effect of 

                                                      
2 We provide maps showing vulnerability factors across the state at www.pacinst.org. These maps can be 
accessed by agencies, community groups, and individuals to help inform climate adaptation efforts. 
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these efforts. Separate indicators will likely be needed to track climate planning and action 
processes.  

5.3 Study Limitations 
A vulnerability index that integrates vulnerabilities with multiple projected climate impacts was 
constructed, rather than a separate index for each distinct type of impact (flooding, extreme 
heat, etc.). This allows the index to estimate relative social vulnerability to climate change 
overall, but also provides a limited estimate of vulnerability to the particular impacts projected 
in an area. In areas where one climate change impact is highly unlikely, the vulnerability score 
still includes factors that are unique to this impact. For example, in an area with very low 
projected increases in extreme heat the vulnerability score still includes consideration of the 
percentage of households with air conditioning – a factor only relevant to vulnerability to 
extreme heat.  

The Census Bureau’s smallest measurement area is the block. In cities, the description is fitting, 
as they are often precisely a city block, while they tend to be much larger in rural areas. With 
more than 530,000 blocks in California, data aggregated at this scale can show a great deal more 
detail. Certain demographic variables are published at the block level, such as population and 
race. However, much of the data used to compile an indicator of social vulnerability is simply 
not available at this scale, including data from public health surveillance such as numbers of 
pregnant women or obese youth.  

Our social vulnerability index provides a score for an area based on a measure of vulnerability 
to all climate change impacts, even though only one impact may affect that given area. For 
instance, a coastal neighborhood may be at high risk of coastal flooding and very low risk of 
other impacts, yet the vulnerability index takes into consideration the population’s vulnerability 
to all impacts, including those unlikely to occur in that area. In this case, the community may 
have a low percentage of households with air conditioners, which would lower their 
vulnerability score, but that condition is unlikely to have much effect on the impact of climate 
change because they are at low risk of extreme heat events.  
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SECTION 6:  
Conclusions and Recommendations  
6.1 Conclusions 
The State of California faces a range of impacts from climate change, including increases in 
extreme heat, wildfires, and coastal flooding and erosion. Changes are also likely to occur in air 
quality, water availability, and the spread of infectious diseases. To date, a great deal of 
research has been done to forecast the physical effects of climate change, while less attention has 
been given to the factors that make different populations more or less vulnerable to harm from 
such changes. While disaster events may not discriminate, impacts on human populations are 
shaped by intervening conditions that determine the human impact of the event and the specific 
needs for preparedness, response, and recovery. 

Climate risk is a function of exposure and vulnerability. To compare overall social vulnerability 
to climate change among areas within the state, a single vulnerability index that combines data 
from 19 vulnerability factors was used. The authors calculated a vulnerability index for each of 
the 7,049 census tracts in the state. The vulnerability index score maps were overlaid with maps 
of projected exposure to extreme heat, particulate matter, coastal flooding, and wildfire to 
identify areas with high social vulnerability and high projected exposure to climate change 
disturbances. The areas of overlap indicated those areas with heightened risk of being impacted 
by these climate changes as a result of exposure and social vulnerability. 

Understanding vulnerability factors and the populations that exhibit these factors is critical for 
crafting effective climate change adaptation policies and response strategies. For example, a 
vulnerability analysis can highlight geographic areas where targeted assistance is needed and 
be used to guide discussions about how to distribute climate adaptation funds. Additionally, it 
can be useful for identifying which adaptation strategies would be most effective in a particular 
area. For example, efforts to encourage residents to install air conditioners may not be effective 
among some highly vulnerable populations that may not be able to afford higher energy bills 
that result from using these devices. 

6.2 Recommendations 
Climate changes are inevitable, and adaptation to unavoidable impacts must be evaluated, 
tested, and implemented.  

Local, regional, and state climate analyses have emphasized climate impacts and mitigation 
strategies. Yet, some degree of climate change is now unavoidable. Communities must begin 
developing and implementing adaptation plans.  
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Local governments or regional planning agencies should conduct detailed studies to better 
understand the potential impacts of climate change on their communities.  

The analysis presented here is an initial estimate of the impacts of climate change for California 
using the best research available at a statewide level. More detailed assessments of local impacts 
and potential responses are needed. 

Climate analyses should include an evaluation of social vulnerability. 

A significant body of research has focused on understanding the physical impacts of climate 
change. Social vulnerability is often poorly understood and rarely integrated into climate 
assessments. Additional work is needed to integrate social vulnerability into climate adaptation 
and response strategies. 

Local planning processes need to involve communities most vulnerable to harm when 
developing appropriate preparation and adaption strategies.  

The particular needs of vulnerable communities, and appropriate adaptation policies, are best 
identified and developed through processes in which the affected communities are at the center 
of decision making. The complex intersection of diverse factors of vulnerability, such as access 
to transportation, legal residency, income, and language abilities, produces a context in which 
the people living in these communities can best elaborate how to take proactive measures to 
prevent disproportionate harm. 

6.2.1 Research Needs 
Further research is needed to develop geographically disaggregated population projections. 

Population projections are available from a number of sources, such as the U.S. Census Bureau, 
the California Department of Finance, and the Public Policy Institute of California. Generally, 
the smallest geographical aggregation for these data is the county level. With 58 counties in 
California, this paints the future population with a broad brush. Other research has focused on 
where future growth is likely to occur. The outputs from these projects are future land use, and 
they do not report population at scales smaller than the county. It would have been simple to 
say that all the areas in a county will grow at an equal rate – the simplest way to disaggregate 
geographic data is to do so uniformly. However, this would be unrealistic, as certain areas are 
nearly built out or at capacity, while growth is taking place in many formerly unpopulated 
areas.  

Additional research is needed to develop improved air quality projections for a variety of 
parameters, especially ozone. 
Analysis of climate change and air quality was limited to particulate matter with a diameter 
< 2.5 µm (PM2.5) because it was among the only dataset currently available. There are a number 
of other air quality parameters, however, that are important to human health, particularly 
ozone, for which reliable data are not as readily available. Additional research is needed in this 
area. 
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Glossary 
AAP American Academy of Pediatrics 

ACS American Community Survey 

CalFire  California Department of Forestry and Fire Protection 

ARB California Air Resources Board 

CDC United States Centers for Disease Control and Prevention  

ENSO El Niño Southern Oscillation 

EPA Environmental Protection Agency 

GFDL Geophysical Fluid Dynamics Laboratory 

GIS  Geographic Information System 

HVRI Hazards and Vulnerability Research Institute 

IPCC Intergovernmental Panel on Climate Change 

ITEP Institute for Tribal Environmental Professionals 

JAMA Journal of the American Medical Association 

MMWR Morbidity and Mortality Weekly Report 

NCAR National Center for Atmospheric Research 

NIOSH National Institute for Occupational Safety and Health 

NOAA National Oceanic and Atmospheric Administration 

OCAC Oakland Climate Action Coalition 

PIER Public Interest Energy Research 

PCM Parallel Climate Model 

PM2.5 Fine particulate matter 

RD&D Research, development, and demonstration 

SRES Special Report on Emissions Scenarios 

SoVI Social Vulnerability Index 

USCCSP US Climate Change Science Program 
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Executive Summary 
The City of Oakland’s 2016-2021 Local Hazard Mitigation Plan (2016-2021 LHMP) is intended to 
assess the risks to the City and to the people of Oakland, from natural and human-caused 
hazards. The Plan reviews risks from hazards, identifies mitigation measures to reduce those 
risks, and presents an implementation program for the next five years. The 2016-2021 LHMP 
functions as an appendix to the 2004 Safety Element of the Oakland General Plan, is an update 
to the 2010-2015 Local Hazard Mitigation Plan, and compliments the City’s ongoing disaster, 
emergency, and resilience planning efforts.  
 
For the City of Oakland to become more resilient and disaster-safe, the 2016-2021 LHMP 
provides a direction for reducing the potential for loss of life, property damage, and 
environmental degradation from natural disasters, while accelerating economic recovery from 
those disasters.  Earthquakes, Liquefaction, Wildfire, Floods, Tsunami, Extreme Heat, Drought, 
Inundation from Sea-level rise, and hazardous materials release were each studied for their 
potential effects in Oakland.     

The 2016-2021 LHMP has four main goals:  

1. Protect the health and safety of Oakland residents and others in the city by minimizing 
potential loss of life and injury caused by safety hazards. 

2. Safeguard Oakland’s economic welfare by reducing potential property loss, damage to 
infrastructure, and social and economic dislocation and disruption resulting from safety 
hazards. Assist Oakland residents to recover quickly from adversity, and stay “rooted” in 
the City.  

3. Preserve Oakland’s environmental quality by minimizing potential damage to natural 
resources from safety hazards. Improve public infrastructure to increase environmental 
and health benefits from the City’s air, soil and water.   

4. Ensure the Downtown Specific Plan (expected adoption in 2017/18) and all future 
Specific Plans and Oakland General Plan updates include recognition of projected sea 
level rise and other natural hazards; and also include policies and goals that encourage 
future development projects to adapt to the predicted effects of climate change.   

The Hazard Mitigation Planning process allowed City staff to engage Oakland residents at four 
community meetings, and through an online survey, to hear their concerns and priorities for 
reducing the risks from known hazards. The City convened a group of internal City staff in 
various departments, as well as outside agencies and districts, to update the risk profiles, and 
to prioritize mitigation measures.   
 
For this 2016-2021 Local Hazard Mitigation Plan, the Port of Oakland has included its hazard 
mitigation projects and proposals, which address known risks to the Port’s Airport and 

9 
 



Maritime operations from Earthquakes, Liquefaction and flooding, as well as from projected 
sea-level rise.   

With the adoption of the 2016-2021 LHMP, the City will continue to comply with the federal 
Disaster Mitigation Act of 2000, and remain eligible for pre- and post-disaster grants and other 
benefits.   
 
Oakland’s Hazards and Risks 

The City of Oakland is susceptible to many types of natural and human-caused hazards.  

Earthquakes are the most pervasive hazard because they are impossible to predict and are 
associated with other hazards such as liquefaction and fires. There is a 70% chance of an 
earthquake of magnitude 6.7 striking the San Francisco region in the next 30 years, according 
the United States Geological Survey1 and the Hayward Fault transverses the City, at the base of 
the Oakland Hills.  A major earthquake on the Hayward fault would cause significant damage; in 
Oakland; shaking from the Hayward fault could be 3-10 times stronger than the shaking 
experienced in the 1989 Loma Prieta earthquake. Soft story apartment buildings are particularly 
at risk in the City, and over 22,000 apartment units are in such buildings in Oakland2. Four 
different hazards can result from earthquakes:   

Fault rupture or displacement is a sudden shifting of the ground along the trace of an 
earthquake fault;  

Ground shaking is the movement of the ground caused by the passage of seismic waves 
through the earth’s outer crust during an earthquake; 

Liquefaction happens during an earthquake when the ground shakes and the soil 
transforms into a fluid state which can damage the structural foundations of buildings. 
In Oakland, 17,400 acres are in areas of moderate, high, or very high liquefaction 
susceptibility, primarily at the waterfront, and into some of the flatland neighborhoods.  

Landsliding is the rapid down-slope movement of soil, rock and rock debris, and can be 
triggered by both an earthquake and by heavy rains.  2,600 acres are at risk from 
landslides. 

Flooding is the inundation of normally dry land as a result of a rise in the level of surface waters 
or the rapid accumulation of storm-water runoff; it becomes a hazard when the flow of water 

1 Field, E.H., and 2014 Working Group on California Earthquake Probabilities, 2015, UCERF3: A new earthquake 
forecast for California’s complex fault system: U.S. Geological Survey 2015–3009, 6 p., 
http://dx.doi.org/10.3133/fs20153009. 
2 City of Oakland, Preliminary Resilience Assessment, (2016), pg. 21 
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has the potential to damage property and threaten human life or health. There are four hazards 
from flooding studied in the Plan: 

Excessive stormwater runoff from heavy rain happens in Oakland during winter storms.   

Tsunamis.  Often incorrectly referred to as tidal waves, tsunamis are waves caused by 
an underwater earthquake, landslide or volcanic eruption. 

Seiches.  A poorly understood phenomenon, seiches are waves in an enclosed or semi-
enclosed body of water such as a lake, reservoir or harbor. 

Dam failure and inundation: there are 13 active dams and reservoirs that, in case of 
failure, would cause flooding in Oakland.     

Sea-level rise: Oakland is projected to experience 36 - 66 inches of sea level rise by the year 
2100, which, without action, could substantially impact coastal areas: low lying coastal 
residences, the Port, the former Oakland Army Base, the Oakland Alameda County Coliseum 
complex, Oakland International Airport, and I-880 are most at risk.  

Wildfire are hazards in the Oakland Hills, due to steep and rugged topography, dense and 
unmanaged vegetation (especially woods and brush), accessibility to human activities, exposure 
to wind and sun, drought conditions, and the presence of above-ground utility lines.  11,000 
acres in the Hills are subject to high wildfire risk.   

Drought: California has been experiencing a drought since 2012, which has required significant 
conservation approaches. The year 2015 surpassed the year 1977 as the driest year on record in 
California. During drought, Oakland experiences higher water prices, decreased cooling options 
during extreme heat days, loss of shade trees and plants and open space values, and higher risk 
of wildfire.   

Extreme heat are periods of summertime weather that are substantially hotter and/or more 
humid than typical for a given location at that time of year.  Extreme heat conditions can result 
in heat stroke, heat exhaustion and cardiovascular stress and there are greater risks for the 
elderly and children. There are 28 extreme heat days predicted for the year 2017.   

“Hazardous Materials” describes a large number of gaseous, liquid and solid substances which 
are toxic, flammable, corrosive, reactive, infectious or explosive. These properties of hazardous 
materials make their potential release into the environment and the negative impact on human 
health from such a release is the subject of governmental regulation and community awareness 
and activism.  Risks come from these materials being transported on the railroad, roadway and 
seaport networks; through pipelines; and from the businesses and facilities that generate, use, 
store or dispose of hazardous materials. 
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The 2016-2021 LHMP provides an assessment of these hazards and mitigation strategies to 
reduce negative impacts to protect human life and property. Damage from hazards can be 
reduced through careful planning, program implementation and infrastructure improvements. 
The Plan is a guide for implementing these selected strategies over the next five years.   

Mitigation Strategies 
 

The City commits to either implement or seek funding for each of the 21 hazard mitigation 
measures listed in Table 18 (see Section 6.4.2 for details). Port of Oakland mitigation measures 
are also included.     

I. Building and Facilities  

1. Safer Housing for Oakland: Soft Story Apartment Retrofit Program 
2. Earthquake Safe Homes Program 

II. Infrastructure 

3. Green Infrastructure Planning  
4. “Detain the Rain” -- Stormwater detention on private property  
5. City of Oakland, Stormwater infrastructure improvements 
6. Review and Collaborate with BCDC on Adapting to Rising Tides mitigation strategies  

III. Fire Prevention 

7.  Wildfire Prevention Assessment District (WPAD) re-authorization 
8. Defensible Space Vegetation Program to reduce Wildfire hazards 
9. Amend Oakland Planning Code to adopt a “Fire-safe Combining Zone” for future 

construction 

IV. Emergency Planning and preparations 

10. Reliable Water Supply during Fires 
11. Continuity of Operations Emergency Planning 
12. Emergency Notification Systems 
13. Implement Energy Assurance Plan 
14. Assessment and retrofits of Critical Facilities and Infrastructure 

V. Port of Oakland – Airport and Maritime Mitigations 

15. Oakland International Airport, Old Earhart Road Floodwall Improvements 
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16. Oakland International Airport Perimeter Dike 
17. Maritime Terminal Study on Liquefaction Potential 
18. Middle Harbor Shoreline Park Dike repair 
19. Maritime Intelligent Transportation System (ITS) 
20. Maritime Area Seismic Monitors 
21. Sea Level Rise Vulnerability and Assessment Improvement Plan 

Implementation 
 

To ensure that the mitigation strategies in the 2016-2021 LHMP are implemented as 
envisioned, and to review new hazards data as it becomes available, the City Administrator’s 
office and the Oakland Fire Department Emergency Management Services Division will monitor 
the mitigation measures, and will annually review the Local Hazard Mitigation Plan, in 
partnership with staff from the Planning and Building Department. The Local Hazard Mitigation 
Plan will be reviewed and revised comprehensively every five years.   

 
  

13 
 



1. Introduction 
The City of Oakland’s 2016-2021 Local Hazard Mitigation Plan (2016-2021 LHMP) is intended to 
assess the risks to assets in the City and to the people of Oakland, from natural and human-
caused hazards. The Plan reviews risks from hazards, identifies mitigation measures to reduce 
those risks, and presents an implementation program for the next five years. The Hazard 
Mitigation Plan functions as an appendix to the Safety Element of the Oakland General Plan, 
and a compliment to the City’s ongoing disaster, emergency, and resilience planning.  

1.1 Background 
Hazard mitigation is any sustained action taken to reduce or eliminate the long-term risk to 
human life and property from hazards. Hazard mitigation is most effective when a long-term 
plan is developed before a disaster occurs. A hazard mitigation plan identifies the hazards a 
community or region faces, assesses their vulnerability to the hazards and identifies specific 
actions that can be taken to reduce the risk from the hazards. 

This 2016-2021 City of Oakland Local Hazard Mitigation Plan assesses the risks to Oakland from 
a number of natural and human-caused hazards, and describes those actions that the City is 
taking, or will take to reduce or mitigate the effects from those hazards. The Hazard Mitigation 
Plan functions as an appendix to the Safety Element of the Oakland General Plan.   
 
As noted by the California Office of Emergency Services (CalOES) in the most recent State Multi-
Hazard Mitigation Plan:  
 

The term “natural disaster” refers to destructive events involving natural forces such as 
droughts, earthquakes, floods, hurricanes, landslides, mudslides, storms, tornados, 
tsunamis, high or wind-driven waters, wildfires, and volcanic eruptions. 

By contrast, “human-caused” disasters include acts of war and terrorism, as well as 
disasters with a technological component such as dams and levee failures, nuclear 
accidents and radiological releases, major truck and rail transportation accidents, oil and 
other hazardous materials spills, and airplane crashes. 

It is important to realize, however, that distinctions among natural, human-caused, and 
technological disasters are often artificial when taking into account the human decisions 
underlying settlement patterns that conflict with natural hazards. For example, 
Hurricane Katrina on the Gulf Coast was both a natural and human-caused disaster 
involving the construction of urban areas over time in naturally hazardous areas below 
sea level only partially protected by construction of inadequate levees. To the extent 
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that disaster losses could be made preventable through mitigation, natural disasters can 
also be considered human- caused”3 

1.2 Disaster Mitigation Act of 2000 
The Federal Disaster Mitigation Act of 2000 (DMA 2000) emphasizes planning for disasters prior 
to their occurrence, and makes mitigation planning a requirement. DMA 2000 outlines a 
process which cities, counties, and special districts can follow to develop a Local Hazard 
Mitigation Plan. Approval of this plan is a requirement for pre- and post-disaster funds from the 
Federal Emergency Management Agency (FEMA). The California Governor’s Office of 
Emergency Services (CalOES) reviews the Plans, prior to submission to FEMA. Local Hazard 
Mitigation Plans must be updated by local jurisdictions every five years.   

1.3 Purpose and Goals 
For the City to become more resilient and disaster-safe, the Hazard Mitigation Plan provides a 
direction for reducing the potential for loss of life, property damage, and environmental 
degradation from natural disasters, while accelerating economic recovery from those disasters.  
The City has four primary goals for the 2016-2021 LHMP:  

1. Protect the health and safety of Oakland residents and others in the city by minimizing 
potential loss of life and injury caused by safety hazards. 

2. Safeguard Oakland’s economic welfare by reducing potential property loss, damage to 
infrastructure, and social and economic dislocation and disruption resulting from safety 
hazards. Assist Oakland residents to recover quickly from adversity, and stay “rooted” in 
the City.  

3. Preserve Oakland’s environmental quality by minimizing potential damage to natural 
resources from safety hazards.  Improve public infrastructure to increase environmental 
and health benefits from the City’s air, soil and water.   

4. The Oakland Planning Bureau will ensure the Downtown Specific Plan (expected 
adoption in 2017/18) and all future Specific Plans and Oakland General Plan updates 
include recognition of projected sea level rise and other natural hazards; and will also 
include policies and goals that encourage future development projects to adapt to the 
effects of climate change.   

For this 2016-2021 LHMP, the Port of Oakland has included its hazard mitigation projects and 
proposals, which address known risks to the Port’s Airport and Maritime operations from 
Earthquakes, Liquefaction and flooding, as well as from projected sea-level rise.   

  

3 STATE OF CALIFORNIA MULTI-HAZARD MITIGATION PLAN CHAPTER 4 –RISK ASSESSMENT OVERVIEW, accessed at 
http://www.caloes.ca.gov/HazardMitigationSite/Documents/005-SHMP%202013%20Chapter%204.pdf 
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1.4 Authorities 

Numerous City officials and staff are responsible for the continual review and update of 
relevant Codes, agreements, and plans that ultimately protect critical city facilities, and reduce 
risk to Oakland residents and businesses. Authority for different elements of hazard mitigation 
is placed in different departments of the City, all working under the City Administrator’s Office:  

• Building Official, in the Department of Planning and Building, maintains Chapter 15 of 
the Oakland Municipal Code (including seismic upgrade standards) to be in conformance 
with the California Building Code;  

• City Engineer, in Oakland Public Works, manages the City’s participation in the FEMA 
National Flood Insurance Program;  

• Director of Oakland Public Works oversees the City’s stormwater and creek protection 
program, and maintains and enhances the City’s critical facilities; Oakland Public Works 
staff prepares the Oakland Energy and Climate Action Plan, addressing the causes of 
climate change;  

• Bureau of Planning staff in the Department of Planning and Building prepares the Local 
Hazard Mitigation Plan, in consultation with the Manager of the Emergency 
Management Services Division; and proposes amendments to the Safety Element of the 
Oakland General Plan;  

• Oakland Fire Chief leads the Oakland Fire Department and keeps the Oakland Fire Code 
(Chapter 15.12 of the Oakland Municipal Code) up to date; the Fire Chief also oversees 
the former Wildfire Prevention Assessment District program, a special assessment 
district in the Oakland Hills which generated funds for vegetation management;   

• Director of Emergency Management Services, Oakland Fire Department, administers the 
City’s emergency preparedness programs, including Citizens of Oakland Respond to 
Emergencies (CORE); mutual aid agreements with neighboring jurisdictions, local 
agencies and utilities; collaborates with the Bureau of Planning to produce the Local 
Hazard Mitigation Plan; and 

• Chief Resilience Officer, working for the City Administrator, prepares the City’s 
“Resilience Plan”, which addresses both shocks, such as natural hazards, and stresses, 
such as crime, which affect Oakland residents.   

The City Planning Commission reviews amendments to the Oakland General Plan, including the 
Safety Element; it also reviews individual development entitlements, and imposes conditions of 
approval.   

 

 

16 
 



1.5 Area at a Glance 
 

Figure 1: Map of Oakland in the Region 

 

 

The City of Oakland 

Founded in 1852, the City of Oakland (City) is located on the eastern shore of the San Francisco 
Bay. Oakland is home to 413,775 people, making it the 8th largest city in California. The City’s 
geography spans nearly 56 square miles, and is framed by 19 miles of San Francisco Bay 
coastline to the west, and rolling hills to the east. The City is bordered on the north by the cities 
of Berkeley and Emeryville and to the south by the city of San Leandro. To the west and across 
the estuary channel is the city of Alameda and to the east, Alameda and Contra Costa 
Counties. The City’s elevation is 42 feet above sea level.   
 
Oakland is home to 413,775 people, making it the 8th largest city in California. Oakland 
represents 12% of the population of the San Francisco--Oakland Urban Area. Oakland is 
growing more rapidly than California as a whole; between 2010 and 2014, Oakland’s population 
grew 6%, while the state’s population grew 4%.  Oakland is the county seat of Alameda County. 
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Oakland is a terminus for three major railways, the eastern touchdown for the Oakland-San 
Francisco Bay Bridge, and several major freeways.  
 
Oakland has more than 75 different and vibrant neighborhoods and commercial corridors, and 
more than 100 parks totaling over 2,500 acres. It is the only city in the United States with a 
natural saltwater lake wholly contained within its borders (115-acre Lake Merritt). 
 
Oakland is also quite densely populated, with 7,000 people per square mile. The City is also one 
of the most ethnically diverse major cities in the nation, with major representation from 
Hispanic and Latino, Asian, African- American and Caucasian residents speaking over 125 
languages and dialects, as well as one of the country’s largest LGBT communities.  
 

Oakland houses the nation’s 5th busiest port. The Port of Oakland began in 1927, and operates 
the Port and Oakland International Airport, the Container Port and also owns additional 
waterfront property that it leases as commercial real estate, in Jack London Square and in the 
Oakland Airport Business Park. The Port Board consists of seven members nominated by the 
Mayor and appointed by the City Council. The Port employs 500 full time employees, and has 
an operating budget of $330 million for FY 2016.  

1.6 Demographics 
The City of Oakland is growing from the 390,700 at the time of the 2010 U.S. Census; there 
were 397,000 people in the American Community Survey, and 413,775 in 20164, as shown in 
Table 1. The City is home to approximately 154,000 households.   

The last three decades have brought significant changes to Oakland. Before 1980, Oakland had 
experienced three decades of population decline due to changes in the local economy, 
migration to suburban communities, and other factors.  Since 1990, Oakland has experienced 
growing interest as a place to live and work.  In recent decades, the San Francisco Bay Area has 
been the focal point of significant economic development and investment in the technology 
sector. In the early 2000s, this resulted in significant constraints on housing in areas located 
near Silicon Valley (San Mateo County and San Francisco City and County). The economic 
slowdown after 2008 saw a bursting of the housing bubble, resulting in a significant increase in 
foreclosures and a decline in housing demand. Resurgence in the technology sector in recent 
years has resulted in another period of high housing demand that has spilled over to other 
regional cities, including Oakland.   

 

4 City of Oakland, Preliminary Resilience Assessment (2016), pg. 8 
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Table 1. City of Oakland Population Changes 1990-2010 

Year Oakland Alameda County 

1990 372,242 1,338,421 

2000 399,484 1,443,741 

2010 390,724 1,510,271 

2013 397,011 1,510,271 

Change 1990-2013 24,769 171,850 

Percent Change 4.9% 12.8% 

Source:  U.S. Census Bureau, 1990, 2000 and 2010; American Community Survey, 2013 
 

Age Characteristics: 

Between 2000 and 2010, there were only small changes in Oakland’s the age distribution.  
There was a 4 percent decrease in the percentage of children between the ages of 5 to 19 
years, leading to a 3 year increase in the median age from 33 years in 2000 to 36 years in 2010.  
Additionally, Oakland experienced an increase in the percent of the population in their mid-50s 
to mid-60s.  Even with the slight change in the proportion of some age groups, the age groups 
from 5 years to 54 years of age experienced decreases in population between 2000 and 2010.   

If the population changes over the past decade continue during the next 10 to 20 years, the City 
may be home to a significantly large number of older adults and retirees who are looking for 
housing suited to their changing lifestyles and physical needs. Table 2 compares the age 
composition of Oakland’s population in 1990, 2000 and 2010 with that of Alameda County and 
the State of California. 
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Table 2. Age Distribution (1990, 2000 and 2010) 

Age 
Oakland 
1990 

Oakland 
2000 

Oakland 
2010 

Alameda 
County 
2000 

Alameda 
County 
2010 

California 
2000 

California 
2010 

Under 5 
years 8% 7% 7% 7% 6% 7% 7% 

5 to 19 
years 20% 21% 17% 21% 19% 23% 21% 

20 to 34 
years 26% 25% 24% 24% 22% 22% 22% 

35 to 54 
years 27% 30% 29% 31% 30% 29% 28% 

55 to 64 
years 9% 7% 12% 8% 11% 8% 11% 

65 and over 10% 11% 11% 10% 11% 11% 11% 

Median age    32    33    36    35    37    33    35 
Source:  U.S. Census Bureau, 1990, 2000 and 2010 
Note:  Percentages may not add to 100 due to rounding. 
 
Ethnicity:  

Oakland’s population is very diverse, as evidenced by the 2010 Census: 26 percent non-Hispanic 
White, 27 percent non-Hispanic Black/African American, 17 percent Asian, and 25 percent 
Hispanic, as shown in Table 3. Since at least the 1940s, Oakland has had a significantly higher 
percentage of non-White and Hispanic residents than other cities of similar size. The City’s non-
Hispanic Black/African American population declined by 24 percent between 2000 and 2010. In 
comparison, the population who identified themselves as non-Hispanic White increased, as did 
the non-Hispanic Asian/Pacific Islander, and Hispanic/Latino populations. The non-Hispanic 
White population increased by 8 percent, non-Hispanic Asian/Pacific Islander population 
increased by 8 percent, and the Hispanic/Latino population increased by 13 percent.  
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Household Composition 
 

In 2010, Census data reported an increase in the number of households throughout the City of 
Oakland since 2000. The total number of households in 2010 was recorded at 153,791, as 
shown in the Table below. Of those households, 54 percent were family households 
(households with related individuals).  This percentage was substantially below countywide 
figures. Even though the number of households has grown, there has been a decline in the 
average household and family size.  The average household size has declined from 2.6 in 2000 
to 2.49 in 2010.  Similarly, the average family size also decreased, from 3.38 to 3.27.  These 
trends are directly related to the decline in proportion of population groups with larger 
household sizes and the increase in the proportion of population groups with smaller 
household sizes.  These changes in household size might be a reflection of the nationwide trend 
away from traditional family structures.  The number of family households has scaled down 
from 86,347 in 2000 to 83,718 in 2010.  Similarly, there has been a 10% decline in the number 
of family households with children between 2000 and 2010.   

Oakland has a high percentage of single adults and other non-family households (unrelated 
individuals living together).  Nearly one-third of Oakland households consist of single persons, 
and about 30 percent consist of two people.  More than a third (36 percent) of Oakland 
households have more than three people (mostly family households).  The high percentage of 
smaller households in Oakland may be due, in part, to the relatively low proportion of housing 
units with more than two bedrooms compared to the surrounding suburban areas.  According 
to the 2000 Census, nearly 70 percent of Oakland’s housing stock has two or fewer bedrooms, 
compared to 54 percent countywide.  
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2. Planning Process 

2.1 Overview of Hazard Mitigation Planning 
Hazard Mitigation Planning is one part of an ongoing effort at the City of Oakland to prepare, 
respond and build back from known hazards, such as earthquakes, as well as expected future 
hazards, such as sea-level rise. The 2016-2021 LHMP incorporates many overlapping policies 
and plans, as described in Section 3.1, below.   
 
Mitigation 
The term “mitigation”, as described by the State Multi-Hazard Mitigation Plan, means: 
  

Any sustained action taken to reduce or eliminate the long-term risk to human life and 
property from natural, human-caused, and technological hazards and their effects. Note 
that this emphasis on long-term risk distinguishes mitigation from actions geared 
primarily to emergency preparedness and short-term recovery. 

 
Mitigation is predicated on the principles that many losses are preventable through better 
community design and that each event should teach us how to reduce losses in the next 
disaster. Mitigation generally means reducing long-term risk from hazards to acceptable 
levels through predetermined measures accompanying physical development, such as 
strengthening structures to withstand earthquakes, prohibiting or limiting development in 
flood-prone areas, clearing defensible space around residences in wildland-urban 
interface (WUI) areas, or designing development away from areas of geological instability. 

 
Mitigation is different from emergency preparedness. The latter concentrates on activities 
that make a person, place, or organization ready to respond to a disaster with emergency 
equipment, food, emergency shelter, and medicine.”5 

2.2 Preparing the 2016-2021 Update 
Preparation of the 2016-2021 LHMP continues the hazard mitigation planning process that has 
been in place in the City of Oakland since the early 1970s, with the adoption of the City’s first 
Seismic and Safety Elements to the City’s General Plan. The City of Oakland is a leader in the 
regional discussion of hazards, hazards mitigation and disaster recovery. The City was 
designated one of the first Disaster Resistant Communities in the United States, as well as one 
of the first “100 Resilient Cities.”6   

This, and prior Hazard Mitigation Plans build upon and refine priorities set in 2004, with the 
adoption of the Safety Element to the Oakland General Plan. The Safety Element is a living 

5 STATE OF CALIFORNIA MULTI-HAZARD MITIGATION PLAN CHAPTER 4 –RISK ASSESSMENT OVERVIEW, Section 4.4 PAGE 95, accessed at 
http://www.caloes.ca.gov/HazardMitigationSite/Documents/005-SHMP%202013%20Chapter%204.pdf 
 
6 See website, http://www2.oaklandnet.com/Government/o/CityAdministration/d/ResilientOakland/index.htm 
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document, used by City staff, with a comprehensive discussion of natural and human-caused 
hazards in Oakland, and measures to mitigate effects from those hazards. The General Plan 
Safety Element is divided into the following hazards:  

• Public Safety:  including violent crime and terrorism; 

• Geologic Hazards:  including earthquake fault displacement, ground shaking, 
liquefaction, subsidence and settlement, slope instability or landslide hazards, erosion, 
soils, structural hazards, transportation facilities, and utility systems; 
 

• Fire Hazards: including fire-fighting response, water supply, structural fires, wildland 
fires, roadway standards and emergency routes; 
 

• Hazardous Materials: including business plan program, CalARP program, UST program, 
aboveground storage tank program, hazardous waste tiered permitting program, 
household hazardous water management, toxic air contaminants, contaminated sites 
and brownfields, transportation, pipelines, emergency response, and zoning; 
 

• Flooding Hazards: including storm-induced flooding, tsunamis, seiches, dam failure, and 
sea-level rise. 

 

All of the mitigation strategies identified in the 2016-2021 Local Hazard Mitigation Plan will be 
integrated into those contained in the City’s Safety Element of the General Plan, as an 
“implementation annex” to the Safety Element. This action requires adoption of a resolution by 
the City Council, and will be based on a recommendation from the Oakland Planning 
Commission. 

The City’s preparation of the 2016-2021 LHMP included a review of all existing programs and 
strategies, identifying any gaps that may lead to disaster vulnerabilities, assimilation of 
complimentary efforts, such as the Oakland Preliminary Resilience Assessment (see Appendix 
A), and prioritization of existing and proposed mitigation measures. Four community workshops 
were also held by the City, prior to publication of a final public review document, allowing the 
pubic to contribute their ideas and comments on the City’s priorities for hazard reduction. The 
City also released an online survey, which had 157 respondents.   

Since the release of the previous LHMP in 2012, little new residential or commercial 
development has occurred in Oakland, due to the nationwide economic downturn. Except for 
the new mapping data on sea-level rise inundation done by BCDC in 2015, there are no new 
significant areas of Oakland that face risks from natural hazards, which weren’t already 
identified in either the Safety Element, or in the 2010-2015 LHMP.   
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The Port of Oakland has contributed current mitigation planning initiatives that reduce hazards 
from earthquakes, flooding and sea-level rise.   

The Oakland departments and senior staff who participated in this Hazard Mitigation Plan 
update include:  

• Oakland City Administrator Christine Daniel (Assistant City Administrator), Karen Boyd 
(Communications Director) and Harry Hamilton (Public Information Officer) reviewed 
the report and directed the community meetings and outreach. Victoria Salinas, former 
Oakland Chief Resilience Officer, provided technical support and convened internal 
stakeholders. Kiran Jain, current Oakland Chief Resilience Officer, reviewed drafts of the 
report.  
 

• Oakland Fire Department 
Teresa Deloach Reed (Fire Chief), Miguel Trujillo (Fire Marshal) and Cathey Eide 
(Manager, Emergency Management Services Division) reviewed the Plan and provided 
mitigation measures.   
 

• Department of Planning and Building 
Rachel Flynn (Director), Darin Ranelletti (Deputy Director) and Ed Manasse (Strategic 
Planning Manager) reviewed the Plan and supervised its preparation; Devan Reiff 
(Planner III) was the project manager for the Plan and convened the community 
meetings and public hearings Tim Low (Acting Building Official) and Dave Harlan (Bureau 
of Buildings) provided technical assistance.   

 
• Oakland Public Works 

Brooke Levin (Director), Susan Kattchee (Assistant Director), Mike Neary (Assistant 
Director) and Jason Mitchell (Assistant Director) provided technical support and 
mitigation measures; Daniel Hamilton (Manager) and Shayna Hirshfield-Gold 
(Sustainable Oakland), provided technical assistance and spoke at public workshops.  
 

• Port of Oakland 
Richard Sinkoff (Director, Environmental Programs), Joshua Polston (Aviation) and Tranh 
Vuong (Maritime), each provided mitigation measures from the Port of Oakland.   

 

Consulting agencies 

Regional agencies and Districts also contributed to the Plan:  

• Association of Bay Area Governments (ABAG) 
Danielle Meiler, Resilience Program; Dana Brechwald, Michael Germeraad, provided 
technical assistance and made presentations at community workshops.   
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• San Francisco Bay Conservation and Development Commission  (BCDC) 
Lindy Lowe and Maggie Wenger, Adapting to Rising Tides, provided technical assistance 
on Sea-Level rise scenarios, and made presentations at community workshops.   
 

• East Bay Municipal Utilities District 
Lilian Leung (Design Division), and Rebecca Overacre (Wastewater), provided updates 
on seismic improvements to EBMUD facilities;  
 

• East Bay Regional Parks District 
Kenneth Miller (Park Supervisor) provided technical assistance.   

Also complimenting this Hazard Mitigation Plan update is the regular participation of the City of 
Oakland’s Emergency Management Services Division management and staff, in a wide variety 
of federal, state, regional and local groups, task forces and workshops on disaster preparation 
and recovery. See Appendix B for an annual report summarizing this division’s activities in the 
last year.  

In addition to the policies and actions outlined in the Safety Element, the City routinely 
implements the hazard mitigation policies from its Housing Element and the Land Use and 
Transportation Element of the General Plan. The City also enforces the requirements of the 
California Environmental Quality Act (CEQA). Since 1988, CEQA requires mitigation for 
identified natural hazards.  

2.2.1 Specific and Area Plans – Hazard Mitigation Measures  

In the last few years, the City has adopted a number of Specific Plans which have policies that 
mitigate hazards, and plan for adaptation to climate change. Below are a few selected examples 
from recent Specific Plans, and the hazards addressed by the mitigation action.   

West Oakland Specific Plan  

Extreme Heat: 

• Reforestation 1: Implement the West Oakland Reforestation Plan, which includes 
detailed, site specific recommendations for new tree plantings, and analysis of the 
environmental and economic benefits that would accrue from such additional tree 
plantings.   

New Sidewalk Trees: Support and pursue implementation of the Reforestation Plan’s 
recommendations for additional plantings of quality trees along each of twelve major 
streets identified in that Plan. The Reforestation Plan includes a detailed list of locations 
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where additional trees can be planted, estimates of the quantity of trees that can be 
planted at each location, and recommendations for specific tree species that should be 
used.7  

Broadway-Valdez District Specific Plan  

Flood and Drought: 

• I 4.2: Developers shall design projects to optimize runoff capture and treatment by 
incorporating features such as bioswales, infiltration areas, vegetated filter strips, 
porous paving, and rain gardens that enhance stormwater infiltration and reduce peak 
runoff .  

• I 4.5: Encourage developers to incorporate rainwater harvesting in new buildings and 
landscapes as a means supplementing their water supply and reducing demand for 
potable water.8 

Lake Merritt Station Area Plan 

Sea Level Rise, stormwater: 

• IU-5: Stormwater runoff - New development must be designed to limit the amount of 
storm water runoff into drains or surface water bodies including Lake Merritt, the Lake 
Merritt Channel, or the Oakland Estuary.9 

Coliseum Area Specific Plan   

Flood and future Sea-level Rise:  

• Public Infrastructure 6.10:  a. Design flood protection against a nearer-term potential 
16-inch sea level rise above current Base Flood Elevation for mid-term planning and 
design (2050); and design gravity storm drain systems for 16 inches of sea level rise;  

b. Provide a mid-term adaptive approach for addressing sea level rise of greater than 18 
inches, including incorporation of potential retreat space and setbacks for higher levels 
of shoreline protection, and design for livable/floodable areas along the shoreline in 
parks, walkways, and parking lots;  

7 City of Oakland, West Oakland Specific Plan, (2014), pg. 9.23.   
8 City of Oakland, Broadway-Valdez District Specific Plan, (2014), pg. 85.   
9 City of Oakland, Lake Merritt Station Area Plan (2014), pg. 9-12 
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c. Develop a long-term adaptive management strategy to protect against even greater 
levels of sea level rise of up to 66 inches, plus future storm surge scenarios and 
consideration of increased magnitude of precipitation events." 

• Public Infrastructure 6.11: Include a suite of shoreline protection measures, protective 
setbacks and other adaptation strategies, to be incorporated into subsequent 
development projects. These could include:  

a. Build a shoreline protection system within Sub Areas B, C and D to accommodate a 
mid-term rise in sea level of 16 inches, with development setbacks to allow for further 
adaptation for higher sea level rise, with space for future storm water lift stations near 
outfall structures into the Bay and Estuary.  

b. Consider incorporation of a seawall along the rail tracks, east of the new Stadium 
and/or Ballpark sites.  

c. Consider designing temporary floodways within parking lots, walkways and roadways.  

d. Construct the storm drainage system to be gravity drained for sea level rise up to 16 
inches, and pumped thereafter. Pumping should be secondary to protection.  

e. Require that all critical infrastructure sensitive to inundation be located above the 16-
inch rise in base flood elevation.  

f. Design buildings to withstand periodic inundation, and prohibit below grade habitable 
space in inundation zones.  

g. Where feasible, construct building pads and vital infrastructure at elevations 36 
inches higher than the present day 100- year return period water level in the Bay, and 
add a 6-inch freeboard for finish floor elevations of buildings.  

h. Consider construction of a protection system, such as a “living levee”, (similar to the 
design presented in the MTC Climate adaptation Study, 2014), along Damon Slough in 
Sub-Area A, from its entry into the Plan Area at San Leandro Bay to its upstream 
confluence at Lion’s Creek."10 

Plan Downtown 

At the time of this Hazard Mitigation Plan update (2015-2016), the City is preparing the 
Downtown Oakland Specific Plan, which is expected to have a number of resilience and 
adaptation strategies, as the plan area is surrounded by water on two sides: the Jack London 

10 City of Oakland, Coliseum Area Specific Plan (2015), pgs. 132-133 
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District estuary shoreline to the south, and the Lake Merritt and channel shoreline to the east. 
The City will continue to monitor the adoption of the Downtown Plan, and incorporate any 
hazards related policies and actions by reference into the 2016-2021 LHMP.  

2.3 Document the community engagement process 
On March 3rd and 16th, and April 18th and 25th, 2016, the City hosted public workshops on its 
2016-2021 update of the Local Hazard Mitigation Plan (LHMP). Notes, the media release11, 
photographs and presentations from each workshop are included as Appendix C to this 2016-
2021 LHMP. The public was also encouraged to take an online survey which identified public 
priorities for City programs which reduce risk and mitigate hazards  There were 157 responses 
to the survey; and in general, residents want to see more opportunities for community based 
disaster preparedness training, and communication from the City on emergency alerts and 
evacuation and shelter planning (see Appendix D for survey results). The City will use the results 
of the survey and the public comment from the workshops to inform the Hazard Mitigation 
Plan as it is reviewed and updated annually; and to inform the prioritization and funding of the 
City’s mitigation measures to reduce the risks from hazards.  

In preparation of the Plan, staff coordinated with other similar, complimentary efforts by the 
City, such as ‘Resilient Oakland’, and the update to the Energy and Climate Action Plan, with 
public meetings throughout 2016, to bring a Hazard mitigation discussion to each of the public 
workshops held for those two efforts. During Spring and Summer 2016, the “Resilient Oakland” 
initiative will begin its second phase, which is to develop a Resilience Plan and program for 
implementation. The comments made by the public to the Hazard Mitigation Plan survey and 
workshops will be incorporated into this Resiliency Plan.   

Complimentary regional efforts are underway, and staff from both the Association of Bay Area 
Governments (ABAG) and the San Francisco Bay Conservation and Development Commission 
(BCDC) made presentations at the City’s March community workshops,  informing participants 
about the ongoing Resilience Program, and Adapting to Rising Tides initiative.    

  

11 The release was sent to local media outlets.   
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3. Capability Assessment 

3.1 Relevant plans and programs in place. 
The City of Oakland has a long history and ongoing commitment to hazard mitigation planning. 
Over the last twenty years, the City has addressed the potential natural and human-caused 
hazards in elements of the Oakland General Plan, in policies and actions of Specific or area 
plans, and in myriad programs and projects underway by different departments. In addition, 
the 2010-2015 Oakland Local Hazard Mitigation Plan (2010-2015 LHMP) was adopted in 2012 
and is still applicable through March 2016, with over two hundred policy actions and goals. 
Table 4 below describes some of these Plans and projects, and their management. Appendix E 
lists each of the detailed policies and actions which are in each Element or Plan, that addresses 
or responds to hazards.   

Table 4.  Relevant plans and programs in place 

Plan or Program Description Department 
lead 

Incorporated 
into LHMP 

Oakland General 
Plan 

 Bureau of 
Planning 

 

 Safety Element A policy framework to guide the public 
decision making process with regard to 
safety hazards including public safety, 
geologic hazards, fire, flooding and 
hazardous materials. 

 Reviewed to 
identify 
hazards, risk 
profile, and 
policies 

 Housing 
Element 

An assessment of the need for housing and 
an inventory of housing; statement of the 
goals with regard to housing residents; and 
a program for providing the needed 
amount of housing throughout the City. 

 Reviewed to 
identify and 
include 
relevant 
policies in 
LHMP.   

 Land Use and 
Transportation 
Element (LUTE) 

Adopted in 1998, the LUTE defines the long 
range goals and intentions of the 
community regarding the direction of 
future development within the City of 
Oakland. Designates the kinds, location, 
and intensity of land uses, as well as 
appropriate zoning controls to achieve 
development goals.   

 Reviewed to 
identify and 
include 
relevant 
policies in 
LHMP.   

Specific and Area 
Plans 

 Bureau of 
Planning 

 

 Downtown 
Specific Plan 
(ongoing 2016) 

Specific Plan for downtown Oakland, to 
ensure continued growth and revitalization 
to benefit both Downtown residents and 

 Reviewed to 
identify and 
include 
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the larger community.  The plan will 
provide sound policy guidance on 
development, linking land use, 
transportation, economic development, 
housing, public spaces, cultural arts, and 
social equity. 

relevant 
policies in 
LHMP.  
policies 

 Coliseum Area 
Specific Plan 
(2015) 

Specific Plan to transform the underutilized 
land around the Oakland-Alameda County 
Coliseum and Arena into a world-class 
sports, entertainment and science & 
technology district that boasts a dynamic 
and active urban setting with retail, 
entertainment, arts, culture, live and work 
uses. 

 Reviewed to 
identify and 
include 
relevant 
policies in 
LHMP.   

 Lake Merritt 
Station Area 
Plan (2014) 

Specific Plan to consider land use, 
buildings, BART facilities, the 
transportation network, parks and public 
spaces within a half mile of Lake Merritt 
BART station. It identifies actions the City, 
other public agencies and community 
members can take, and establishes 
regulations for development projects on 
private property. 

 Reviewed to 
identify and 
include 
relevant 
policies in 
LHMP.   

 West Oakland 
Specific Plan 
(2014) 

Specific Plan to develop comprehensive, 
multi-faceted strategies for facilitating the 
development of selected vacant and/or 
underutilized commercial and industrial 
properties within the West Oakland 
community. The Plan is a tool for 
supporting, attracting and developing 
commercial and industrial enterprises to 
provide jobs and services needed by the 
West Oakland community and the city of 
Oakland at large. 

 Reviewed to 
identify and 
include 
relevant 
policies in 
LHMP.   

Priority 
Conservation Area 
designations 
(2015) 

Priority Conservation Areas” (PCAs) are an 
important tool in Association of Bay Area’s 
“Plan Bay Area”, an integrated land use 
and transportation for the region. 
Oakland’s Priority Conservation Areas 
(PCAs) include parts of Oakland that are 
most at risk from earthquakes, floods, and 
sea level rise (See 
http://abag.ca.gov/priority/conservation/).   

 Reviewed to 
identify and 
include 
relevant 
policies in 
LHMP.   
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3.1.1 Ongoing initiatives and collaborations  

Oakland is in ongoing collaboration with neighboring jurisdictions, public agencies, special 
districts, utilities and other stakeholders about climate adaptation, emergency and disaster 
management, and resiliency. Of note are the following ongoing initiatives, staffed by the 
Emergency Management Services Division, the Sustainable Oakland team in Oakland Public 
Works, and the Office of the City Administrator “Resilient Oakland.” Each effort is described 
more fully, below.       

City of Oakland Emergency Management Services Division (EMSD): 

EMSD, a division of the Oakland Fire Department, coordinates the activities of all City agencies 
relating to planning, preparation and implementation of the City's Emergency Operations 
Plan12. EMSD also supports the coordination of the response efforts of Oakland's Police, Fire 
and other first responders in the City's state-of-the-art Emergency Operations Center (EOC) to 
ensure maximum results for responders by providing up-to-date public information and 
ensuring coordinated resource management during a crisis. Additionally, EMSD coordinates 
with the Alameda County Operational Area and other partner agencies to guarantee the 
seamless integration of federal, state and private resources into local response and recovery 
operations. 

EMSD accomplishes this mission through partnerships, policy, planning, programs, training, 
exercise, equipment and outreach efforts that assist Oakland's first responders, City 
departments, local businesses, non-governmental organizations (NGOs), community-based 
organizations (CBOs) and residents in their emergency management/preparedness efforts. 
EMSD also integrates its emergency management and homeland security management 
practices that incorporate a multi-disciplinary, multi-hazards approach to the Urban Area 
Security Initiative (UASI), Port Security, Airport Security and Transit Security which includes a 
strong emphasis on partnerships and regional, state and federal collaboration. 
 
The City of Oakland has made strides in comprehensive emergency management planning 
through the development of previously adopted federal and state-compliant Local Hazard 
Mitigation Plans (LHMP), Emergency Operations Plan (EOP) and Regional Catastrophic 
Preparedness Grant Program (RCPGP) Annexes. The 2010-2015 LHMP assisted in the mitigation 
of future disasters by identifying risk vulnerabilities and measures to alleviate the impact of 
hazards. The EOP is an all-hazards emergency preparedness, response and short-term recovery 
plan designed to: serve as a basis for effective response to any hazard threatening Oakland 
using capabilities for the protection of citizens from the effects of disasters; facilitate the 
integration of mitigation in response and recovery activities; and facilitate coordination with 

12 For further detail on these programs, see the January 15, 2016 “Emergency Management and Disaster Preparedness Council Informational 
Report, 2014-2015” at https://oakland.legistar.com/LegislationDetail.aspx?ID=2557718&GUID=B8CA470C-4311-47BA-81A3-
FA7FF49EA39E&Options=ID|Text|&Search=emergency 
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cooperating private or volunteer organizations and County, State and Federal government in 
disaster situations. The RCPGP Annexes are specialized addendums to the EOP which focus on 
the City’s response to the impact of a catastrophic earthquake on mass care and sheltering, 
mass transportation and evacuation, donations management, volunteer management, mass 
fatalities, and debris management.  

Each emergency plan follows the principles and processes outline in the National Incident 
Management System (SEMS), California Standardized Emergency Management System (SEMS), 
and the Incident Command System (ICS). This provides a consistent, flexible and adjustable 
framework for the City to work to manage disasters regardless of their cause, size, location or 
complexity across all phases of emergency management: preparedness, response, recovery and 
mitigation. 

 
Training and Exercise:  
 
The EMSD Emergency Planning Coordinator responsible for training and exercise planning 
assists with the identification and coordination of Standard Emergency Management (SEMS), 
National Incident Management Systems (NIMS) and EOC Incident Command System (ICS) 
training courses on behalf of City of Oakland employees.  
 
Since August 2014 to the present and in coordination with OFD sworn staff and the UASI 
Training Program Lead Planner, 20 trainings have been scheduled in which OFD or Oakland 
EMSD was the planned host. Eighteen of these courses have already been held. 

The EMSD has developed and hosted three exercise events designed for the benefit of Oakland 
personnel. This included the annual Flu vaccination clinic (November, 2014) “No Blue Flu,” The 
Yellow Command Emergency Public Information Officer Exercise (September 2015), and the 
Oakland Yellow Command EOC Drill (September 2015). 

City/Oakland USD Emergency Shelter Facilities Use Committee 

The Oakland Unified School District (OUSD) Emergency Shelter Facilities Use Committee has 
met quarterly since August 2014. The Committee’s charge is to fulfill the elements of the 
Oakland Unified School District Memorandum of Agreement (MOA) in using school district 
facilities as emergency shelters or staging areas in the event of a catastrophic disaster.  

Logistics Planning: Points of Distribution (PODS) and Local Staging Areas (LSA)  

EMSD staff continues to conduct outreach to identified PODS and LSA sites to establish 
partnerships in providing the City of Oakland with paved, open and level space to serve the 
purpose of a community-based needs PODS and/or LSA. 
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Mass Notification System 

When local emergencies or disasters occur, the City of Oakland uses a mass notification system 
to communicate concise information and instructions to Oakland employees, residents, visitors 
and businesses including the type of incident and instructions or actions to take to remain safe. 

Internally, the system is used for activations of the Emergency Operations Center (EOC) and for 
callouts for multi-alarm fires. 

Effective January 1, 2016, the City of Oakland will be participating in “EverBridge,” the Alameda 
County Alert System. The EverBridge system is internet-based and can send emergency 
messaging via telephone, Short Message Service (SMS) text message, email, instant message, 
fax or TTY/TDD. 

Oil Spill Response Planning 

The State Office of Spill Prevention and Response (OSPR) has the California Department of Fish 
and Wildlife’s (CDFW) public trustee and custodial responsibilities for protecting, managing and 
restoring the State’s fish, wildlife, and plants. It is one of the few State agencies in the nation 
that has both major pollution response authority and public trustee authority for wildlife and 
habitat.  

Since July 1995, the Oakland Fire Department’s Emergency Management Services Division 
(EMSD) has been the lead agency for development and implementation of the Alameda County 
Local Oil Spill Contingency Plan (ACLOSCP). 

In 2015, the City Council approved a Memorandum of Understanding (MOU)13 between the City 
of Oakland Emergency Management Services Division and the Alameda County Operational 
Area for oil spill planning. The new agreement ensures the City of Oakland will continue to play 
a prominent role in planning, mitigating, responding to, and training for oil spills.  
 

Emergency Operations Center (EOC) 

EMSD staff maintains the Emergency Operations Center (EOC) throughout each week in order 
to keep it in readiness mode at all times. In late 2012, grant funds were approved for upgrade 
to the EOC workspace environment for the creation of a Virtual Desktop Infrastructure. Work 
on this project was completed in 2014, providing enhancement of the EOC capability. In 
addition to the infrastructure upgrade, the EMSD also received funding and approval for an 
upgrade of the Emergency Management (EM) software. allowing for a smooth and well 
integrated web-enabled crisis information management system that provides secure real-time 

13 Resolution No. 85531 C.M.S 
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information sharing between the City EOC, the Alameda County Operational Area; and thusly 
the Regional Operations Center (REOC) and the State Operations Center (SOC). 

Emergency Management and Disaster Preparedness Council:  

The Emergency Management and Disaster Preparedness Council (EMADPC) is the City of 
Oakland’s Disaster Council and also advisory over the City’s CERT Program Communities of 
Oakland Respond to Emergencies (CORE). The EMADPC is an executive-level advisory body 
established to facilitate the development and implementation of policies, programs and plans 
that protect persons and property within Oakland during times of emergencies and 
disasters.  The Council membership consists of the Mayor (chair), City Administrator (vice 
chair), Director of Emergency Services (secretary), city agency, department or division heads 
and representatives from the general public, businesses, civic and community organizations, 
local agencies, utilities, and neighboring cities.    
 
The Emergency Management and Disaster Preparedness Council meets quarterly.  All EMADPC 
members are assigned to one of the five standing committees: Preparedness, Mitigation, 
Response, Recovery and Fiscal/Funding.  These standing committees meet periodically to 
undertake specific projects, in which case members are assigned to work groups with 
delineated tasks and timeframes. The standing committees and/or working groups are chaired 
by EMADPC members and staffed by Fire Department, Emergency Management Services 
Division personnel. 
 

The City of Oakland’s Emergency Management and Disaster Preparedness Council (EMADPC) 
has supported the following efforts for the time period of September 1, 2014 through 
December 31, 2015: 

• Disaster Recovery Planning includes the development of a best practices document and 
localizing the planning products to coordinate and manage long-term recovery after a 
catastrophic event. Key objectives: 

o Validation of the health, social, economic, natural and environmental Recovery 
Support Functions (RSFs). 

o Build resiliency from the local jurisdiction up to the nation. 
o Development of the “Recovery Framework Resources and Tool Kit.” 

 
• The Private Non-profit (PNP) Assistance Program (AB903) Committee consisting of members 

of the NorCal VOAD (Voluntary Organizations Active in Disasters), Oakland EMSD staff with 
the support of California Office of Emergency Services (Cal OES) continue to work on 
developing training and outreach for the PNP Assistance Program reimbursement to non-
profits requested to provide assistance to local jurisdictions for critical resources post 
disaster14. The group is developing a work plan to assist with educating government, non-

14 Program authorized by AB 903 legislation.   
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profits and faith based organizations on Cal OES’s requirements and process. NorCal VOAD 
has received a grant from the San Francisco Foundation to support this effort.  
 

• NorCal VOAD held a regional forum on January 14, 2016 to provide information about the 
Disaster Cost Reimbursement (DRC) Project to assist Bay Area Nonprofits and local 
government to better understand and prepare to utilize the California Disaster Assistance 
Act Private Nonprofit (PNP) Program for cost reimbursement following a disaster. The 
program was attended by nonprofits, government agencies and faith based organizations 
from five counties; Alameda, Contra Costa, Marin, San Francisco and San Mateo.  The forum 
included: A program overview, research results from PNP applicant case stories, a step by 
step overview of the process and forms from Cal OES and a tabletop exercise. Participants 
were given the opportunity to discuss next steps and action items to continue working 
together within their individual counties. 

 
Communities of Oakland Responding To Emergencies (CORE): 

Communities of Oakland Responding To Emergencies (CORE) is a free emergency preparedness 
and disaster response training program for individuals, neighborhood groups and community-
based organizations in Oakland. CORE teaches self-reliance skills and helps neighborhoods 
establish response teams to take care of the neighborhood until professional emergency 
personnel arrive.  Since its inception in 1990, more than 18,000 residents have been trained in 
CORE programs.   
 
Highlights of the CORE program in the past year include:  
 
• The Tenth Annual CORE Citywide Emergency Response Exercise was held Saturday, April 25, 

2015. This year’s objectives included: Neighborhood Command Post Operations, triage and 
treatment processes conducted by Light Search and Rescue and Disaster First Aid teams and 
effective communication at all levels. 47 CORE neighborhoods participated in this year’s 
exercise and over 55 individuals and volunteers participated in the simulation exercise at 
the OFD training division. Testing communications via Amateur radio operators were made 
to participating anchor fire stations and GMRS radio capabilities.   
 

• The CORE Program uses the City’s GovDelivery notification system to deliver mass emails 
and notices to CORE members and subscribers, which has been very successful. Our popular 
Tuesday Tips are now automatically posting to the CORE Facebook page and the City’s 
Twitter account. The program has also used the system to do outreach for special trainings 
such as workshops, Learn, Lead, Lift and special projects like the City’s Soft Story Project.  
 

• Learn, Lead, Lift (LLL) – The LLL Program has transitioned to the CORE Program and will be 
offering trainings on a regular basis. “Learn, Lead, Lift” is a disaster justice pilot project 
which strives for the sustainable engagement and integration of all Oakland neighborhoods 
in emergency planning, preparedness, and mitigation efforts regardless of social, cultural, 
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religious and economic status. 
 

• Oakland Fire EMSD and the CORE Program partnered with FEMA to provide community 
outreach and education for the movie release of “San Andreas” at the Grand Lake Theatre. 
Over 1,000 moviegoers participated, in conjunction with Oakland Fire, Oakland Parks and 
Recreation, Oakland Radio Communications Association (ORCA), FEMA, USGS, CalOES, Bay 
EMT and the Grand Lake Theatre. 
 

• The CORE Program offered two new workshops in the last quarter: Self-Care & Resiliency 
and Neighborhood Networking.  
 

• CORE has conducted over twenty private classes in the last quarter and has numerous 
classes scheduled through the end of the year. CORE classes in Cantonese, Mandarin, ASL 
and Braille were provided via translators and translated materials with the assistance of the 
City's Equal Access department, and our ADA program.  
 

• The Great CA ShakeOut Annual Drop, Cover, Hold On drill was held Thursday, October 15, 
2015 at 10:15 am. This year in conjunction with the ADA 25th Anniversary Oakland Fire, 
ADA Program and FEMA hosted a ShakeOut ADA25 Preparedness Fair at Frank Ogawa Plaza 
from 9:00 am to 2:00 pm with speakers, demonstrations and displays with an interactive 
Drop, Cover, Hold On drill.  

 
Sustainable Oakland/ Energy and Climate Action Plan 
Oakland is consistently recognized as one of the most livable and sustainable cities in the 
nation, and City staff and elected officials are committed to leading Oakland's progress in 
becoming a more sustainable city – a community in which all people have the opportunity to 
pursue safe, happy, healthy and fulfilling lives, now and into the future. Protecting a clean and 
ecologically healthy environment; growing a strong economy with opportunity for all; and 
fostering a safe, equitable and vibrant community are all critical components of this vision. The 
City’s award-winning sustainability efforts rely on collaboration both among City departments 
and between City government and community and business groups.  Our sustainability 
leadership is focused on continuously improving our efforts as new data, technologies, and 
community resources become available, and constantly pushing the boundaries of what it 
possible. The Sustainable Oakland Program tracks and reports on progress toward achieving the 
City’s Energy and Climate Action Plan (ECAP) goals, and produces an annual Sustainable 
Oakland Report.15   

The City’s ECAP was adopted by Council in 2012, and sets forth Priority Actions and additional 
actions for accomplishing deep Greenhouse Gas emissions, increasing social equity through 
sustainability efforts, and building community-wide resilience by 2020.  Actions are grouped 

15 See City website, http://www2.oaklandnet.com/Government/o/PWA/s/SO/index.htm 
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into themes of transportation and land use, building energy use, material consumption and 
waste, community engagement, and climate adaptation and increasing resilience. 

The Sustainable Oakland report for 2014-2015 notes progress on several relevant Priority 
Actions: 

• PA-29: The City participates in discussions with the San Francisco Bay Conservation and 
Development Commission (BCDC), Local Government Sustainable Energy Coalition, and 
Urban Sustainability Directors Network on climate adaptation programs, and 
administers a Resilience Program through the 100 Resilient Cities grant from the 
Rockefeller Foundation. 

• PA-31: Transportation and land use planning are coordinated in the City's General Plan, 
and specific integration requirements are in place for all major development projects in 
the City. 

• PA-58: The City is continuing to seek grants to fund community climate workshops. 
Community partners, including the Oakland Climate Action Coalition, have been 
conducting workshops addressing both climate change mitigation and resiliency. 

• PA-59: BCDC, through the Adapt to Rising Tides program, is completing its Oakland 
Alameda Resilience Study in 2016, assessing long term climate risks to properties near 
the Oakland Coliseum and on Bay Farm Island, home to the Oakland International 
Airport.  Additional analysis is being conducted regionally, with the City of Alameda. 

• PA-60: The City provides ongoing education to the community on climate issues through 
the Sustainable Oakland site, a Facebook page, and multiple publications, brochures, 
events, and other materials. 

• PA-61: The City has hired a Chief Resilience Officer to pursue opportunities to improve 
resilience in both planning and policy documents. 

Resilient Oakland:   

In 2013, Oakland was named one of “100 Resilient Cities”, an initiative funded by the 
Rockefeller Foundation, dedicated to helping cities around the world become more resilient to 
physical, social and economic challenges. Oakland, as a leader in community-based climate 
resilience planning, is working to foster community partnerships to increase resilience, as well 
as social and economic equality. Development of a Resilience Strategy allows Oakland to: 
review and confirm the City’s existing level of resilience; identify high-priority areas and 
initiatives for improving resilience; and strategically implement high impact projects in 
partnership with 100 Resilient Cities and other organizations and people committed to Oakland 
thriving. A Preliminary Resilience Assessment was released in March 2016, and is included as 
Appendix A to this update of the Hazard Mitigation Plan.   
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3.3 Previously implemented mitigation measures. 
There are a number of hazard-reduction measures the City has performed in the years 2010-
2015, and in prior years, and other measures the seeks funding to continue as ongoing 
mitigation.     

Oakland City Hall base isolation/retrofit  
Oakland’s City Hall is a historic landmark which opened in 1914 as the first high-rise 
government building in the nation. The building underwent seismic renovations, including 
installation of base isolators, following the 1989 Loma Prieta earthquake to improve the safety 
of the building and its occupants during future earthquakes. 

Single family home seismic retrofit program  

The City instituted and funded the Seismic Strengthening Incentive Program for Single Family 
homeowners, starting in 2008. The City set aside $1 million from its real estate transfer tax for a 
two-year program. Details of the program included a flat rate permit fee ($250) for those who 
met the City’s retrofitting standards (otherwise, applicants would pay 10% of construction fee 
for the permit); and up to $5,000 reimbursement for those who met the City’s seismic 
retrofitting standards and completed the retrofitting within 18 months. The City also included 
retrofitting standards—akin to Plan Set A or a custom designed plan by a licensed structural 
engineer—in the Oakland Building Code.   

At the time Oakland began its Seismic Strengthening Incentive Program, the State of California 
had not adopted such a code, and Oakland was one of the first to do so. The State has since 
also adopted retrofitting standards.  

During the two years the Single Family seismic retrofit program was funded in Oakland, more 
than 360 people participated. Owners understood that by performing the seismic retrofit, they 
were protecting a large investment, and adding the typical cost of a $3,000 to $10,000 for 
retrofitting at the time they were applying for the mortgage was not onerous.  Oakland’s 
funding program ended in 2012, with the closing of the Redevelopment Agency, but the 
operational and administrative functions are still in place within the City’s Housing and 
Rehabilitation Unit.   

As of 2016, the City is seeking grant funding for the “Earthquake Safe Home” program, which 
would assist 600 homeowners for code-compliant seismic retrofits (see Mitigation strategies 
Section, 6.4.2).  .   
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Un-reinforced masonry ordinance:  

City of Oakland staff continue to actively implement existing State law that requires cities and 
counties to maintain lists of the addresses of unreinforced masonry buildings and inform 
private property owners that they own this type of hazardous structure.   

Soft-story screening program 

In 2009, the Oakland City Council passed Ordinance 12966 C.M.S., which added Chapter 15.26 
to the Oakland Municipal Code, entitled “Mandatory Seismic Screening of Certain Multiple 
Story Residential Buildings Permitted for Construction Prior to the Adoption by the State of 
California on January 1, 1991, of the 1988 Edition of the Uniform Building Code”. The ordinance 
acknowledged that “soft story” residential buildings pose a substantial risk to the building’s 
residents because this type of building is inherently vulnerable to structural damage and even 
collapse in a moderate or major earthquake. The ordinance required owners of wood-frame 
multi-family buildings to complete a short level 1 (low-cost) screening assessment to verify the 
City’s inventory of potential soft story buildings. Through this process, 1,379 building owners 
were contacted, with 65 percent responding. The City of Oakland is currently in the process of 
developing a new program that will mandate the retrofit of vulnerable multi-family soft-story 
buildings.  

Wildfire Prevention  

The City of Oakland has a designated ‘High Fire Severity Zone’ within the Oakland Hills which is 
approximately 16.5 square miles. The Wildfire Prevention Assessment District (WPAD) was 
created in 2004 and assessed a parcel tax of $65 annually per single family residence for a 
period of 10 years, concluding in 2014. A City Council appointed Citizen Advisory Board provides 
oversight on the use of the accrued fund balance. This funding is used specifically for 
abatement measures and public education within the High Fire Severity zone. Fire Department 
residential and vacant lot compliance inspections, roadside fuels reduction projects, free 
residential curbside chipping and debris pile removal, goat grazing on City open spaces and 
parks, fire prevention and education outreach and a matching grant program of up to $5,000 
per home to pay for tree thinning, brush cutting and other fuel reduction measures have been 
possible because of the WPAD parcel tax funding. The City will seek the renewal of the WPAD 
by voters during the Local Hazard Mitigation Plan period of 2016-2021.   

The Preliminary Resilience Assessment notes several of the ongoing fire-prevention actions of 
the City:  

Oakland’s Fire Department proactively mitigates fire risk by deploying 3,000 goats 
across 1,400 acres of the Oakland Hills between May and September to eat the brush 
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that could otherwise be the flash fuel for wildfires; engages community volunteers in 
removing flammable brush, which in 2014 resulted in the removal of 250 cubic yards of 
brush like the invasive French Broom; and regularly inspects the 10,590 acre, 16.5-
square-mile Wildfire Prevention Assessment District. Firefighters also educate the public 
on fire code requirements and best practices for creating defensible space zones around 
the exterior of homes. These multi-pronged efforts make Oakland’s Fire Department 
among the most proactive in California and have prevented the spread of wildfire during 
the most recent intense drought and during dry summer months.16 

Infrastructure improvements 

In January 2012, the City sought continuation of an existing contract with an international 
engineering firm, enabling them to continue their design, bidding and construction support for 
the seismic upgrades of seven bridges owned by Caltrans in the City of Oakland, under the 
Seismic Safety Retrofit Program. Completion of bridge seismic retrofit projects will ultimately 
improve seismic response of City facilities during earthquakes.  

Oil Spill Response Planning 

As mentioned earlier, the Oakland Fire Department’s Emergency Management Services Division 
(EMSD) has been the lead agency since July 1995 for development and implementation of the 
Alameda County Local Oil Spill Contingency Plan (ACLOSCP). 

The Emergency Management Services Division receives grant funding to make revisions and 
updates to the local plan, participate in the development of a Memorandum of Understanding 
(MOU) between the CDFW, Alameda County Operational Area, the City of Oakland and 
participating cities, and conduct and participate in trainings and exercises. 

In 2014, Governor Brown expanded the Office of Spill Prevention and Response (OSPR) program 
to cover all state surface waters at risk of oil spills from any source, including pipelines, 
production facilities, and the increasing shipments of oil transported by railroads. This 
expansion provided critical administrative funding for industry preparedness, spill response, 
and continued coordination with local, state and federal government along with industry and 
non-governmental organizations. 

In 2015, the City Council approved by Resolution (No. 85531 C.M.S.), a Memorandum of 
Understanding (MOU) between the City of Oakland Emergency Management Services Division 
and the Alameda County Operational Area for oil spill planning. The new agreement ensures 

16 City of Oakland, Preliminary Resilience Assessment, 2016, pg. 23 
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the City of Oakland will continue to play a prominent role in planning, mitigating, responding to 
and training for oil spills.  

Disaster Recovery Planning 

Phases one and two of the City of Oakland Emergency Management Services Division’s Disaster 
Recovery Planning project includes development of a best practices document and localizing 
the planning products to coordinate and manage long-term recovery after a catastrophic event. 

Key objectives: 

• Validation of the health, social, economic, natural and environmental Recovery Support 
Functions (RSFs). 

• Build resiliency from the local jurisdiction up to the nation. 
• Development of the “Recovery Framework Resources and Tool Kit”. 
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4 Community Profile 

4.1 Oakland Economy   
Oakland’s economy is made up of thousands of private businesses, as well as larger 
organizations and government agencies. A recent count shows there are approximately 220,000 
total employees in Oakland, with approximately 95,000 employees located in downtown17. 
Bringing Oakland businesses back to operation following a disaster, to allow employees to 
return to work, and using businesses for disaster recovery is part of the current planning of the 
Emergency Management Services Division, as well as the training objective of the CORE 
program.   

The largest employers in Oakland are health care services or government services, as shown in 
Table 5. Employees of the City of Oakland are Disaster Services Workers during an emergency.   

Table 5: Largest employers in the City of Oakland 

Employer # Employees 
State of California 7,480 
Kaiser Permanente 7,000  
City of Oakland 4,807 
Alameda County 4,600  
Oakland Unified School 
District 

4,450   

UCSF Benioff Children's 
Hospital Oakland 

2,600  

UPS 2,200  
Alameda Health System 
(Highland Hospital) 

2,180  

Southwest Airlines 2,140  
Alta Bates Summit Medical 
Center, Summit Campus 

2,000  

Bay Area Rapid Transit  1,600  
Peralta Community College 
District 

1,550  

East Bay Municipal Utility 
District 

1,415  

FedEx Corp 1,400 
Alameda-Contra Costa Transit 
District 

1,380  

Source: 2016 San Francisco Business Times: East Bay Book of lists 

17 City of Oakland/ Hausrath Economics Group, “Oakland Transportation and Capital Improvements Impact Fee 
Nexus Analysis”, Table A-2: Oakland Employment and Space Sub Area, 2015”, pg. A-4.   
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4.2 Assets (Services & Facilities) 
The City of Oakland owns and maintains City facilities which totals over 3,000,000 square feet 
of space. Facilities include Oakland City Hall and administrative office buildings and parking lots 
in Frank H. Ogawa Plaza, Oakland Museum of California, 25 recreation centers, the Main Library 
and 16 neighborhood branch libraries, 25 fire stations, five senior centers, and five municipal 
swimming pools. A list of City-owned facilities maintained by Oakland Public Works is Appendix 
F to the 2016-2021 Local Hazard Mitigation Plan.      

In 2012, the City prepared an Infrastructure Report Card for the City of Oakland. That report 
shows the City’s assets and infrastructure as: 

• Local Streets and Roads: 806 miles of paved streets 
• Sidewalks, Curb Ramps, Stairs, Paths: 1,126 miles of sidewalk; 17,978 curb ramp 

locations; 232 sets of stairs and paths 
• Bridges: 38 bridges 
• Traffic Signals, Signs and Markings: 677 traffic signal Intersections; 200,000 signs 
• Street Lighting: 37,000 streetlights 
• Storm Water: 400 miles of storm drains; 80+ miles of open creek 
• Wastewater Collection: 919 miles of sewer pipes; 7 pump stations 
• Public Buildings: 309 public buildings  
• Parks and Landscaping: 134 parks and public spaces  
• Trees: 42,642 street trees, plus trees in parks & medians  
• Fleet and Equipment: 1,489 vehicles and pieces of equipment 

The sizes of some City-owned facilities, such as Fire, Police, Library and Parks buildings are 
detailed in Table 6.   
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Table 6. Oakland Public Facilities Inventory 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Public Facilities I Inventory 

Fire     

Essential Service  132,405  bldg. sq. ft. 

Civic  18,159  bldg. sq. ft. 

Utility  9,092  bldg. sq. ft. 

Total Buildings  159,656  bldg. sq. ft. 

Land  767,466  land sq. ft. 

Police     

Essential Service  237,122  bldg. sq. ft. 

Civic  7,001  bldg. sq. ft. 

Total Buildings  244,123  bldg. sq. ft. 

Land  180,000  land sq. ft. 

Library     

Civic Buildings  209,046  bldg. sq. ft. 

Land  242,810  land sq. ft. 

Parks & Recreation 
(includes Open Space) 

    

Civic Buildings 489,933  bldg. sq. ft. 

Land (for buildings) 2,155,634  land sq. ft. 

Improved Parks  26,355,130  land sq. ft. 

Open Space 71,585,152 land sq. ft. 

Storm Drain     

Storm Drain Pipes 2,108,859  linear ft.  

Source: Oakland Transportation and Capital Improvements Impact Fee Nexus Analysis, prepared for City of 
Oakland by Urban Economics and Hausrath Economics Group, March 10, 2016.   
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Recent Public facilities which have been either built or renovated in the last five years, include: 

• Fire Station #18 (2011) 
• 81st Avenue Library (2011) 
• Golden Gate Recreation Center (2015) 

In the 2010-2015 Local Hazard Mitigation Plan (2010-2015 LHMP), the City reported the specific 
acreage which was threatened by specific hazards. Updated data for the 2016-2021 LHMP can 
be found in Chapter 5, the Hazards Analysis.   

Oakland is the location for many facilities which other governmental agencies, special districts, 
hospitals and public transportation agencies own and operate from.  These agencies include:  

• Oakland Unified School District 
• Peralta Colleges, including the campuses of Laney College and Merritt College 
• University of California, Office of the President 
• Alameda County (Courthouses and offices) 
• East Bay Regional Parks District (HQ and parks facilities) 
• East Bay Municipal Utility District 
• The State of California 
• United States Federal Government (Courthouses and offices) 
• Oakland Housing Authority 
• San Francisco Bay Area Rapid Transit District (BART) 
• Alameda- Contra-County Transit District (AC Transit) 
• Kaiser Hospital and Emergency Room 
• Highland Hospital and Emergency Room 
• Alta Bates Summit Medical Center  

The City will continue to collaborate with each of these agencies and entities on mitigation 
efforts.     

Populations, such as young children, school – age children, the elderly and sick and recovering 
patients are considered vulnerable, and are all housed in Oakland, in facilities including private 
day care, private schools, elder care and assisted living, and medical clinics. Because these 
facilities are privately operated, and some may move without notifying the City, identifying 
individual buildings for mitigation efforts can be challenging. The City does maintain a listing of 
current locations as this is critical information for effective disaster response. 

 

46 
 



5. Hazard Identification, Analysis, Assessment 
As described in Oakland’s Preliminary Resilience Assessment, natural hazards, which could occur 
in Oakland, are well known. Earthquakes and wildfire have damaged the City in the past so 
severely that impacts have made international news. The effects of such shocks are 
exacerbated by long-term social stresses, such as violent crime and financial and educational 
disparities. Now, climate change threatens the City, with impacts that fall as both discrete 
shocks (coastal floods, increased wildfire risks) and continual or periodic stress (rising seas and 
droughts). As the climate warms, droughts, extreme heat days, and large rainstorms, are 
expected to occur more frequently and intensely. Oakland’s poorer residents, the elderly, and 
children may be disproportionately vulnerable to these increasing threats.18 

5.1 Hazard Characterization   
Acute shocks are the sudden and sharp events that threaten the wellbeing of the City. A variety 
of shocks can be expected to occur within Oakland over time. The frequency or intensity of a 
particular shock can trigger additional shocks (such as a powerful earthquake triggering major 
infrastructure failure and wildfire), and the scale of impacts will vary widely for an event 
depending on a variety of factors and conditions. This section of the 2016-2021 Local Hazard 
Mitigation Plan (2016-2021 LHMP) describes those shocks which are considered high likelihood 
events in Oakland.   
 
In 2010, the LHMP identified earthquakes, fire and flood as the highest priority hazards to 
mitigate. These three hazards continue to be the high priority in the 2016-2021 LHMP. Because 
of the close collaboration with BCDC on the Adapting to Rising Tides project and the Oakland 
study area around the Airport, I-880 and the Oakland Coliseum, mitigating the effects of future 
flooding from sea-level rise is also a high priority in the 2016-2021 LHMP.   

Past Occurrences of Disasters (Natural, and human-caused)   

The City of Oakland has experienced a number of different disasters over the last 50 years, 
including numerous earthquakes, floods, droughts, wildfires, energy shortages, civil 
disturbances, landslides, and severe storms. Two shocks from 25 years ago are still in the 
forefront of hazard mitigation planning and disaster preparedness: the 1989 Loma Prieta 
earthquake and the 1991 Oakland-Berkeley Firestorm (the “Oakland-Berkeley Tunnel Fire”).   

The magnitude 6.9 Loma Prieta earthquake collapsed the double-deck Cypress viaduct, part of 
the Nimitz Freeway, in West Oakland, killing 42 people. The earthquake damaged unreinforced 
masonry buildings, and rendered 5,000 residents of single occupancy buildings homeless. 
However, it was also a springboard to improvement: community activists successfully fought for 

18 City of Oakland, Preliminary Resilience Assessment, (2016) pg. 20-21 
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the reunification of West Oakland. The old highway viaduct was torn down and replaced by 
Mandela Parkway, a grand boulevard with a landscaped median where the viaduct once stood. 
The earthquake also inspired the formation of Oakland-based CARD (Collaborating Agencies 
Responding to Disasters) to address the unmet emergency readiness needs of the public, 
nonprofit and faith sectors. CARD inspired a nationwide increase in emergency preparation. The 
last major regional reconstruction project resulting from the Loma Prieta quake was the 
completion of the new East span of the Oakland-San Francisco Bay Bridge in 2013.   

The 1991 Oakland firestorm destroyed 2.5 square miles of mostly residential neighborhoods. 
Spread by gusting winds through heavily vegetated valleys, the fire destroyed 3,469 homes and 
apartment units, killed 25 people and injured 150. In total, the firestorm cost $3.9 billion in 
present-day dollars. The economic losses, in combination with injuries and loss of life make this 
the worst urban firestorm in American history.  

The fire storm highlighted the dangers posed by wildland-urban interface fires in major cities, 
spurred research into improved prevention and firefighting techniques, and validated the 
efforts of CARD. Oakland city firefighters now carry more extensive wildland firefighting gear 
and fire shelters. Fire hydrants now have the industry standard outlets throughout the city, 
water cisterns and a new Hills fire station were added, and radio communications were 
improved. 

Oakland experienced its worst flooding conditions during the storm of October 1962. In the last 
20 years, Oakland has experienced the most severe storm events in the winters of 1997/1998 
and 2005/2006. 

As shown in Table 7 and 7.1 below, Oakland has experienced declared disasters, but the 
majority of activations of the Emergency Operations Center are for human-caused incidents.   

Table 7. Declared Disasters  

Date Action  

January 2008 Winter Storms (City of Oakland declared emergency) 

9 November 2007 Cosco Busan Oil Spill; 53,000 gallons of oil spilled into SF Bay  

29 April 2007 I-80 Freeway collapse; tanker truck exploded, destroying 
section of freeway.   

2005-2006 Winter Storms (Alameda County); flooding, landslides and 
mudslides 

2 February 1998 El Nino storms and flooding; landslides in Oakland Hills 
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1992, 1995, 1996,  Winter storms and flooding 
10 October 1991 East Bay Hills fire (“Oakland firestorm”) 
 

Table 7.1 Activations of Emergency Operations Center 

Date Action  

31 December 2015 New Year’s Eve 

19 June 2015 Warriors NBA Parade Celebration   

16 June 2015 NBA Finals 

5 June 2015 First Friday -Call For Action 

19 May 2015 Malcolm X Day -Call For Action 

2 May 2015 National Day of Action 

1 May 2015 May Day 

15 January 2015 MLK Weekend 

31 December 2014 New Year’s Eve 

14 November 2014 Ferguson Grand Jury 

22 October 2014 National Day to Stop Police Brutality (Occupy Oakland) 

5 September 2014 Oakland-Urban Shield Protest 

15 March 2014 International Anti-Police Day 

31 December 2013 New Year’s Eve 

25 October 2013 Occupy Oakland Planned Protests (Anniversary Event) 

19 July 2013 Operation Verdict (Zimmerman) 

2 July 2013 Occupy Oakland Planned Protests 

1-2 May 2013 May Day-March for Dignity and Resistance 

31 December 2012 New Year’s Eve 

26-27 October 2012 Occupy Oakland Planned Protests (Anniversary Event) 
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12 July 2012 Presidential Visit (POTUS) 

1-2 May 2012 May Day-March for Dignity and Resistance 

10 April 2012 Occupy Oakland Planned Protests (6 mo. Anniversary Event) 

28-29 January  2012 Occupy Oakland 

7, 14, 21 January 2012 Anti-Police Protests 

September, October, 
November and 
December 2011 

Occupy Oakland  

12 June 2011 Mehserle Release Protest March/Rally 

11 March 2011 Tsunami Warning Result of 8.9 Earthquake in Hondshu, 
Japan 

June 30-July 1; July 6-
July 8; Dec. 3, 2010 

Mehserle Trial 

27 February 2010 Chile Earthquake/Tsunami (State EOC activated; Alameda 
County EOC monitored situation 

January 2009 Oscar Grant shooting/Mehserle verdict (Civil Disturbance) 

9 November 2007 Cosco Busan Oil Spill; 53,000 gallons of oil spilled into SF Bay  

Source: City of Oakland Emergency Management Services Division, 2016 
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5.1.1 Earthquake 

Most, though not all, of the geologic hazards that present the threat of devastation to life and 
property are the direct or indirect result of ground movement due to earthquakes. The primary, 
or direct, earthquake hazards are surface-fault rupture and ground shaking. Secondary hazards, 
associated with ground shaking, include several forms of ground failure and inundation. Ground 
failure is the permanent deformation of the ground due to its loss of strength or failure of the 
underlying materials during earthquake shaking, and includes liquefaction, landslides, 
mudslides, differential settlement and subsidence. The likelihood of occurrence of these 
secondary earthquake effects (with the exception of inundation) is generally high. The main 
geologic hazards include: 

● Fault rupture or displacement: a sudden shifting of the ground along the trace of an 
earthquake fault; usually, but not always, occurs at the time of an earthquake, and is 
associated with stronger quakes. 

● Ground shaking: movement of the ground caused by the passage of seismic waves 
through the earth’s outer crust during an earthquake; it typically is strongest near the 
earthquake fault.  Ground shaking is the most noticeable phenomenon of seismic activity 
and the one people associate most closely with earthquakes; it also represents the major 
hazard from an earthquake, in the form of damage to structures.  The intensity of ground 
shaking at a particular site is affected by the characteristics of the earthquake, distance 
from the fault, and the characteristics of the underlying soil. 

● Liquefaction: the rapid transformation of sediment from a solid state into a fluid state, 
which causes the soil to lose cohesiveness and become incapable of carrying significant 
loads; it causes sediment to behave as quicksand, and results in structures settling, tipping 
or—in the case of underground tanks, for example—rising buoyantly.  Its potential to occur 
is a function of the intensity of the ground shaking and the underlying geologic conditions.  
In general, liquefaction is less destructive than ground shaking; however, in certain areas, it 
has occasionally resulted in substantial damage to property from the failure of structural 
foundations. 

● Landsliding: the rapid down-slope movement of soil, rock and rock debris.  Most slides 
are natural occurrences, though they can be triggered by improper construction activities. 
The main causes of landslides are earthquake-induced ground shaking, heavy rains and 
poorly engineered grading and drainage projects. (Improper grading may alter natural 
drainage patterns and allow water to collect and loosen soils). Factors that determine the 
extent and severity of a landslide include the steepness of slope, the presence of weak or 
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poorly consolidated soils, the soil’s water-content level and the existing grading and 
drainage patterns. 

Earthquakes are the most pervasive safety hazard in Oakland.  Unlike fires or floods—the paths 
of which can, to some extent, be measured, predicted and contained—earthquakes are, at 
present, impossible to predict or contain. Although it is not possible to eliminate all the risks 
associated with earthquakes, it is the intent of the safety element to use available tools, such as 
geotechnical studies, appropriate land-use decisions and adequate building codes, to reduce 
the risks. Because earthquakes rarely destroy an entire neighborhood or even city block, the 
prohibition of construction in a particular area—with the exception of earthquake fault zones—
is a less-effective mitigation measure than improved building design. 

Local seismology.  The tectonic plates that make up the earth’s crust are in continual 
movement. This movement causes strain to build at the plate boundaries, or faults.  Strain 
accumulates until the plates can no longer sustain it, at which point there is an energy release. 
This energy release expresses itself as tectonic creep, fault ruptures, ground shaking and, more 
generally, earthquakes. Once the release occurs, the process of gradual strain build-up begins 
anew. Major earthquakes result when collisions of the plates occur at shallow depths or involve 
larger plates or longer faults, and usually have their epicenters on or near a fault. Earthquakes 
are common in California because the state’s coastline is at the boundary of two tectonic 
plates. The coastline is part of the Circum-Pacific seismic belt, which extends the length of the 
western edge of the Western hemisphere, and is where over 80 percent of the world’s 
earthquakes occur. 

The Safety Element of the Oakland General Plan describes the following risks to Oakland from 
earthquakes: 

The City of Oakland lies within the San Andreas fault system, the largest one in 
California and the one with potential for the strongest earthquakes. More specifically, 
the city straddles the Hayward fault, a “branch” fault of the larger system. The Hayward 
fault runs along the southwestern base of the East Bay hills and parallels State Highway 
13, making it an approximate physical boundary between the low-lying, urbanized 
portions of Oakland to the west and the less developed, upland areas to the east. The 
fault’s two segments, each approximately 30 miles long, extend from the Warm Springs 
district of Fremont to Oakland, and from Oakland to Point Pinole. The Hayward fault is 
believed to accumulate strain at one of the highest rates in the Bay Area, suggesting 
that it is one of the faults in the region most likely to generate a large earthquake. In 
fact, the fault is one of the most hazardous in the world because of its high “slip rate;” 
its demonstrated ability to generate large, surface-rupturing earthquakes; and, most 
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importantly, its location through a heavily urbanized area. The last major quake on the 
Hayward fault occurred in 1868. A far less-active fault, the Calaveras fault, runs down 
the San Ramon Valley, parallel to and approximately ten miles east of the Oakland hills 
crest.19 

In 2016, the City issued its Preliminary Resilience Assessment, which looked at the latest data 
for earthquake hazards in Oakland. The Assessment found: 

In Northern California, seven major fault systems are considered capable of rupturing in 
earthquakes of magnitude 6.7 or larger (see Figure 2). Many of these earthquakes would 
produce strong ground shaking and damage in Oakland. The Hayward Fault, lies at the 
base of the hills east of the city, has a 31% chance of producing such an earthquake 
within the next 30 years. Such an earthquake would cause significant damage; in 
Oakland, shaking from the Hayward fault could be 3-10 times stronger than the shaking 
experienced in the 1989 Loma Prieta earthquake. Soft story apartment buildings are 
particularly at risk, and over 22,000 apartment units are in such buildings in Oakland20.  

Table 8. Earthquake-related declared disasters in the Bay Area since 1950 

Disaster State 
Proclamation 

Federal 
Declaration 

Counties Declared Damage 

M6.0 South Napa 
earthquake 

August 24, 2014 September 11, 
2014 

Napa and Solano 
Counties 

$362 million - $1 
billion in damage 

Tsunami resulting 
from M8.9 
Honshu, Japan 
earthquake 

March 11, 1011 April 18, 2011 Del Norte, 
Monterey, Santa 
Cruz 

$39 million in 
damage 

M5.2 Napa 
earthquake 

September 6, 2000 September 14, 
2000 

Napa County $15-70 million in 
estimated damage 

M7.1 Loma Prieta 
earthquake 

October 18, 1989 October 18, 1989 Alameda, 
Monterey, San 
Benito, San 
Mateo, Santa 
Clara, Santa Cruz, 
San Francisco, 
Contra Costa, 
Marin, Solano 

$5.9 billion in 
damage, 23,408 
homes damaged, 
3,530 businesses 
damaged, 1,018 
homes destroyed, 
366 businesses 
destroyed 

  

19 City of Oakland, Safety Element of the Oakland General Plan, (2004), pg. #26-27 
20 City of Oakland, Preliminary Resilience Assessment, (2016), pg. 21 
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Disaster State 
Proclamation 

Federal 
Declaration 

Counties Declared Damage 

M6.2 Morgan Hill 
earthquake 

 April  25, 1984 Santa Clara County $7.265 million in 
damage to public, 
business, and 
private sectors 

Tsunami warning 
resulting from 
Good Friday 
earthquake in 
Alaska 

September  15, 
1964 

Not declared Marin County No damage 

Source: State of California Multi-Hazard Mitigation Plan, Appendix M; Governor’s Office of Emergency Services 

Probability of Future Earthquakes 

ABAG’s “Bay Area Risk Landscape,” discusses the probability of future earthquakes in the Bay 
Area21:   

A powerfully damaging earthquake similar to the 1906 earthquake or 1989 Loma Prieta 
earthquake is rare but likely to occur in the next 30 years. The United States Geological 
Survey (USGS) estimates there is a 72% chance of one or more magnitude 6.7 or larger 
earthquakes in the next 30 years on one of the Bay Area’s faults.22 Smaller magnitude 
earthquakes are more likely to occur, potentially producing significant local damage, as 
experienced in the 2014 South Napa earthquake.  

Scientists continually study which Bay Area faults are more likely to produce large 
earthquakes, and how often.  In March 2015, the USGS released an update to its 2008 
earthquake probabilities for California faults. The Uniform California Earthquake 
Rupture Forecast 3 (UCERF3) provides detailed assessment on the likelihood of each 
fault segment producing M6.7, M7.0 and M8.0 and greater earthquakes. These 
probabilities are based on data such as fault length; how much energy the faults release 
annually through fault slip; and, known historical return periods for the fault. Table 9 
summarizes the probabilities of future earthquakes in California, and each fault is shown 
on a map in Figure 2. 
 

  

21 Association of Bay Area Governments, “Risk Landscapes”, 2016, pg. 11.   
22 Field, E.H., and 2014 Working Group on California Earthquake Probabilities, 2015, UCERF3: A new earthquake 

forecast for California’s complex fault system: U.S. Geological Survey 2015–3009, 6 p., 
http://dx.doi.org/10.3133/fs20153009. 
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Table 9.  Likelihood of a M6.7 or greater earthquake over the next 30 years.  

Earthquake Fault Probability1 
San Andreas (Mendocino Coast to San Benito County) 33% 
Hayward 28% 
Calaveras 24% 
Hunting Creek, Berryessa, Green Valley, Concord 24% 
Maacama 23% 
Rodgers Creek 15% 
San Gregorio 5% 
Greenville 6% 
Mt. Diablo 3% 
West Napa 2% 
1Source: Uniform Earthquake Rupture Forecast, Version 3 
(2014)  

Source: ABAG 
 

Figure 2. Regional Earthquake Faults 
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Figure 3 shows several earthquake hazards in Oakland on a single map: the Hayward Fault zone 
(“Alquist-Priolo” zone), liquefaction and landslide susceptibility in Oakland. 1,850 acres of 
Oakland are in the Alquist-Priolo Earthquake Fault Study Zone; most of the City’s urban acres 
(34,600) are in the highest two categories of shaking potential, in large part because the 
Hayward fault runs through to the eastern portion of the City. 

Post-seismic slip (“after-slip”)  

Following an earthquake, sections of the fault can continue to slip, for up to a year after the 
initial shaking. “Post-seismic slip” or “after-slip” can be difficult to manage, according to ABAG, 
“as infrastructure may need to be continually re-straightened, complicating restoration of 
systems that cross the fault.”23 The City could also, under this scenario, issue building permits 
to reconstruct earthquake-damaged buildings which then are further damaged following 
additional quakes.   

 

 

23 Association of Bay Area Governments, Cascading Failures: Earthquake Threats to Transportation and Utilities; 
(2014); pg. 8 
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Figure 3.  Seism
ic Hazard Planning Zones 
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Modified Mercalli Intensity (MMI) scale 

The U.S. Geological Survey describes the Modified Mercalli Intensity scale:  

The effect of an earthquake on the Earth's surface is called the intensity. The intensity 
scale consists of a series of certain key responses such as people awakening, movement 
of furniture, damage to chimneys, and finally - total destruction. Although numerous 
intensity scales have been developed over the last several hundred years to evaluate 
the effects of earthquakes, the one currently used in the United States is the Modified 
Mercalli (MM) Intensity Scale. This scale is composed of increasing levels of intensity 
that range from imperceptible shaking to catastrophic destruction.  It does not have a 
mathematical basis; instead it is an arbitrary ranking based on observed effects.  

The Modified Mercalli Intensity value assigned to a specific site after an earthquake has 
a more meaningful measure of severity to the nonscientist than the magnitude because 
intensity refers to the effects actually experienced at that place.  

The lower numbers of the intensity scale generally deal with the manner in which the 
earthquake is felt by people. The higher numbers of the scale are based on observed 
structural damage. Structural engineers usually contribute information for assigning 
intensity values of VIII or above.24 

At high intensities (MMI ≥ 6), earthquake shaking damages buildings. The severity of the 
damage depends on the building type, the age of the building, and the quality of the 
construction. Masonry and non-ductile concrete buildings can be more severely damaged than 
wood-frame or engineered buildings. Buildings built to older building codes can be more 
severely damaged than recently constructed buildings using newer codes.25 

The U.S. Geological Survey modeled the intensity which could come from a magnitude 7.3 
earthquake on the Hayward Fault. Figure 4 shows the different levels of intensity anticipated 
across the Bay Area from such a quake. The map shows that the most intense shaking will be 
felt along the East Bay, including Oakland, from Pinole in the north, to Milpitas in the south. The 
Figure 4 shows much of Oakland in the orange area, suggesting that in this scenario of a 7.3 
Hayward fault earthquake, Oakland will have violent shaking, associated with MMI Level 9. 
Table 10 describes the different effects of the different MMI intensity levels.   

  

24 U.S. Geological Survey, http://earthquake.usgs.gov/learn/topics/mercalli.php 
25 See http://resilience.abag.ca.gov/shaking/mmipopup/ 
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Table 10.  MMI Intensity Table 

Intensity Building Contents Masonry Buildings Multi-Family Wood-
Frame Buildings 

1&2 Story Wood-
Frame Buildings 

MMI 8 Nearly everything 
thrown down from 
shelves, cabinets, 
and walls. Furniture 
overturned. 

Poorly constructed 
buildings suffer 
partial or full 
collapse. Some well-
constructed 
buildings are 
damaged. 
Unreinforced walls 
fall. 

Soft-story buildings 
are displaced out of 
plumb and partially 
collapse. Loose 
partition walls are 
damaged and may 
fail. Some pipes 
break. 

Houses shift if they 
are not bolted to 
the foundation, or 
are displaced and 
partially collapse if 
cripple walls are 
not braced. 
Structural elements 
such as beams, 
joists, and 
foundations are 
damaged. Some 
pipes break. 

MMI 9 Only very-well 
anchored contents 
remain in place. 

Poorly constructed 
buildings collapse. 
Well-constructed 
buildings are heavily 
damaged. 
Retrofitted buildings 
damaged. 

Soft-story buildings 
partially or 
completely collapse. 
Some well-
constructed 
buildings are 
damaged. 

Poorly constructed 
buildings are 
heavily damaged, 
some partially 
collapse. Some 
well-constructed 
buildings are 
damaged. 

MMI 10 Only very well 
anchored contents 
remain in place. 

Retrofitted buildings 
are heavily 
damaged, and some 
partially collapse. 

Many well-
constructed 
buildings are 
damaged. 

Well-constructed 
buildings are 
damaged. 

Source: ABAG (2013).  Modified Mercalli Intensity Scale; http://resilience.abag.ca.gov/shaking/mmipopup/ 
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Figure 4.  Modified Mercalli Intensity for Magnitude 7.3 Scenario Earthquake on the Hayward 
fault 

 
Source: USGS 
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Earthquake-induced Fires 
Earthquakes can start fires, which causes damage in addition to the shaking and collapsing that 
comes with a major disaster. Fires can start from damaged gas connections, appliances with 
pilot lights, or damaged electrical equipment. For example, immediately after Loma Prieta, 
there were 35 fires in San Francisco; the 1906 earthquake famously ignited fires which burned 
over 3.5 miles of the City. ABAG recently studied the risks from earthquake-induced fires in the 
Bay Area and found:  

Fire following earthquake is especially challenging because there are often multiple 
ignitions at once (overwhelming fire crews), typical water supply for fighting fire may be 
reduced or unavailable, and maneuvering fire crews to the ignition can be difficult if 
streets are blocked by road damage or by debris that blocks the streets. Fire following 
earthquake is an issue that could impact any Bay Area community that experiences an 
earthquake – both urban and rural.  The problem is heightened for urban environments, 
where many simultaneous ignitions can lead to a firestorm, and single fires can more 
quickly and easily move structure to structure. 

A few characteristics can make a specific community more vulnerable to fire following 
earthquake. If there is a higher likelihood of building damage, there is also a higher 
likelihood that an ignition occurs. If a building collapses there is a high risk for gas or 
electrical lines to start “seed” fires that then impact undamaged neighboring structures. 
Areas of liquefaction are more vulnerable to fire because of the greater potential for 
underground gas mains to break due to the ground displacements, and because the 
water lines in the area may also be damaged – preventing the ability to fight a fire with 
regular water resources. Areas that are largely wood frame or shingle roof may be less 
prone to earthquake damage, but are a heightened risk for the spread of fires. There is 
added concern in areas with hazardous materials with the potential for explosion, or 
with the potential to produce toxic smoke.  Industrial facilities and labs are a high 
concern because of the hazardous and flammable materials they store at their 
facilities.26 

Probability and vulnerability: Earthquake in Oakland  
Oakland has experienced one major earthquake within the last 30 years, and the best science 
considers another major quake on one of the Bay Area’s faults “rare, but likely to occur in the 
next 30 years.”27  Oakland’s residents, businesses, critical civic facilities, utilities, and 

26 Association of Bay Area Governments, Bay Area Risk Landscape (draft, 2016), pg. 34 
27 Field, E.H., and 2014 Working Group on California Earthquake Probabilities, 2015, UCERF3: A new earthquake 
forecast for California’s complex fault system: U.S. Geological Survey 2015–3009, 6 p., 
http://dx.doi.org/10.3133/fs20153009. 
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transportation networks are highly vulnerable to earthquakes.  As shown in Figure 4.1, almost 
the entire incorporated land area of Oakland is rated as potentially subject to “violent” shaking 
intensity during a major earthquake. This includes all of Oakland’s critical civic facilities and 
assets (for clarity, map only shows major streets, freeways, and bridges subject to “violent” 
shaking).   

Table 11 describes some of City-owned and major utility operators in the City of Oakland, which 
are subject to significant earthquake vulnerability.   

Table 11. Infrastructure and Utilities subject to earthquake vulnerability 

Owner/Manager Infrastructure 

City of Oakland  • City Streets 
• Storm drains 
• Sanitary sewer collection system connected to EBMUD 

wastewater treatment system 
• Creeks, open channels and creek culverts in right-of-way and on 

City property 
• Street Lights and traffic signals, and conduits supplied from the 

PG&E system  
• Municipal Services Center (Corporation Yard) and other 

essential City facilities 
EBMUD • Potable and fire suppression water supply system consisting of 

pipelines, pumping plants, flow/pressure control facilities, and 
storage tanks and reservoirs owned by the East Bay Municipal 
Utility District 

• Sanitary sewer transmission pipeline (EBMUD wastewater 
interceptor) and pumping station 

PG&E • Electricity distribution system, including substations, mains, 
laterals and meters, owned by the Pacific Gas and Electric 
Company  

• Natural gas distribution system, including main pipelines, lateral 
pipelines and meters 

AT&T, Comcast and 
other providers 

• Telecommunications aerial and underground conduits; fiber 
optic cabling 

Kinder Morgan 
Corporation • Fuel Pipelines 
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5.1.2 Liquefaction   
During an earthquake, some ground can behave like a liquid—sinking or spreading—which can 
cause pipes and pipelines to break, and damage to building foundations, among other effects.   

The Safety Element of the Oakland General Plan describes the hazard of earthquake-induced 
liquefaction as:  

The rapid transformation of sediment from a solid state into a fluid state, which causes 
the soil to lose cohesiveness and become incapable of carrying significant loads; it 
causes sediment to behave as quicksand, and results in structures settling, tipping or—
in the case of underground tanks, for example—rising buoyantly. Its potential to occur is 
a function of the intensity of the ground shaking and the underlying geologic conditions. 
In general, liquefaction is less destructive than ground shaking; however, in certain 
areas, it has occasionally resulted in substantial damage to property from the failure of 
structural foundations.28 

According to ABAG29, liquefaction only occurs under certain conditions:   

Loose Soils  The soils must be loose, such as uncompacted or unconsolidated 
sand and silt without much clay.  This happens most often in the 
Bay Area along the Bay shoreline, near creeks or other waterways, 
on dry creek beds, and in areas of man-made fill, such as the 
Marina District in San Francisco or parts of Alameda. 

Soggy Soils The sand and silt must be soggy and saturated with water due to a 
high water table. 

Ground Shaking The ground must be shaken long and hard enough by the 
earthquake to trigger liquefaction. 

Liquefaction may not necessarily occur even if all three conditions are present. 
Additionally, if liquefaction does occur, the ground may not move enough to have 
significant impact on the built environment. Unless areas of liquefaction susceptibility 
are subject to significant ground shaking, they are not likely to liquefy. Liquefaction 
hazard maps express where the ground is both susceptible to liquefaction, and where 
the ground is likely to be shaken long and intensely in an earthquake.   

 

28 City of Oakland, Safety Element, Oakland General Plan, 2004, page 24 
29 Association of Bay Area Governments, Bay Area Risk Landscape, (draft 2016), pg. 19.    
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Probability and impact: Liquefaction in Oakland 
As discussed in the previous section, the probability of a major earthquake occurring in the Bay 
Area in the next 30 years is high.  It can be assumed, then, that the probability of liquefaction 
occurring in Oakland during that event is also high.  Critical facilities in Oakland, such as schools, 
hospitals, transportation networks, the Port of Oakland, as well as private residences and 
businesses are in areas where there is a high or very high susceptibility to liquefaction during an 
earthquake.   
 
Using ABAG mapping from 2015, which combine liquefaction susceptibility with California 
Geologic Survey data, to identify areas where there is a significant hazard of liquefaction, Figure 
5 shows the potential for different areas of Oakland to experience liquefaction during a major 
earthquake. During an earthquake scenario, areas nearest the Oakland Bay Bridge, the Oakland 
estuary and the San Leandro Bay waterfront have a high susceptibility to liquefaction. In 
Oakland, 17,400 acres are in areas of moderate, high, or very high liquefaction susceptibility 
mapped by the U.S. Geological Survey; while 14,600 acres are in the California Geological 
Survey’s Seismic Hazard Mapping Zone, as shown in Figure 5.    
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Figure 5.  Liquefaction.   
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5.1.3 Landslides 
According to the U.S. Geological Survey: 

Landslides can be a wide range of ground movement, such as rock falls, deep failure of 
slopes, and shallow debris flows. Although gravity acting on an over-steepened slope is 
the primary reason for a landslide, there are other contributing factors: 

• erosion by rivers, glaciers, or ocean waves create over-steepened slopes 
• rock and soil slopes are weakened through saturation by snowmelt or heavy rains 
• earthquakes create stresses that make weak slopes fail 
• earthquakes of magnitude 4.0 and greater have been known to trigger landslides 
• excess weight from accumulation of rain or snow, stockpiling of rock or ore, from waste 

piles, or from man-made structures may stress weak slopes to failure and other 
structures.30   

 

Landslides can occur due to earthquakes (“earthquake-triggered landslides”) or during heavy 
rains (“weather induced landslides”). Weather induced landslides are most common in 
Oakland, as well as from the modification of creek channels, or improper grading and 
development activity. Over twenty significant landslides have occurred in Oakland during the 
last seven decades, generally within a mile-wide band along the Hayward Fault. Clusters of slide 
activity exist in the Eastmont Ridge around King Estates, in Redwood Heights, in Shepherd and 
Snake canyons, and in Dimond Canyon and further downstream on Sausal Creek. Landslides 
have cracked foundations, structures and retaining walls, and have damaged roads, sidewalks 
and trails; also, debris and mud from landslides have blocked roads, clogged drainage channels 
and dammed streams and creeks. 

The Oakland Safety Element includes the following description of landslide hazards in Oakland:  
 
Most sloping land has some landslide potential. The risks tend to be greatest where a 
number of contributing factors are present, including slopes over 15 percent, weak, 
unconsolidated or shallow soils, water saturation, a history of landslides, active 
earthquake faults, extensive grading and vegetation removal (from fires or development 
activity). The slide itself is usually triggered by an earthquake, heavy rain or misdirected 
runoff. Landslides are a relatively common hazard in the East Bay hills, especially during 
and soon after heavy rainstorms, when the ground is saturated. Mudslides—fast, 
shallow movements of water-saturated earth that flow as muddy slurries, typically 
following water courses—are the most common type of landslides in Oakland; they are 
also known as debris flows or soil slumps. 
 

30  From website, http://landslides.usgs.gov/learn/ls101.php 
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More than half of Oakland’s area, including most of its vacant land, consists of gently 
sloping or hilly land. Moreover, approximately one-quarter of the city, including all of 
the Oakland Hills, contains slopes greater than 15 percent. Slopes of 15-30 percent are 
considered developable but are likely to require site modification or special grading or 
foundation design to reduce the potential for slope instability. Slopes of that degree are 
found in Oakland throughout the southern Oakland Hills, in the roughly triangular area 
formed by I-580 and State Highways 13 and 24, in the vicinity of Mills College and 
Eastmont, and on some of the hills around Lake Merritt. Development on slopes 
exceeding 30 percent is considered difficult and potentially hazardous. Such slopes are 
concentrated throughout the Oakland Hills (especially in the northern hills) and within 
two miles south of Highway 13.  In these areas there exist isolated slopes as steep as 75 
percent. 
 
The landslide hazard in the Oakland Hills is exacerbated by the fact that the area is 
crossed by the Hayward fault. During a major earthquake on that fault, landsliding, 
widespread failure of steep slopes and the collapse of natural stream banks could be 
expected in the hills in response to strong ground movements anticipated to occur in 
the area. Landslides could block roads, which would hamper evacuation, firefighting and 
relief operations within the area. Nevertheless, landslides are not expected to produce a 
large-scale disaster; rather, they present a persistent risk of damage to buildings and 
infrastructure in areas of potentially unstable slopes. Landslides would affect only 
scattered structures located in the direct path, but could result in some loss of life, from 
the collapse of structures and tumbling earth, rocks and debris.   
 
Although the landslide hazard cannot be completely eliminated, damage can be 
minimized by following proper development practices or by steering development away 
from areas of unstable slopes.  While efforts have been taken by the city through the 
development process to minimize landslide potential, most hillside development 
predates the imposition of grading and related requirements.  For this reason, older 
hillside homes and subdivisions are the most susceptible to damage from landslides.  

 

Probability and impact: Landslides in Oakland   
Oakland has experienced landslides in the past, and is likely to experience them in the future.  
Figure 6 shows the susceptibility of areas to earthquake landslides in Oakland, primarily 2,000 
acres in the Oakland Hills, from a magnitude 7.1 Hayward Fault Earthquake. The map shows 
that no City facilities, such as police and fire stations, or critical facilities like schools and 
hospitals are in and areas where “mostly landslides” are predicted by the US Geological Survey.  
The California Geological Survey identifies 4,700 acres of Oakland is in a “Seismic Hazard 
Mapping Zone.  ”   
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5.1.4 Floods 
 

The Safety Element of the Oakland General Plan describes the flood hazards which Oakland 
faces31:  

Flooding is the inundation of normally dry land as a result of a rise in the level of surface 
waters or the rapid accumulation of storm-water runoff; it becomes a hazard when the 
flow of water has the potential to damage property and threaten human life or health.  
Flood risks are greatest, and flood hazards most severe, in winter, when water bodies 
are usually full and soils saturated.  Flooding is primarily a natural process and, 
therefore, difficult to prevent.  However, land-use and development decisions have a 
significant effect on the frequency and severity of floods; in general, urbanization 
increases the risk of flooding by increasing stormwater runoff and, to a lesser extent, 
erosion.  Flooding can take many forms—river floods, storm-related flash floods and 
coastal floods, for example—and be caused by many reasons, including heavy rains, 
melting snow, inadequate drainage systems, hurricanes, and failed dams and levees. 

Relationship to other hazards: While flooding is most often caused by excess runoff 
from heavy rainfall or snowmelt, it can also result from the interaction with other 
natural hazards: 

● Earthquakes can create floods indirectly by generating tsunamis and seiches; 
damaging flood-control equipment; and causing dams, levees and channel banks to fail. 

● Landslides—themselves often triggered by earthquakes—can block water 
courses, resulting in upstream flooding.  Also, large masses of earth that break loose and 
slide into a reservoir can cause catastrophic flooding by making the reservoir overflow. 

● Subsidence—tectonic-related or caused by the pumping of groundwater, oil or 
gas—increases the risk of flooding by lowering ground levels. 

● Fires strip away vegetation, which makes hillsides contribute to flooding by 
reducing their ability to absorb water. 

Specific flood hazards:  As suggested above, flooding can occur for many reasons.  The 
Safety Element of the Oakland General Plan examines flooding hazards resulting from 
the following five causes (with a brief description of each): 

31 City of Oakland, Safety Element, Oakland General Plan (2004), pg.  97-99 
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● Excessive stormwater runoff from heavy rain.  When rainfall exceeds the 
absorption rate of the soil or the water-storage capacity of the watershed, the excess 
rainfall flows downstream.  This is the flood hazard with the greatest potential to affect 
Oakland.  While it is impossible to prevent excess stormwater runoff, proper 
engineering and land-use planning can be used to minimize the potential adverse effects 
on areas subject to flooding and reduce off-site flooding and erosion. 

● Tsunamis.  Often incorrectly referred to as tidal waves, tsunamis are waves 
caused by an underwater earthquake, landslide or volcanic eruption.  Because San 
Francisco Bay is a mostly enclosed body of water, severe damage from tsunamis in 
Oakland is unlikely.  However, this hazard needs to be considered not only to meet state 
mandates but also because of the potential for wave damage along the waterfront. 

● Seiches.  A poorly understood phenomenon, seiches (pronounced “SIGH-chaise”) 
are waves in an enclosed or semi-enclosed body of water such as a lake, reservoir or 
harbor.  (They are analogous to the sloshing of water in a bucket when shaken.)  Seiches 
are usually caused by unusual tides, winds or currents but could also be triggered by 
earthquake-induced ground motion.  Seiche waves, while rare, can have devastating 
effects on nearby people and property.  The occurrence of devastating seiches in 
Oakland is highly unlikely but, again, needs to be considered. 

● Failure of dams and other water-holding structures.  This is an unlikely hazard 
but needs to be considered due to the potential for large-scale damage.  Dam failures 
are one of the greatest natural threats to life and property because of the large volumes 
of water, numbers of people and area of land typically involved. 

National Flood Insurance Program/ Repetitive Loss Properties 

Standard floodplain management analyzes a flood with a one-percent probability of occurring 
in any given year, known as the 100-year flood (or “base flood.”). FEMA prepares 100-year 
flood maps, called the Flood Insurance Rate Maps (FIRMs), which indicate floodplain 
boundaries and are the common reference when describing flood hazards. These maps are 
used to support the National Flood Insurance Program (NFIP), which Oakland has participated 
in, since 197032. The City’s most recent action which continues the City’s compliance with the 
NFIP was in 200933. FIRMs also show floodplain boundaries for the 500-year flood, which is a 
flood having a .2% chance of occurring in any given year.  Oakland’s 100 year and 500 year 
floodplains are shown in Figure 7.  

32 Oakland has been, according to FEMA, a “full status” member in the program, since 1982.   
33 See Ordinance 12960, adopted July 21, 2009.   
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FEMA defines a “repetitive loss property” as a “property for which two or more National Flood 
Insurance Program claims payments (have been made) which exceed the value of the 
property.” As of March, 2016, there are six repetitive loss properties in the City of Oakland, 
according to FEMA34. Of the six properties, three are inside the special flood hazard area, and 
all properties are residential.35 In 2016, there were 590 flood insurance policies in Oakland, 
representing a total coverage of $176 million. There have been 83 paid flood insurance losses in 
Oakland—for a total of $282, 454.    

Comparison of Preliminary Flood Insurance Rate Maps to 2009 Flood Maps 

FEMA is performing detailed coastal engineering analyses and mapping of the San Francisco Bay 
shoreline within the nine San Francisco Bay Area counties. The analysis and mapping will revise 
and update the flood and wave data for the Alameda County Flood Insurance Study report and 
Flood Insurance Rate Map panels along the San Francisco Bay shoreline. FEMA issued 2015 
Preliminary FIRM maps, which the City compared against the existing 100-year flood plain 
maps. As shown in Figures 7.1 and 7.2, the areas with the most change are the inclusion of the 
North Field of the Oakland International Airport (960 acres, owned by the Port of Oakland), as 
well as smaller areas of land around the Lake Merritt Channel. The difference in acreage 
between the two FIRM maps is shown in Table 12.   

Table 12. Difference in acreage between 2009 and 2015 FIRM maps 

Flood Plain 2009 ( # acres) Preliminary 2015 ( # acres) 
100-year 578 1,322 
500-year 1,865 1,840 
 

Probability and impact: Flooding in Oakland   
Localized flooding in Oakland occurs during storm events, due to runoff from heavy rain. Most 
recently, there was flooding in March, 2016; Oakland Public Works responds to localized 
flooding, landslides, and trees in the roadway. There is a high probability that flooding will 
occur during future storms, due to Oakland’s aging stormwater system. As shown in Figure 7, 
there are no critical City facilities in the 100-year FEMA flood plane.    

Oakland has several areas of flooding including above Lake Merritt on Grande and Lakeshore 
avenues, some low lying areas in the Coliseum area and some localized in hot spot hill areas.  
The City works closely with the Alameda County Flood Control District to address flooding hot 
spots wherever possible.  For the area above Lake Merritt several large capital projects have 

34 Phone discussion with Sarah Owen, Natural Hazards Program, FEMA National Flood Insurance Program; March 
21, 2016.    
35 According FEMA, payments to these six properties from the Flood Insurance Program total $51,000.   
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been completed to alleviate upstream flooding and the City is continuing to work to further 
alleviate flooding through the management of Lake Merritt.  In East Oakland and in the Oakland 
Hills the City is also implementing capital projects to expand flood control facility capacity and 
alleviate hotspots but has also developed very specific hotspot maintenance protocols that are 
implemented in all storm events. 
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Figure 7. 100 and 500 year floodplain w
ith City facilities 
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Figure 7.2 Prelim
inary changes to 100-year Flood Plain, East O

akland detail 
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Dam Failure 

The City’s Safety Element includes the following description of the risk of dam failure in 
Oakland:  

According to inundation maps developed by dam owners to fulfill requirements of the 
Dam Safety Act, there are 13 active dams, reservoirs and clearwells that, in case of 
failure, would cause flooding in Oakland.  (Additionally, there are small ponds and water 
tanks scattered throughout the city, the failure of which could result in the sudden 
release of a sizable volume of water. Failure of such a facility in the Oakland hills could 
cause isolated damage to structures downhill). The status of these 13 facilities, listed by 
owning entity, have been updated by their operators: 

● Central, Claremont, Dingee, Dunsmuir, and 39th Avenue reservoirs, the dams at 
Lake Chabot and at Upper San Leandro reservoir, and the Upper San Leandro filtration 
plant clearwell (owned by the East Bay Municipal Utility District, or EBMUD). EBMUD 
completed its seismic improvement program for watertanks and pipelines in  2005. 
EBMUD upgraded and strengthened 71 water tanks that were identified. Upgrades 
included the addition of seismic anchors and the installation of pre-stressed wire around 
tanks.  

EBMUD also has a dam safety program, carried out in cooperation with the California 
Division of Safety of Dams (DSOD), to confirm that its facilities are safe for continued 
operation. Engineers monitor dam safety using instruments, monthly visual inspections 
and periodic comprehensive reviews. DSOD also performs its own annual inspections of 
all the dams. The last DSOD inspections of Lake Chabot and of Upper San Leandro were 
in October 2015. The outlet towers at Chabot and Upper San Leandro will be retrofitted 
soon. Over time, water tanks will replace some open-cut reservoirs to improve water 
quality and reduce maintenance costs. Estates Reservoir, an open-cut reservoir located 
in the City of Oakland, was replaced with two concrete tanks and construction was 
completed in June 2014.● Lake Temescal dam (owned by the East Bay Regional Park 
District). This dam was last inspected by the state’s Division of Safety of Dams in May, 
2011. At the time, it presented no issues necessitating corrective action and was 
“judged satisfactory for continued operation.” 

● Lower Edwards and Upper Edwards reservoirs (owned by the Mountain View 
Cemetery Association). These reservoirs were removed from the jurisdiction of the 
Division of Safety of Dams in 1983 because their capacity does not reach regulatory 
thresholds. 
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As shown on Figure 8, most of these facilities are located in North and East Oakland, within a 
half mile south and west of I-580 and State Highway 13. The map also shows the potential 
inundation areas for each facility. This information, based on inundation maps prepared by dam 
owners, represents the best estimate of where water would flow in case of total failure of a 
dam with a full reservoir; generally, flood waters would follow existing stream beds or drainage 
courses. Flooding from dam failure, while unlikely, could have catastrophic impacts on portions 
of North and East Oakland. The dam and reservoir failures resulting in the largest flooded areas 
in Oakland would be those of Central reservoir and of Lake Chabot, Lake Temescal and Upper 
San Leandro reservoir dams. Of particular concerns are the Lake Temescal dam, since it 
straddles the main trace of the Hayward fault, and the Lake Chabot dam, which is located only 
one-quarter mile east of the fault. In the event of dam failure, Lake Temescal’s waters would 
follow the Temescal stream course, inundating an area one block wide north of Highway 24 to 
College Avenue that would then broaden to several blocks wide west of College.  Failure of the 
Lake Chabot dam (and of the Upper San Leandro reservoir dam) would inundate much of the 
Brookfield Village district and the industrial areas near the airport (as well as a large portion of 
San Leandro). The risk posed by dam failures is mitigated by the regulatory safeguards in place 
and should be weighed not only against the extremely rare occurrence of dam failure in the 
United States but also against the significant benefits provided by water-storage facilities. 

Probability and vulnerability: Dam Failure in Oakland   

Flooding from Dam failure in Oakland is considered unlikely. In Oakland, 5,200 urban acres are 
vulnerable, including schools, hospitals and four fire stations, should a dam failure event occur.      
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5.1.5 Sea Level Rise scenarios 
Oakland is projected to experience 36 - 66 inches of sea level rise (SLR) by the year 2100, which, 
without action, could substantially impact coastal areas: low lying coastal residences, the Port, 
the former Oakland Army Base, the Coliseum, Oakland International Airport, and I-880 are most 
at risk.  

Predictions are that global climate change will increase the elevation of San Francisco Bay, and 
that the frequency and extent of short term, temporary coastal floods will increase. Eventually, 
permanent daily tidal inundation will be reached. Low-lying coastal residential areas, the Port of 
Oakland, the former Oakland Army Base, and a variety of low-lying areas near the Coliseum, 
Oakland International Airport, and Interstate-880 are most at risk36. Storms are expected to 
increase in intensity, as well. With Oakland’s older stormwater drainage system, processing the 
water from the predicted higher tides and larger storms could lead to significant increases in 
both coastal and urban flooding and flood damage. As recently as December 2014, a 
combination of coastal and urban flooding closed roads, businesses and schools throughout the 
City; this was without the predicted tidal inundation from sea-level rise.     

ABAG has recently reported on the latest science of sea-level rise prediction, in its “Bay Area 
Risk Landscape” report37:   

 
The potential for new or prolonged flooding as sea level rises will not be confined to the 
shoreline. Sea level rise will increase the likelihood of major flood events around the Bay 
Area because higher water levels in tidal creeks and flood control channels will reduce 
capacity to discharge rainfall runoff. While some creeks already flood when rainstorms 
coincide with high tides, rising sea levels will cause flooding during smaller, more 
frequent rainfall events.  

 
Sea level rise inundation maps help to visually assess under what conditions assets may 
be impacted by sea level rise and storm events and how far-reaching the consequences 
may be if they are impacted. To understand these factors, it is helpful to evaluate a 
range of possible future sea level rise scenarios. The “total water level” approach 
presented below simplifies this process and reduces the number of maps needed. In this 

36 In coordination with the National Oceanic and Atmospheric Administration, the Bay Conservation and 
Development Commission has conducted mapping exercises documenting the projected impact of sea level rise on 
the City http://coast.noaa.gov/slr/ 
37 Association of Bay Area Governments, Bay Area Risk Landscape public review draft; 2016, pg. 43-46 
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approach, each inundation map represents a number of different unique combinations 
of sea level rise and extreme tide (storm surge) conditions.38  

 
A total water level of 36 inches above Mean Higher High Water (MHHW)39 can represent 
a new “daily” high tide with 36 inches of sea level rise. This amount of sea level rise, 
which is a likely projection for 2100, could result in regular, e.g., permanent, tidal 
inundation. This total water level can also represent today’s 50-year extreme tide level, 
a one-year extreme tide level with 24 inches of sea level rise, or a five-year extreme tide 
level with 12 inches of sea level rise, which is a likely 2050 projection. Extreme tide 
events that are larger than daily high tide levels can result in episodic, short duration, or 
temporary, flooding. 

 
As an example, the likely mid-century daily high tide is projected to be 12” above 
today’s high tide, or 12”+MHHW….This total water level is approximately the level 
observed during King Tide, which is an astronomical tides that occur approximately 
twice per year when the Moon and the Sun simultaneously exert their gravitational 
influence on the Earth. 
 
There are a number of online tools that provide regionally relevant sea level rise 
inundation maps. The most commonly used is the NOAA Sea Level Rise and Coastal 
Flooding Impacts Viewer40. This is a national tool that depicts potential impacts to 
marshes and human communities from a range of sea level rise projections from zero to 
six feet coupled with Mean Higher High Water (MHHW). It also illustrates changes in 
flood frequency and includes visual simulations of flooding at local sites. 

 

The City of Oakland is working with the San Francisco Bay Conservation and Development 
Commission (BCDC) on their regional study, “Adapting to Rising Tides” (ART), which is 
addressing sea level rise risk in the Bay Area, and specifically in East Oakland and Alameda41. 
Within Oakland, the ART study area covers the full coast inland approximately a half-mile 

38 Extreme tides are the maximum high tide level that has occurred over a specific return period (recurrence 
interval) that correlates to a specific occurrence probability. For example a 100-year extreme tide has a return 
period of 100 years, and therefore a one percent chance of occurring in any given year.  
39 Mean higher high water (MHHW) is calculated as the average of the higher of the two daily high tides over a 19-
year tidal epoch. 
40 See coast.noaa.gov/slr/ 
41 See www.adaptingtorisingtides.org and BCDC, “Oakland/Alameda Resilience Study Phase 1 Report: Vulnerability 
and Risk Assessment Findings, November 2015 Draft.”   

  

81 
 

                                                           

http://www.adaptingtorisingtides.org/


beyond the area projected to be exposed to storm event flooding with 55 inches of SLR, 
considered the most likely levels by the year 2100. ART has found that approximately 6,000 
Oakland residents would be at risk in a 16-inch SLR scenario, and 15,000 residents would be at 
risk in a 55-inch SLR scenario. The replacement costs of property in the ART project area in 
Oakland are estimated at $22 to $38 billion. 

BCDC’s “Oakland/ Alameda Resilience Study” found significant infrastructure and critical 
facilities in the East Oakland study area vulnerable to SLR, including42: 

• Oakland International Airport, a public airport owned and operated by the Port of 
Oakland, located on Bay Farm Island, serves passenger airlines, cargo services, and 
general aviation. More than 10 Million passengers travelled through the airport in 2014. 
North Field is used for general aviation. Facilities include two terminals, leased 
commercial facilities, fueling tanks, a control tower, Oakland Fire Station #22 and a 
perimeter dike. 

• Ground transportation in the study area includes Interstate-880, City of Oakland surface 
streets, and transit service provided by BART, Capitol Corridor JPA/Amtrak, AC Transit, 
the Oakland Airport Connector, and San Francisco Bay Ferry. The Union Pacific Railroad 
in the project area carries both cargo and Amtrak passenger service, including the 
Capitol Corridor line serving Bay Area commuters.   

• Fire stations owned and operated by the City of Oakland. Fire Station #22 serves the 
airport and has special equipment for aviation disasters; stations #27 and #29 serve the 
neighboring communities. The fire stations are vulnerable to future flooding because 
the buildings are at grade and firefighters rely on vulnerable roads to perform their 
emergency response function.   

• Utilities -- power transmission facilities owned by Pacific Gas and Electric Company 
(PGE); stormwater facilities owned by the City of Oakland and wastewater facilities 
owned by East Bay Municipal Utility District (EMBUD). EBMUD’s pump station G conveys 
Oakland International Airport’s wastewater to the treatment facility, and has no 
redundancy. These utilities are critical to the communities in the study area.  

• Martin Luther King Jr. Regional Shoreline, a popular 717-acre park located along the 
shoreline, with bicycle and pedestrian access on the Bay Trail including two pedestrian 
bridges, and tidal marsh habitat for endangered species. The park, Bay Trail, and 
marshes are primarily owned and managed by East Bay Regional Park District (EBRPD). 

• The Oakland-Alameda County Coliseum Complex provides economic value to the City 
and the region through sports and entertainment events year round. Stormwater and 

42 BCDC, “Oakland/Alameda Resilience Study Phase 1 Report: Vulnerability and Risk Assessment Findings, 
November 2015 Draft”, pgs -20-31   
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wastewater drainage are insufficient and have caused disruptions to Coliseum facilities 
in the past. 

Probability and vulnerability: Sea-level rise in Oakland 

The probability of sea-level rise inundation in Oakland by the year 2100 is high. To assess 
vulnerability for the Hazard Mitigation Plan, the City used the BCDC scenario of a 48-inch 
projected sea-level rise by the year 2050, to create Figures 9.1 (West Oakland) and 9.2 (East 
Oakland), showing projected inundation. The West Oakland map shows areas at the Lake 
Merritt Channel and the northern portion of West Oakland around Wood Street as the most 
potentially affected.  

In East Oakland, as confirmed by the BCDC study, the Oakland-Alameda County Coliseum 
complex, and Oakland International Airport are inundated under this scenario, as well as the 
transportation infrastructure (I-880, Oakland Airport Connector utilities, Coliseum BART station, 
Coliseum Amtrak station ). City facilities at risk with a 16 inch SLR scenario are two fire stations, 
five health care facilities, two homeless shelters and three schools, among other city facilities.43 

 

 

 

 

 

43 See Table 17, “City Facilities at risk from sea-level rise”, in Section 5.2 of this Local Hazard Mitigation Plan.   
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Figure 9.1 Projected Sea-Level Rise 48-Inch scenario, W
est O

akland Detail 
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5.1.6 Tsunami & Seiches 
 

Tsunami 

The Association of Bay Area Governments (ABAG) describes a tsunami as: “a series of waves 
generated in a body of water by a rapid disturbance that vertically displaces the water. These 
changes can be caused by an underwater fault rupture (that generates an earthquake) or 
underwater landslides (typically triggered by earthquakes).”44 

The Oakland Safety Element45 has a full description of the tsunami hazard in Oakland: 

Tsunamis are not an uncommon occurrence on the California coast. The 2011 Honshu, 
Japan earthquake caused tsunami damage in Santa Cruz, Crescent City, and Berkeley 
marinas. In 1964, a tsunami associated with an Alaskan earthquake caused eight deaths 
and damage at Crescent City. Most often, tsunamis are generated by large offshore 
earthquakes in the Pacific Ocean, producing waves that reach the California coast many 
hours after the earthquake. Tsunamis can also be generated by local earthquakes, in 
which case the first waves could reach shore mere minutes after the ground stops 
shaking, giving authorities no time to issue a warning. The National Weather Service is 
responsible for issuing warnings about potential tsunamis along the West Coast of the 
United States. Warning times vary depending on the distance to the causative 
earthquake. For most tsunamis approaching the coast, several hours are available to 
evacuate residents and undertake other emergency preparations. Flooding from 
tsunamis would affect low-lying areas along San Francisco Bay and the Oakland Estuary, 
especially filled areas that are only a few feet above sea level.  

Probability and vulnerability: Tsunami in Oakland  

The probability of a tsunami affecting Oakland is low, given the rarity and unpredictability of 
the hazard. However, the impact from a rare tsunami would be high, as shown in Figures 10 
and 10.1. The maps  estimate areas of Oakland which could experience inundation following a 
tsunami, showing the Bay Bridge landing, Jack London District the Port of Oakland’s seaport and 
the entirety of the Oakland International Airport, the San Leandro Bay shoreline including the 
Oakland Coliseum complex and the City of Oakland Corporation yard, as potential sites for 
flooding during a tsunami. City facilities in the tsunami inundation zone include two schools and 
two fire stations.   

44 See http://resilience.abag.ca.gov/tsunamis/ 
45 City of Oakland, Safety Element, Oakland General Plan, 2004: pages 104-6 
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Figure 10. Oakland Tsunami Inundation Map—West Oakland 
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Figure 10.1. Oakland Tsunami Inundation Map—East Oakland 
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Seiches    

A “seiche”, according to the US Geological Survey, is the sloshing of a closed body of water from 
earthquake shaking.  Seismic seiches are standing waves set up on rivers, reservoirs, ponds, and 
lakes when seismic waves from an earthquake pass through the area. They are in direct 
contrast to tsunamis which are giant sea waves created by the sudden uplift of the sea floor.  

The Oakland Safety Element includes the following description of seiche hazards:   

There is no data on the local occurrence or impact of seiches, as none has ever been 
recorded in the Bay Area. Given the absence of local data—and that seiches are, in 
general, poorly understood—an accurate assessment of the hazard posed by seiches is 
difficult. Damage from a seiche would depend primarily on the size, depth, elevation, 
proximity to development and, if human-made, structural condition of the body of 
water in which the seiche occurs. Outside the Bay Area, earthquake-generated seiches 
have on occasion damaged dams and water-storage tanks. In addition, isolated damage 
to adjacent and down-slope structures has been observed from seiches occurring in 
swimming pools and in small, shallow lakes and ponds. 

In Oakland, the only threat of large-scale damage from seiches appears to come from 
downstream flooding that would be caused by large volumes of water overtopping a 
dam or reservoir, a hazard that is examined in the following section. (Lake Merritt, with 
depths greater than two or three feet only near its center, is likely too shallow to be 
able to generate devastating seiches). The likelihood of large-scale devastation in 
Oakland resulting from seiches appears to be minuscule.46 

Probability and vulnerability: Seiche in Oakland 

No new science since the publication of the Safety Element (2004) has increased the probability 
for a seiche event in Oakland, and it is considered unlikely. The vulnerability in Oakland of 
significant damage from seiche is still considered “low.”   

  

46 City of Oakland, Safety Element, Oakland General Plan (2004,) pg. 105-6 
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5.1.7 Fire 
There are three main types of fire hazards: wildfires, which affect open space and development 
on the urban fringe; structural fires, which occur in buildings; and industrial fires, which result 
from the ignition of hazardous materials. While fires are not entirely preventable, it is possible 
to create conditions that reduce the chances of fire and that facilitate efficient response in case 
fire breaks out. When a fire does ignite, quick response from firefighters and an adequate 
supply of water are essential in minimizing damage. 

The Oakland-Berkeley Fire of 1991 was the most destructive fire in State history, resulting in 25 
lives lost, 150 injuries, destruction of 3,354 single-family dwellings and 456 apartments, and in 
$9 billion in losses (2015 dollars). While wildfires may occur at any time of year and in any 
climate, the risk of fire increases greatly with increased drought and heat. California’s future 
climate of frequent drought and higher heat leaves Oakland at extreme risk for wildfire.  

The Oakland Safety Element includes the following description of the hazards from fire47: 

Key vulnerability factors.  General factors that affect an area’s risk from fire hazards 
include its location, land uses, distance from fire stations, ease of accessibility by fire-
fighting equipment, and adequacy of water supply. More specifically, the extent, 
severity and damage of fires are determined by several key factors affecting 
vulnerability. For the three types of fire examined in the Safety Element, these 
vulnerabilities include: 

● Wildfires: steep and rugged topography, dense and unmanaged vegetation 
(especially woods and brush), accessibility to human activities, exposure to wind and 
sun, drought conditions, and the presence of above-ground utility lines. The wildland-
urban interface is an especially hazardous area because it combines a resident 
population with large areas of combustible material (including structures), and is often 
characterized by sub-standard water supplies and a distant location from fire stations. 
The time of the year of high wildfire danger is from May to October, when temperatures 
are higher and humidity is lower. The closer to the end of this “fire season,” the more 
critical the danger is, as vegetation becomes increasingly dry. 

● Structural fires: Especially vulnerable building and land-use types include high-
rise buildings, multi-family dwellings, and high-density residential neighborhoods; places 
of mass assembly, such as schools, stadiums, auditoriums and shopping centers; 
structures constructed before current fire and building codes; institutions such as 
hospitals and jails that house people of limited mobility; downtown Oakland, and other 
high-density commercial districts. 

47  City of Oakland, Safety Element, Oakland General Plan, (2004), pages 53-67 
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● Industrial fires: Especially vulnerable facilities include large industrial complexes, 
including seaports and airports, and businesses and other “target hazards” with 
substantial concentrations of highly combustible and toxic materials.  

Earthquakes and Fire.  While fires usually happen as stand-alone events, the threat of 
extensive fire damage is greatest following a major earthquake. Strong earthquakes can 
rupture gas lines and down electric lines, which can, in turn, spark fires. The severity of 
fires occurring under those circumstances would likely be compounded by the 
accompanying failure of water mains (which would hamper fire-suppression efforts) and 
damage to roads and overpasses (which would restrict the evacuation of people and 
access by emergency vehicles). (See Section 5.1.1, above) 

Structural or industrial fires are unlikely to cause widespread damage, so for the purposes of 
the 2016-2021 LHMP, the risk analysis and mitigation measures will focus on wildfire, or more 
specifically, the “Wildland-Urban Interface” in the Oakland Hills, defined as the line, area, or 
zone where structures and other human development meet or intermingle with undeveloped 
wildland or vegetative fuels. It describes an area within or adjacent to private and public 
property where mitigation actions can prevent damage or loss from wildfire.48  

 

Probability and vulnerability: wildfire in Oakland 

Oakland has experienced the devastating effects of wildfire in the last 30 years.  The Wildland 
Urban Interface (WUI) within Oakland is subject to hot and dry fall seasons, consist of wind-
susceptible topography, flammable vegetation, dense development, and limited accessibility 
for firefighting. Given the current drought conditions of the last few years , the probability of 
another wildfire is extremely high. As such, the Oakland hills remains vulnerable to another 
catastrophic event. 

Figure 11 shows the Fire severity zone for the City of Oakland, the CalFire hazard Zone, and the 
former Wildfire Prevention Abatement District (WPAD) boundary. 10,303 acres of Oakland are 
subject to very high wildfire threat; and 20,646 acres are in wildland-urban interface threat 
areas. City facilities in the hazard zone include six fire stations and 16 schools.   

 

 

 

48 See “Glossary” at National Wildfire Coordinating Group, http://www.nwcg.gov/.   
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5.1.8 Drought  
Starting in 2012, California began experiencing extreme drought conditions, leading to a State 
of Emergency declaration in 2014, and significant mandatory conservation requirements. The 
year 2015 surpassed the year 1977 as the driest year on record in California. California has 
experienced droughts before, but with our changing climate, the expectations are more severe, 
longer droughts, and more days of extreme heat. During drought, Oakland experiences higher 
water prices, decreased cooling options during extreme heat days, loss of shade trees and 
plants and open space values, and higher risk of wildfire. Extreme heat disproportionately 
affects the health of vulnerable populations, as noted in Section 5.1.7. Because all 34,600 urban 
acres in Oakland have been subject to drought in the last four years, the probability is high that 
drought in some form will continue to affect Oakland during the years 2016-2021. Figure 12 
shows the statewide breadth of the drought, with Oakland, after a season of rain by April 2016, 
experiencing “severe drought.”   

Figure 12. California Drought Monitor, as of  April 19, 2016 
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5.1.9 Extreme Heat 
 

The U.S. Environmental Protection Agency (EPA) defines extreme heat events as “periods of 
summertime weather that are substantially hotter and/or more humid than typical for a given 
location at that time of year.”49 

The State of California defines an extreme heat day as a day during the months of April through 
October, where the maximum temperature exceeds 81 degrees Fahrenheit (in Oakland), and 
defines a heat wave as five or more consecutive extreme heat days.50 Historically, there have 
been four extreme heat days in any given year, statewide.  

In planning for extreme weather, the City of Oakland has an emergency plan that opens cooling 
center when there are predictions of: three consecutive days when the daytime high is 105 to 
129 degrees Fahrenheit; two consecutive days when nighttime temperature does not go below 
90 to 105 degrees Fahrenheit; and any day when the Heat Index high is 130 degrees Fahrenheit.  
 
Extreme heat can have public health impacts, particularly to the elderly and children under five:  
premature death; cardiovascular stress and failure; and illnesses such as heat stroke, heat 
exhaustion and kidney stones.51  

Probability and impact: Extreme Heat in Oakland  
Projections by the State for each of the next five years (2016-2021) show the number of 
extreme heat days for Oakland, with the highest number expected in the year 2017, as shown 
in Table 13.  
 
Table 13. Days of Extreme Heat 
Year Projected number of extreme heat days 
2016 4 
2017 28 
2018 11 
2019 10 
2020 10 
2021 6 
Source: “Number of Extreme Heat Days per year” chart for Oakland; assuming a “high GHG emission 
 scenario”, accessed March 7, 2016 at http://cal-adapt.org/temperature/heat/# 

The Oakland Extreme Weather Plan prepares for extreme heat days by opening cooling stations 
in public buildings and facilities; locations announced by the City Administrators Office’s Public 
Information Officer through available media sources.   

49 U.S. EPA. 2006. Excessive Heat Events Guidebook. EPA 430-B-06-005. U.S. 
Environmental Protection Agency, Washington, DC. 
50 This is based on the 98th historical percentile of max temperatures based on daily temperature maximum data between 1961-1990.  See Cal 
Adapt website :http://cal-adapt.org/temperature/heat/#. 
51 California Adaptation Planning Guide, July 2012. 
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5.1.10 Additional Hazards – Human Caused 
Oakland has a high exposure to “man-made hazards,” which FEMA describes52 as terrorism and 
technological hazards, such as hazardous materials releases. Oakland has the Port of Oakland, 
regional attractions such as the Oakland Coliseum, the Oakland Zoo, regional transportation 
such as BART and high profile governmental facilities such as the Post Office in West Oakland, 
and Alameda County Courthouse and offices in downtown. The City has ongoing Emergency 
preparedness efforts underway, which protect against hazardous materials release.   

Hazardous materials release  

The Oakland Safety Element (Chapter 5) has a thorough discussion of “Hazardous Materials,” a 
term describing a large number of gaseous, liquid and solid substances which are toxic, 
flammable, corrosive, reactive, infectious or explosive. These properties of hazardous materials 
make their potential release into the environment and the negative impact on human health 
from such a release the subject of governmental regulation and community awareness and 
activism.53   

Hazardous materials released into the environment become hazardous waste. Hazardous 
materials and waste disposed or released into the environment can occur in several ways: 
illegal dumping into the sewer or storm-drain system; into creeks or along roadways; industrial 
accidents or spills on freeways or railroads; a ruptured gas or petroleum pipeline; leaking 
underground storage tanks; illegal disposal in; demolition or remodeling of older buildings 
containing asbestos, lead-based paint or other hazardous building materials; contaminated 
groundwater plumes; application of pesticides, of herbicides; urban storm water runoff carrying 
grease, oil and other pollutants. As a dense urban center with long-established industrial areas 
in West and East Oakland, and extensive freeway and rail networks, Oakland faces the risk of a 
transportation-related or other hazardous materials incident, such as a fire, explosion, spill or 
accidental gas release. While hazardous material incidents can happen anywhere, certain areas 
of the City are particularly vulnerable to these hazards, particularly residents near industrial 
zones and along interstate highways.54  

Transportation 

Transporting hazardous materials through Oakland is, and has been, a potential significant 
public safety hazard. Oakland is the Bay Area’s transportation hub, which makes the City 
vulnerable to truck and rail accidents involving hazardous materials. Oakland is crossed by four 

52 See FEMA report, “Integrating Manmade Hazards into Mitigation Planning” (pg 11):  
http://hazardmitigation.calema.ca.gov/docs/howto7_Integrating_Manmade_Hazards.pdf 
53 See City of Oakland Safety Element, pages 11 and following, and 71 and following:   
http://www2.oaklandnet.com/Government/o/CEDA/o/PlanningZoning/s/GeneralPlan/DOWD009020 
54 City of Oakland, Safety Element, pgs. 72-74.   
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interstate highways (I-80, I-580, I-880 and I-980) and three transcontinental railroad lines; also, 
the city is home to the Port of Oakland, one of the nation’s top five gateways for ocean-borne 
cargo and the Bay Area’s top destination for truck and trail traffic, and for hazardous material in 
general. The Oakland International Airport is also a significant national and regional 
transportation hub for freight, being in the top fifteen airports nationwide for tonnage of 
cargo55. The risk of transportation related accidents is mitigated by the many federal and state 
safety precautions and regulations, and by the fact that accidents on freeways are likely to be 
detected and reported quickly. In the event of a spill, or other accidental release, the Oakland 
Fire Department would be the first responder, while Caltrans would assume responsibility for 
the subsequent clean-up.56   

Pipelines 

Pipelines which carry hazardous liquids in populated areas are a potential safety threat. For 
example, an earthquake could damage pipelines, potentially causing fires, explosions and 
groundwater contamination. Oakland has pipelines for the transportation of liquefied natural 
gas, crude oil, and refined-petroleum products, which are laid under residential and commercial 
areas. PG&E has natural gas pipelines under San Leandro and Oakport Streets in East and 
Central Oakland, under 2nd and 4th Streets in Jack London Square, and under Linden Street in 
West Oakland, among other locations (PG&E provides a map of these pipelines on its 
website57). Kinder Morgan Corporation has pipelines through Oakland which transport 
petroleum materials.    

Hazardous Materials Sites 

The use of hazardous materials before the adoption of current environmental regulations has 
left a legacy of contaminated sites, especially in older cities such as Oakland. Sites associated 
with hazardous waste contamination include landfills, rail yards, certain manufacturing 
operations, and most commonly, sites with leaking underground storage tanks (LUST’s). Sites 
with LUSTs include gasoline stations, corporation yards and other places associated with the 
use, storage or maintenance of fuels and motor vehicles. The risk of hazardous material release 
from contaminated sites is serious, but typically not immediately life threatening, and depends 
on the quantity and toxicity of contaminants, and the available exposure pathways for 
contaminants to affect human health.   

Oakland is home to a large number of businesses and facilities that generate, use, store or 
dispose of hazardous materials. These sites are throughout the city, though primarily 
concentrated in the industrial areas of West and East Oakland.   

55 For 2014; Airport Traffic Reports, Airports Council International --North America; http://www.aci-na.org/content/airport-traffic-reports 
56 City of Oakland, Safety Element, page 88.   
57 See PGE website:  http://www.pge.com/en/safety/systemworks/gas/transmissionpipelines/index.page 
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Terrorism 

Terrorism is a human-caused hazard, which may involve injury to people or damage to 
property, and may manifest itself through bombings, hijackings, kidnappings, arson, 
assassinations, threats only, disruption of “lifeline systems” and other critical infrastructure, 
and the use of chemical, biological, radiological, nuclear, and explosive weapons. The nature of 
such weapons makes mitigation, response and recovery issues difficult.   

Cyber-terrorism is a concern: a criminal act perpetrated by the use of computers and 
telecommunications capabilities, resulting in violence, destruction and/or disruption of services 
to create fear by causing confusion and uncertainty within a given population, with the goal of 
influencing a government or population.   

Despite the significant Federal role in terrorism response, local, county, and state jurisdictions 
have the primary responsibility for protecting public health and safety. Local law enforcement, 
emergency medical services (EMS), and fire agencies will be the first units to respond to a 
terrorist incident. Local health care agencies will be required to provide treatment to victims 
and, in cases of nuclear, chemical, or biological attacks, rapidly identify the substance used in 
the attack. Citizens will inevitably look to local and state officials and the media for information 
regarding what has occurred, the actions are being taken/will be taken to respond to this type 
of incident. 

Estimating the likelihood of Oakland experiencing a terrorist attack is not possible. However,  
Oakland’s Emergency Management Services Division (EMSD) has readiness efforts which 
identify critical sites, and assesses those sites’ vulnerability to attack. EMSD participates in a 
number different planning and coordinating efforts to combat terrorism.   

Oakland is part of the Bay Area Urban Area Security Initiative and has been designated as a Tier 
I urban area. It is one of only 10 other urban areas with this designation, meaning it faces a 
higher level of risk than other urban areas for terrorism. 

  

97 
 



5.2 Risk Assessment 
 

Urban Land Exposure 

The City examined the exposure of City urban land to the natural hazards studied. Of the 
approximately 34,600 urban acres in the City:  

• Earthquake faulting – 1,800 acres are in the Alquist-Priolo Earthquake Fault Study Zone. 
• Earthquake shaking – most of the urban acres, 34,493, are in the highest two categories 

of shaking potential, in large part because the Hayward fault runs through to the 
eastern portion of the City. 

• Earthquake-induced landslides – the California Geological Survey has identified 4,900 
acres in the Seismic Hazard Mapping Zones; Landslides – 2,000 acres are in areas of 
existing landslides (“mostly a landslide area”). 

• Earthquake liquefaction – 17,000 acres are in areas of moderate, high, or very high 
liquefaction susceptibility mapped by the U.S. Geological Survey; while 14,600 acres are 
in the California Geological Survey’s Seismic Hazard Mapping Zone. 

• Flooding –294 acres are in the (2009) 100-year flood plain, while an additional 1,546 
acres are in other flood-prone areas.  

• Wildfires – 10,300 acres are in the “very high severity zone” of wildfire threat; and 
20,646 acres are in wildland-urban interface threat areas.  

• Dam inundation – 5,200 acres in Oakland are subject to dam failure inundation. 
• Tsunami -- 6,640 acres are within the inundation area 
• Drought – all 34,682 urban acres in Oakland are subject to drought. 

 

For the 2016-2021 LHMP, the City reviewed the hazard exposure of Oakland’s urban land, 
based on the 2010-2015 LHMP, which used ABAG data58. The City then compared the 2010 
results with more recent GIS data, when available, for each of the hazards. The new, updated 
acreage information is shown in the “Plan Year 2016” columns of Table 14.    

 

  

58 See http://quake.abag.ca.gov/mitigation/landuse 
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Table 14. Exposure to Hazards (acres of urban land) 

 

Hazard Plan Year 2010 

# acres 

Plan Year 2016 

# acres 

Total Acres of Urban Land (excludes the Bay and 
EBRPD lands within the City limits). 

34,682 34,534 

Earthquake Faulting (within California Geologic 
Survey (CGS) zone) 

1,835 1,801 

Earthquake Shaking (within highest two shaking 
categories) 

33,925 34,493 

Earthquake-Induced Landslides (within CGS study 
zone) 

4,742 4,932 

Liquefaction (within moderate, high, or very high 
liquefaction susceptibility 

17,261 17,044 

Landslides (within areas of existing landslides) 2,034 n/a 

Flooding59 (within 100 year floodplain) 578 294 

Flooding (within 500 year floodplain) 1,865 1,840 

Wildfire (subject to high, very high, or extreme 
wildfire threat) 

2,393 10,303 

Wildland-Urban Interface Fire Threat 18,676 20,646 

Dam Inundation (within inundation zone) 5,427 5,183 

Tsunami (within inundation area) Not calculated 6,643 

Drought60 34,682 34,682 

 

 

59 This is a calculation of the acreage shown in the 2009 FIRM map.   

60 The entirety of the City of Oakland is subject to drought.   
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Infrastructure Exposure 

For the 2010-2015 LHMP, the City used ABAG data61 to review the miles of Oakland-located 
infrastructure, such as roadways, transit and rail lines exposed to natural hazards (Table 15).  
There has not been significant changes to the predicted area of hazards.  For the 2016-2021 
LHMP, this data is shown graphically, on maps in each of the Hazards sections above.    

Table 15. Miles of infrastructure exposed to natural hazards, 2010 

Hazard 

Roadway Transit Rail 

Plan Year 

201062 

Plan Year 

2010 

Plan Year 

2010 

Total Miles of Infrastructure 1,178 30 44 

Earthquake Shaking (within highest two 
shaking categories) 

1,166 30 42 

Liquefaction Susceptibility (within 
moderate, high, or very high liquefaction 
susceptibility 

642 27 43 

Liquefaction Hazard (within CGS study 
zone)63 

496 24 42 

Earthquake-Induced Landslides (within 
CGS study zone)64 

66 1 0 

Earthquake Faulting (within CGS zone) 72 0 0 

Flooding (within 100 year floodplain) 8 0 1 

Flooding (within 500 year floodplain) 70 5 7 

Landslides (within areas of existing 
landslides) 

46 0 0 

61 See http://quake.abag.ca.gov/mitigation/landuse 
62 “Plan Year 2010” data used the “2005 Existing Land Use with 2009 Mapping” file at ABAG, 
http://quake.abag.ca.gov/mitigation/landuse  
63 681 miles of roadway, 6 miles of transit, and 2 miles of rail are outside the area that has been evaluated by CGS for this 
hazard  
64 1,112 miles of roadway, 29 miles of transit, and 44 miles of rail are outside the area that has been evaluated by CGS for this 
hazard 
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Wildfires (subject to high, very high, or 
extreme wildfire threat) 

54 0 0 

Wildland-Urban Interface Fire Threat 560 6 4 

Dam Inundation (within inundation zone) 179 4 6 

 

Exposure of Oakland City-Owned Buildings, Plus Critical Healthcare Facilities and Schools  

For the 2010-2015 LHMP, the City used ABAG data65 to review the hazard exposure of 
Oakland’s City-owned buildings, as well as critical healthcare and school facilities. Table 16 
shows this data, for reference.  

For Sea-level rise hazard exposure, see Table 17, below.   

Table 16.  Exposure (number of facility types) 

 

Hazard 

Hospitals66 Schools 
City-owned67 

critical 
facilities 

City-owned 
bridges and 

interchanges 

Plan 
Year 

2010 

Plan 
Year 
2016 

Plan 
Year 

2010 

Plan 
Year 
2016 

Plan 
Year 

2010 

Plan 
Year 
2016 

Plan 
Year 

2010 

Plan 
Year 
2016 

Total Number of Facilities 8 6 205 146 312 56 155 n/a 

Earthquake Shaking (within 
highest two shaking 
categories) 

8 8 204 146 311 31 152 n/a 

Liquefaction Susceptibility 
(within moderate, high, or 
very  high liquefaction 
susceptibility 

4 3 121 84 176 39 134 n/a 

65 See http://quake.abag.ca.gov/mitigation/landuse 
66 ABAG collected data on Hospitals, Long Term Care Facilities, Primary Care or Specialty Clinics, and Home Health Agencies or 
Hospices.  This table only shows the data for Hospitals.  Further information available at 
http://quake.abag.ca.gov/mitigation/pickcrit2010.html 
67 2010 figures: ABAG collected data on City of Oakland-owned facilities.  2016 figures: reporting only on government buildings, 
police and fire stations, and libraries.   
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Hazard 

Hospitals68 Schools 
City-owned69 

critical 
facilities 

City-owned 
bridges and 

interchanges 

Plan 
Year 

2010 

Plan 
Year 
2016 

Plan 
Year 

2010 

Plan 
Year 
2016 

Plan 
Year 

2010 

Plan 
Year 
2016 

Plan 
Year 

2010 

Plan 
Year 
2016 

Liquefaction Hazard (within 
CGS study zone) 

3 1 72 58 119 21 123 n/a 

Earthquake-Induced 
Landslides (within CGS study 
zone)  

0 0 0 4 0 3 0 n/a 

Earthquake Faulting (within 
CGS zone)  

0 0 5 5 1 1 0 n/a 

Flooding (within 100 year 
floodplain) 

0 0 1 1 0 1 4 n/a 

Flooding (within 500 year 
floodplain) 

0 0 7 8 4 1 31 n/a 

Landslides (within areas of 
existing landslides) 

0 0 0 4 2 3 3 n/a 

Wildfires (subject to high, 
very high, or extreme 
wildfire threat) 

0 0 2 16 0 9 3 n/a 

Wildland-Urban Interface 
Fire Threat 

2 4 65 63 28 32 60 n/a 

Dam Inundation 2 3 20 33 9 31 44 45 

Tsunamis (within inundation 
area) 

n/a-  n/a  n/a  n/a  

Drought n/a -8 n/a 146 n/a- 31 -n/a n/a 

68 ABAG collected data on Hospitals, Long Term Care Facilities, Primary Care or Specialty Clinics, and Home Health Agencies or 
Hospices.  This table only shows the data for Hospitals.  Further information available at 
http://quake.abag.ca.gov/mitigation/pickcrit2010.html 
69 2010 figures: ABAG collected data on City of Oakland-owned facilities.  2016 figures: reporting only on government buildings, 
police and fire stations, and libraries.   
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Table 17 describes the number and type of City facilities which could be affected by two 
different projected sea-level rise scenarios, in years 2050 and 2100.   

Table 17.  City Facilities at risk from sea-level rise (SLR).   

City Facilities Total Number Number at Risk from Sea Level Rise (SLR) 
  16 inches by 2050 55 inches by 2100 
Emergency Response Facilities   
Fire Stations 8 2 2 
Facilities serving at-risk populations   
Health Care facilities 87 5 13 
Homeless shelters 12 2 4 
Food Banks 14 1 5 
City Facilities Total Number Number at Risk from Sea Level Rise (SLR) 
  16 inches by 2050 55 inches by 2100 
Facilities serving vulnerable, less mobile populations  
Senior housing facilities 45 0 3 
Childcare centers 146 6 16 
Schools 81 3 13 
Source: City of Oakland Preliminary Resilience Assessment, March 2016 
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6. Mitigation & Adaptation Strategy 

6.1 Introduction, mission statement 
The City of Oakland is committed to reducing the risks to residents and businesses from natural 
hazards. The Mitigation measures in this Section describe the actions the City will take during 
the years 2016-2021 to pursue funding for capital projects and program, and for long-range 
planning efforts and studies.    

6.2 Analysis of mitigation measures 
City staff reviewed the mitigation measures, policies and actions included in the 2010-2015 
Local Hazard Mitigation Plan. Some mitigation measures have been completed, and some have 
been continued in the 2016-2021 Local Hazard Mitigation Plan, as shown in Section 6.4, below.  

6.3 Mitigation Goals 
To guide the City of Oakland in its Hazard Mitigation planning for the years 2016-2021, the City 
has established the following four goals. These goals are retained from the Safety Element of 
the Oakland General Plan, and have been amended to correspond to the focus areas of the 
Oakland Resilience Strategy, which is a separate but complimentary planning process being 
developed by the City in 2016. A new goal has been added to include hazard mitigation 
planning into the City’s continuing long-range planning programs.    

1. Protect the health and safety of Oakland residents and others in the city by minimizing 
potential loss of life and injury caused by safety hazards. 

2. Safeguard Oakland’s economic welfare by reducing potential property loss, damage to 
infrastructure, and social and economic dislocation and disruption resulting from safety 
hazards. Assist Oakland residents to recover quickly from adversity, and stay “rooted” in 
the City.  

3. Preserve Oakland’s environmental quality by minimizing potential damage to natural 
resources from safety hazards.  Improve public infrastructure to increase environmental 
and health benefits from the City’s air, soil and water.   

4. The Oakland Planning Bureau will ensure the Downtown Specific Plan (expected 
adoption in 2017/18) and all future Specific Plans and Oakland General Plan updates 
include recognition of projected sea level rise and other natural hazards; and will also 
include  policies and goals that encourage future development projects to adapt to the 
effects of climate change.   

 

6.4 Mitigation Action Plan 
A number of mitigation strategies are already complete in Oakland. Those actions and programs 
which the City and the Port of Oakland commit to implement, or to seek funding for 
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implementation, during the years 2016-2021, are described in this section, and are more fully 
detailed, in Table 18, below. The mitigation measures were reviewed to reflect actions 
completed, deferred, deleted or new actions to reflect current situations and priorities.   

6.4.1 Mitigation actions and measures completed from the 2010-2015 LHMP 

The City has completed several of the mitigations during the previous LHMP.  

1. Buildings and Facilities 
• New City facilities, built to current acceptable seismic standards: East Oakland 

Sports Center; 81st Avenue Library; Golden Gate Recreation Center; Fire Stations 
#8 and #18; Sailboat House Shoreline Improvements (flood protection and ADA).   

• Fire prevention: 1,400 acres of brush clearance using goats during May-
September; 250 cubic yards of invasive species removal with volunteer 
assistance;  

• Earthquake Brace + Bolt Program: The City of Oakland participates in the 
California Earthquake Authority “Residential Mitigation Program”. There were 50 
seismic retrofit applications for single family homes in late 2015 and into 2016, 
taking advantage of this funding incentive program.   
 

2. Greenhouse Gas (GHG) Inventory 
• Inventory global warming emissions in local government's operations and in the 

community, set reduction targets and create an action plan. The Oakland Energy 
and Climate Acton Plan (ECAP) was adopted in 2012, and will be updated in 
2016.   
 

3. Disaster Planning and Communications 
• A Mass Notification system is in place, as of January 1, 2016; 

When local emergencies or disasters occur, the City of Oakland uses a mass 
notification system to communicate concise information and instructions to 
Oakland employees, residents, visitors and businesses including the type of 
incident and instructions or actions to take to remain safe. 
 
Internally, the system is used for activations of the Emergency Operations Center 
(EOC) and for callouts for multi-alarm fires. 
 
Effective January 1, 2016 the City of Oakland will be participating in 
“EverBridge,” the Alameda County Alert System. The EverBridge system is 
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internet-based and can send emergency messaging via telephone, Short 
Message Service (SMS) text message, email, instant message, fax or TTY/TDD. 
 
The database currently includes all public “listed” phone numbers, in addition 
the new system allow for Oakland residents to “opt-in” at ACAlert.org and add 
unlisted numbers as well as select from a variety of preferred messaging 
priorities.  The new system will also allow for residents to “opt-in” to receive 
additional “urgent” messages for: 
 
• City of Oakland Events & Information  
• Red Flag Warnings  
• Urgent Oakland Business Alerts • Urgent Oakland Resident Alerts 
 

4. Oil Spill response 

Since July 1995, the Oakland Fire Department’s Emergency Management Services 
Division (EMSD) has been the lead agency for development and implementation of the 
Alameda County Local Oil Spill Contingency Plan (ACLOSP). 

The Emergency Management Services Division receives grant funding to make revisions 
and updates to the local plan, participate in the development of a Memorandum of 
Understanding (MOU) between the CDFW, Alameda County Operational Area, the City 
of Oakland and participating cities, and conduct and participate in trainings and 
exercises. 
 
In 2015, the City Council approved by Resolution (No. 85531 C.M.S.) a Memorandum of 
Understanding (MOU) between the City of Oakland Emergency Management Services 
Division and the Alameda County Operational Area for oil spill planning. The new 
agreement ensures the City of Oakland will continue to play a prominent role in 
planning, mitigating, responding to and training for oil spills. 
 

5. Disaster Recovery Framework 
The City of Oakland’s Disaster Recovery Framework project includes development of a 
best practices document and localizing the planning products to coordinate and manage 
long-term recovery after a catastrophic event. 
 
Key objectives: 
o Validation of the health, social, economic, natural and environmental Recovery 
Support Functions (RSFs). 
o Build resiliency from the local jurisdiction up to the nation. 
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o Development of the “Recovery Framework Resources and Tool Kit”. 

6.4.2 Mitigation actions to complete, 2016-2021 

The City commits to either implement or seek funding for the following 21 hazard mitigation 
measures.  Each measure is explained in greater detail in Table 18, below.  

In Table 18, the mitigation measures are grouped by priority --  “high” and “moderate” priority 
actions. Of the High Priority actions, the City will perform a cost-benefit analysis, and in the 
next five years, pursue those mitigation strategies which are the most cost effective, in terms of 
public protection and risk reduction. In some cases which are grant funded, the mitigation 
strategy will be undertaken when and if the funding is secured.   

Building and Facilities  

1. Safer Housing for Oakland: Soft Story Apartment Retrofit Program 
2. Earthquake Safe Homes Program 

Infrastructure 

3. Green Infrastructure Planning  
4. “Detain the Rain” -- Stormwater detention on private property  
5. City of Oakland, Stormwater infrastructure improvements 
6. Review and Collaborate with BCDC on Adapting to Rising Tides mitigation strategies  

Fire Prevention 

7. Wildfire Prevention Assessment District (WPAD) re-authorization 
8. Defensible Space Vegetation Program to manage Wildfire hazards 
9. Amend Oakland Planning Code to adopt a “Fire-safe Combining Zone” for future 

construction 

Emergency Planning and preparations 

10. Reliable Water Supply during Fires 
11. Continuity of Operations Emergency Planning 
12. Emergency Notification Systems 
13. Implement Energy Assurance Plan 
14. Assessment and retrofits of Critical Facilities and Infrastructure 

Port of Oakland – Airport and Maritime Mitigations 

15. Oakland International Airport, Old Earhart Road Floodwall Improvements 
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16. Oakland International Airport Perimeter Dike 
17. Maritime Terminal Study on Liquefaction Potential 
18. Middle Harbor Shoreline Park Dike repair 
19. Maritime Intelligent Transportation System (ITS) 
20. Maritime Area Seismic Monitors 
21. Sea Level Rise Vulnerability and Assessment Improvement Plan 
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Table 18. Mitigation Strategies (ongoing, continued, deferred or new) to be implemented, 
2016-2021.    

High Priority Strategies 

STRATEGY DEVELOPMENT INFORMATION 
Strategy Name Green Infrastructure Planning  

 

Hazard(s) 
Addressed 

Earthquake 
Ground 
Shaking 

Earthquake 
Liquefaction 

Current 
Flooding 

Future 
Flooding Wildfire Landslide Other 

Hazards 

Strategy Type 
Evaluation Program/ 

Operation 
Policy 

Development Coordination Education/ 
Outreach 

Process/ 
Implementation 
Mechanism 

Long-
Range 

Planning 

Land Use 
Planning 

Capital 
Planning Operations 

Emergency 
& Hazards 
Planning 

Project 
Planning & 

Design 

New 
Initiatives 

Responsible 
Agency 

Oakland Public Works 

Partners  

STRATEGY IMPLEMENTATION INFORMATION 

Priority  High 

Actions/ 
Activities  

Oakland is developing a Green Infrastructure Plan to identify areas of opportunity and 
standards for inclusion of green infrastructure in public capital projects - such as 
streetscape renovations, park projects, and parking lot retrofits among others. Green 
infrastructure is a term for stormwater detention systems - such as rain gardens, tree 
wells, bioswales, green roofs, living walls, and permeable pavement.  

Staff Lead Kristin Hathaway, Watershed Program Supervisor 

Cost Estimate Unknown 

Benefits (losses 
avoided) 

The purpose of this planning effort is to detain stormwater runoff during storm events to achieve 
a measurable reduction in downstream flows in order to reduce flooding, erosion, landslides, and 
sedimentation. In addition to mitigating the risk of the aforementioned hazards, the project will 
provide co-benefits including groundwater recharge, protection and/or creation of habitat and 
open space, augmenting green space, neighborhood beautification, and climate change 
mitigation. 

Potential 
Funding Sources 

Grant funding 

Timeline 2016-2021 
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STRATEGY DEVELOPMENT INFORMATION 
Strategy Name “Detain the Rain” : Storm water detention on private property  

 

Hazard(s) 
Addressed 

Earthquake 
Ground 
Shaking 

Earthquake 
Liquefaction 

Current 
Flooding 

Future 
Flooding Wildfire Landslide Other 

Hazards 

Strategy Type 
Evaluation Program/ 

Operation 
Policy 

Development Coordination Education/ 
Outreach 

Process/ 
Implementation 
Mechanism 

Long-
Range 

Planning 

Land Use 
Planning 

Capital 
Planning Operations 

Emergency 
& Hazards 
Planning 

Project 
Planning & 

Design 

New 
Initiatives 

Responsible 
Agency 

Oakland Public Works 

Partners  

STRATEGY IMPLEMENTATION INFORMATION 

Priority  High 

Actions/ 
Activities  

The City of Oakland will establish a “Detain the Rain” program that will work with 
homeowners and residents across the City to install stormwater detention systems on 
private properties. The City will outreach to residents throughout the City, with a focus 
on residents in the Oakland hills where landslides and erosions issues are more 
prevalent, to recruit participants in the project.   
 
Residents who elect to participate in the program will be provided with design and 
installation assistance for establishing a stormwater detention system at their property 
or residence. The residents will be given a variety of stormwater detention options from 
which to choose including cisterns, large rain barrels, a rain garden or bioretention area, 
a flow-through planter, or permeable pavement. 

Staff Lead Kristin Hathaway, Watershed Program Supervisor 

Cost Estimate Unknown 

Benefits (losses 
avoided) 

The purpose of this program is to detain stormwater runoff during storm events to achieve a 
measurable reduction in downstream flows in order to reduce flooding, erosion, landslides, and 
sedimentation. In addition to mitigating the risk of the aforementioned hazards, the project will 
provide co-benefits including groundwater recharge, protection and/or creation of habitat and 
open space, augmenting green space, neighborhood beautification, and climate change 
mitigation. 

Potential 
Funding Sources 

Grants 
 

Timeline 2016-2021 
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STRATEGY DEVELOPMENT INFORMATION 
Strategy Name City of Oakland – Stormwater infrastructure Improvements  

Hazard(s) 
Addressed 

Earthquake 
Ground 
Shaking 

Earthquake 
Liquefaction 

Current 
Flooding 

Future 
Flooding Wildfire Landslide Other 

Hazards 

Strategy Type 
Evaluation Program/ 

Operation 
Policy 

Development Coordination Education/ 
Outreach 

Process/ 
Implementation 
Mechanism 

Long-Range 
Planning 

Land Use 
Planning 

Capital 
Planning Operations 

Emergency 
& Hazards 
Planning 

Project 
Planning 
& Design 

New 
Initiatives 

Responsible 
Agency 

City of Oakland, Oakland Public Works 

Partners  

STRATEGY IMPLEMENTATION INFORMATION 

Priority  High 

Actions/ 
Activities  

The City of Oakland will pursue funding for design and construction of storm drainage projects 
to protect vulnerable properties, including property acquisitions, upstream storage such as 
detention basins, and channel widening (with the associated right of way acquisitions, relocations, 
and environmental mitigations).   
 
The City will also continue to repair and make structural improvements to storm drains, 
pipelines, and/or channels, to enable them to perform to their design capacity in handling water 
flows as part of their regular maintenance activities.   

Staff Lead Brooke Levin, Director, Oakland Public Works 

Cost Estimate Unknown 

Benefits (losses 
avoided) 

Reduced flooding.  Reduced hazards and litter entering the stormwater system, and ultimately the 
San Francisco Bay.  

Potential 
Funding Sources 

Grants 

Timeline 2016-2021 
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STRATEGY DEVELOPMENT INFORMATION 
Strategy Name Safer Housing for Oakland: Soft Story Apartment Retrofit Program 

Hazard(s) 
Addressed 

Earthquake 
Ground 
Shaking 

Earthquake 
Liquefaction 

Current 
Flooding 

Future 
Flooding Wildfire Landslide Other 

Hazards 

Strategy Type 
Evaluation Program/ 

Operation 
Policy 

Development Coordination Education/ 
Outreach 

Process/ 
Implementation 
Mechanism 

Long-Range 
Planning 

Land Use 
Planning 

Capital 
Planning Operations 

Emergency 
& Hazards 
Planning 

Project 
Planning 
& Design 

New 
Initiatives 

Responsible 
Agency 

Department of Planning and Building, Building Division 

Partners City of Oakland Rent Board; ABAG 

STRATEGY IMPLEMENTATION INFORMATION 

Priority  High 

Actions/ 
Activities  

Twenty-two thousand (22,000) rental units in Oakland are in the type of building called “soft 
story.” With large open spaces on the ground floor for parking or shops, these buildings lack 
adequate strength and stiffness in their first story.   
 
Safer housing, which will make Oakland more resilient to earthquakes, requires investing in 
seismic retrofits. Retrofitting the housing stock can help saves lives and keep people in their 
homes and out of emergency shelters. Keeping people in their homes after an earthquake ensures 
that residents can go to work, send their children to school and continue to contribute to the local 
economy. 
 
The City of Oakland seeks to preserve the character of its diverse communities by designing a soft 
story retrofit program that (1) makes housing safer and saves lives, (2) facilitates emergency 
response and housing recovery, (3) keeps Oakland residents in Oakland, and (4) softens the 
economic blow of a major disaster. The City seeks to: (1) establish the retrofit program; (2) 
provide financial support to building owners to complete retrofits.  As of March 2016, such an 
ordinance had not yet been adopted by Council.   

Staff Lead Dave Harlan, Department of Planning and Building, Building Division 

Cost Estimate The cost of retrofitting apartment buildings is on average $10,000 per unit. Since most buildings 
have between 5 and 25 units, the costs for retrofitting could range from $50,000 to $250,000 per 
building.  Total activity cost: $4 million 

Benefits (losses 
avoided) 

Retrofitting soft story apartment buildings will likely save lives, minimize injuries and help keep 
people in their homes after a major disaster. 

Potential 
Funding Sources 

City’s Federal Community Development Block Grant (CDBG) funds; grants.   

Timeline 2016-2021 
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STRATEGY DEVELOPMENT INFORMATION 
Strategy Name Earthquake Safe Homes Program 

Hazard(s) 
Addressed 

Earthquake 
Ground 
Shaking 

Earthquake 
Liquefaction 

Current 
Flooding 

Future 
Flooding Wildfire Landslide Other 

Hazards 

Strategy Type 
Evaluation Program/ 

Operation 
Policy 

Development Coordination Education/ 
Outreach 

Process/ 
Implementation 
Mechanism 

Long-Range 
Planning 

Land Use 
Planning 

Capital 
Planning Operations 

Emergency 
& Hazards 
Planning 

Project 
Planning 
& Design 

New 
Initiatives 

Responsible 
Agency 

Ms. Michele Byrd 
Director, Housing and Community Development  

Partners ABAG 

STRATEGY IMPLEMENTATION INFORMATION 

Priority  High 

Actions/ 
Activities  

Up to 600 single-family homes with a high risk of damage due to foundation shifting and 
structural failure due to a major earthquake will be seismically retrofitted as part of the City of 
Oakland’s Earthquake-Safe Homes Program. The program will be open to all Single-Family homes 
within the City of Oakland, with a priority placed on homes located in areas prone to liquefaction 
based on data provided by CALGS/USGS.   
 
The Earthquake-Safe Homes Program will have three primary components: (1) re-establishing a 
single-family seismic retrofit program previously funded through the City’s Redevelopment 
Agency; (2) leveraging the City’s existing community outreach network, current pipeline of homes 
in need of retrofit, and existing housing rehab intake process to solicit and process applications 
expeditiously; (3) deploying financial assistance to homeowners to complete code-compliant 
seismic retrofits.   
 
While the project area is citywide, priority will be given to homes located in, or adjacent to, a 
liquefaction zone.  Eligible homes must be light, wood-framed residential structures with a raised 
foundation that includes cripple or stem walls. 

Staff Lead Loyd Ware, Manager, Residential Lending Services 

Cost Estimate The Earthquake-Safe Homes Program will support qualifying seismic retrofits for owner-occupied 
single-family homes, averaging between $5,000-$10,000, and require a 25% match from the 
homeowner-occupant. Total project cost of $3 million represents 600 homes, at $5,000 grant for 
each.   

Benefits (losses 
avoided) 

Significantly reduce injury and loss of life, minimize damage to homes, protect the environment, 
and promote hazard mitigation as an integrated public policy. 

Potential 
Funding Sources 

Grants 

Timeline 2016-2021 
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STRATEGY DEVELOPMENT INFORMATION 
Strategy Name Wildfire Prevention Assessment District (WPAD) re-authorization 

Hazard(s) 
Addressed 

Earthquake 
Ground 
Shaking 

Earthquake 
Liquefaction 

Current 
Flooding 

Future 
Flooding Wildfire Landslide Other 

Hazards 

Strategy Type 
Evaluation Program/ 

Operation 
Policy 

Development Coordination Education/ 
Outreach 

Process/ 
Implementation 
Mechanism 

Long-Range 
Planning 

Land Use 
Planning 

Capital 
Planning Operations 

Emergency 
& Hazards 
Planning 

Project 
Planning 
& Design 

New 
Initiatives 

Responsible 
Agency 

Oakland Fire Department 

Partners Wildfire Prevention Assessment District Citizen Advisory Board 

STRATEGY IMPLEMENTATION INFORMATION 

Priority  High 

Actions/ 
Activities  

Approximately Sixteen square miles of the Oakland Hills are designated as a High Fire Severity 
Zone. The Wildfire Prevention Assessment District (WPAD) was created in 2004 and assessed a 
parcel tax of $65 annually per single family residence for a period of 10 years, concluding in 2014. 
A City Council appointed Citizen Advisory Board provides oversight on the use of the accrued fund 
balance. This funding is used specifically for abatement measures and public education within the 
High Fire Severity zone. Fire Department residential and vacant lot compliance inspections, 
roadside fuels reduction projects, free residential curbside chipping and debris pile removal, goat 
grazing on City open spaces and parks, fire prevention and education outreach and a matching 
grant program of up to $5,000 per home to pay for tree thinning, brush cutting and other fuel 
reduction measures have been possible because of the WPAD parcel tax funding.  
 
The City will put the renewal of the WPAD on the ballot for voters, during the Local Hazard 
Mitigation Plan period of 2016-2021.   
 

Staff Lead Fire Marshal Miguel Trujillo 

Cost Estimate Unknown 

Benefits (losses 
avoided) 

Reduction of wildfire hazards.   

Potential 
Funding Sources 

General Fund (Oakland Fire Department budget) 

Timeline 2016-2021 
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STRATEGY DEVELOPMENT INFORMATION 
Strategy Name Reliable Water Supply during Fires  

Hazard(s) 
Addressed 

Earthquake 
Ground 
Shaking 

Earthquake 
Liquefaction 

Current 
Flooding 

Future 
Flooding Wildfire Landslide Other 

Hazards 

Strategy Type 
Evaluation Program/ 

Operation 
Policy 

Development Coordination Education/ 
Outreach 

Process/ 
Implementation 
Mechanism 

Long-Range 
Planning 

Land Use 
Planning 

Capital 
Planning Operations 

Emergency 
& Hazards 
Planning 

Project 
Planning 
& Design 

New 
Initiatives 

Responsible 
Agency 

Oakland Fire Department  

Partners East Bay Municipal Utility District (EBMUD) 

STRATEGY IMPLEMENTATION INFORMATION 

Priority  High 

Actions/ 
Activities  

Ensure a reliable source of water for fire suppression (meeting acceptable standards for minimum 
volume and duration of flow) for existing and new development. 
 
This is an ongoing program to coordinate between fire jurisdictions and EBMUD to identify 
needed improvements to the water distribution system, initially focusing on areas of highest 
wildfire hazard (including wildfire threat areas and in wildland-urban-interface areas). 

Staff Lead Fire Marshal Miguel Trujillo 

Cost Estimate Unknown 

Benefits (losses 
avoided) 

Reduction of wildfire and structural fire hazards.   

Potential 
Funding Sources 

General Fund (Oakland Fire Department budget) 

Timeline 2016-2021 
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STRATEGY DEVELOPMENT INFORMATION 
Strategy Name Defensible Space Vegetation Program to manage Wildfire hazards; Preparation of a Vegetation 

Management Plan 

Hazard(s) 
Addressed 

Earthquake 
Ground 
Shaking 

Earthquake 
Liquefaction 

Current 
Flooding 

Future 
Flooding Wildfire Landslide Other 

Hazards 

Strategy Type 
Evaluation Program/ 

Operation 
Policy 

Development Coordination Education/ 
Outreach 

Process/ 
Implementation 
Mechanism 

Long-Range 
Planning 

Land Use 
Planning 

Capital 
Planning Operations 

Emergency 
& Hazards 
Planning 

Project 
Planning 
& Design 

New 
Initiatives 

Responsible 
Agency 

Oakland Fire Department  

Partners Wildfire Prevention Assessment District, Citizen Advisory Board 

STRATEGY IMPLEMENTATION INFORMATION 

Priority  High 

Actions/ 
Activities  

This is an ongoing program to implement the defensible space vegetation program that includes 
the clearing or thinning of non-fire resistive vegetation within 10 feet of access and evacuation 
roads and routes to critical facilities, or all non-native species (such as eucalyptus and pine, but 
not necessarily oaks) within 10 feet of access and evacuation roads and routes to critical facilities. 
Clearing a 30 foot fuel reduction zone around all buildings/structures. Additional space may be 
required based on site conditions and/or topography.  
 
On properties of a half-acre or more, create a 100-foot defensible space/fuel reduction zone from 
all building and neighboring structures. 
 
Prepare the Vegetation Management Plan.   

Staff Lead Fire Marshal Miguel Trujillo 

Cost Estimate Unknown 

Benefits (losses 
avoided) 

Reduction of wildfire hazards.   

Potential 
Funding Sources 

General Fund (Oakland Fire Department budget), Wildfire Prevention Assessment District; grants 

Timeline 2016-2021 
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STRATEGY DEVELOPMENT INFORMATION 
Strategy Name Continuity of Operations Emergency Planning 

Hazard(s) 
Addressed 

Earthquake 
Ground 
Shaking 

Earthquake 
Liquefaction 

Current 
Flooding 

Future 
Flooding Wildfire Landslide Other 

Hazards 

Strategy Type 
Evaluation Program/ 

Operation 
Policy 

Development Coordination Education/ 
Outreach 

Process/ 
Implementation 
Mechanism 

Long-Range 
Planning 

Land Use 
Planning 

Capital 
Planning Operations 

Emergency 
& Hazards 
Planning 

Project 
Planning 
& Design 

New 
Initiatives 

Responsible 
Agency 

Oakland Fire Department -- Emergency Management Services Division 

Partners Oakland City Administrator’s Office 

STRATEGY IMPLEMENTATION INFORMATION 

Priority  High 

Actions/ 
Activities  

The Oakland Fire Department will continue to develop a continuity of operations plan that 
includes back-up storage of vital records, such as plans and back-up procedures to pay employees 
and vendors if normal finance department operations are disrupted, as well as other essential 
electronic files. 
 
Continue to plan for the emergency relocation of government-owned facilities critical to recovery, 
as well as any facilities with known structural deficiencies or in hazardous areas. 
 
Continue to conduct comprehensive programs to identify and mitigate problems with facility 
contents, architectural components, and equipment that will prevent critical buildings from being 
functional after major natural disasters. Such contents and equipment includes computers and 
servers, phones, files, and other tools used by staff to conduct daily business. 
 
Maintain the local government’s emergency operations center in a fully functional state of 
readiness. Complete Phase 3 of the Recovery Support Function process, with Council adoption 
expected in 2017.   

Staff Lead Cathey Eide, Manager 

Cost Estimate Unknown 

Benefits (losses 
avoided) 

Resiliency and function of government, following a disaster 

Potential 
Funding Sources 

Grants 

Timeline 2016-2021, continual 
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STRATEGY DEVELOPMENT INFORMATION 
Strategy Name Emergency Notification Systems  

Hazard(s) 
Addressed 

Earthquake 
Ground 
Shaking 

Earthquake 
Liquefaction 

Current 
Flooding 

Future 
Flooding Wildfire Landslide Other 

Hazards 

Strategy Type 
Evaluation Program/ 

Operation 
Policy 

Development Coordination Education/ 
Outreach 

Process/ 
Implementation 
Mechanism 

Long-Range 
Planning 

Land Use 
Planning 

Capital 
Planning Operations 

Emergency 
& Hazards 
Planning 

Project 
Planning 
& Design 

New 
Initiatives 

Responsible 
Agency 

Oakland Fire Department -- Emergency Management Services Division 

Partners  

STRATEGY IMPLEMENTATION INFORMATION 

Priority  High 

Actions/ 
Activities  

Install alert and warning systems for rapid evacuation, or shelter-in-place. Such systems include 
outdoor sirens and/or reverse-911 calling systems. 
 
The City is in progress with this measure, and is currently updating the siren system citywide.  A 
new Mass Notification system is in place as of January 1, 2016. 
 
The City conducts periodic tests of the alerting and warning system. 
 
 

Staff Lead Cathey Eide, Manager 

Cost Estimate Unknown 

Benefits (losses 
avoided) 

Communication of disaster-relief information to the public and to emergency responders.   

Potential 
Funding Sources 

Grants 

Timeline 2016-2021 
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STRATEGY DEVELOPMENT INFORMATION 
Strategy Name Implement Energy Assurance Plan 

Hazard(s) 
Addressed 

Earthquake 
Ground 
Shaking 

Earthquake 
Liquefaction 

Current 
Flooding 

Future 
Flooding Wildfire Landslide Other 

Hazards 

Strategy Type 
Evaluation Program/ 

Operation 
Policy 

Development Coordination Education/ 
Outreach 

Process/ 
Implementation 
Mechanism 

Long-Range 
Planning 

Land Use 
Planning 

Capital 
Planning Operations 

Emergency 
& Hazards 
Planning 

Project 
Planning 
& Design 

New 
Initiatives 

Responsible 
Agency 

Oakland Fire Department -- Emergency Management Services Division; Oakland Public Works, 
Bureau of Infrastructure and Operations, Bureau of Engineering and Construction and Bureau of 
Facilities and Environment 

Partners  

STRATEGY IMPLEMENTATION INFORMATION 

Priority  High 

Actions/ 
Activities  

Energy Assurance Plan is a key part of the City’s emergency and recovery planning efforts.  The 
Energy Assurance Plan ensures that electricity is provided to key City facilities during post-disaster 
energy outages, to keep essential functions of the City operating. Components of the Plan which 
are to be implemented under this strategy are:  
 

• Energy Assessment of Key Facilities (i.e. pre-wire for rapid connection and provision of 
supplemental backup generators for sustained re-occupation and continuing use of City 
Hall, Police Administration Building, etc.) 

 
• Community charging stations 
 
• Energy backup at Emergency Shelters and communication hubs: (1) Identify methods to 

connect portable generators of unknown sizes (the City will not know which size is 
available in advance) to existing building infrastructure at shelter sites such as recreation 
centers and at communication hubs such as libraries that are near shelter sites; (2) 
Create electric load management strategies that disaster recovery teams can implement 
to operate equipment in a clear order of priority to power their sites with portable 
generatorsof various sizes; (3) Practice the load management strategies.  The City will 
develop the Energy Backup plan in coordination with PG&E.   

Staff Lead Cathey Eide, EMSD; Scott Wentworth Oakland Public Works 

Cost Estimate • Energy Assessment of Key Facilities & Emergency Services component: $8.5 million  
• Community Charging Stations Pilot Project: $600,000 
• Emergency Shelters energy backup: unknown 

Benefits (losses 
avoided) 

Resiliency and use of critical facilities, following a disaster.   

Potential 
Funding Sources 

Grants 
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Timeline 2016-2021 

 

STRATEGY DEVELOPMENT INFORMATION 
Strategy Name Port of Oakland – Oakland International Airport, Old Earhart Road Floodwall Improvements 

Hazard(s) 
Addressed 

Earthquake 
Ground 
Shaking 

Earthquake 
Liquefaction 

Current 
Flooding 

Future 
Flooding Wildfire Landslide Other 

Hazards 

Strategy Type 
Evaluation Program/ 

Operation 
Policy 

Development Coordination Education/ 
Outreach 

Process/ 
Implementation 
Mechanism 

Long-Range 
Planning 

Land Use 
Planning 

Capital 
Planning Operations 

Emergency 
& Hazards 
Planning 

Project 
Planning 
& Design 

New 
Initiatives 

Responsible 
Agency 

Port of Oakland—Oakland International Airport 

Partners  

STRATEGY IMPLEMENTATION INFORMATION 

Priority  High 

Actions/ 
Activities  

The Oakland International Airport (OAK) has finished a significant airfield safety, grading and 
drainage project, in 2015, called the Runway Safety Area Project.  A new capital project, the Old 
Earhart Road Floodwall Improvement, is a localized project to reduce the risk of flooding to the 
North Field.   
 
Old Earhart Road is aligned between two high areas on the north side of the North Field. Linking 
these two high areas by raising the road, and linking the raised road with two short flood walls, 
totaling 530 feet, would greatly reduce the flood risk for the whole North Field.   

Staff Lead Joshua Polston, Port of Oakland 

Cost Estimate $800,000.   

Benefits (losses 
avoided) 

Reduced flood risk for North Field runways of Oakland International Airport.   

Potential 
Funding Sources 

Grants 

Timeline 2016 
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STRATEGY DEVELOPMENT INFORMATION 
Strategy Name Port of Oakland – Oakland International Airport Perimeter Dike 

Hazard(s) 
Addressed 

Earthquake 
Ground 
Shaking 

Earthquake 
Liquefaction 

Current 
Flooding 

Future 
Flooding Wildfire Landslide Other 

Hazards 

Strategy Type 
Evaluation Program/ 

Operation 
Policy 

Development Coordination Education/ 
Outreach 

Process/ 
Implementation 
Mechanism 

Long-Range 
Planning 

Land Use 
Planning 

Capital 
Planning Operations 

Emergency 
& Hazards 
Planning 

Project 
Planning 
& Design 

New 
Initiatives 

Responsible 
Agency 

Port of Oakland – Oakland International Airport 

Partners FEMA, State of California 

STRATEGY IMPLEMENTATION INFORMATION 

Priority  High 

Actions/ 
Activities  

The Oakland International Airport (OAK) is seeking funding for new capital projects, which will 
protect the Airport from flooding and sea-level rise.   
 
The existing Airport Perimeter Dike provides flood and shoreline protection to the Airport main 
passenger and cargo runway, part of which are below sea level. The Dike is approximately 4.5 
miles long and is composed primarily of sand, gravel or clay.  Some segments of the Dike do not 
meet current flood control standards of FEMA, while other segments are susceptible to 
liquefaction in a major earthquake. The Airport Perimeter Dike project, which can be phased, will 
provide additional flood and shoreline protection to the Airport main passenger terminal and 
cargo runway. 

Staff Lead Joshua Polston, Port of Oakland 

Cost Estimate Total cost is $55 million; remaining funding needed after Phase 1 is $42.5 million.   

Benefits (losses 
avoided) 

• Protects and preserves critical airport infrastructure, including the primary passenger 
and cargo operations runway.   

• Improves stability and safety of the Dike, to resist against a major earthquake.   
• Protects OAK against projected sea-level rise and major storm events 
• Allows the Airport to meet FEMA’s flood zone certification criteria 
• Increases protection for major utilities and pipelines located within the Dike.   

Potential 
Funding Sources 

Port of Oakland, State of California,  

Timeline Construction of first phase, estimated at $12 million, starts in early 2016.   
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STRATEGY DEVELOPMENT INFORMATION 
Strategy Name Port of Oakland – Maritime Terminal Study on Liquefaction Potential 

Hazard(s) 
Addressed 

Earthquake 
Ground 
Shaking 

Earthquake 
Liquefaction 

Current 
Flooding 

Future 
Flooding Wildfire Landslide Other 

Hazards 

Strategy Type 
Evaluation Program/ 

Operation 
Policy 

Development Coordination Education/ 
Outreach 

Process/ 
Implementation 
Mechanism 

Long-Range 
Planning 

Land Use 
Planning 

Capital 
Planning Operations 

Emergency 
& Hazards 
Planning 

Project 
Planning 
& Design 

New 
Initiatives 

Responsible 
Agency 

Port of Oakland 

Partners  

STRATEGY IMPLEMENTATION INFORMATION 

Priority  High 

Actions/ 
Activities  

The Port of Oakland is located in a geographic area highly prone to liquefaction, and as a result, 
infrastructure damage from seismic activity. The Port has determined that in order to mitigate risk 
and prepare for imminent seismic events, it is necessary to conduct a liquefaction study at the 
marine terminals. This study will evaluate the liquefaction potential throughout the marine 
terminals at Port of Oakland and its effects on Port infrastructure. The study will identify areas 
and facilities most at risk for liquefaction and outline a plan for mitigation, retrofit, and 
emergency response.   

Staff Lead Thanh Vuong, Supervising Civil Engineer, Maritime Project Design & Delivery. 

Cost Estimate Estimated cost of $1 Million. Scoping for this project has not started and is unfunded. 

Benefits (losses 
avoided) 

Reduced risk to Maritime terminals from liquefaction from an earthquake; continued operations 
of the Maritime Port following a disaster.   

Potential 
Funding Sources 

Grants 

Timeline The Study is expected to last three to five years.   
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STRATEGY DEVELOPMENT INFORMATION 
Strategy Name Port of Oakland -- Middle Harbor Shoreline Park Dike repair 

Hazard(s) 
Addressed 

Earthquake 
Ground 
Shaking 

Earthquake 
Liquefaction 

Current 
Flooding 

Future 
Flooding Wildfire Landslide Other 

Hazards 

Strategy Type 
Evaluation Program/ 

Operation 
Policy 

Development Coordination Education/ 
Outreach 

Process/ 
Implementation 
Mechanism 

Long-Range 
Planning 

Land Use 
Planning 

Capital 
Planning Operations 

Emergency 
& Hazards 
Planning 

Project 
Planning 
& Design 

New 
Initiatives 

Responsible 
Agency 

Port of Oakland 

Partners East Bay Regional Parks District 

STRATEGY IMPLEMENTATION INFORMATION 

Priority  High 

Actions/ 
Activities  

The Middle Harbor Shoreline park (Park) is owned by the Port of Oakland and maintained by East 
Bay Regional Parks District. The Park is located adjacent to the southwest corner of the Port of 
Oakland, next to the Oakland International Container Terminal. Over the past years, the existing 
dike facing the Oakland Inner Harbor channel at the park is slowly sliding into the channel and 
now significantly lower than before. Initial site investigation and assumptions indicate that this 
could be a result of channel dredging undercutting the dike, or seismic activity from the recent 
earthquake in the Sonoma Valley. Before construction activities can occur to repair the seawall, a 
geotechnical study will need to be conducted to determine the source of slipping. The study will 
identify a design option that can be implemented to fix/repair the dike. The Park provides an open 
space and Bay viewing access for the public.  

Staff Lead  Thanh Vuong, Supervising Civil Engineer, Maritime Project Design & Delivery 

Cost Estimate The cost of improvements is expected to be approximately $150,000 for the geotechnical study, 
and $1,500,000 for construction depending on the results of the Study.  This project is currently 
unfunded. 

Benefits (losses 
avoided) 

Continued use of Middle Harbor Shoreline Park, following flooding 

Potential 
Funding Sources 

Grants 

Timeline The study is expected to commence in FY2017 and construction is expected to commence in 
FY2018. 
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STRATEGY DEVELOPMENT INFORMATION 
Strategy Name Port of Oakland – Maritime Intelligent Transportation System (ITS) 

Hazard(s) 
Addressed 

Earthquake 
Ground 
Shaking 

Earthquake 
Liquefaction 

Current 
Flooding 

Future 
Flooding Wildfire Landslide Other 

Hazards 

Strategy Type 
Evaluation Program/ 

Operation 
Policy 

Development Coordination Education/ 
Outreach 

Process/ 
Implementation 
Mechanism 

Long-Range 
Planning 

Land Use 
Planning 

Capital 
Planning Operations 

Emergency 
& Hazards 
Planning 

Project 
Planning 
& Design 

New 
Initiatives 

Responsible 
Agency 

Port of Oakland 

Partners Alameda County Transportation Commission 

STRATEGY IMPLEMENTATION INFORMATION 

Priority  High 

Actions/ 
Activities  

The Intelligent Transportation System project is meant to improve Port of Oakland operation 
efficiencies, provide congestion relief, and support hazard mitigation. The project would allow 
Port staff to view real-time traffic through CCTV video cameras and provide advanced traffic 
information to travelers to the Port at specific gateways and outside the Port. The project would 
also establish improved transportation communication with the City of Oakland and Caltrans 
District 4 as well as collect data for future improvements.  

Staff Lead  Thanh Vuong, Supervising Civil Engineer, Maritime Project Design & Delivery 

Cost Estimate The total estimated cost to complete the project is $7.5 million. Funding has not been secured for 
this project. The Port has requested funding from Alameda County Transportation Commission. 

Benefits (losses 
avoided) 

Reduced truck congestion at maritime Port; re-routing of trucks during emergencies.   

Potential 
Funding Sources 

Alameda County Transportation Commission; FASTLANE or TIGER grants. 

Timeline Preliminary engineering is expected to commence in FY17. However, implementation will be 
dependent on availability of funding and may require phased implementation. 
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STRATEGY DEVELOPMENT INFORMATION 
Strategy Name Port of Oakland -- Maritime Area Seismic Monitors 

Hazard(s) 
Addressed 

Earthquake 
Ground 
Shaking 

Earthquake 
Liquefaction 

Current 
Flooding 

Future 
Flooding Wildfire Landslide Other 

Hazards 

Strategy Type 
Evaluation Program/ 

Operation 
Policy 

Development Coordination Education/ 
Outreach 

Process/ 
Implementation 
Mechanism 

Long-Range 
Planning 

Land Use 
Planning 

Capital 
Planning Operations 

Emergency 
& Hazards 
Planning 

Project 
Planning 
& Design 

New 
Initiatives 

Responsible 
Agency 

Port of Oakland 

Partners  

STRATEGY IMPLEMENTATION INFORMATION 

Priority  High 

Actions/ 
Activities  

The Port of Oakland’s Seaport terminals are generally constructed of a pile-supported wharf 
structure with a rip-rap/bulkhead retaining the soil at the back of the terminals. The Port 
proposes to implement additional Seismic monitoring equipment at Berths 23-26, and Berths 57-
58, as well as repair existing equipment at berths 35-37. 
 
Port personnel have identified that there is likely to be difficulty in assessing potential damage to 
its terminals after a major earthquake, which is an essential step before a terminal can resume 
operations, due to the limited amount of functioning seismic monitoring equipment at the Port of 
Oakland’s Seaport terminals. The proposed installations will fill gaps in the current monitoring 
system by providing a more complete picture at Inner Harbor, Middle Harbor and Outer Harbor 
locations. The proposed installations will also allow Port engineers to focus on areas that are most 
susceptible to damage during inspection and proceed with any needed repair to resume 
operations in the timeliest manner.  
 
 

Staff Lead Thanh Vuong, Supervising Civil Engineer, Maritime Project Design & Delivery  

Cost Estimate The cost of the proposed improvements is estimated at approximately $600,000 for design and 
construction.   

Benefits (losses 
avoided) 

Rapid renovation and operation of shipping terminals following an earthquake.   

Potential 
Funding Sources 

 Grants.  An application for funding under ACTC’s Measure BB was submitted. 

Timeline The project is expected to take 10-12 months for CEQA review, design and construction. However, 
timeline is dependent on availability of funding.  
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STRATEGY DEVELOPMENT INFORMATION 
Strategy Name Port of Oakland -- Sea Level Rise Vulnerability and Assessment Improvement Plan 

Hazard(s) 
Addressed 

Earthquake 
Ground 
Shaking 

Earthquake 
Liquefaction 

Current 
Flooding 

Future 
Flooding Wildfire Landslide Other 

Hazards 

Strategy Type 
Evaluation Program/ 

Operation 
Policy 

Development Coordination Education/ 
Outreach 

Process/ 
Implementation 
Mechanism 

Long-Range 
Planning 

Land Use 
Planning 

Capital 
Planning Operations 

Emergency 
& Hazards 
Planning 

Project 
Planning 
& Design 

New 
Initiatives 

Responsible 
Agency 

Port of Oakland -- Maritime 

Partners  

STRATEGY IMPLEMENTATION INFORMATION 

Priority  High 

Actions/ 
Activities  

The Port of Oakland’s Sea Level Rise Vulnerability and Assessment Improvement Plan will assess 
the potential effects of Sea Level Rise on Maritime Facilities. The study will assess facilities Port-
wide for sea level rise vulnerability and develop an implementation plan for near-term and long-
term strategies to address the potential impacts. The Study will analyze the need for 
infrastructure such as sea walls, wharf improvements, and changes in port operations. In addition, 
the Study will help to establish design standards. 

Staff Lead Thanh Vuong, Port of Oakland, Supervising Civil Engineer, Maritime Project Design & Delivery 

Cost Estimate The estimated cost of the study is $2 million. This project has not been fully scoped at the time of 
the 2016 Hazard Mitigation Plan preparation, and is not currently funded.   

Benefits (losses 
avoided) 

Protection of maritime facilities from flooding, due to sea level rise.   

Potential 
Funding Sources 

Grants 

Timeline Study is expected to commence in FY17. However, completion of the study and implementation 
will be dependent on available funding.2016-2021 
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Moderate Priority strategies 

STRATEGY DEVELOPMENT INFORMATION 
Strategy Name Amend Oakland Planning Code to adopt a “Fire-safe Combining Zone” for future construction 

Hazard(s) 
Addressed 

Earthquake 
Ground 
Shaking 

Earthquake 
Liquefaction 

Current 
Flooding 

Future 
Flooding Wildfire Landslide Other 

Hazards 

Strategy Type 
Evaluation Program/ 

Operation 
Policy 

Development Coordination Education/ 
Outreach 

Process/ 
Implementation 
Mechanism 

Long-Range 
Planning 

Land Use 
Planning 

Capital 
Planning Operations 

Emergency 
& Hazards 
Planning 

Project 
Planning 
& Design 

New 
Initiatives 

Responsible 
Agency 

City of Oakland, Bureau of Planning 

Partners Oakland Fire Department; Wildfire Prevention Assessment District, Citizen Advisory Board 

STRATEGY IMPLEMENTATION INFORMATION 

Priority  Moderate 

Actions/ 
Activities  

The Planning Bureau will draft for public review a new “combining zone” mapped in the Oakland 
Hills, at the boundaries of the designated High Fire Severity Zone.  
 
The proposed “Fire-Safe” combining zone will have design standards for all new and renovated 
buildings in the Oakland Hills (where mapped) that specify fire-resistant materials and fire-
preventative architecture; and landscaping standards that meet with Oakland Fire Department 
and industry-standard best practices.  

Staff Lead Bureau of Planning 

Cost Estimate  

Benefits (losses 
avoided) 

Further regulatory authority to require the design of “fire-safe” homes and landscaping in the 
Oakland Hills, reducing the risk of future damage from wildfire.   

Potential 
Funding Sources 

Planning and Building Department budget (staff time).   

Timeline 2016-2021 
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STRATEGY DEVELOPMENT INFORMATION 
Strategy Name Assessment and retrofits of Critical Facilities and Infrastructure/ Infrastructure Operators 

Hazard(s) 
Addressed 

Earthquake 
Ground 
Shaking 

Earthquake 
Liquefaction 

Current 
Flooding 

Future 
Flooding Wildfire Landslide Other 

Hazards 

Strategy Type 
Evaluation Program/ 

Operation 
Policy 

Development Coordination Education/ 
Outreach 

Process/ 
Implementation 
Mechanism 

Long-Range 
Planning 

Land Use 
Planning 

Capital 
Planning Operations 

Emergency 
& Hazards 
Planning 

Project 
Planning 
& Design 

New 
Initiatives 

Responsible 
Agency 

Oakland Fire Department -- Emergency Management Services Division; Oakland Public Works, 
Bureau for Facilities and Environment 

Partners  

STRATEGY IMPLEMENTATION INFORMATION 

Priority  Moderate 

Actions/ 
Activities  

Assessment and Retrofit Plans of Critical Facilities and Infrastructure are complete, but funding is 
needed to retrofit or replace critical lifeline facilities and/or their backup facilities that are shown 
to be vulnerable to damage in natural disasters.    
 
The City is working towards pre-positioning emergency power generation capacity (or have 
rental/lease agreements for these generators) in critical buildings of cities, counties, and special 
districts to maintain continuity of government and services, but funding is needed.   
 
The City continues to participate in the CalCOP program, and regularly assesses the vulnerability 
of critical facilities (such as city halls, fire stations, operations and communications headquarters, 
community service centers, seaports, and airports) to damage in natural disasters and make 
recommendations for appropriate mitigation. 
 
Assess the vulnerability of critical facilities owned by infrastructure operators subject to damage 
in natural disasters or security threats, including fuel tanks and facilities owned outside of the Bay 
Area that can impact service delivery within the region.  
 

Staff Lead Cathey Eide, EMSD; Susan Kattchee, Oakland Public Works 

Cost Estimate Unknown 

Benefits (losses 
avoided) 

Resiliency and use of critical facilities, following a disaster.   

Potential 
Funding Sources 

Grants 

Timeline 2016-2021 
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STRATEGY DEVELOPMENT INFORMATION 
Strategy Name Review and Collaborate with BCDC on Adapting to Rising Tides mitigation strategies  

Hazard(s) 
Addressed 

Earthquake 
Ground 
Shaking 

Earthquake 
Liquefaction 

Current 
Flooding 

Future 
Flooding Wildfire Landslide Other 

Hazards 

Strategy Type 
Evaluation Program/ 

Operation 
Policy 

Development Coordination Education/ 
Outreach 

Process/ 
Implementation 
Mechanism 

Long-Range 
Planning 

Land Use 
Planning 

Capital 
Planning Operations 

Emergency 
& Hazards 
Planning 

Project 
Planning 
& Design 

New 
Initiatives 

Responsible 
Agency 

City of Oakland, Bureau of Planning; Oakland Public Works 

Partners BCDC 

STRATEGY IMPLEMENTATION INFORMATION 

Priority  Moderate 

Actions/ 
Activities  

City staff will continue to work in collaboration with BCDC to evaluate and cost estimate the 
mitigation measures proposed in the Adapting to Rising Tides initiative, specifically the measures 
in the “Oakland/Alameda Resilience Study Phase 1 Report: Vulnerability and Risk Assessment 
Findings.”  
 

Staff Lead Daniel Hamilton, Sustainable Oakland (Oakland Public Works) 

Cost Estimate Unknown 

Benefits (losses 
avoided) 

Identify capital projects which will reduce the risk of flooding during future storm events, 
following sea-level rise changes to SF Bay.   

Potential 
Funding Sources 

General Fund (Oakland Public Works budget; staff time); grants 

Timeline 2016-2021 

  

129 
 



7. Plan Maintenance Procedures 
The Oakland 2016-2021 Plan is scheduled to be reviewed by CalOES, then considered by FEMA. 
After receiving an “Approval, Pending Adoption” determination from FEMA, the Oakland City 
Council will consider adoption of the Plan in public hearings. The Plan will be adopted by 
resolution as an implementation Appendix to the Safety Element of the Oakland General Plan.   

7.1 Implementation, Monitoring, and Amendment   
To ensure that the mitigation strategies in the 2016-2021 LHMP are implemented as 
envisioned, and to review new hazards data as it becomes available, the City Administrator’s 
office and the Oakland Fire Department Emergency Management Services Division will monitor 
the mitigation measures, and  annually review the 2016-2021 LHMP, in partnership with staff 
from the Planning and Building Department. This staff will also review the 2016-2021 LHMP 
after every major disaster, and will propose amendments as deemed necessary. If LHMP 
amendments are needed, legislation will be prepared, following a public review process, and 
approval from CalOES and FEMA.   

The members of the Emergency Management and Disaster Preparedness Council, staffed by 
the City of Oakland, who meet quarterly, can also provide oversight, by scheduling City staff to 
return with periodic updates and reviews of mitigation programs in the 2016-2021 LHMP. The 
Oakland City Council Public Safety Committee can also request periodic updates from staff on 
the progress made on the mitigation measures in the 2016-2021 LHMP.   

The City of Oakland Local Hazard Mitigation Plan will be reviewed and revised once every five 
years. The next version of the Plan will be adopted by the City in 2021.   

In 2016/2017, the City’s Department of Planning and Building is preparing the Downtown 
Specific Plan; any hazard mitigation measures, such as for adapting to sea-level rise, which are 
adopted by the Council as a part of the Downtown Specific Plan will be incorporated by 
reference into the 2016-2021 LHMP. Any other major revisions to the Oakland General Plan 
that occur between 2016-2021 (such as a revision of the Land Use and Transportation Element), 
will reference the adopted mitigation measures in this LHMP.     

In addition, Oakland Public Works staff will consider the hazard mitigation strategies in Table 
18, as appropriate, for possible inclusion in the City’s next Capital Improvement Program.   

7.2 Continued Public Involvement 
The thousands of Oakland residents and businesses who participate in CORE trainings and 
exercises, who contributed their ideas and comments to the Resilient Oakland initiative, and 
who attend one of the four community meetings held to consider the 2016-2021 LHMP, form a 
natural constituency and resource that the City can call upon to consider new ideas for hazard 
mitigation programs. The 2016-2021 Plan will remain on the City’s website, and the public will 
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have the opportunity to comment and make inquiries throughout the planning period, via a 
dedicated email account read by the Bureau of Planning.70 In addition to the 2016-2021 LHMP 
being available on the website, and an email account available for the public to comment, the 
City will continue with education opportunities during the period between 2016 and 2021, to 
keep citizens informed of the natural and human-caused hazards Oakland faces, and what their 
City is doing to reduce the risks from those hazards.   

 

-- 

70 See the City’s website, www.oaklandnet.com/lhmp.  
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About 100 
Resilient Cities

Pioneered by the Rockefeller 
Foundation 100 Resilient Cities 
(100RC) is dedicated to helping 
cities around the world become 
more resilient to the physical, 
social and economic challenges 
that are a growing part of the 
21st century. 100RC supports 
the adoption and incorpora-
tion of a view of resilience that 
includes not just the shocks 
– earthquakes, fires, floods, 
etc. – but also the stresses that 
weaken the fabric of a city on 
a day to day or cyclical basis. 
By addressing both the shocks 
and the stresses, a city be-
comes more able to respond to 
adverse events, and is overall 
better able to deliver basic 
functions in both good times 
and bad, to all populations.

The Fox Theater originally opened its doors in 1928 as an elaborate movie palace, and serves as a symbol of resilience. It shuttered in 1966 and 
remained closed for 40 years, surviving a fire and an earthquake, and escaping the wrecking ball before being restored to its former splendor, 

reopening in 2009 as part of the renewal of the Uptown theater and arts district.  
Photo: Greg Linhares, City of Oakland
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Purpose of this report:

• Provide a summary of the state of resilience in 
Oakland today;

• Describe the work that has been done to date to 
understand Oakland’s key threats and opportunities 
to build resilience; and 

• Identify emerging resilience themes and translate 
them into focus areas to guide the development of 
a Resilience Strategy for Oakland.

For Oakland, 
resilience is 
about creating 
a thriving and 
equitable city.
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1
Overview

CITY RESILIENCE is the 
capacity of individuals, 
communities, institutions, 
businesses, and systems 
within a city to survive, 
adapt, and grow no matter 
what kinds of chronic 
stresses and acute shocks 
they experience. By develop-
ing  and implementing a 
Resilience Strategy, Oakland 
becomes more able to 
respond to adverse events 
and better able to deliver 
basic functions, especially to 
the poor and vulnerable. 

 “Shifting Topographies” public art installation at 19th Street BART Station 
  Photo: Greg Linhares, City of Oakland
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critical and meaningful benefits across sectors, 
ultimately building the resilience of the City. Most of all, 
resilience requires that City decision-making considers 
social, economic, environmental, and natural hazard 
risks, and when hard choices are made, prioritizes 
solutions that address multiple risks or provide multiple 
resilience benefits.

Development of a Resilience Strategy allows Oakland 
to (1) review and confirm the City’s existing level of 
resilience and (2) identify high-priority areas and 
initiatives for improving resilience and (3) strategically 
implement high impact projects in partnership with 100 
Resilient Cities and other organizations and people 
committed to Oakland thriving. The Resilience Strategy 
is developed through a two-phase process. Phase 
1 involves an initial assessment, culminating in the 
selection of high-priority focus areas where further work 
is needed, as documented in this report—the Preliminary 
Resilience Assessment. Phase 2 involves strategic 
planning to identify solutions to Oakland’s most critical 
resilience challenges. Additional analysis and diagnostic 
work will be conducted around each focus area, and 
resilience approaches and initiatives will be identified 
and documented in a Resilience Strategy, which will 
be released in 2016. As part of the 100 Resilient Cities 
Network, Oakland also has the opportunity to share 
lessons and best practices with other cities around 
the globe that are developing a Resilience Strategy of 
their own.

INTRODUCTION

Resilient cities are those in which individuals, 
communities, institutions, businesses, and city systems 
have the capacity to survive, adapt, and grow, no matter 
what kinds of chronic stresses and acute shocks 
are experienced.

Oakland was competitively selected to join 100 Resilient 
Cities, pioneered by the Rockefeller Foundation. 100 
Resilient Cities is a global initiative in which 100 cities 
around the world will become more resilient to the 
physical, social, and economic challenges that are a 
growing part of the 21st century. Oakland (the City) and 
its neighboring cities of San Francisco and Berkeley—as 
well as those farther away like New Orleans, Boston, 
Rome, Durban, and Rio de Janeiro—are developing 
comprehensive strategies that seek to build not only the 
physical resilience of infrastructure and the environment, 
but also the social resilience that creates opportunities 
for all residents to thrive.

Resilience requires more than just disaster preparedness 
or even long-term planning. Resilience requires 
understanding the connections between stresses, 
such as the links between poverty and poor health, 
between educational disparities and high crime, and 
between aging infrastructure and unemployment. 
Resilience requires understanding how shocks, such 
as earthquakes and floods, impact vulnerable residents 
and City budgets. Resilience requires investigating 
how improving any of these factors has the potential to 
improve others. Understanding these connections is 
important to ensure that future interventions will have 
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3. Living in safe and secure neighborhoods. 
Strengthening social stability, security, and justice 
are critical to reducing Oakland’s persistently high 
crime rates and the exposure of many residents to 
violence. Consequently, Resilient Oakland will iden-
tify innovative approaches for reducing violent crime 
and building community trust and the legitimacy of 
law enforcement. 

4. Benefiting from public infrastructure. The infra-
structure residents rely on daily to work, live, and 
play can also be a resource for increasing Oakland’s 
resilience. Resilient Oakland will identify public 
infrastructure projects with significant impact on 
resilience and develop long-term strategies for how 
such projects should be coordinated, sequenced, 
and financed.

5. Recovering from adversity. Having the ability to 
quickly recover from major shocks and stresses is 
essential to keep Oakland residents in Oakland and 
to minimize displacement. Consequently, Resilient 
Oakland will identify what Oakland’s most vulnerable 
residents need to build their personal and commu-
nity resilience.

To build resilience, Oakland will be exploring 
opportunities in five focus areas:  

1. Prosperous residents and families. Personal 
resilience is often affected by financial resources and 
access to quality jobs and stable employment. Con-
sequently, Resilient Oakland will focus on promoting 
the prosperity of residents and families through a 
more coordinated and comprehensive approach to 
increasing access to good jobs, building wealth, and 
fostering economic development.

2. Staying rooted in Oakland. Oakland’s ability to 
maintain and strengthen community resilience will 
likely be affected by the extent to which current 
residents have what they need to continue to call 
Oakland home, and new residents and businesses 
become part of the existing community fabric and 
culture. Consequently, Resilient Oakland will identify 
what long-term residents of Oakland (especially the 
most vulnerable) need to be able to stay, and what 
new residents need to integrate in a way that pre-
serves and reinforces community character.

Resilience
Inventory

Focus
Area Analysis

Stakeholder
Consultation

Resilience
Initiative

Identification

Vulnerability
Assessment

Resilience 
Strategy

Preliminary
Resilience

Assessment

Implementation

Phase I: Initial Assessment

Phase II: Strategic Planning
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What builds resilience? 
Research has shown that resilient 
cities demonstrate seven qualities 
that allow them to withstand, 
respond to and adapt more readily 
to shocks and stresses.

Resilient cities are:

Reflective 
Using past experience to 
inform future decisions

Resourceful 
Recognizing alternative 
ways to use resources

Robust 
Well-conceived, 
constructed and 
managed systems

Redundant 
Spare capacity 
purposively created 
to accommodate 
disruption

Flexible 
Willingness and ability to 
adopt alternative 
strategies 
in response to changing 
circumstances

Inclusive 
Prioritize broad 
consultation to create a 
sense of shared ownership in decision making

Integrated 
bring together a range of distinct systems 
and institutions
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2
History of Resilience

Since Oakland was first 
incorporated in 1852, it 
has survived, adapted, and 
grown amidst major earth-
quakes, fires, and social and 
economic stresses. 

Today, Oakland is the county 
seat and largest city in 
Alameda County with a 
population of 413,775, 
making it the eighth largest 
city in the state, and one that 
is growing more rapidly than 
California as a whole. 

Passenger train of the Central Pacific Railroad on the Oakland Wharf  
Creator/Contributor: Thomas Houseworth & Co., Date:1870? 

Contributing Institution: Oakland Public Library, Oakland History Room and Maps Division
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source of economic vitality. The Port of Oakland is the 
fifth busiest container port in the United States, and the 
San Francisco Bay is among the three principal Pacific 
Coast gateways for U.S. containerized cargoes.

NATURAL DISASTERS

Oakland’s character was shaped by two, back-to-back 
natural disasters: the 1989 Loma Prieta earthquake 
and the 1991 Oakland Hills Firestorm. The 6.9 Loma 
Prieta earthquake collapsed the double-deck Cypress 
Street Viaduct, of the portion of the Nimitz Freeway, 
which had divided West Oakland. The collapse killed 
42 people, and the earthquake damaged unreinforced 
masonry buildings and rendered 5,000 residents of 
single-occupancy buildings homeless. However, it was 
also a springboard to improvement: community activists 
successfully fought for the reunification of West Oakland. 
The viaduct was torn down, and Cypress Street 
was renamed Mandela Parkway with a landscaped 
median strip planted where the viaduct once stood, 
spurring revitalization of West Oakland. Another result 
of the Loma Prieta earthquake and the outpouring of 
community support to assist with the rescue efforts 
when the Cypress Freeway collapsed was the creation of 
the Communities of Oakland Respond to Emergencies 
(CORE) Program, which was formed in April 1990. From 
the earthquake, it was evident that community resilience 
was all about neighbors helping neighbors, which 

GROWTH AND ECONOMY

When the massive 1906 earthquake devastated San 
Francisco, 150,000 people fled to Oakland. The City 
welcomed the refugees with open arms, providing food, 
shelter, and assistance for those relocating. Within 4 
years, Oakland’s population had doubled, transforming 
a small town into a bustling city. As the population 
boomed, Oakland annexed surrounding areas, more 
than doubling in size from 23 to 56 square miles. 

The City grew into a major manufacturing hub for metals, 
shipbuilding, automobiles, and canneries, all of which 
boomed and expanded after World War I and into World 
War II. War jobs brought tens of thousands of workers, 
mostly from southern and southwestern states, to 
Oakland, greatly increasing the African American and 
Latino populations.

Following World War II, a decline in shipbuilding 
and automobile manufacturing industries spread 
unemployment and resulted in a long economic decline. 
Construction of the Nimitz Freeway (I-880) further 
stressed the city, displacing many families from West 
Oakland, the majority of whom were African American 
and Latino. However, Oakland’s economy began to 
rebound in the 1990s, with improved Downtown mixed-
use development and significant revitalization in Uptown. 
Oakland still benefits greatly from investments in both 
its seaport and airport, which have continued to be a 

Hearst Camp in Oakland. [Refugee tents and belongings. No. 17., 
Creator/Contributor: Bear Photo, S.F., Date:1906, Contributing 
Institution: California Historical Society

 Mutual aid workers assist with response following collapse of 
the double-deck Cypress Street Viaduct in the 1989 Loma Prieta 
earthquake, Photo: Dave Hector

Aftermath of the 1991 Oakland Hills firestorm, which destroyed 
nearly 3,500 homes and apartments
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years, the City has conducted an annual CORE 
Citywide Disaster Exercise to provide the opportunity 
for neighborhoods to practice the skills learned in 
the program.

HISTORY OF ACTIVISM

Championing the needs of the most vulnerable people 
is a hallmark characteristic of the Oakland community. 
The revolutionary socialist Black Panthers started 
in Oakland, and many Chicano and Asian rights 
movements drew followers and momentum from the 
City’s residents. This history of activism is evident 
in everyday life through the many demonstrations in 
front of City Hall on issues such as living wage and 
renters’ rights and major demonstrations against police 
brutality and racial profiling. This commitment to social 
justice and progressive views is also exemplified by 
the huge network of nongovernmental organizations 
(NGOs) that call Oakland their home. The goals of these 
organizations are varied, but most are committed to 
improving the communities in and around Oakland by 
empowering vulnerable citizens and directing attention 
(and resources) toward issues of social justice and 
environmental sustainability.

became the premise of the program. The program was 
again strengthened following the 1991 Oakland Hills 
Firestorm. 

The 1991 Oakland Hills firestorm destroyed 2.5 square 
miles of mostly residential neighborhoods. Spread by 
gusting winds through heavily vegetated valleys, the 
fire destroyed 3,469 homes and apartment units, killed 
25 people, and injured 150. In total, the firestorm cost 
$3.9 billion in present-day dollars. The economic losses 
combined with the injuries and loss of life made the 
Oakland Hills Firestorm the worst urban firestorm in State 
history. 

The firestorm highlighted the dangers posed by wildland-
urban interface fires in major cities, spurred research 
into improved prevention and firefighting techniques, and 
validated Oakland’s efforts to engage the community 
in responding to disasters. Oakland firefighters now 
carry more extensive wildland firefighting gear and fire 
shelters. Fire hydrants now have the industry-standard 
outlets throughout the city, and water cisterns and 
a new Oakland Hills fire station were added. Radio 
communications were also improved.

In 2015, CORE celebrated its 25th anniversary, when 
more than 2,000 people participated in free training and 
public education programs for individuals, neighborhood 
groups, and community-based organizations. The 
CORE program teaches self-reliance skills and helps 
neighborhoods establish response teams to take care 
of their neighborhood until professional first responders 
arrive. There are more than 150 CORE-organized 
neighborhoods throughout the City, and for the last 10 

Oakland freeway underpass mural of Martin Luther King, Jr., Photo: Greg Linhares, City of Oakland
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High-Level Vulnerability Identification

A Citywide Asset Scan included an infrastructure 
inventory and condition assessment and a Geographic 
Information System (GIS)-based exposure analysis. 
Exposure to an array of shocks was evaluated, including 
seismic, flood, and wildfire hazards. A Shocks and 
Stresses Analysis used the results of the Citywide Asset 
Scan to elucidate the complex relationships between 
assets, shocks, and stresses. The potential impacts of 
sudden shocks on long-term stresses such as poverty 
and violence were examined. These analyses included 
desktop research, in-person interviews with subject 
matter experts, and scenario planning workshops, 
guided by the 100 Resilient Cities Asset and Risk 
Analysis Tool.

Focus Area Selection

The Resilience Baseline identified 11 resilience 
challenges. Input on focus area selection was provided 
by the City’s Resilience Working Group, the Resilience 
Steering Committee, an international panel of Chief 
Resilience Officers, and the City’s Leadership Team.

METHODS

Oakland’s resiliency strategy began with four primary 
exercises designed to answer four key questions. These 
questions help illustrate the City’s baseline resiliency 
strengths and prioritize resilience needs.

Inventory of Existing Citywide 
Resilience Activities

Resilience-building activities within the City were 
inventoried. These activities included both City 
government actions, plans and projects, and external, 
public, private, and nonprofit activities. A desktop based 
approach was combined with stakeholder consultation 
and surveys and input from subject matter experts. 
This inventory is not intended to be comprehensive, as 
such activities continue to evolve throughout the City. 
Rather, this inventory builds a picture of the breadth and 
scope of those organizations contributing to Oakland’s 
resiliency and the good work they undertake.

Stakeholder Consultation

Well over 2,000 Oakland residents were consulted in the 
preparation of this Preliminary Resilience Assessment. 
Stakeholder input was garnered across the city using 
workshops, online surveys, and in-person neighborhood 
surveys to identify residents’ top resiliency concerns, 
perceptions, and actions. A Steering Committee, 
composed of leaders in diverse resiliency fields, was 
established and continues to provide invaluable insight 
and input into Oakland’s resiliency process.

Resilient Oakland Initiative launch, March 25, 2015
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3
Community 
Resilience Profile

Oakland is one of the most 
ethnically diverse major cit-
ies in the nation, with major 
representation from Hispanic 
and Latino, Asian, African-
American and Caucasian 
residents speaking over 125 
languages and dialects, as 
well as one of the country’s 
largest LGBT communities. 

 

Oakland is nationally recog-
nized as one of the nation’s 
greenest cities, with WalletHub 
calling Oakland the ninth-
greenest city in America1. 
Efforts in energy efficiency 
and environmental aware-
ness have resulted in Oakland 
becoming a leading city in the 
development of an environ-
mentally and economically 
sustainable planning.
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Phase 1 of resiliency planning sought to answer four 
key questions in order to illustrate the City’s baseline 
resilience and prioritize resilience needs.

• Stakeholder Identification: Who is working on 
resilience? This activity identified key stakeholders 
and City partners 

• Action Inventory: What resilience work is happen-
ing in Oakland?  This activity catalogued the types of 
resilience work currently conducted both within and 
external to City government.

• Perceptions of Resilience: Do Oaklanders feel 
resilient?  This activity gathered the opinions of a 
those who live or work in Oakland, utilizing a variety 
of outreach strategies.

• Assets, Shocks, and Stresses Characterization: 
What are the threats to resilience?  This activity 
summarized the physical state of Oakland’s assets 
(e.g., infrastructure, buildings, storm drain system), 
and identified how these assets may be vulnerable to 
long-term stresses (such as deferred maintenance) 
and potential shocks (such as earthquakes or fires).  

The Community Resilience Profile summarizes the 
findings from this work.

“Eileen” by sculptor Karen Cusolito, Owner of American Steel Studios, 2006 
Photo: Greg Linhares, City of Oakland
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Oakland’s 
Assets 
People 
Environment 
Infrastructure 
Economy

Oakland’s People

Oakland has become known as a city of soul, where 
more than 100 languages are spoken, people are proud 
to be natives, and residents stand up for what they 
believe in. A steady influx of immigrants during the 20th 
century, along with the thousands of African American 
war-industry workers who relocated from the Deep 
South during the 1940s, have made Oakland one of the 
most ethnically diverse major cities in the country. Today, 
27 percent of its population is foreign-born and 40 
percent speak a language other than English at home. 
According to the 2010 census2, Oakland comprises 27 
percent Black or African American, 26 percent White 
(not Hispanic/Latino), 25 percent Hispanic or Latino, 17 
percent Asian/Pacific Islander, and 6 percent other.

Oakland’s diversity is a source of pride and identity 
for many of its residents, who enjoy being exposed 
to a variety of different cultures through music, food, 
dance and art. The composition of Oakland does 
continue changing.  From 2000 to 2010, demographic 
changes included a 16.7 percent drop in its children 
and youth population, a decline of 24 percent in its 
African American population, a 6.2 percent increase in 
senior households, a 13 percent increase in the Latino 
population, and a 7.8 percent increase in both the White 
and Asian populations. Oakland’s diversity is also a 
source of economic vitality for many small business 
owners. Oakland has many cultural festivals celebrating 
this diversity, including Art + Soul, the Black Cowboys 

Situated in the rapidly growing San Francisco Bay Area, 
Oakland is the county seat and largest city in Alameda 
County with a population of 413,775, making it the eighth 
largest city in California. Oakland represents 12% of the 
population of the San Francisco--Oakland Urban Area. 
Oakland is growing more rapidly than California as a 
whole; between 2010 and 2014, Oakland’s population 
grew 5.9%, while the state’s population grew 4.2%. 
Oakland is framed by 19 miles of San Francisco Bay 
coastline to the west and rolling hills to the east. It has 
a large footprint of 56 square miles. In between are 
more than 75 vibrant neighborhoods and commercial 
corridors, more than 100 parks totaling over 2,500 acres, 
and Lake Merritt, the largest saltwater lake within a U.S. 
city. While Oakland is blessed with significant open 
space, coastline and large industrial areas, it is also quite 
densely populated, with 7,004 people per square mile. 

The City of Oakland is also one of the most ethnically 
diverse major cities in the nation, with major 
representation from Hispanic and Latino, Asian, African-
American and Caucasian residents speaking over 125 
languages and dialects, as well as one of the country’s 
largest LGBT communities. 

Oakland is nationally recognized as one of the nation’s 
greenest cities, with WalletHub calling Oakland the ninth-
greenest city in America. Efforts in energy efficiency 
and environmental awareness have resulted in Oakland 
becoming a leading city in the development of an 
environmentally and economically sustainable planning.

Oakland skyline looking west from hills towards San Francisco, Photo: Greg Linhares, City of Oakland
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Oakland’s Environment

Oakland’s mild climate and geography allow residents 
and visitors to enjoy being outdoors year-round. They 
can explore a variety of parks; open space; creeks; 
wooded hills; and the shorelines of two lakes, the 
Oakland estuary, and San Francisco Bay. These diverse 
ecosystems—from the marshy estuary to the redwood 
forests—are home to a wide assortment of flora and 
fauna. 

Oakland maintains 134 parks and public spaces. Many 
other parks and natural preserves along the ridgeline 
of the Oakland Hills are maintained by the East Bay 
Regional Parks District. Oakland has one of the highest 
percentages of parks and open space per capita in the 
nation. This waterfront city is haslush green hills, forests, 
creeks, an estuary, and two lakes. 

In the center of the City is Lake Merritt and Lakeside 
Park. Lake Merritt, a saline lake connected through 
channels to San Francisco Bay, is the United States’ first 
official wildlife refuge, designated in 1870. Measure DD 
(passed in 2002) began the process of planning, funding, 
and implementing a variety of improvements for the lake, 
including water quality improvements, environmental 
restoration, landscaping, and the creation of new 
public gathering places. Lake Merritt is an important 
urban ecosystem of waterfowl, fish, invertebrates, and 
other forms of plant and microbiotic life; an essential 
part of Oakland’s flood control system; and a beloved 
recreational area. 

Parade, Día de los Muertos, Chinatown Streetfest, 
Oakland Pride Festival, Festival of Greece, Eat Real 
Festival, and Lunar New Year. This local pride manifests 
itself in a strong network of thriving local businesses that 
support each other and enjoy widespread public support 
from Oakland citizens. The “Shop Oakland Grown” 
movement allows neighbors to support a thriving local 
economy while contributing to Oakland’s unique cultural 
landscape.

Although there is a strong sense of shared identity 
among residents of Oakland, individual well-established 
neighborhoods also have strong identities. Adams Point, 
Chinatown, Fruitvale, Jack London, Temescal, Montclair, 
San Antonio, West Oakland, and more—all of these 
neighborhoods have distinct demographics, cultures, 
architecturally significant buildings, land uses and 
economies, and community organizations dedicated to 
representing the interests of their residents.

Oakland’s communities are a multifaceted and powerful 
resource within the City. The organizational networks 
of community organizations and NGOs, representation 
of diverse stakeholder interests, a tendency toward 
collaboration, and a proclivity toward progressive, 
empowering politics are all valuable characteristics that 
help the city ensure that all the needs and concerns of 
the diverse citizens that make up Oakland’s social fabric 
are addressed in the process of planning for resilience.

“Off the Grid,” Friday Nights at the Oakland Museum of California 
Photo: Greg Linhares, City of Oakland

West Oakland Library Medicine Warrior Dance Troupe, 11/2015 
Photo: Doug Oakley, volunteer

Unicyclist enjoys green space in the Oakland Hills
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and 20 miles of waterfront. Together with its business 
partners, the Port supports more than 73,000 jobs in the 
region and nearly 827,000 jobs across the United States. 
The Oakland International Airport is the fourth-largest 
airport in California and second-largest airport in the 
San Francisco Bay Area. The airport currently offers air 
service to 49 destinations on 13 different airline brands. 
The airport’s volume of air cargo ranks among the top 
three on the West Coast, annually moving more than 
510,000 metric tons of cargo, freight, and mail.

Public Transportation 

Pleasant temperatures encourage walking and biking, 
with Walk Score3 ranking Oakland the ninth-most-
walkable U.S. city, and Better Doctor4 naming Oakland 
the fourth-most bike-friendly U.S. city.  For local travel, 
the city is well served by an array of transit options. 
Oakland is the hub for the Bay Area Rapid Transit 
District (BART), the high-speed, regional rail system 
with 104-miles of track, including the 3.6-mile Transbay 
tube. With eight stations in Oakland, it is easy to jump 
on a train to downtown Oakland and other Bay Area 
cities. A trip from City Center in Oakland to downtown 
San Francisco takes 11 minutes. Operated by BART, 
the $484 million Oakland Airport Connector, which 
opened in 2014, took more than 1 million riders from 
the Coliseum BART station to Oakland International 
Airport in its first year of operation. Oakland is also 
comprehensively served by the AC Transit bus system, 
which connects Oakland to communities in Alameda and 

Residents and workers from the nearby high-rise office 
buildings enjoy the pedestrian and bike paths around 
the lake. This foot traffic supports a variety of small, local 
businesses in the neighborhoods encircling Lake Merritt.

Oakland’s Infrastructure 

The built infrastructure of the city consists of traditional 
structures, systems, and utilities interconnected 
to serve residents and businesses as well as to 
provide regional linkages to adjacent communities. 
These linkages include transportation, energy, water, 
and communications systems and the homes and 
businesses that rely on them.

Oakland’s Transportation

Oakland’s transportation network is one of the most 
varied and comprehensive in the country. Oakland’s 
central location within the San Francisco Bay Area 
means many of the region’s transportation arteries—from 
interstates to rail lines—flow through Oakland. 

Port of Oakland’s Sea and Airport 

 and  handles 99 percent of all containerized cargo that 
passes under the Golden Gate Bridge. The seaport 
is connected to a network of freight lines that offers 
the ability to move goods quickly to any market in the 
continental United States. The Port of Oakland oversees 
the Oakland seaport, Oakland International Airport, 

Port of Oakland Loading Cranes at Sunset, Photo: Greg Linhares, City of Oakland
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Contra Costa Counties. The Oakland/Alameda Ferry 
provides year-round service between Oakland’s Jack 
London Square to San Francisco’s Ferry Building and 
Pier 41.

Rail

For those traveling farther, Amtrak serves Oakland 
with multiple departures daily on three routes that link 
to the Pacific Northwest, Southern California, and the 
Central Valley at stations in Jack London Square and 
the Coliseum.

Oakland is also at the intersection of a large network of 
roadways; nine major interstate and California highways 
pass through Oakland.

Water and Energy

Oakland’s water and energy infrastructure are primarily 
operated and maintained by regional stakeholders. The 
East Bay Municipal Utility District (EBMUD) provides 
high-quality drinking water for 1.3 million customers in 
Alameda and Contra Costa Counties and is a partner 
with the City on its sewage management system. 
EBMUD’s award-winning wastewater treatment protects 
San Francisco Bay and serves 650,000 customers. 

The Pacific Gas and Electric Company (PG&E) provides 
natural gas and electricity to nearly 16 million people in 
Northern and Central California. Oakland is connected 
by a communications system consisting of telephone, 
satellite, and internet networks. 

Oakland’s City Property 

Oakland maintains more than 300 public buildings and 
critical infrastructure, including more than 2,000 lane 
miles of streets, 38 bridges, and more than 400 miles of 
storm drains. Oakland’s City Hall is a historic treasure 
that opened in 1914 as the first high-rise government 
building in the nation. The building underwent seismic 
renovations, including installation of base isolators, 
following the 1989 Loma Prieta earthquake to improve 
the safety of the building and its occupants during future 
earthquakes. 

Oakland’s Residential Property

Oakland has more than 170,0005 housing units, of which 
41 percent are single-family homes and 19 percent 
are large, multifamily units in buildings of five or more 
units. Of Oakland households, 59 percent are renters.  
Oakland had a net gain of 13,113 housing units between 
2000 and 2013, with most of the increase through the 
construction of multifamily housing. Nonetheless, nearly 
12 percent of the City’s households lived in overcrowded 
conditions in 2010. Of those, one-third of overcrowded 
households are in owner-occupied units, while two-thirds 
are renter-occupied.

Homeownership rates are closely related to incomes. In 
2011, White households had the highest median income 
and the highest ownership rates. However, even though 
Hispanic households had the second-highest median 

Pergola and Necklace of Lights at Lake Merritt, Photo: Greg Linhares, City of Oakland
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income, their homeownership rates lagged behind those 
of Black/African American and Asian/Pacific Islander 
households.

Historically, Oakland’s residential housing stock has 
been less expensive than that of neighboring cities such 
as San Francisco and Berkeley. The housing stock 
ranges from elegantly restored Victorian single-family 
homes, bungalows, and cottages to downtown loft 
living, lakeside condos, and upscale hillside estates, with 
42% built before World War II during times of  significant 
population influxes (e.g., refugees following the 1906 
earthquake and families attracted by war-industry jobs in 
the early 1940s). Consequently, a substantial portion of 
Oakland’s housing stock needs significant investment or 
it will deteriorate.

Oakland’s Commercial Property

Just as Oakland’s residential property values have 
increased, so too have the City’s commercial property 
values. In the last 3 years, Cushman & Wakefield6 notes 
that 22 major properties totaling 3 million square feet 
have been sold. Recent notable transactions include 
Uber’s purchase of Uptown Station for $123.5 million, the 
University of California’s $215.1 million purchase of 1111 
Broadway, and UBS AG’s purchase of 1221 Broadway 
for $182 million. These prices represent between a 35.5 
percent and a 394 percent increase in value over the 
sellers’ purchase prices. Oakland’s Central Business 
District and Jack London Square contain nearly 19 

million square feet of office space, including 8.7 million 
square feet of Class A space. Also, more than 2 
million square feet of office space can be found in the 
Hegenberger/Airport subarea. 

In the retail subsector, Oakland is seeing a surge 
in investment. At Foothill Square, 200,000 square 
feet of space is nearly 100 percent leased after a 
major renovation/expansion of the center. The former 
Rockridge Shopping Center is being transformed into 
a 300,000-square-foot outdoor shopping and dining 
center with completion expected in late 2017. Infill 
projects are bringing much needed neighborhood-
serving retail to underserved areas of Oakland. 

Oakland’s healthcare sector has also seen massive 
investment in commercial buildings as the city’s four 
main hospitals have completed or are undergoing $2 
billion in new construction or seismic upgrades. 

Although many of Oakland’s industrial buildings are 
decades old, new investment has occurred over the 
last few years. The new 375,000-square-foot Goodman 
Logistics Center on Pardee Drive provides convenient 
access to freeways, the Oakland International Airport, 
and the Port of Oakland. The Oakland Global Trade & 
Logistics Center will transform the former Oakland Army 
Base into a 1.5 million-square-foot logistics center at 
the foot of the Bay Bridge and adjacent to the Port of 
Oakland. 

Oakland Chinatown Crosswalk, Photo: Greg Linhares, City of Oakland
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Finally, the Oakland–Alameda County Coliseum, jointly 
owned by the City of Oakland and Alameda County, is 
home to the World Champion Golden State Warriors, 
the National Football League’s Oakland Raiders, and 
Major League Baseball’s Oakland Athletics. The 120-
acre sports and entertainment complex, adjacent to the 
I-880 and BART’s Coliseum/Airport station, includes 
the 19,000-seat Oracle Arena and O.com Coliseum 
with seating for up to 63,000 patrons, plus two clubs 
and 147 luxury suites. These facilities are served by an 
approximately 10,000-space parking lot.

Oakland’s Economy

Oakland’s economy is booming, with businesses 
discovering the convenience and ease of doing business 
there. More than two dozen companies have relocated—
or are planning to relocate—to Oakland from neighboring 
cities to take advantage of lower rents, easier commutes 
for their workforce, and Downtown’s hip, transit-rich 
urban setting.  Neighborhoods such as Temescal, Lake 
Merritt, Jack London, and Uptown have all seen a rise 
in foot traffic, with more residents engaging with (and 
spending their money in) local shops, restaurants, and 
clubs in their communities.

Oakland has become widely recognized for its high 
quality of life, vibrant dining and entertainment scenes, 
and diversified economy. The City has garnered 
international attention as a travel destination, with Lonely 
Planet7 ranking Oakland as the eighth-best U.S. travel 

destination in 2015, Jetsetter8 ranking Oakland as the 
tenth-best new food city in the world in 2015, and the 
New York Times9 ranking Oakland as no. 5 on its list of 
top places to visit in the world in 2012.   

As the national economy has shifted toward service 
industries, Oakland has been able to adapt by investing 
in urban redevelopment, along with expansions to its 
port and airport, in an effort to attract new businesses. 
The city is successfully attracting business in industries 
like manufacturing, green tech, trade, health care, 
construction, finance, business services, education, and 
leisure. 

This economic diversity has helped Oakland remain 
an attractive and affordable home for people with a 
wide range of skills and potential for employment.  
WalletHub10 ranked Oakland as the third-best California 
city in which to start a career, and Popular Mechanics11 
ranks Oakland the third-best start-up city in America 
and in the top 10 cities in the U.S. with the most tech-
sector investments. The National Venture Capital 
Association12 noted the amount of tech investment has 
propelled Oakland to the ninth spot among U.S. cities. In 
November 2014, a voter-initiated ballot measure to raise 
Oakland’s minimum wage passed with an 82 percent 
majority, demonstrating the strong desire of residents 
to ensure that all workers in Oakland have the ability to 
support and care for themselves and their families by 
increasing the minimum wage and making provisions for 
paid sick leave. 

Fruitvale Transit Village, Photo: Unity Council

Oakland Supply Company, Jack London Square 
Photo: Greg Linhares, City of Oakland 
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Shocks 
and Stresses
Shocks 
 • Earthquakes 
& Liquefaction

 • Wildfires
 • Coastal and 
urban floods 

 • External 
economic crises

 • Civil unrest
 •
 •
 •
 •
 •
 •
 •
 •
 •

Stresses 
 • Socioeconomic 
Disparities:

 • Wealth disparities
 • Education disparities
 • Disparities in access 
to good jobs

 • Health disparities
 • High crime rate
 • Insufficient affordable 
housing

 • Chronic homelessness
 • Trust in government
 • Limited City resources
 • Aging infrastructure
 • Droughts
 • Sea level rise

These positive trends have meant that since 2010, 
when the Great Recession battered the U.S. economy, 
Oakland’s unemployment rate has dropped from 17 
percent to 5.6 percent as of October 2015. In that same 
time frame, nearly 29,000 jobs have been added.13

Many of the threats to Oakland are well known. 
Earthquakes and wildfires have damaged the City so 
severely that impacts have made international news. The 
effects of such shocks are exacerbated by long-term 
social stresses, such as violent crime and financial and 
educational disparities. Now, climate change threatens 
the City, with impacts that are felt as both discrete 
shocks (coastal floods and increased wildfire risks) and 
continual or periodic stresses (rising seas and droughts). 
As the climate warms, droughts, extreme heat days, and 
large rainstorms are expected to occur more frequently 
and with greater intensity. Oakland’s poorer residents, 
the elderly, and children may be disproportionately 
vulnerable to these increasing threats. 

When the Cypress Freeway opened in 1957, no one could have envisioned its collapse 42 years later 
Historic Aerial view of Cypress Freeway June 11, 1957 

Photo: Carl Bigelow, Oakland Tribune
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RESILIENCE 
ACTIONS

Citizens of Oakland 
Respond to 
Emergencies 
(CORE) 

CORE is a free training 
program for individuals, 
neighborhood groups, and 
community-based organi-
zations in Oakland. CORE 
teaches self-reliance skills and 
helps neighborhoods establish 
response teams to take care 
of the neighborhood until 
professional emergency 
personnel arrive.

Seismic Safety 

The City of Oakland is 
developing a seismic 
retrofit program to make 1,400 
wood-framed “soft- story” 
apartment buildings safer 
and reduce displacement for 
residents after 
an earthquake.

SHOCKS

Acute shocks are sudden, sharp events that threaten the well-being of the City. A variety 
of shocks are expected to occur within Oakland over time. The frequency and intensity of 
a particular shock can trigger additional shocks (such as a powerful earthquake triggering 
major infrastructure failures and wildfires), and the scale of the impacts will vary widely for an 
event depending on a variety of factors and conditions. The following are considered high-
likelihood shocks in Oakland.

Earthquakes & Liquefaction

In Northern California, seven major fault systems are considered capable of rupturing in 
earthquakes of magnitude 6.7 or larger.14 Many of these earthquakes would produce strong 
ground shaking and damage in Oakland. The Hayward Fault, located at the base of the hills 
on the eastern edge of the City, has a 31 percent chance of producing such an earthquake 
within the next 30 years. An earthquake of this magnitude would cause significant damage 
in Oakland; shaking from the Hayward fault could be 3 to 10 times stronger than the 
shaking experienced in the 1989 Loma Prieta earthquake. Soft-story apartment buildings 
are particularly at risk; there are more than 17,000 apartment units in soft-story buildings in 
Oakland. Earthquakes also cause liquefaction, a phenomenon in which soil loses its strength, 
stiffness, and ability to support buildings. The United States Geological Survey has mapped 
the likelihood of liquefaction of soils in Oakland in the event of a major earthquake along 
the Hayward Fault.15 The flat-land areas of Oakland are at the highest risk, and these areas 
overlap with the locations of much of the critical transportation infrastructure and emergency 
operations facilities for the City. These areas are also home to many low-income and 
vulnerable residents.
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Coastal (Bay) and Urban Floods

The intensity and frequency of precipitation events are expected to increase.16 The 
combination of higher tides and larger storms with Oakland’s aging stormwater 
drainage systems may lead to significant increases in both coastal and urban flooding 
and flood damage.  In December 2014, a combination of coastal and urban flooding 
closed roads, businesses, and schools throughout the City, impacting public safety, 
education, and Oakland’s economy. 

The densely populated Oakland Hills are subject to both significant floods and 
wildfires, both of which increase the risk of landslides as a secondary shock. Although 
Oakland has not yet suffered from significant landslides, they are frequent in similar 
geographies in Southern California and have the potential to cause loss of life and 
extreme property loss.

RESILIENCE 
ACTIONS

Migrating flood risk 
through green 
infrastructure 

Many opportunity sites exist in 
Oakland for green infrastructure 
like bioretention areas, rain gar-
dens, green roofs, swales, per-
meable pavements, tree planting 
and storm water detention tree 
wells. The City and partners like 
Adapt Oakland/Urban Biofilter, 
Urban Releaf, the San Francisco 
Estuary Partnership, the San 
Francisco Estuary Institute, the 
West Oakland Greening Initia-
tive, and the Sierra Club, among 
others, are working together to 
identify viable projects.

Oakland residents 
restoring 
watersheds 

In 2015, the City completed the 
Lake Merritt Sailboat House 
Shoreline Project; the project 
was funded by a $198 million 
voter-approved bond mea-
sure to enhance water quality, 
wildlife habitat, and pedestrian 
and cycling access that have 
transformed Lake Merritt in 
recent years. Also, the  Sausal 
Creek Restoration Project is also 
underway, which will daylight 
buried segments of the creek, 
create habitat and passage for 
native rainbow trout, and restore 
nearly 10,000 square feet of 
riparian habitat with native trees 
and plants. These types of creek 
and waterway restoration, land 
acquisition, and storm water 
protection projects improve wa-
ter quality, provide flood control, 
protect habitat, and enhance 
natural landscapes.

Severe 1997-98 El Niño storms damaged homes and streets 
Photo: Used with permission of The Oakland Tribune Copyright ©2015. All rights reserved.
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Wildfires

The Oakland Hills Firestorm of 1991 was the most destructive fire in state history, 
resulting in 25 lives lost, 150 injuries, destruction of 3,469 single-family dwellings and 
apartments and $3.9 billion in losses (in 2015 dollars).17 Although wildfires may occur 
at any time of year and in any climate, the risk of fire increases greatly with increased 
drought and heat. California’s future climate of frequent drought and higher heat 
leaves Oakland at extreme risk for wildfires. 

External Economic Crises 

The City of Oakland is part of the San Francisco Bay Area regional economy, 
which, like most local economies in the U.S., is prone to occasional recessions and 
contractions. The regional economy is particularly dependent on the technology 
and real estate sectors, which are prone to particularly dramatic boom-bust cycles. 
Given large income disparities and the City’s revenue structure, these economic 
crises have a tendency to impact the most vulnerable residents while simultaneously 
reducing City resources to serve those residents. The City and region are also 
vulnerable to shocks related to international trade, travel, tourism, logistics, and 
manufacturing. Analysis from the National Bureau of Economic Research18 suggests 
that national economic contractions recur on approximately 7-year cycles. During the 
prior economic recession, the City’s discretionary revenues were reduced by nearly 
12 percent, and demands for City services dramatically increased.

RESILIENCE 
ACTIONS

Preventing fires 
during extreme 
droughts 

Oakland’s Fire Department proac-
tively mitigates fire risk by deploying 
3,000 goats across 1,400 acres of 
the Oakland Hills between May and 
September to eat the brush that 
could otherwise be the flash fuel 
for wildfires; engages community 
volunteers in removing flammable 
brush, which in 2014 resulted in 
the removal of 250 cubic yards 
of brush like the invasive French 
Broom; and regularly inspects the 
10,590 acre, 16.5-square-mile 
Wildfire Prevention Assessment 
District. Firefighters also educate 
the public on fire code require-
ments and best practices for 
creating defensible space zones 
around the exterior of homes. 
These multi-pronged efforts make 
Oakland’s Fire Department among 
the most proactive in California and 
have prevented the spread of wild-
fire during the most recent intense 
drought and during dry summer 
months. 

Preparing for global 
economic downturns 

Following the Great Recession, 
the City of Oakland developed 
and implemented a Rainy Day 
Policy. Oakland’s policy dictates 
that that windfall revenues from 
the City’s most volatile revenue 
stream (Real Estate Transfer Taxes) 
be used solely for one-time invest-
ments rather than to support or 
expand ongoing services. Further, 
the policy requires that 25% of 
these windfall revenues be used 
to reduce City long-term debts 
and liabilities and another 25% be 
reserved in a special fund for times 
of economic hardship. Oakland’s 
Rainy Day Policy mirrors, in con-
cept, a recently enacted policy of 
the State of California. 

Firefighters, Councilmember Brooks, and community members join together for the dedication of a new fire danger 
sign in Oakland Wildfire Prevention Assessment District. Photo courtesy of Sue Piper, February 1, 2016.



PRELIMINARY RESILIENCE ASSESSMENT     -  24  -     OAKL AND

Civil Unrest

In the past 5 years, Oakland has experienced repeated 
incidents of civil unrest and public confrontations 
between police and citizens. In 2014–15, Oakland spent 
more than $5 million in officer overtime pay to address 
demonstrations in response to events in Ferguson and 
New York. 

Oakland’s history as an epicenter for nationally 
recognized social change movements—from civil rights 

to labor rights to economic justice—is a point of pride for 
the community. Black Lives Matter demonstrations have 
vocalized important issues that are part of a national 
conversation about racial inequity, criminal justice, and 
disparate treatment of people of color by the police. 
However, protests in Oakland have often resulted in 
damage to local businesses and public infrastructure, 
requiring the City to expend limited public funds on 
emergency response when protest activities have 
become violent.

  Mural on Oakland freeway underpass, Photo: Greg Linhares, City of Oakland

Black Lives Matter rally, steps of Oakland City Hall, 2015, Photo: Victoria Salinas
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RESILIENCE 
ACTIONS

Oakland Funds New 
Department of Race 
and Equity 

Launched in late 2015, the City 
of Oakland established a new 
department charged with 
integrating the principal of 
“fair and just” in the delivery 
of city services. 

Cradle-to-Career 
education initiative 

The City and OUSD have joined 
forces on the Oakland Promise, 
an initiative to create a college- 
going/college-bound culture and 
expectation for all students in 
the OUSD. The district, through 
the Offices of Post-Secondary 
Education and Linked Learn-
ing, is developing and improving 
existing academies at the high 
schools and partnering with 
businesses in the City to give its 
students hands-on work experi-
ence through summer jobs and 
internships.

City of Oakland 
lowering barriers to 
start businesses 

Making it easy to open 
businesses online is among the 
measures the City is taking to 
help start-ups thrive in Oakland. 

STRESSES

In addition to acute shocks, cities also face ongoing, long-term stresses, either 
natural or human caused, and these challenges tend to be tightly interwoven. The 
following were rated Oakland’s highest-impact stresses.

Socioeconomic Disparities 

Oakland is in a unique economic moment—the economy is booming and inequality 
is also increasing. Oakland is recovering and growing following a major nationwide 
economic recession, but the economic growth has been unequal across the City. 
Tech workers are finding Oakland an increasingly attractive place in which to live and 
do business, but this influx of wealth is placing stress on many existing residents and 
less-educated workers at a time when the manufacturing industry that was once a 
mainstay of the Oakland economy is shrinking. The burgeoning economy is bringing 
new optimism to the City while focusing new attention on issues such as inequality 
and displacement. Consequently, Oakland’s current story is a tale of two cities: the 
global Oakland, where Citywide statistics are looking better each year; and the City 
as seen by vulnerable residents who are black, brown, poor, young, and old. 

Wealth Disparities

Oakland was recently ranked as having the seventh-highest income inequality 
among cities in the nation.19 Oakland also has some of the highest regional poverty 
levels, with 19.6 percent of residents and 30 percent of children living in households 
with incomes below the federal poverty level. Nearly 35 percent of children live in 
households that receive public assistance. The median income for African American, 
Latino, and Asian households in Oakland has declined since 2000. Citywide, White 
households have nearly double the median household income of any other racial or 
ethnic group.20 

Educational Disparities 

Educational disparities in Oakland are striking. Oakland exceeds national levels 
both for the number of adults with college and post-graduate degrees and for the 
number of adults who did not complete high school. In the past decade, Oakland’s 
public schools have made important gains in student achievement. Today, the 
Oakland Unified School District stands as California’s most improved urban school 
district.21 However, only a minority of Oakland’s children are meeting key educational 
milestones. On most metrics, the achievement gap persists when comparing African 
American and Latino students to White and Asian students. A majority of Oakland’s 
public schools struggle to serve students, particularly students of color and those 
from socioeconomically disadvantaged or language minority backgrounds. Although 
Oakland’s graduation rate has improved in recent years to 63 percent, it still lags 
behind the average graduation rate of 80 percent for Alameda County and California. 
Too many Oakland students are not gaining the skills needed for successful 
employment.
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RESILIENCE 
ACTIONS

New City of 
Oakland economic 
development 
strategy slated to 
encourage 
sustainable 
economic growth 

Encouraging existing 
Oakland companies to 
expand and re-invest 
property revenues in catalytic 
neighborhood development proj-
ects is among the priorities of the 
economic development plan to 
be released in 2016.

Procedural 
Justice Training 
Program cultivates 
community 
relationships 

Developed as part of the 
Ceasefire Crime Reduction 
Strategy, the Procedural Justice 
Training Program teaches Oak-
land Police officers the principles 
of giving people a voice, fair treat-
ment and respect and providing 
a trustworthy process. In addition 
to building better relationships 
with community members, these 
principles promote support for an 
officer’s efforts to improve safety. 
The Oakland Police Depart-
ment completed Phase one in 
June 2015, having conducted 
50 classes and trained over 
850 sworn staff. Phase two, the 
practical application of Procedural 
Justice, is currently being devel-
oped with community partners. 
Oakland is the only city presenting 
the training where sworn staff and 
community members partner in its 
development and delivery.

African American and Latino students 
to White and Asian students. A majority 
of Oakland’s public schools struggle to 
serve students, particularly students of 
color and those from socioeconomically 
disadvantaged or language minority 
backgrounds. Although Oakland’s 
graduation rate has improved in recent 
years to 63 percent, it still lags behind the 
average graduation rate of 80 percent for 
Alameda County and California. Too many 
Oakland students are not gaining the skills 
needed for successful employment.  

Health Disparities

Health disparities are closely tied to many 
additional Oakland stressors: wealth and 
educational disparities, limited government 
resources, and violent crime all contribute 
to increased health risks for already 
vulnerable populations.

• The number of seniors living in Alame-
da County is expected to grow by 117 
percent by 2030 to more than 94,000 
residents. Ensuring these older adults 
have the housing, transportation, and 
social services they need to meet their 
changing needs will be a new chal-
lenge for Oakland. 

• More than half (55 percent) of Alam-
eda County residents and a third (35 
percent) of school-aged children were 
overweight or obese in 2014.22  

• Diet-related diseases (heart disease 
and diabetes) are among the 10 
leading causes of death in Alameda 
County in 2010. 

• Diabetes and metabolic/nutritional 
disorders were among the 10 most 
common reasons for hospitalization of 
children in Alameda County between 
2007 and 2011.

Disparities in Access to Good Jobs

Unemployment is decreasing Citywide, 
with a drop from 9 percent to 5.7 percent 
from 2014 to 2015. Between March 2013 
and March 2014, 17,000 new jobs were 
added in the East Bay, with 143,000 
more forecasted by 2020.  However, 
individual Oakland census tracts still have 
unemployment rates above 10 percent. 
Among African American males between 
the ages 16 to 64, the unemployment 
rate is 14 percent. These statistics fail to 
capture people who are disconnected 
from the local economy and who have 
stopped searching for jobs. The Oakland 
economy produces a diverse range of jobs 
in multiple sectors, but needs stronger 
pathways to connect to alienated workers 
and encourage them to participate. These 
pathways include the need for a living 
wage, support for entrepreneurs, and 
career ladders for entry-level employment. 

West Oakland Summer Reading Kickoff, 2014 
Photo: Celia Jackson, Oakland Public Library 
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High Crime Rate

The years 2013 and 2014 had  the lowest homicide 
numbers that Oakland has seen in more than a decade. 
Although more of the shootings that occurred in 2015 
were fatal, 2015 marks the third consecutive year of 
double-digit reductions in shootings in Oakland. To 
put this 3-year trend into perspective, nearly 250 fewer 
Oakland residents were injured or killed by gun violence 
in 2015 than in 2012, and over 1,100 fewer people were 
victims of violent crime in 2015 than in 2012.

Despite progress, Oakland exceeds statewide and 
national trends for violent crime. Gun violence is of 
particular concern, with 411 reported shootings in 
Oakland in 2014.23  Table 1 shows crime statistics for 
three types of violent crime from 2010–14.24   

Serious violence is most concentrated among individuals 
(mostly young men) 18 to 34 years old, and the highest 
percentage of victims and suspects are men between 
the ages of 18 and 24, followed by men between 
the ages of 25 to 34. Violence is disproportionately 
concentrated in specific parts of the City, particularly in 
East and West Oakland. According to law enforcement 
data, the individuals engaged in a majority of the 
robberies throughout the city are the same as those 
engaged in violent crime in East and West Oakland.25  
This distribution of higher rates of violence in particular 
parts of the City correlates closely with the concentration 
of stressors that can increase the risk of violence.26 
The data is based on rates of arrest, crime incidence, 
food stamp participation rates, youth incarceration and 
probation rates, rates of violent suspensions, and chronic 
absence among Oakland Unified School.

Crime Statistics in Oakland by Year 2010–14

Type: 2010 2011 2012 2013 2014

Murders 90 103 126 90 80

Robberies 3,200 3,326 4,173 4,838 3,349

Assaults 2,824 2,641 2,858 2,715 3,016
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like my neighborhoods monthly gentrification. 

My peers take intelligence for granted and 
ignorance is a wide spreading “epidemic” more 
potent than any drug I’ve ever known. 

I sit on A/C transit day after day observing 
my people.

Drowning in this concrete amusement park, a 
woman dusted in track marks sits beside me 
with arms all too familiar, from vein to sweaty 
creases.

She hits me too close to home.

Sophie Elkin 
Oakland’s 2014 Youth Poet Laureate

I can no longer 
sit in the back 
and watch my 
generation 
crumble

like the 
apartments in 
West Oakland 
that are being 
torn down.

Oakland’s 2014 Youth Poet Laureate Sophie Elkin, 
Courtesy of Oakland Public Library 
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RESILIENCE 
ACTIONS

Generating new 
affordable housing 
funds through 
impact fees 

Oakland is completing a study 
that will enable a Citywide ap-
proach to collecting fees and 
creating new development. 
Impact fees are a common 
mechanism cities use to 
address critical needs for 
transportation, infrastructure 
improvements, and affordable 
housing that can be attributed 
to new development.

Insufficient Affordable Housing 

Oakland is currently in the midst of a housing affordability crisis. In the past decade, housing 
costs have outpaced income growth for the majority of Oakland residents. From November 
2013 to November 2014, the home sale prices in the city rose 13.4 percent, while rents of 
new vacant listings in the city also rose 13.4 percent. The City’s Housing Element states that 
50 percent of renter households pay more than 30 percent of their income for housing. The 
Urban Strategies Council’s analysis of 15 neighborhoods with different income levels shows 
that the vast majority of renters and owners in those neighborhoods would be unable to 
afford the median-priced rents or homes in their neighborhoods.

According to the City’s 2015 Rental Study of Craigslist data27, median rental prices have 
risen between 2 percent and 40 percent in the last year (2015 rents are between $1,475 for 
a studio apartment to $2,975 for a three-bedroom apartment). Housing costs are outpacing 
income levels of many Oakland residents. When current residents cannot afford increasing 
housing costs, they are priced out of the market and relocate to cities with less-expensive 
housing costs. Renters constitute 59 percent of Oakland households, with homeowners at 
41 percent. Only 56 percent of Oakland’s rental housing stock is subject to rent stabilization 
requirements. Oakland’s housing patterns continue to be segregated by race, ethnicity, and 
income.

Chronic Homelessness

Chronic homelessness is an ongoing issue in Oakland. The January 2015 “Every One 
Home” Homeless count28 indicated that on any given night, there are 2,191 total homeless 
and 1,384 unsheltered homeless people in Oakland. Of the unsheltered, 56.5% are African 
American, 24% are White, 12% are Latino, and 18% are under the age of 25. Oakland 
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provides resources for rapid re-housing, including rent subsidies, case management 
and services to address root causes of homelessness. However, the supply and 
access to affordable housing is severely limited. The City collaborates closely with 
housing and service providers as well as mainstream agencies in Alameda County 
and the Oakland the Housing Authority on issues related to chronic homelessness 
including winter relief shelter efforts and housing subsidy programs for interim and 
permanent supportive housing. In order to provide adequate shelter for all residents, 
both appropriate locations and funding for additional winter shelter beds for the more 
difficult, colder months of the year are needed.

Trust in Government

Residents at public meetings, the press, and a few public institutions have 
identified weak public trust and the need for enhanced ethical conduct by City 
staff and officials as an important issue. Complaints have focused on government 
transparency, including City compliance with open meeting policies or public records 
laws. In 2013, the Alameda County Grand Jury29 identified instances in which City 
Councilmembers interfered with the administrative functions of the City. In November 
2014, the residents of Oakland voted to amend the City Charter in favor of increasing 
the Public Ethics Commission’s strength, independence, and staffing. The City 
Council also approved the Government Ethics Act in December 2014 to provide a 
clear, comprehensive, and enforceable framework of ethics rules in Oakland.

Limited City Resources

Despite prudent and conservative fiscal policies established since the last economic 
downturn, robust economic growth, and a steady and solid credit rating, over the 
long term without intervention the City’s expenditures are projected to grow faster 
than City revenues. The growth rate in revenues from taxes and fees is slower than 
the growth rate of personnel, utility, fuel, and other costs. Simultaneously, the City 
will require significant new investments in capital and services to maintain current 
infrastructure and quality of life. These trends, when coupled with limitations on the 
ability of local governments in California to generate new sources of revenue, create 
continual pressure to reduce government services or continue deferring capital 
investments. In times of economic downturn, these limitations can lead to dramatic 
reductions in government services at precisely the times those services are most 
needed by residents. 

Aging Infrastructure

Oakland’s infrastructure systems, including roads, sewers, bridges, and pipelines, 
are increasingly failing and ill-prepared to meet future demands due to years of 
inadequate funding and deferred maintenance. A 2012 infrastructure report card 
issued by the American Public Works Associations30 identifies more than $95 million 
per year for the five year planning period in budget shortfall for maintenance, in 
addition to the more than $800 million in unfunded deferred maintenance across the 
City’s infrastructure. This report card also rated Oakland’s infrastructure “D+” due to 
inadequate maintenance. In addition, several key areas of infrastructure do not have 
dedicated funding sources to address either deferred maintenance or new needs.

RESILIENCE 
ACTIONS

Residents rally to 
adopt-a-drain 

Oakland residents are 
volunteering to take proactive 
measures to prevent flooding 
and protect water quality by 
adopting nearly 1,000 drains 
throughout the City. Through 
the Adopt-a-Drain program, 
volunteers commit to keep-
ing inlets clean and clear.
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Droughts 

California has historically experienced cyclical periods of extreme drought, the most 
recent of which has lasted 3 years and is ongoing, leading to significant mandatory 
conservation requirements. Our changing climate is expected to bring deeper, longer 
droughts and more days of extreme heat. During drought, Oakland experiences higher 
water prices, decreased cooling options during extreme heat days, loss of shade 
trees and plants and open space values, and higher risk of wildfires. Extreme heat 
disproportionately affects the health of vulnerable populations.

Sea Level Rise

As the elevation of San Francisco Bay rises in response to warming oceans and melting 
ice sheets, short-term, temporary coastal floods will increase in frequency and extent 
until permanent daily tidal inundation is reached.31 Low-lying coastal residential areas, 
the Port of Oakland, the former Oakland Army Base, and a variety of low-lying areas near 
the Coliseum, Oakland International Airport, and I-880 are most at risk. According to the 
Bay Conservation and Development Commission, Oakland is expected to experience 
12-24 inches of sea level rise by 2050 and 3- to 5-foot rise in sea level (36 to 66 inches of 
sea level rise by the year 2100, which, without action, will substantially impact 
coastal areas.

RESILIENCE 
ACTIONS

Oakland schools 
combatting drought 
through water 
conservation. 

The Oakland Unified School 
District is investing nearly 
$1.2 million for projects that 
reduce stormwater pollution 
and conserve water through 
a grant from the Califor-
nia State Water Resources 
Control Board. This project, 
undertaken in partnership 
with Piedmont Unified School 
District and StopWaste.org, 
will engage students involved 
in the Sustainable Urban 
Design Academy and Science, 
Technology, Engineering, and 
Math curriculum.
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RESILIENCE 
ACTIONS

Groundbreaking 
sea level rise 
studies make 
adaption measures 
possible 

Adapting to Rising Tides is a 
regional study led by the Bay 
Conservation and Develop-
ment Commission that models 
sea level rise risk in the Bay 
Area. Other partners include 
Alameda County, Port of Oak-
land, AC Transit, ABAG, BART, 
Bay Area Air Quality Manage-
ment District, Caltrans, EB-
MUD, East Bay Regional Park 
District, FEMA, SPUR, and the 
Regional Water Quality Control 
Board.

City Facilities Total Number
Number at Risk from Sea Level Rise

16 inches by 2050 55 inches by 2100

Emergency Response Facilities

Fire Stations 8 2 2

Facilities serving at-risk populations

Health Care facilities 87 5 13

Homeless shelters 12 2 4

Food Banks 14 1 5

Facilities serving vulnerable, less mobile populations

Senior housing facility 45 0 3

Childcare center 146 6 16

Schools 81 3 13

Adapting to Rising Tides is a regional study addressing sea level rise risk in the Bay Area. 
Within Oakland, the Adapting to Rising Tides study area covers the full coast inland 
approximately 0.5 mile beyond the area projected to be exposed to storm event flooding 
with 55 inches of sea level rise. Approximately 6,000 of Oakland’s residents would be at 
risk from 16 inches of sea level rise, with 15,000 at risk from 55 inches of related flooding. 
The replacement cost of property is estimated to be $22 to $38 billion.



ASSETS, SHOCKS AND STRESSES: 
WHAT ARE THE THREATS TO RESILIENCE?

An assessment of the current condition of City assets and potential interactions between shocks, 
stresses, and assets indicated strong feedback links between all three. Both the continued decline of 
City infrastructure and potential shocks are expected to exacerbate existing long-term City stresses, 
such as public health and safety issues. Increasing City resiliency around any of the assets, shocks, or 
stresses would therefore be expected to provide cross-sector benefits. Potential City actions can be 
considered through a resilience lens to maximize these co-benefits.
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4
Focus for Resilience

For Oakland, resilience is 
about having a thriving and 
equitable city. This means 
that Oakland has prosper-
ous residents and families; 
people can stay rooted in the 
city they love; residents live 
in safe and secure neighbor-
hoods; public infrastructure 
is a catalyst for improving 
people’s lives; and when 
disasters strike, the whole 
community recovers quickly.

Photo: Lech Naumovich
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5 focus areas
Prosperous Residents 
and Families

Staying Rooted in Oakland 

Living in Safe and 
Secure Neighborhoods 

Benefiting from 
Public Infrastructure 

Recovering Quickly 
from Adversity 

The passion and can-do spirit of Oakland residents is a catalyst for resilience.

Clockwise from the top: (1) Brown Girl Surf volunteers kayak the Oakland Estuary for the Creek to Bay Day cleanup September 19, 2015, Photo: Lech Naumovich. (2) Beto 
Brancho of Courtland Creek at Thompson St., Photo: Lech Naumovich. (3) Chris Cook, volunteer coordinator of Leona Canyon Park, and a volunteer show off the strength of 
the weed wrench, Photo: Lech Naumovich (4) Photo: Lech Naumovich (5) Oakland Parks and Rec Foundation Annual Volunteer Workday Event, Photo: Susan Montauk. (6) 
Cleanup in Jingletown, Photo: Eric Saltmarsh. (7) The Three Musketeers of Courtland Creek at Thompson St., Photo: Lech Naumovich. (8) Chuck Butler of Courtland Creek 
Park does away with debris, Photo: Lech Naumovich.
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have been identified to help address the questions and 
challenges that have arisen around building resilience in 
Oakland. 

 

These focus areas are:

1. Prosperous Residents 
and Families

2. Staying Rooted in Oakland 

3. Living in Safe and 
Secure Neighborhoods 

4. Benefiting from 
Public Infrastructure 

5. Recovering Quickly from Adversity 

Each of these focus areas serves as a path of inquiry 
for further research and as a framework for the 
development of resilience-building actions. This research 
is intended to support the exploration of approaches 
and initiatives that tackle multiple shocks and stresses 
and create cross-cutting benefits. Thus, each path of 
inquiry, each opportunity, each intervention must work 
to accomplish multiple goals and serve to achieve 
complementary benefits.

A consistent message has emerged from the various 
surveys, community engagement efforts, and workshops 
that underpin this Preliminary Resilience Assessment: 
for Oakland, resilience is about having a thriving and 
equitable city. This means that Oakland has prosperous 
residents and families; people can stay rooted in 
the city they love; residents live in safe and secure 
neighborhoods; public infrastructure is a catalyst for 
improving people’s lives; and when disasters strike, the 
whole community recovers quickly. Building Oakland’s 
resilience will also require Oakland’s residents to look 
inward to how the City’s culture can be harnessed to 
address new challenges. Oakland will need to coordinate 
regionally with other cities and institutions to tackle 
shared risks and seize new opportunities. New thinking 
will also be needed on how to leverage assets and 
financial tools to achieve Oakland’s goal of a thriving and 
equitable resilient city. 

A Resilience Strategy will be developed in 2016 to unify 
existing initiatives and activities and identify additional 
actions needed to realize the City’s resilience goals. As 
part of this process, the questions and challenges that 
emerged from the Preliminary Resilience Assessment 
will be explored in the development of the resilience 
strategy. As shown in the charts below, it is difficult to 
prioritize among development issues in Oakland, and so 
the city is taking a comprehensive approach to building 
resilience in a way that complements the Mayor’s 
city-wide priorities.  To provide a framework for cross-
sector collaboration and problem solving during the 
development of the Resilience Strategy, five focus areas 

Photo: Greg Linhares, City of Oakland
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BEST thing about living in Oakland 
Oakland values the diversity above 
all other characteristics.

WORST thing about living in Oakland 
Nearly half of voters say crime is the 
worst part of living in Oakland.

What is the highest need for public services in the City?

Source:  Pulse of Oakland Voter Poll October 2015, Oakland Metropolitan Chamber of Commerce
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RESILIENCE FOCUS AREAS

Focus Area #1

Promote the prosperity of residents and families through 
a more coordinated and comprehensive approach to 
increasing access to good jobs, building wealth, and 
fostering economic development.

Personal resilience is often affected by financial 
resources and access to quality jobs and stable 
employment. How and where people make money 
is rapidly changing due to technology, Oakland’s 
expanding economic sectors, and sources of public 
and private financing for workforce development. 
Oakland residents, especially those who are low income, 
underemployed, or find it difficult to get hired, will be 
more financially resilient—today and after major shocks—
if there is greater access to good jobs and wealth-
building opportunities. This resilience in turn will have 
positive impacts on people’s ability to live where they 
want, lead healthy lives, and improve overall personal 
and family well-being. 

This focus area will support the Oakland Promise, a 
cradle to college initiative aimed at ensuring every child 
in Oakland graduates high school with the expectations, 
resources, and skills to complete college and be 
successful in the career of his or her choice.

Priority Questions 

• How can innovative wealth building 
approaches for low-income commu-
nity members be scaled?

• Who is disconnected from Oakland’s 
economy? What systemic factors 
lead to disengagement and how can 
people be connected in more 
targeted ways?

• How can low-income residents most 
effectively be supported in starting 
new businesses and enterprises?

Photo courtesy of Peralta Community College District 

7%

86%

7% Yes

Is economic development/
job creation a critical issue?

No

Unsure/
Not Applicable
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Focus Area #2

Identify what long-term residents of Oakland (especially 
the most vulnerable) need to be able to stay and what 
new residents need to be able to integrate in a way that 
preserves and reinforces commtunity character. 

Oakland’s ability to maintain and strengthen community 
resilience will likely be affected by the extent to which 
current residents have what they need to continue to 
call Oakland home and new residents and businesses 
become part of the existing community fabric and 
culture. Residents will be able to stay rooted in Oakland, 
regardless of shocks and stresses, if housing is safer and 
more affordable, equity gaps are closed, neighborhoods 
are vibrant, and communities remain cohesive. 

This focus area complements the work being undertaken 
by the City of Oakland, along with many local and 
regional organizations, through the Housing Equity 
Roadmap, which is aimed at alleviating the affordable 
housing crisis, and Mayor Schaaf’s high-level Housing 
Cabinet, which is providing further recommendations for 
tackling this challenge.

Priority Questions 

• What unique aspects and characteristics of 
Oakland’s neighborhoods do people want 
to preserve for generations to come?

• How will shocks and stresses affect the 
availability and ability to have safe and 
secure housing for the most vulnerable 
residents of Oakland?

• What is the current level of social cohesion 
and community ties within neighborhoods 
and across neighborhoods in the city? 
How can social cohesion be leveraged to 
increase community resilience? 

Golden State Warriors Championship parade and rally, June 19, 2015, Photo: Greg Linhares, City of Oakland
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Focus Area #3

Identify innovative approaches for reducing violent 
crime and building community trust in law enforcement 
and justice.

Strengthening drivers of resilience—such as social 
stability, security, and justice—is critical to reducing 
Oakland’s persistent high crime rates and the exposure 
of many residents to violence. The interplay of chronic 
stresses, especially those related to the equity gap, 
affect incidents of crime and violence in the City. Major 
shocks often cause new stresses for families and 
individuals and reinforce existing trends. Tackling this 
resilience challenge requires addressing the complex 
root causes of crime and violence as well as the long 
and complicated history of distrust in law enforcement.  

Many organizations have partnered in recent years to 
better understand and address these challenges. This 
focus area complements the mayor’s Holistic Community 
Safety Plan, a new strategic plan for the Police 
Department and the White House’s My Brother’s 
Keeper initiative.  

Priority Questions 

• How is community trust measured?

• How can innovative urban design 
help reduce crime and violence?

• What types of activities generate 
improvements in public health, 
community cohesion, and crime 
reduction and how is their impact 
measured?

Photo courtesy of the Oakland Police Department

Yes

Do you feel safe in your
immediate neighborhood?

No

Unsure/
Not Applicable

10%

39%
51%
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Focus Area #4

Identify which public infrastructure projects will have 
the most impact on resilience and determine how they 
should be coordinated, sequenced, and financed.

The infrastructure that residents rely on daily to work, 
live, and play can also be a resource for increasing 
Oakland’s resilience. If the City of Oakland, as owners 
and operators of the City’s public infrastructure, together 
with residents, can identify the multiple benefits that can 
be generated by existing parks, thoroughfares, public 
spaces, facilities, and physical assets, then taxpayer 
dollars going into the built and natural environment can 
also help ameliorate social, economic, environmental, 
and hazard-related challenges. 

This focus area assists with identifying new opportunities 
for increasing the public benefit and resilience dividend 
of existing and proposed infrastructure investments.

Priority Questions 

• What are existing opportunities for maxi-
mizing the co-benefits of infrastructure, 
parks, and public spaces for the most 
vulnerable residents?

• How should investments in infrastructure 
be sequenced and financed to maximize 
the impact on resilience?

• What improvements are needed in the 
coordination between adjacent jurisdictions 
and entities like Alameda Flood Control, 
Port of Oakland, PG&E, EBMUD improve 
their collective impact on infrastructure 
investments, hazard mitigation, and reduce 
social and economic vulnerability?

Photo: Greg Linhares, City of Oakland

35%

22%

43%

Stable

Is the condition of the public
spaces in your neighborhood:

Improving

Declining
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Focus Area #5

Identify what Oakland’s most vulnerable residents need 
to build their personal and community resilience.

The ability to quickly recover from major shocks and 
stresses is essential to keep Oakland residents in 
Oakland and remain in the city they love. By 2050, it 
is highly likely that sea level rise will have changed the 
coastline, drought will have increased fire risk, and a 
major earthquake will have occurred. How we prepare 
for, adapt to, and mitigate the potential impacts of these 
hazards will determine the extent to which these events 
lead to more frequent flooding, earthquakes that destroy 
buildings, and homes and fires (including those caused 
by earthquake damage) burning neighborhoods across 
the City. Addressing these challenges requires policy 
changes, new ordinances, infrastructure investments, 
and tapping into and bolstering the resilience inherent in 
our communities. 

The City of Oakland, along with the State of California, 
has begun developing a disaster recovery framework 
to aid the long-term recovery from a major disaster. In 
addition, the City of Oakland is embarking on the update 
to its Hazard Mitigation Plan. This focus area contributes 
to these existing efforts and deepens the understanding 
of climate adaptation measures needed in Oakland. 

Priority Questions 

• What are the key actions needed to 
prepare for, mitigate, and recover from 
the potential impacts of natural disas-
ters and climate change? 

• Which services and critical assets 
should be prioritize for seismic safety 
and resilience to sea level rise and 
flood risk, particularly in neighbor-
hoods furthest from opportunity?

• What policies, regulations, and data 
analysis systems can support deci-
sion-making around how land use, 
building, and zoning can advance Oak-
land’s long-term sustainability, climate 
resiliency, housing and job growth?

2015 CORE Citywide Exercise, Photos courtesy of Dena Gunning and Victoria Salinas
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CROSS-CUTTING QUESTIONS

Under each focus area, the following cross-cutting 
issues will be explored: 

Financing 

How do we use existing and new finance tools 
and approaches to address the challenges and 
opportunities of the 21st Century?

Any innovative project or initiative will require 
new thinking around how to leverage assets and 
financial tools to make it sustainable. 

Regional Coordination

How do we coordinate efforts regionally to address 
shared risks and opportunities?

The many shocks and stresses that threaten 
Oakland do not map neatly to political and 
jurisdictional boundaries. Regional coordination 
and planning are crucial for the implementation of 
resilience-building measures to ensure the mutual 
survival and prosperity of each jurisdiction.

Harnessing Culture

How do we use our culture to address the 
challenges and opportunities of the 21st Century?

Oakland’s unique culture and diversity are 
residents’ most cherished assets. Oakland 
residents often cite the City’s strong social 
networks as a key element of its long history of 
resilience. Any future comprehensive resilience-
building efforts must take the City’s local culture 
into account to harness its creative and economic 
momentum to help address risk and generate 
opportunities.

NEXT STEPS: 
CRAFTING OAKLAND’S 
RESILIENCE STRATEGY
Between March and August 2016, Resilient Oakland will 
engage residents; local and international experts; and 
a range of organizations, companies, and institutions 
to explore the critical questions identified under each 
focus area for resilience. The information, analysis, 
and community input will shape Oakland’s Resilience 
Strategy.  

For example: 

• One of the primary avenues for addressing Focus 
Area 3, Living in Safe and Secure Neighborhoods, 
will be through a local and international competition 
for solutions that can contribute to achieving the dual 
goal of identifying ways for law enforcement to use 
data to both deter crime and enhance community 
trust. Through 100 Resilient Cities, Oakland will be 
collaborating with Citymart and local organizations 
to launch the challenge for innovative solutions to 
this intractable problem. 

• The exploration of questions under Focus Area 5, 
Recovering Quickly from Adversity, will be instru-
mental in assisting Oakland to complete the update 
to its Local Hazard Mitigation Plan and act on the 
recommendations of the City’s Energy and Climate 
Action Plan. 
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The overarching goal of Oakland’s 
Resilience Strategy is to contribute 
to tangible improvements in people’s 
lives—especially Oakland’s most 
vulnerable residents—by conducting 
a people-centered planning process 
that effectively empowers the partic-
ipation of Oaklanders and organiza-
tions and businesses committed to a 
resilient, thriving, equitable city.

This participation will be achieved by proactively 
engaging and elevating the voices of historically 
underrepresented people and neighborhoods (especially 
at-risk youth and people most affected by Oakland’s 
resilience challenge) in crafting the resilience strategy. 
Resilient Oakland will seek opportunities to conduct 
outreach and engagement by leveraging existing/
planned events, workshops, outreach channels, and 
working groups. This initiative will also seek to integrate 
sector-specific conversations and problem-solving 
efforts into a holistic Resilience Strategy. 

2015 march for Real Climate Leadership - Oakland, CA, Courtesy of Fresno Peopel’s Media



Celebrating Oakland Pride: Oakland is home to 
one of the country’s largest LGBT communities 

Photo: Greg Linhares, City of Oakland
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chinatown
REVEALING RESILIENCE IN OAKLAND

The variety of small, unique businesses is what keeps the fabric of the 
community together, and they are in need of economic support at a neighbor-

hood and city scale. The area also has a critical need for housing in order to 
support current residents and create economic growth.

Economy
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Photo: Greg Linhares, City of Oakland
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Mexican

Domincan

Central American

South American

Cuban

Puerto Rican

Other Races

FRUITVALE  
&  san antonio

REVEALING RESILIENCE IN OAKLAND

Fruitvale is located at a convergence of environmental threats, however 
vulnerability is often focused on language barriers, police relations, and 

economic hardship. The transit-oriented Fruitvale Village was designed to 
combat this vulnerability, and is still working toward its potential.

Economy

Who Lives Here?
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Black or African American

Hispanic / Latinx

White

Asian

Eastmont 1980 Demographics

Black or 
African American

83.2%

Hispanic 
or Latino

5%

Race
vs. Now1980s 

eastmont 
&  castlemont

REVEALING RESILIENCE IN OAKLAND

Eastmont and Castlemont have gone through a tough history of economic decline, 
disinvestment, poverty, and political exclusion. This has ongoing implications for 
this community, specifically the large youth population, clear in the high violence 

and low education rates. Future resilience work must focus on this deomographic.

Economy
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Black or African American

Hispanic / Latinx

White

Asian

Pacific Islander

Native American

Other Races

golden gate
REVEALING RESILIENCE IN OAKLAND

A neighborhood chartacterized by transitionis currently following 
that pattern by moving towards a younger, wealthier demographic. 
The area has the potential for economic development, however the 

current state of neglect is hindering developer interest.
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Phase 1 Results Summary
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Perceptions of City Resilience from Public Workshop (150 participants)

PERCEPTIONS: DO OAKLANDERS FEEL RESILIENT?

Oakland residdents’ perceptions of resilience within the City have been gathered in multiple 
ways, including in-person workshops, online surveys, in-person surveys, and conversations 
with community representatives.

The three key messages communicated by workshop participants were that the City should:

• Empower stakeholders and promote cohesive communities

• Support local economic development

• Make City leadership more effective and connected to the community
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STAKEHOLDERS: WHO IS WORKING ON RESILIENCE?

Oakland’s history is steeped in political, social, and environmental activism.  In a recent survey, 322 
organizations, agencies and businesses self-identified as contributing to three or more drivers of 
resilience in Oakland. From feeding the hungry and housing the homeless, to restoring green space and 
natural habitats, to helping vulnerable youth expand their horizons, Oakland is a community of people 
working for the common good.

ACTION INVENTORY: WHAT RESILIENCE WORK IS ONGOING?

The City of Oakland is supported in resilience work by hundreds of local organizations, working 
across all aspects of resilience, as demonstrated by survey responses.

Community Activities Contributing to Oakland’s Resilience
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Count of Respondents Contributing to Oakland Resilience by Driver
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• The Oakland Firesafe Council is a grass-
roots community-based organization dedi-
cated to mobilizing the people of Oakland to 
reduce the risks of wildfire danger to people 
and property through outreach, programs, 
and projects.

• EarthMojo runs educational workshops 
that provide residents or businesses/em-
ployees with information, and practical skills 
to make changes to be more sustainable, 
self-sufficient and resilient in their day to day 
lives. These workshops empower individu-
als to make personal change, and move 
towards engaging with community resilience 
issues .

• Friends of the Oakland Public School Li-
braries advocates for strong school libraries 
in every school for every child with the goal 
that students, teachers, parents and the 
broader school community will have access 
to a highly qualified professional teacher 
librarian, who can build a culture of reading 
in the school, teach information literacy, and 
maintain quality print and digital resources.

• Bike East Bay promotes healthy, sustain-
able communities by making bicycling safe, 
fun and accessible.

• Acta Non Verba is a community program 
targetting community-based farming in 
Oakland to provide fresh and affordable 
produce to an underserved population, and 
in doing so raise seed money for college 
funds for participating children and teens.  

Organizations conducting resilience work 
in Oakland focus on resilience from many 
angles, from housing solutions to education to 
environmental protection.  A few examples of 
organizations conducting this work include:

• Allen Temple Arms Affordable Housing, 
working to increase affordable senior hous-
ing in East Oakland.

• Abode Services, which secures permanent 
homes for individuals and families experi-
encing homelessness, by applying the inno-
vative Housing First approach to go beyond 
the temporary solutions that shelters and 
transitional housing programs offer.

• Eastside Arts Alliance, providing free 
neighborhood festivals, block parties, and 
public murals with a community resilience 
message.

• The Watershed Project, focusing on urban 
Greening strategies, storm and flood water 
management, and green infrastructure.

• Bay Localize, which hosts the Local Clean 
Energy Alliance and work toward a single vi-
sion: let’s stop wasting energy, clean up our 
air, and put people to work.

• Oakland Heritage Alliance, advocating for 
the protection, preservation, and revitaliza-
tion of Oakland’s architectural, historic, cul-
tural and natural resources through publica-
tions, education, and direct action.
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TO: Sabrina B. Landreth 
City Administrator 

SUBJECT: Emergency Management And 
Disaster Preparedness Council 
(EMADPC) Informational Report 
(2014-2015) 

City Administrator Approva~__.--

RECOMMENDATION 

AGENDA REPORT 

FROM: Teresa Deloach Reed 
Fire Chief 

DATE: January 15, 2016 

Date: 

Staff Recommends That The City Council Receive This Informational Report On 
Emergency Preparedness And Disaster Planning. 

Staff Also Recommends That The Oakland City Council Continue To Fully Support 
Through Fiscal And Policy Decisions Emergency Preparedness Efforts For The City 
Of Oakland By Emergency Management Services Division (EMSD). 

EXECUTIVE SUMMARY 

City Council acceptance of the Emergency Management Services Division (EMSD) and 
Emergency Management and Disaster Preparedness Council (EMADPC) report will provide 
relevant emergency preparedness and disaster planning information to the City Council, 
residents of Oakland, and other interested stakeholders, and City of Oakland business 
partners. The purpose of this report is to provide City Council with information regarding the 
emergency preparedness, response, recovery and mitigation activities as reported to the 
City's EMADPC by the EMSD, a division of the Oakland Fire Department (OFD). This report 
covers July 1, 2014 through December 31, 2015 and is divided into the following major 
topics: 

• Emergency Management 
• Emergency Operations Center (EOC) 
• Emergency Management And Disaster Preparedness Council (EMADPC) 
• Communities Of Oakland Responding To Emergencies (CORE) Program 

BACKGROUND I LEGISLATIVE HISTORY 

The Public Safety Committee has requested an annual report regarding the emergency 
preparedness, response, recovery and mitigation activities as reported to the City's 

Item: ___ _ 
Public Safety Committee 

February 9, 2016 

Appendix B. Oakland  Local Hazard Mitigation Plan



Sabrina B. Landreth, City Administrator 
Subject: EMADPC Informational Report (2014-2015) 
Date: January 15, 2016 Page 2 

Emergency Management and Disaster Preparedness Council (EMADPC) by the Emergency 
Management Services Division (EMSD), a division of the Oakland Fire Department (OFD). 
Semi-annual reports began in 1995 and continue as requested and submitted. Status 
reports of EMSD activities have been reported quarterly to the EMADPC which by ordinance 
is the City's Disaster Council, as well as its Citizens Corps Council. 

Since September 11, 2001 the nature of emergency management has changed significantly. 
As a result of September 11th, there is a need for greater flexibility to appoint participating 
members, as required, who are qualified to address specific and technical emergency 
preparedness, response, recovery, and mitigation issues as they arise. The purposes and 
objectives of the EMADPC are to (a) facilitate the development and implementation of 
programs and plans that protect persons and property within Oakland on a day-to-day basis 
as well as during times of emergencies or disasters; (b) establish and define the powers, 
structure and processes of Oakland's Emergency Management and Disaster Preparedness 
Council, including the city's overall emergency organization; and (c) encourage coordination 
of emergency functions of Oakland with other public agencies, governments, corporations 
and organizations. 

ANALYSIS AND POLICY ALTERNATIVES 

The EMSD/EMADPC report provides information on the major projects, activities, and 
services the EMSD is responsible for, including the Emergency Management and Disaster 
Preparedness Council (EMADPC). This report includes activities and related projects from 
July 2014 through December 2015. 

Emergency Management 

EMSD coordinates the activities of all City agencies relating to planning, preparation and 
implementation of the City's Emergency Operations Plan. EMSD also supports the 
coordination of the response efforts of Oakland's Police, Fire and other first responders in 
the City's state-of-the-art Emergency Operations Center (EOC) to ensure maximum results 
for responders by providing up-to-date public information and ensuring coordinated resource 
management during a crisis. Additionally, EMSD coordinates with the Alameda County 
Operational Area and other partner agencies to guarantee the seamless integration of 
federal, state and private resources into local response and recovery operations. 

EMSD accomplishes this mission through partnerships, policy, planning, programs, training, 
exercise, equipment and outreach efforts that assist Oakland's first responders, City 
departments, local businesses, non-governmental organizations (NGOs), community based 
organizations (CBOs) and residents in their emergency management/preparedness efforts. 
EMSD also integrates its emergency management and homeland security management 
practices that incorporate a multi-disciplinary, multi-hazards approach to the Urban Area 
Security Initiative (UASI), Port Security, Airport Security and Transit Security which includes 
a strong emphasis on partnerships and regional, state and federal collaboration. 

Item: ___ _ 
Public Safety Committee 

February 9, 2016 
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The EMSD Emergency Planning Coordinator (EPC) responsible for training and exercise 
planning assists with the identification and coordination of Standard Emergency 
Management (SEMS), National Incident Management Systems (NIMS) and EOC Incident 
Command System (ICS) training courses on behalf of City of Oakland employees. 

Since August 2014 to the present and in coordination with OFD sworn staff and the 
UASI Training Program Lead Planner, 20 trainings have been scheduled in which OFD or 
Oakland EMSD was the planned host. Eighteen of these courses have already been held. 

The EMSD has developed and hosted three exercise events designed for the benefit of 
Oakland personnel. This included the annual Flu vaccination clinic (November, 2014) "No 
Blue Flu," The Yellow Command Emergency Public Information Officer Exercise (September 
2015), and the Oakland Yellow Command EOC Drill (September 2015). Participating 
department and agencies: Oakland Police Department (OPD), Oakland Fire Department 
(OFD), Public Works Department, Parks and Recreation Department, Civil Air Patrol, 
Human Resources and Management Department, the Office of the Mayor, OFD, Medical 
Services Division, OFD Dispatch, Oakland Department of Information Technology (DIT), 
UCSF Benioff/Oakland Children's Hospital, OFD Training Division, and Berkeley Emergency 
Management Office. 

City/Oakland USD Emergency Shelter Facilities Use Committee 

The City/Oakland Unified School District (USD) Emergency Shelter Facilities Use 
Committee has met quarterly since August 2014. The Committee's charge is to fulfill the 
elements of the City/Oakland USD Memorandum of Agreement (MOA) in using school 
district facilities as emergency shelters or staging areas in the event of a catastrophic 
disaster. 

Logistics Planning: Points of Distribution (PODS), Local Staging Areas (LSA) MOU 

EMSD staff continues to conduct outreach to identified PODS and LSA sites to establish 
partnerships in providing the City of Oakland with paved, open and level space to serve the 
purpose of a community-based needs PODS and/or LSA. 

Mass Notification System 

When local emergencies or disasters occur, the City of Oakland uses a mass notification 
system to communicate concise information and instructions to Oakland employees, 
residents, visitors and businesses including the type of incident and instructions or actions to 
take to remain safe. 

Internally, the system is used for activations of the Emergency Operations Center (EOC) 
and for callouts for multi-alarm fires. 

Effective January 1, 2016 the City of Oakland will be participating in "EverBridge," the 
Alameda County Alert System. The EverBridge system is internet-based and can send 

Item: ___ _ 
Public Safety Committee 

February 9, 2016 
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emergency messaging via telephone, Short Message Service (SMS) text message, email, 
instant message, fax or TTY/TDD. 

For Internal Communications: All city employees will eventually be added to the system, 
receiving notifications based on the notification protocols in the Emergency Operations Plan 
or as directed by the Incident Commander. Employees will be able to provide additional 
"opt-in" features such as providing home or cell phone information. An Administrative 
Instruction is being developed accordingly. Oakland residents and employees can "opt-in" 
to the"public side" at ACAiert.org. 

Oil Spill Response Planning 

The Office of Spill Prevention and Response (OSPR) has the California Department of Fish 
and Wildlife's (CDFW) public trustee and custodial responsibilities for protecting, managing 
and restoring the State's fish, wildlife, and plants. It is one of the few State agencies in the 
nation that has both major pollution response authority and public trustee authority for 
wildlife and habitat. 

Since July 1995, the Oakland Fire Department's Emergency Management Services Division 
(EMSD) has been the lead agency for development and implementation of the Alameda 
County Local Oil Spill Contingency Plan (ACLOSP). 

The Emergency Management Services Division receives grant funding to make revisions 
and updates to the local plan, participate in the development of a Memorandum of 
Understanding (MOU) between the CDFW, Alameda County Operational Area, the City of 
Oakland and participating cities, and conduct and participate in trainings and exercises. 

In 2014, Governor Brown expanded the OSPR program to cover all state surface waters at 
risk of oil spills from any source, including pipelines, production facilities, and the increasing 
shipments of oil transported by railroads. This expansion provided critical administrative 
funding for industry preparedness, spill response, and continued coordination with local, 
state and federal government along with industry and non-governmental organizations. 

In 2015, by Resolution No. 85531 C.M.S., the City Council approved the Memorandum of 
Understanding (MOU) with the City of Oakland Emergency Management Services Division 
and the Alameda County Operational Area for oil spill planning. The new agreement 
ensures the City of Oakland will continue to play a prominent role in planning, mitigating, 
responding to and training for oil spills. 

Homeland Security Grants 

The purpose of all Homeland Security grants is to provide funding to assist in the 
implementation of programs and equipment to help strengthen the nation against risks 
associated with potential terrorist attacks. The Homeland Security Unit (HSU) encompasses 
the following grant:. 

Item: ___ _ 
Public Safety Committee 

February 9, 2016 
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Urban Area Security Initiative (UASI): The FY 2013-14 grant is $1,000,000. The FY 2013-
14 grant program closed December 1, 2014. The grant funded 4.25 FTE planner positions. 
The planners are responsible for the development/coordination of the following deliverables: 

o Conduct a minimum of three Critical Infrastructure inspections and Buffer Zone 
Protection Plans 

o Establish Memorandums of Understanding with key partners 
o Update Alternate EOC policies 
o Update and maintain all of the City of Oakland Emergency Operations Plans, 

Annexes and Emergency Support Functions 
o Emergency Operations Center (EOC) Virtual Desktop Infrastructure (VDI) 

Equipment/Activities Deliverab/es are as follows: 

o Water Rescue Protective Equipment 
o Point of Wounding Kits 
o OFD Confined Space and Rescue Equipment 
o OFD Tactical Medical Response Equipment 
o Website for Whole Communities Preparedness 

Emergency Operations Center (EOC) 

EMSD staff maintains the EOC throughout each week in order to keep it in readiness mode 
at all times. In late 2012 grant funds were approved for upgrade to the EOC workspace 
environment for the creation of a Virtual Desktop Infrastructure. Work on this project was 
completed in 2014 providing enhancement of the EOC capability as well as streamlining the 
process for maintenance and control for over 56 EOC workstations. In addition to the 
infrastructure upgrade, the EMSD also received funding and approval for an upgrade of the 
Emergency Management (EM) software. The new application is called WebEOC; Oakland's 
selection of this EM application follows the state of California's decision to move to the 
application allowing for a smooth and well integrated web-enabled crisis information 
management system that provides secure real-time information sharing between the City 
EOC, the Alameda County Operational Area; and thusly the Regional Operations Center 
(REOC) and the State Operations Center (SOC). 

Emergency Management And Disaster Preparedness Council (EMADPC) 

This section covers meeting highlights and participation of management and staff activities 
as EMADPC members. The EMADPC strategic goals are directed towards preventing loss 
of life, maintaining health and life safety, and efforts to stimulate more community 
involvement. 

The City of Oakland's Emergency Management and Disaster Preparedness Council 
(EMADPC) has supported the following efforts for the time period of September 1, 2014 
through December 31, 2015: 

Item: ___ _ 
Public Safety Committee 

February 9, 2016 
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• Access and Functional Needs (AFN) Subcommittee's goal is to actively engage 
persons within the access and functional needs (AFN) community before a disaster. 
Key topics include: 

o Emergency preparedness informational content 
o Delivery platforms and methods to disseminate such content such as 

Neighborhood Crime Prevention Council and CORE (Communities of 
Oakland Responding to Emergencies), and 211 

o Reviewing and providing input for updating the City of Oakland's Mass Care 
and Shelter-Functional Needs Annex 

• Disaster Recovery Planning includes the development of a best practices document 
and localizing the planning products to coordinate and manage long-term recovery 
after a catastrophic event. Key objectives: 

o Validation of the health, social, economic, natural and environmental 
Recovery Support Functions (RSFs). 

o Build resiliency from the local jurisdiction up to the nation. 
o Development of the "Recovery Framework Resources and Tool Kit". 

• The Private Non-profit (PNP) Assistance Program (AB903) Committee consisting of 
members of the NorCal VOAD (Voluntary Organizations Active in Disasters), 
Oakland EMSD staff with the support of California Office of Emergency Services 
(Cal OES) continue to work on developing training and outreach for the PNP 
Assistance Program (AB903 legislation) reimbursement to non-profits requested to 
provide assistance to local jurisdictions for critical resources post disaster. The 
group is developing a work plan to assist with educating government, non-profits 
and faith based organizations on Cal OES's requirements and process. NorCal 
VOAD has received a grant from the San Francisco Foundation to support this 
effort. A regional forum was scheduled for January 14, 2016. 

Communities Of Oakland Responding To Emergencies (CORE) Program 

This section provides a background and overview of the CORE Program. Since 1989, The 
City of Oakland Fire Department has offered Community Emergency Response Team 
(CERT) training known as CORE. CORE stands for Communities of Oakland Responding to 
Emergencies. 

CORE Program Updates 

• ShakeOut 2014 was held Thursday, October 16, 2014 at 10:16 am. City 
departments, libraries and recreation centers participated in the annual Drop, 
Cover and Hold Drill. There was an estimated 4,500 participants throughout 
the city that joined in to practice. 

• Loma Prieta 25th Anniversary Event was held Friday, October 17, 2014 from 
11 :00 am to 2:00 pm at the Cypress Memorial Park. Preparedness 
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demonstrations and a commemorative ceremony were well attended by City 
staff, the public and local school children. 

• The Tenth Annual CORE Citywide Emergency Response Exercise was held 
Saturday, April25, 2015, 9:00am -12:00 pm. This year's objectives 
included: Neighborhood Command Post Operations, triage and treatment 
processes conducted by Light Search and Rescue and Disaster First Aid 
teams and effective communication at all levels. Forty-seven (47) CORE 
neighborhoods participated in this year's exercise and over fifty-five (55) 
individuals and volunteers participated in the simulation exercise at the OFD 
training division. Highlights include: 

· o Testing communications via Amateur radio operators at participating 
anchor fire stations and GMRS radio capabilities within the 
neighborhoods passing over 20 messages to the Emergency 
Operations Center. 

o Celebrating the 25th Anniversary of the CORE Program following the 
simulated exercise at the OFD Training Division with CORE 
neighborhood group leaders, CORE staff and elected officials Mayor 
Libby Schaaf and Council President Lynette Gibson McElhaney. 
Mayor Schaaf presented a proclamation declaring April 25th CORE 
Day to two of the program's originators, Oakland Fire Department's 
Deputy Chief Mark Hoffmann and retired Assistant Chief Don Parker. 

o The full exercise plan and after action report (AAR) are available on 
the CORE website. 

• The CORE Program's utilization of the city's Govdelivery notification system 
to deliver mass emails and notices to CORE members and subscribers has 
been very successful. Our popular Tuesday Tips are now automatically 
posting to the CORE Facebook page and the City's Twitter account. The 
program has also used the system to do outreach for special trainings such 
as workshops, Learn, Lead, Lift and special projects like the City's Soft Story 
Project. · 

• Learn, Lead, Lift (LLL)- The LLL Program has transitioned to the CORE 
Program and will be offering trainings on a regular basis. 

• Oakland Fire EMSD and the CORE Program partnered with FEMA to provide 
community outreach and education for the movie release of "San Andreas" at 
the Grand Lake Theatre. Over 1 ,000 moviegoers came out to Splash Pad 
Park after the movie and received preparedness information, a gift bag and 
viewed Oakland Fire's Heavy Rescue Truck, and communications vehicle 
and FEMA's communications vehicle. Participating agencies included: 
Oakland Fire, CORE Program, Oakland Parks and Recreation, Oakland 
Radio Communications Association (ORCA), FEMA, USGS, CaiOES, Bay 
EMT and the Grand Lake Theatre. 
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• The CORE Program offered two new workshops in the last quarter: Self-Care 
& Resiliency and Neighborhood Networking. 

• CORE has conducted over twenty private classes in the last quarter and has 
numerous classes scheduled through the end of the year. CORE classes in 
Cantonese, Mandarin, ASL and Braille were provided via translators and 
translated materials with the assistance of the City's Equal Access 
department, and our ADA program. 

• The Great CA ShakeOut Annual Drop, Cover, Hold On drill was held 
Thursday, October 15, 2015 at 10:15 am. This year in conjunction with the 
ADA 25th Anniversary Oakland Fire, ADA Program and FEMA hosted a 
ShakeOut ADA25 Preparedness Fair at Frank Ogawa Plaza from 9:00 am to 
2:00 pm with speakers, demonstrations and displays with an interactive Drop, 
Cover, Hold On drill. 

The next chart represents CORE Program training by program and Council District; the pie 
chart that follows shows percentage of attendance by class type. 
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CORE ram And Council District 

CD 1 CD2 CD3 CD4 CD5 

4 0 

3 0 

4 3 0 

2 

0 9 

0 

Other/ 
Unknown 

Total 

CD6 CD? 

2 

3 

0 0 

2 3 

2 

2 6 

6 

0 

2 
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CORE Classes Attended 
September 2014 - August 2015 

CORE Ill C 
(EN) 

3% 

4% 

CORE Ill 

5% 

CORE Ill A, B, C, 
Hands-On Weekend 

( 
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FISCAL IMPACT 

This is an informational report only; there is no fiscal impact. 

PUBLIC OUTREACH /INTEREST 

Page 11 

This is an informational report only and did not require any additional outreach. 

COORDINATION 

This report and activities presented in this report have been prepared in coordination with 
EMSD Staff, members of the EMADPC, and Oakland Fire Department. EMSD Staff 
represent the City of Oakland serving on a variety of councils, committees, working groups 
not limited to but including: Private Non-profit (PNP) Assistance Program (AB903) 
Committee, NorCal Voluntary Organizations Active in Disasters (VOAD),The Bay Area UASI 
Management Team-Approval Authority and working groups, The Association of Bay Area 
Health Officers (ABAHO), The Bay Area Mass Prophylaxis Working Group (BAMPWG), 
Region 2 Medical Health Operational Area Coordinators (MHOAC), Alameda County 
Emergency Managers Association, United States Coast Guard/California Department of 
Fish and Wildlife San Francisco Bay Area Contingency Planning Committee, and the 
Northern California Area Maritime Security Committee. 

This report along with all EMSD and EMADPC activities are coordinated with local, state 
regional and federal constituents assuring the City of Oakland meets or exceeds all levels of 
compliance for emergency preparedness and disaster response. 

SUSTAINABLE OPPORTUNITIES 

Economic: 

The economic conditions for the City of Oakland are enhanced by EMSD success in 
applying for and receiving Federal grant dollars. First responder readiness has been 
supported by purchasing equipment for OFD, OPD, Port and Airport security enhancements, 
pharmaceutical cache supplies in the event of pandemic flu, upgrading HazMat equipment 
and sustaining satellite telephone equipment. 

The combination of the program and equipment purchases improves the City of Oakland's 
and first responder's readiness and capability to respond quickly and effectively to protect 
life and property, thus limiting damages within the city. lnteroperability improvements assist 
in public safety communications within Oakland and within the Mutual Aid region for larger 
incidents. 
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In addition to the response efforts, increased readiness contributes to the long term recovery 
efforts for personal and business return to a more normalized community as soon as 
possible after a major disaster. 

Environmental: 

The environmental quality of life for the Oakland community is protected and mitigated by 
the EMSD planning activities. By planning for coordinated response, the city is able to 
identify situations for immediate mitigation efforts. Environmental damages can be 
minimized and cleanup efforts maximized by effective plans and coordinated response. 

Social Equity: 

The CORE program continues its outreach to include a focused recruitment of persons with 
functional needs, Cantonese speaking, and Spanish speaking residents. 

EMSD remains committed to its responsibility to address the needs of persons with 
functional needs and senior citizens in its emergency management programs through both 
our CORE and Learn-Lead-Lift programs. 

Brochures and meeting minutes for EMSD programs continue to be published in Braille, on 
audiotape, and in large print format. Sign language interpreters are utilized, as needed. 

The CORE program training contains sections on preparedness for people with functional 
needs. 

EMSD staff continues to attend meetings and present progress reports to the Mayor's 
Commission on Aging and Mayor's Commission on Persons with Disabilities. 

All of the City of Oakland Emergency Operations Plans, Annexes and Emergency Support 
Functions have been reviewed for applicability and reflect appropriate guidelines for 
Persons with Functional Needs when indicated. 
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ACTION REQUESTED OF THE CITY COUNCIL 

Staff recommends that the City Council receive this informational report on emergency 
preparedness and disaster planning. Staff also recommends that the City Council continue 
to fully support emergency preparedness efforts for the city of Oakland by the Emergency 
Management Services Division. 

For questions regarding this report, please contact Cathey Eide, Acting Emergency 
Management Services Division Manager, at 510-238-6069. 

Respectfully submitted, 

~i~~ 
Reviewed by: Rebecca Kozak 
Executive Assistant 

Prepared by: 
Cathey Eide, Acting Emergency Manager 
Oakland Fire Department 

. Emergency Management Services Division 
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City of Oakland Local Hazard Mitigation Plan/Resilience Meetings 

 

 

Oakland Local Hazard Mitigation Plan and Regional Resilience 

March 3, 2016 

East Bay Regional Parks District– Trudeau Center, 11500 Skyline Blvd 

 

AGENDA 

1. Welcome and Introduction  Christine Daniel, Assistant City Administrator 
 

2. Presentation 
 

The Regional Perspective   Dana Brechwald, ABAG Resilience Program 
 

Adapting to Rising Tides   Lindy Lowe, BCDC 
 

Oakland Hazard Mitigation Plan  Devan Reiff, City of Oakland Bureau of Planning 
2016-2021 Update 
 

3. Mapping exercise and group discussion  
 

4. Q & A 
 

5. Closing Remarks 

 

RESOURCES 

• Local Hazard Mitigation Plan update: www.oaklandnet.com/lhmp 
• Devan Reiff, Strategic Planning Department: dreiff@oaklandnet.com/ 510-238-3550 
• Resilient Oakland: 

www2.oaklandnet.com/Government/o/CityAdministration/d/ResilientOakland/index.htm 
• CORE: www2.oaklandnet.com/Government/o/OFD/s/CORE/index.htm 
• El Nino resources:  www2.oaklandnet.com/ElNino/index.htm 
• Bay Conservation and Development Commission (BCDC) Adapting to Rising 

Tides: www.adaptingtorisingtides.org 
• ABAG Resilience Program:  http://resilience.abag.ca.gov 
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March 3 2016 Discussion Notes 

Community Assets to Protect and/or Use 

• The Oakland Zoo is a regional attraction. 
• The Dunsmuir water retention pond is not maintained properly, and leaks. 
• Oakland’s villages (and village schools) are what gives the city its character (Rockridge, 

Lakeshore, Fruitvale, etc.). 
• Houses of worship and fraternal buildings are community assets, and should be involved in 

planning and recovery. 
• Elementary schools are natural centers for emergency response; the community needs OUSD to 

be flexible and cooperate with interagency planning efforts. 
o OES staff noted that the City does have an MOU with OUSD for high school and middle 

school sites, but not for elementary schools. Their primary goal is to protect their 
students. 

• Churches are important locations and community centers; the City could have an MOU with the 
archdiocese. 

• Grocery stores should have plans both to recover from a disaster and to distribute perishables 
to residents in an emergency when power fails. 

• The hospitality industry needs to think about how to assist visitors in case of an emergency. 

 

Planning Considerations 

• Off-ramps are backed up and therefore a problem in case of evacuation. These off-ramps 
include Golf Links, Keller and 98th 

• Earthquake exercises need to incorporate large assembly places such as the Zoo and Fairyland 
o OES Staff noted that this is coming soon; Oakland has a great Animal Services 

department, which includes large animals, and it has emergency animal supplies and 
volunteers. 

• Oakland contains some very large employers who should be involved in hazard mitigation and 
disaster planning 

o BCDC staff noted that PG&E and EBMUD participate in the Adapting to Rising Tides 
program 

• Large employers (including government organizations around Frank H. Ogawa Plaza) need to 
coordinate their evacuation plans. 

• The community needs to integrate policies at the regional and national levels – the global 
economy impacts the Port of Oakland, and thus what hazards come in by way of the port. 

• The City should consider other federal policies, such as the FAA changing their flight patterns. 
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Education 

• We need to discuss the linkages between hazards (such as the connection between drought and 
wildfire). 

• We need to educate about the scale of problems that seem localized but are actually 
communitywide in damage and/or solutions (such as downstream flooding caused by not 
retaining or slowing water further upstream). 

• We need to educate the community about the scale of multi-year hazards and events. 
• Residents are not always aware of which agencies are responsible for which areas or policies 

when it comes to mitigation. 
• The Hazard Mitigation Plan should include a robust communication plan that includes multiple 

ways of communicating in an emergency. 

 

Notes from Mapping exercise 

City Facilities and areas important to residents for disaster resilience:   

• City Hall 
• Emergency Operations Center 
• Oakland Zoo 
• Montclair Village 
• 23rd Avenue Reservoir (EBMUD) 
• Chabot Golf Course 
• Dunsmuir House and Gardens 
• Sibley Park and Lake Temescal (East Bay Regional Parks District) 
• Head Royce School 
• Chabot Space and Science Center 
• Oakland Animal Shelter 
• Oak Knoll Development project (former Naval Hospital developed into residential subdivision) 

Topics of importance and concern to residents: 

• Caring for Oakland Zoo animals, following disaster 
• Tight off-ramps and on-ramps at 103rd Avenue (and elsewhere in the Hills) are not capable of 

handling the traffic flow of a mass evacuation following a disaster 
• 23rd Avenue Reservoir could burst, and create a flood impact 
• Food deserts of East and West Oakland 
• Liquefaction risk at City’s corporation yard (Edgewater Drive) 
• Sea-level rise causing flooding of BART tunnels and tubes 
• Use Dunsmuir pond for more rainwater catchment and ease stormwater runoff 
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• Flooding of rail-yards releasing hazardous materials 
• Fly-fishing ponds= Sulphur Creek  
• Flooding of I-980  
• Educating the public that landslides could happen –not just in the Hills 
• Grand Avenue/Lakeshore commercial district flooding 
• Oakland Parks and Rec swimming pools: potential damage after an earthquake?   

Photos from meeting 

 

 

 

 

  

4 
 



City of Oakland Local Hazard Mitigation Plan/Resilience Meetings 

 

 

Oakland Local Hazard Mitigation Plan and Regional Resilience 

March 16, 2016 

Oakland Public Library, 81st Avenue Branch  

 

AGENDA 

6. Welcome and Introduction  Devan Reiff, City of Oakland 
 

7. Presentations –( 10 minutes each) 
 

The Regional Perspective   Dana Brechwald, ABAG Resilience Program 
 

Adapting to Rising Tides   Maggie Wegner, BCDC 
 

Oakland Hazard Mitigation Plan  Devan Reiff, City of Oakland Bureau of Planning 
2016-2021 Update 
 

8. Mapping exercise and group discussion   
 

9. Q & A 
 

10. Closing Remarks 

 

RESOURCES 

• Local Hazard Mitigation Plan update: www.oaklandnet.com/lhmp 
• Devan Reiff, Strategic Planning Department: dreiff@oaklandnet.com/ 510-238-3550 
• Resilient Oakland: 

www2.oaklandnet.com/Government/o/CityAdministration/d/ResilientOakland/index.htm 
• CORE: www2.oaklandnet.com/Government/o/OFD/s/CORE/index.htm 
• El Nino resources:  www2.oaklandnet.com/ElNino/index.htm 
• Bay Conservation and Development Commission (BCDC) Adapting to Rising 

Tides: www.adaptingtorisingtides.org 
• ABAG Resilience Program:  http://resilience.abag.ca.gov 
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Local Hazard Mitigation Plan Meeting – 3/16/16  Meeting Notes 

Community comments.   

General approach 

• Need a holistic approach, both in the sense that multiple hazards act together (like earthquake-
caused fires) and in the sense that hazards and their cases, impacts and solutions are not limited 
to one area – can unify Oakland in a holistic approach 

• Communication is critical 
• Evidence-based, scientific decision-making (for example, with climate change – instead of telling 

other countries what to do, how do we do our part in the global response to climate change) 
• Need out of the box thinking, including public/private partnerships – voters aren’t renewing the 

Wildfire Prevention Abatement District (parcel tax assessment)  that was used in the past – need 
to revise the City Charter, deal with union issues, management of Parks and Recreation (to 
employ people for vegetation management).   

• Community organizations that live in/across from hazard areas (such as fire and flood) can help 
design the mitigation 

Wildfire  

• Need regional coordination – the City and State didn’t do an adequate job rebuilding after the 
firestorm; this is a problem beyond the Oakland Hills 

• Funding for vegetation management needs to be regional, not just targeted to the 
disadvantaged 30% of the City. The counterpoint being that disadvantaged communities are in 
more need because they haven’t had the funding in the past. 

• Link schools and job training to hazard mitigation; can link funding from multiple sources 
addressing multiple hazards – employ students and youth and train them in vegetation 
management. 

• The City needs to prioritize a 5-10 year urban forest and vegetation management plan 
• Plan for 20 years out to transform the Hills; plant the trees now we want 
• Need strategies for maintenance and removal of aging and diseased trees 
• Both public and private buildings should have 100-foot clearance 
• Need to take a scientific, not aesthetic approach to landscaping and replacing trees 
• How do we use our water supply? 
• Have a goal of the number of residents who are trained and empowered to put out small fires 

on their own in their neighborhoods (City’s CORE program is doing these more technical 
trainings) 

• Need more holistic hazard-preventing landscaping than just tree removal 
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Flooding 

• Instead of hardscape, put in naturalistic 
shorelines around the Sloughs 

• OWLS (Oak Wildland Stewards) is an 
organization of “friends of…” creek 
groups 

• Focus on key actions along the entire 
watershed (particularly the several creeks 
that drain into the Bay near the Coliseum 
complex) 

• What happens to brownfield sites with toxic waste (particularly sites that aren’t registered as 
toxic sites) during a flood? Brownfields have a more significant impact overall than the EPA sites. 

• The Department of Toxic Substances Control (DTSC) needs to map future flood areas, not just 
current ones 

• We need long-term thinking as well as short-term thinking, particularly from developers who 
don’t think about long-term risks like sea-level rise and just sell the building, saying “it’s not our 
problem.” 

• Retain stormwater in parks with catch basins under playgrounds, use the water for landscaping 
to save money; see Los Angeles, which is coordinating with utilities and school districts. 

Wildlife 

• Wildlife populations (such as deer) wander out of their habitat during or after a disaster, and 
sometimes become aggressive 

• Wildlife populations could be separated during disasters; build wildlife bridges (like the 
hedgehog bridges in Europe) to keep them together and safe and away from humans – Bay 
Farm Island Road is a possible bridge location.  
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Oakland’s Natural Hazards and Climate Action Planning 

April 18, 2016, 6:30-8:30 p.m. 

Faith Presbyterian Church, 430 49th Street 

 

AGENDA 

1. Welcome and Introduction  Councilmember Dan Kalb 
 

2. Presentations #1  –(10 minutes): Oakland Energy and Climate Action Plan (“ECAP”)  

Shayna Hirshfield-Gold, City of Oakland, Sustainability 

3. Q & A 
 

4. Presentation #2 --  (10 minutes): Oakland Local Hazard Mitigation Plan 2016-2021  

Devan Reiff, City of Oakland Bureau of Planning 

5. Essential Facilities and Critical Infrastructure mapping +  ECAP preferences exercise (20 minutes) 
 

6. Group Discussion and report back 
 

7. Closing Remarks 

RESOURCES 

• Local Hazard Mitigation Plan update: www.oaklandnet.com/lhmp 
• Devan Reiff, Strategic Planning Department: dreiff@oaklandnet.com/ 510-238-3550 
• Resilient Oakland: 

www2.oaklandnet.com/Government/o/CityAdministration/d/ResilientOakland/index.htm 
• CORE: www2.oaklandnet.com/Government/o/OFD/s/CORE/index.htm 
• Bay Conservation and Development Commission (BCDC) Adapting to Rising Tides: 

www.adaptingtorisingtides.org 
• ABAG Regional Resilience Program:  http://resilience.abag.ca.gov 
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April 18, 2016 North Oakland 

Hazard Mitigation Plan Community meeting notes: 

 

Trees are a global carbon-sequestration organism; the planet is losing billions of trees every year. The 
City should restore staff and funding for tree planting. 

Climate change should be the framework for all of the natural hazards in the Local Hazard Mitigation 
Plan (except earthquakes + tsunami): drought, flooding, wildfire, etc, will be the “symptoms” that result 
from climate change; and these natural hazards should not be looked at in isolation.   

Confirm the sea-level rise inundation maps (year 2050) are correct for the former Oakland Army Base 
(the current maps are not showing inundation).  If the modeling of sea-level rise is correct, what might 
account for the Army Base not being in the areas of projected inundation?    

Can the City be more transparent (in the Local Hazard Mitigation Plan, and elsewhere) about the mutual 
aid agreements it has with neighboring jurisdictions, in the case of emergency measures?  In some 
Oakland neighborhoods which border San Leandro, or Berkeley, or Emeryville, the first responder to 
that neighborhood could be from a different police or fire department, depending on these mutual aid 
agreements.  The resident would like to understand that mutual aid relationship, it would be reassuring.   

 

Concerns about Oakland allowing coal to be shipped through the City, on rail to the former Army Base, 
then shipped through the Port of Oakland, because it is a high-emission, non-renewable energy source 
that contributes to climate change and accompanying increased hazard and health risk. 

 

Outside of the Emeryville Amtrak station, there is a spur rail line which routinely has two and three bulk 
railcars of liquid materials “parked” for several days at a time, before they are taken away. These rail 
cars are called “DOT-111 tank cars.” It is not known what materials are in these rail cars, if the material 
is hazardous, and if the materials poses a risk of explosion to neighboring properties by being parked in 
plain site near the Amtrak station.  Another speaker noted that the Fire Department (either Oakland, or 
Alameda County) is notified by railroads when hazardous material is transported on rail lines, but that 
that information was not made public for security reasons.   

 

Oil extraction has already peaked over a decade ago; City needs to be focusing mitigation measures on 
reducing energy consumption, not focusing on greenhouse gases; City should be facilitating low-
energy/renewable generators and other energy-reduction technology for every home; serves dual 
purpose because residents also won’t be able to rely on the energy grid in case of disaster. 



 

Consider the benefits that healthy living trees offer in reducing the amount of carbon in the 
atmosphere.  Strengthen the Oakland Tree Protection Ordinance to recognize that living trees are a 
benefit in the effort to reduce the effects from climate change, and healthy trees should not be 
removed by property owners or the City of Oakland; the Tree Division of Oakland Public Works should 
collaborate more with the Sustainable Oakland team to revise the tree protection regulations, 
recognizing that more trees in Oakland results in less carbon emissions in Oakland.   

 

AC Transit is upgrading its hydrogen bulk fuel facilities, one of which is in Oakland.  AC Transit should be 
recognized as a participant in helping Oakland reduce Greenhouse Gas Emissions; yet whenever there is 
a conflict between an AC bus stop and a public parking space, Oakland always chooses the parking 
space.   

 

Gang war and other crime is a human-caused hazard, which occurs at greater frequency  than a once-in-
a lifetime earthquake, or other natural disaster.   

 

-- 







 

Oakland’s Hazards and Climate Action Planning 

April 25, 2016, 6:30-8:30 p.m. 

West Oakland Senior Center 

 

AGENDA 

1. Welcome and Introduction  Council President Lynette Gibson-McElhaney 
 

2. Presentation: Oakland Energy and Climate Action Plan, Shayna Hirshfield-Gold, City of Oakland, 
Sustainability 
 

3. Priority setting exercise and report back  
 

4. Presentation: Oakland Local Hazard Mitigation Plan 2016-2021, Devan Reiff, City of Oakland 
Bureau of Planning 
 

5. Mapping exercise and report back 
 

6. Group Discussion and Q&A   
 

7. Closing Remarks 

RESOURCES 

• Local Hazard Mitigation Plan update: www.oaklandnet.com/lhmp 
• Devan Reiff, Strategic Planning Department: dreiff@oaklandnet.com/ 510-238-3550 
• Resilient Oakland: 

www2.oaklandnet.com/Government/o/CityAdministration/d/ResilientOakland/index.htm 
• CORE: www2.oaklandnet.com/Government/o/OFD/s/CORE/index.htm 
• Bay Conservation and Development Commission (BCDC) Adapting to Rising Tides: 

www.adaptingtorisingtides.org 
• ABAG Regional Resilience Program:  http://resilience.abag.ca.gov 
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Meeting notes: 

Tsunami.  How would the City notify residents that a tsunami is predicted?  Are there warning sirens?  
Can the City partner with the Port of Oakland to install sirens?  West Oakland would be the first 
impacted by a tsunami.  The current sirens (and sirens at the Port) can not be heard everywhere.   

Are private bus fleets and shuttle bus systems going to be involved with evacuating Oakland residents in 
case of an emergency?  Are there contracts and agreements in place between the City and these private 
fleets?   

The City needs to have a coordinated “conversation” with residents about these plans (evacuation, 
emergency planning, etc).   

West Oakland neighborhoods are triply affected now, prior to any disaster: there are smells from 
industry and the EBMUD waste water treatment plant, the area is surrounded by freeways, there is the 
Port of Oakland and its shipping and truck traffic and noise.   

Communities in West Oakland are isolated, and there needs to be evacuation plans communicated to 
residents – using surface streets – for when the freeways come down in an earthquake.   

How does the City post publicly where to go, and what to do in an emergency?  For example, shoreline 
areas have signs about what to do in case of a tsunami. 

Alameda County alert program: the City has entered into an agreement with the County for “AC alert,” 
which will allow the City to send emergency messaging from cell towers, to people’s phones (in a 
geographic area); a person does not need to sign up with the service, but they can: www.acalert.org.   

What about Lake Merritt, in the case of a tsunami? The map doesn’t show how much inundation around 
the Lake (and surrounding neighborhoods), however, now that the Lake is connected to the estuary, 
flooding could be expected.  

Community centers, rec centers and senior centers need infrastructure upgrades, and emergency 
supplies. For example, with air conditioners at the Senior Centers, for days when extreme heat makes it 
dangerous, they could be used as cooling centers.   

Municipal liability concerns are choking everything, which is an old conversation (dating back to the 
1989 Loma Prieta earthquake.  The City won’t take on the liability for allocating resources to private 
community organizations, like neighborhood churches.  Can we get a waiver from liability laws, to allow 
volunteers to do needed work (such as planting and trimming City trees, to keep them healthy)? 

At any moment, the Hayward fault could crack, an earthquake could happen, and we as a City are not 
prepared.    

Will innovative policies for hazard reduction be integrated into new Building Codes?  Permits are issued 
now in West Oakland that allow basements and floors at ground level to be converted to living space, 
but that is where future flooding could occur. West Oakland is like parts of New Orleans, before the 
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Katrina flooding: it is low-lying, surrounded by higher ground, which means the water will flood West 
Oakland first. 

How does sea-level rise predictions and scenarios impact the requirements for flood insurance in West 
Oakland?  Are there City policies to protect residents from expensive new flood insurance rates/ 
coverage?   

Private development is putting in new infrastructure, assuming sea-level rise (Prologis, at the former 
Oakland Army Base, is building new facilities at a higher ground level, for example).  But new housing 
being built now on the Wood Street frontage road  is not preparing (or being required to prepare) for 
future inundation.   

The City has disconnected communication: why are we allowing 1,300 new housing units to be built in 
areas of sea-level rise inundation and tsunami zones (Brooklyn Basin development, for example).   

FEMA, through its requirements for Cities to adopt a Hazard Mitigation Plan,  is only focusing on the rare 
events, as if they are disconnected to climate change.  Drought, wildfire, flooding from storms: they are 
all connected to climate change, and it is happening now, but it is happening  as “slow deaths,” and not 
in a big dramatic event (like an earthquake).  Trees are dying now.  People are unhealthy now. 

The City could have been investing in greywater systems, and bioswales in new development before 
now: could have required those water saving and water treating technologies in new developments.     

In West Oakland, from Market Street to the Bay and estuary shoreline, there is unmitigated 
contaminated soil from industrial uses that hasn’t been cleaned up.  When a flood occurs, that will be a 
health hazard: the soil will travel around with the floodwater.  70 sites have been shown to have toxic 
soil in West Oakland.  The City should add brownfield remediation to the Hazard Mitigation Plan.   

There are unused train tracks in West Oakland, there could be toxic soil under them.   

There was a major flood in Oakland, in 1961, Grand Avenue flooded.  It has happened within our living 
memory; it could happen again.   

Upgrading stormwater infrastructure.  Oakland property owners pay $74 fee on their water bill to 
improve these pipes, and no work has ever been done in West Oakland.  Where is the money going?  
How will the City determine a schedule of upgrades (which neighborhoods get new pipes first?)How will 
any new resources be distributed (such as grant money that is awarded from having an adopted LHMP?) 
Who gets the funds first?  West Oakland should be invested in first, because of all the impacts it already 
faces.   

Surprised by how many proposed mitigation measures in the LHMP are funded by grants.   

Oakland doesn’t have the funds to address climate change.   

The Hazard Mitigation survey is too long.   
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Who is the “policeman” that enforces these policies?  A typical attitude by City employees is, “they don’t 
know about it, it isn’t their problem.” Oakland Public Works and tree removal –the City should never 
remove healthy trees, they are valuable to the environment in retaining carbon from the air and keeping 
the soil stable; and the City should never permit a private landowner to remove a healthy tree.   

There are no community forums when the City has these types of plans (Hazard Mitigation Plan, 
Resiliency Strategy); the City is too “top down” and the community wants to be a partner with the City in 
developing policies and strategies and methods to communicate to residents.  The City acts like there 
aren’t already people working on these issues forever; individuals with talents aren’t ending up on the 
workplan.  We can’t do these Plans without having real, true, community engagement, otherwise, we 
start all over again each time there is a new Plan.   

Oakland Tenant’s Union is worried about the mandatory soft-story seismic retrofit program, worried 
they lost communication with the City after an earlier attempt to adopt a similar requirement. They are 
worried the program will push the costs of the retrofits onto renters, not onto owners.  Also, worried 
that tax payers will have to pay costs (for example, if the City issues a bond for infrastructure 
improvements) for luxury developments that are being built today and are not taking sea-level rise into 
account.   
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Appendix D.  Survey and summary of results, posted to www.speakupoakland.org 
 
  

 
 

http://www.speakupoakland.org/


Oakland 2016-2021Local Hazard Mitigation Plan 
Appendix D.  Results from online Survey 

 
The City of Oakland posted an online survey to its social media site, www.speakupoakland.net.  The 
Survey was available from March to May, 2016. There were 157 responses, which are summarized here.   

How concerned are you by the possibility of your neighborhood being impacted by a natural disaster? 

Choice  #  
 Very Concerned  73  

Somewhat Concerned  70  
Unsure  1  

Not Concerned At All  5  
  
 

 

Please rank the list of hazards below in order of the highest concern to you. No. 1 being the hazard of 
most concern and No. 11 being least. 

 1  2  3  4  5  6  7  8  9  10  11  Total  
drought  20  29  26  21  12  10  7  6  8  3  3  145  

earthquake  78  34  10  3  3  2  3  1  3  5  12  154  
flood  8  11  12  10  13  15  9  16  11  11  24  140  
freeze  4  5  9  4  3  6  13  11  24  22  36  137  

Extreme heat/ heat wave  3  8  17  19  17  19  16  11  14  7  12  143  
landslide  5  10  15  17  13  12  15  12  15  14  11  139  
wildfire  32  18  21  10  6  12  10  15  7  7  8  146  

sea-level rise  11  9  10  11  17  10  10  9  18  16  20  141  
Severe storms  6  10  17  29  28  10  15  9  7  7  7  145  

tsunami  11  1  5  7  7  15  9  11  16  27  29  138  
other  9  3  2  2  2  2  1  1  2  0  16  40  
Totals 187 138 144 133 121 113 108 102 125 119 178 1,468 

 

Very Concerned

Somewhat
Concerned

Unsure

Not Concerned At All
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Oakland 2016-2021Local Hazard Mitigation Plan 
Appendix D.  Results from online Survey 

 
Please rank the following list of human-caused hazards in order of highest concern to you. No. 1 is the 
hazard you are most concerned about and No. 10 is the hazard that concerns you the least. 

 1  2  3  4  5  6  7  8  9  10  Total  
Civil unrest 23  12  15  7  14  18  14  9  11  15  138  
Dam failure 9  4  4  9  10  3  9  17  24  42  131  

Energy shortage outage  13  27  23  15  14  17  8  7  8  9  141  
Epidemic or pandemic  11  9  18  14  16  15  27  9  11  6  136  

Gas explosion, pipeline or truck  17  18  19  14  23  13  8  12  7  9  140  
Hazardous materials release  20  20  20  15  13  14  16  7  5  11  141  

Infrastructure or utility failure  30  26  18  14  18  7  7  9  3  9  141  
terrorism  4  9  11  12  17  15  9  11  17  26  131  

Telecommunications failure  12  11  23  17  14  15  17  12  7  9  137  
Train derailment explosion  10  9  9  11  9  6  11  26  24  21  136  

other  15  4  1  5  0  0  1  0  1  9  36  
Totals 164 149 161 133 148 123 127 119 118 166 1,408 

 

There are a number of strategies Oakland can use to decrease the damage caused by natural 
disasters. Most of these strategies fit in to the categories described below. Please rank them in order 
of your preference, where #1 is the one you prefer the most, and #7 is the one you prefer the least. 

 #1  #2  #3  #4  #5  #6  Total  
Prevention: regulate what kinds of buildings are built and 
where to limit the damage caused by a natural disaster. 
Example: requiring new buildings along the shoreline to 
take sea-level rise into account.    

37  28  17  10  12  22  126  

Property Protection: modify existing buildings to protect 
them from a disaster or remove them from a hazard area. 
Example: earthquake retrofits 

40  27  22  21  11  19  140  

Natural Resource Protection: lower the risk of a natural 
disaster by protecting open space and natural habitats. 
Example: planting along the hillside to prevent landslide 

33  30  24  23  14  10  134  

Structural Projects: lessen the impact of the disaster by 
interrupting the natural progression of the disaster. 
Example: building retaining walls to prevent landslide 

13  14  21  28  32  17  125  

Public Education & Awareness: inform residents and 
community members about disasters and what they can do 
to protect their families, their homes, and themselves. 
Example: providing preparedness training for residents and 
businesses; Disaster preparedness at local schools. 

22  15  29  24  22  25  137  

Disaster recovery: increase the ability of public agencies, 
residents, non-profits and businesses to recovery quickly 
following a major disaster. Example: housing recovery plan; 
debris removal plan; promoting cooperation between 
public agencies, citizens, non-profits and businesses 

27  29  18  15  23  24  136  
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Oakland 2016-2021Local Hazard Mitigation Plan 
Appendix D.  Results from online Survey 

 
 #1  #2  #3  #4  #5  #6  Total  
Emergency Services: protect people and property 
immediately after a disaster happens. Example: training city 
employees and residents to respond to emergencies; 
Strengthening emergency services (e.g. police, fire, 
ambulance).   

44  24  23  17  14  18  140  

Totals 216 167 154 138 128 135 938 
 

My connection to Oakland is (Check all that apply) 

 #  
I work in Oakland  48  

I go to school in Oakland  3  
I own property or a business in Oakland  89 

I live in Oakland  144 
None of these  0 

 

 

 

What are your three favorite places to go in your neighborhood?  

Lake Merritt; Lakeshore Shopping District; Grand Lake Farmer's Market  

99 Cent Store; Mandela Market; Credit Union   

Zocalo coffee, Rubiano's pizza, still learning more good places that don't involve driving. I like Lake 
Chabot and the San Leandro marina  

My backyard; Redwood Regional Park; Montclair Shopping District  

Grand Lake Theater   

I work in Oakland

I go to school in
Oakland

I own property or a
business in Oakland

I live in Oakland

None of these
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Oakland 2016-2021Local Hazard Mitigation Plan 
Appendix D.  Results from online Survey 

 
Lake Temescal; Montclair Village; Oakland zoo  

Claremont Canyon; Fire trails overlook  

Yoshi's; restaurants; waterfront  

Sausal Creek; Park Burger and other restaurants nearby Joaquin Miller Park  

Montclair trail; Temescal Park, Sibley Park, downtown Montclair  

My home, telegraph beer garden,   

Montclair Village; Hills Swim Club;  Thornhill School  

Redwood Regional Park; A Great Good Place for Books; Camber   

Telegraph eateries; Friends; residences   

All of my favorites are out of the neighborhood  

There are no thriving businesses - except for the Ol' Yeller restaurant and Bottle Neck liquor store, which 
are ok. I like the nearby parks and golf course.  

Lake Merritt; Piedmont Ave; College Ave  

Food Mill on MacArthur; Joe's Market on Fruitvale; LaFarine on Fruitvale  

College Ave for shopping/eating; Lake Temescal; Piedmont Ave  

Oakland Hills parks; Joe’s Market; My art studio in Oakland  

Fire Road (exercise)  

Joaquin Miller Park; Walking the dogs around our neighborhood; Dimond District shops (Hive, Peets, 
etc) 

Penalty Creek along the closed section of Rettig.   Joaquin Miller Park  

Home; East Bay Regional Parks; Montclair  

Maxwell Park; World Grounds; Joaquin Miller Park  

To the park; to Nordstom's; and surrounding eatery's in Emeryville, CA.   

Walk around neighborhood; Grocery Cafe; Saigon Deli Sandwich  

Sequoia Diner; Allendale playground; Kelley's Corner  

Library; Restaurants; Walking  
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Oakland 2016-2021Local Hazard Mitigation Plan 
Appendix D.  Results from online Survey 

 
Redwood Park; Joaquin Miller Park; Farmer Joes Market 

Montclair Library; Montclair Park; Sibley Park   

Walk around the neighborhood; Church Cake ladies house; Christmas Tree Light street  

Dimond Park, Joaquin Miller Park, & stores and restaurants along Fruitvale  

B bakery; Sprouts; Flying yoga studio  

Restaurants on Park Blvd; Dimond Park; Walking in the neighborhood  

Dimond Library; Dimond Park; Dimond Rec Center   

Library; College Ave. cafes/restaurants; walking through residential areas  

I don't go anywhere in my neighborhood. It’s dangerous and a desert for food and businesses. I take all 
of my business and recreation out of Oakland.  

Off the Grid food trucks on William Street; the restaurants on 19th Street between Broadway and 
Webster Street; Howden Market at 17th Street and Webster Street   

Farmer Joe's Market; The Food Mill; Peet's Coffee  

Redwood Park; Glenview business district; Dimond business district  

Dimond Park; Hive coffee shop; Marzano restaurant   

Restaurants, bakery, Dimond Park and trails  

Glenview commercial district; Neighborhood walks; My backyard  

Home 

Foothill Square; Ross; FoodsCo grocery  

Claremont Canyon Trails; Rockridge; Montclair  

Lake Merritt; Lakeshore Shopping; Stairs  

Bellanico's; Savemore; Oak Hillside Cleaners  

Fauna; Saigon; Juice Joynt (Frank Ogawa Plaza)  

Love to walk in my neighborhood   

Taqueria; City Hall Plaza; Fox Theater  

Bushrod Park; Temescal; FROG Park  
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Oakland 2016-2021Local Hazard Mitigation Plan 
Appendix D.  Results from online Survey 

 
Rose Garden; Libraries; Parks  

Flower Garden; The Hive; Farmers Markets  

Laurel District; Courtland Creek Park; Fruitvale District  

Farmer's market; restaurants on Telegraph; Starbucks  

Market Hall; Rockridge cafe  

Joaquin MIller Park; Diamond Park; Library on Lincoln  

Violent neighborhood, don't feel comfortable walking places.   

East Bay Regional Parks (hiking); Waterfront (biking; Taqueria (eating)  

Mountain View Cemetery, my street, Montclair Village  

College Avenue; Rockridge Library; Piedmont Avenue  

Local cafes; Community Gardens; Mandela Parkway green walkway (only clean, well kept park nearby)  

I rather stay home!  

Emeryville's Hollis-Doyle Park; Berkeley Bowl; Emeryville's Bay Street mall  

Temescal Jazzercize;  at school; eating out in Temescal & Rockridge  

Manzanita SEED; Pollinate; Central Reservoir park  

Trails, walking paths, and scenic Bay overlooks in Knowland Park.  

Downtown Oakland; Grand Lake District; Oakland Hills  

Montclair Village  

Lake Merritt; Whole Foods; Perkins Dry Cleaners   

Telegraph & 51st Street 

Chabot Regional Park; Redwood Regional Park; Joaquin Miller Park  

Redwood Regional Park; Joaquin Miller Park; Montclair Village  

Sibley and Huckleberry Parks; Montclair Village; Lake Temescal Park  

Mountain View Cemetery, Lake Temescal, Montclair Park, Lake Merritt, and UC Berkeley.   

Mills College; Farmer Joe's; Redwood Park  
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Oakland 2016-2021Local Hazard Mitigation Plan 
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Regional Parks, Montclair, Home.  

Joaquin Miller Park; Fruitvale library; food and shops on MacArthur Blvd. 

Lake Temescal; College Avenue’ U.C. Berkeley  

My deck --no real places to go.  

Regional Parks  

Claremont Hotel Gym; La Fournee bakery; Peet’s coffe  

Lake Temescal; Grizzly Peak; Lake Merritt  

Trees; watch the birds; walking  

Claremont Club for exercise, walk the neighborhood for view, visit with neighbors  

1) Claremont Hotel/Peets/Rick & Ann's area 2) Walking in the hills 3) Kaiser School playground  

Stonewall hike; Redwood Park; College Ave  

College Avenue and Lake Temescal Park.  

Claremont Canyon Regional Preserve; UC Open Space; Skyline Ridge Trail  

Up to Grizzly Peak. To the Hiller Highland Fire Garden; To walk around the neighborhood  

My house  

Nearby Regional Parks; Biking  

Claremont Hill; Preservation trails.  Skyline Gate EBRP; Claremont and College Ave   

1. Around the block 2. Down the street 3. Nellie's Java   

Rick & Ann's restaurant; Peet's coffee shop; walking in the Hills  

Walking the Oakland Hills  

A16 (College Avenue); UC Berkeley Library; UC Berkeley campus  

Tilden; Temescal; Sibley Parks 

My home  

Lucky market, Rite-Aid pharmacy, Colors & Crogan's restaurants  

Sibley Regional Park; Redwood Regional Park; Tilden Regional Park  

7 
 



Oakland 2016-2021Local Hazard Mitigation Plan 
Appendix D.  Results from online Survey 

 
1. Peet's coffee at Shattuck and 51st Street. 2. open space in cemetery near corner of Piedmont and 
Pleasant Valley. 3. (the others are in different, but nearby, neighborhoods)   

Claremont Pool  

Public gardens  

Redwood Park; Lake Temescal; Lake Merritt  

Piedmont Ave; Lake Merritt Farmer's Market; Downtown Oakland  

Sibley Park; Tilden Park; Lake Temescal  

Trader Joe's; Sabuy-Sabu;  La Farine Bakery  

Xyclo; Piedmont Theater; Lush Gelato  

Telegraph; Temescal Creek Park; BART  

My own yard (especially along the front where I can talk to my neighbors); Evergreen Nursery (in San 
Leandro -- I live on the border); the creek washes  

Joaquin Miller Elementary School; Montclair Village; Redwood Regional Preserve  

There's no place like home.  

Library, park, there is no third.  

Propaganda, Salsiuedes, MLK Cafe   

Temescal Creek Park; NOCCS/Linden Park; Salsipuedes  

Salsipuedes, Temescal Creek Park (Emeryville), Telegraph Ave (Temescal), Basic Cafe (Emeryville). 
Longfellow could use a little civic and business love.  

Parks  

Shangri-La Vegan; Linden Park; General Liquors  

Libraries and Lunch time restaurants; and grocery shopping at Safeway and Farmer Joes  

The Lake, Jack London Square, any neighborhood.  

Away From It 😂😂  

Dog park; Vegan restaurant; Coffee shop  

Temescal restaurants and shops  
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Temescal Creek; Linen Park... Don't really have a third, Longfellow-specific destination besides 
MacArthur BART?   

 

Do you generally know the neighbors that live closest to you? 

Choice  #  
Yes  133  
No  19  

 

Do you feel comfortable reaching out to your neighbors if you need something they could provide? 

Choice  #  
Yes  127 
No  25 

 

In the event of a natural disaster, where do you expect to go for help? 

Another City 

Out of Town  

To stay with friends/family in San Francisco  

Vallejo or the valley  

My sister's home in Adam's Point  

Out of Area  

To my daughters' in Orinda  

San Francisco  

Ride my motorcycle to Dixon.  

Canada 

To daughter off Park Blvd., Oakland 

Depends on the disaster. We plan to evacuate from a wildfire to family in Danville.  

The University  

Somewhere higher than sea level  

9 
 



Oakland 2016-2021Local Hazard Mitigation Plan 
Appendix D.  Results from online Survey 

 
I have a network of friends who will cooperate to take care of one another  

If major, to family far away If not as major, I am well prepared to stay in place or camp out in another 
part of the state if needed  

Nowhere -- as far as I know, there isn't a neighborhood disaster plan in place. I've tried to gather 
emergency supplies and have CERT training from when I lived in Berkeley.   

Depending on the disaster, either to work (at Stanford); to my parents' home (in Los Angeles); or to the 
fire department as a staging area (*note--when my house actually had a fire last year, my neighbors 
came and put it out, but that's lower status than a natural disaster to me)  

Somewhere else. The city will be of no use.  

City/ Community facility within Oakland/ Emergency Shelter 

To the nearest Oakland Parks & Recreation Natural disaster location  

To centers provided by the local authorities or the local school systems.  

If my family and I cannot stay at home, I would go to a local shelter.  

911, Thornhill School  

Fire station down the street. Possibly one of the churches or schools nearby  

Look for Red Cross or local hospital for assistance.  

Probably the City of Oakland.  

Schools across the street from house if unable to stay at house  

School  

Dimond Park, or neighbors on Cannon St. Ham radio contact with Fire stations Park Blvd Presbyterian 
Church. I think it is a designated emergency shelter. There used to be a room for Ham Radio operators 
for emergencies. It would be good to make sure there were good antennas there in advance.  

Up to the corner to man the command center, coordinate our CORE response, reach out to our ham 
radio operators and then HQ at MLK & 16th Streets.   

Red Cross, City Hall, State of CA Assigned Shelter  

City  

Fire Station #21  

Fire Station #7  
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Library or BART Station 

Emeryville fire station at Hollis/63rd Street  

Schools; Parks; Nonprofits  

Fire Station in Montclair 

Home Depot, My insurance company, and FEMA  

Fire station  

The city  

The firehouse.  

Up the hill to the fire station or down the hill to the Claremont Hotel area  

Family/friend/neighbors 

15 answered “friends” or “neighbors” 

My mom  

Neighbor’s Synagogue  

Depending on the enormity of the occurrence, I might only be able to turn to neighbors for immediate 
help. Otherwise, I would turn to OPD.  

Neighbors first. Head Royce disaster center  

Our block is organized as a CORE group called "Rockridge Shakers" and I will participate with these 
neighbors  

Self reliance, family  

Locally - a friend's house near the Oakland/San Leandro border, if not possible, a friends house in Mill 
Valley, if not possible, to one of my sisters, Spokane or Boston.  

Our Block Captain  

Our neighborhood has done the CORE program and is organized to respond to a natural disaster  

To my CORE coordinator  

My CORE block captain, Glenfield elementary school, my church (Lafayette UMC)  

Neighbors, state agency, Red Cross  
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Rely on myself and my neighbors  

Our Neighborhood command center  

My neighbors, initially  

Neighbors. Children's Hospital. Family in nearby city.  

Probably friends, neighbors or a nearby church (all other predictable agencies will be too busy)  

Depends on type of disaster Friends, fire department, etc  

Stay Home / Shelter in Place 

5 respondents answered “Stay home” or equivalent.  

Thanks to CORE training I expect that we may be called on to shelter in place.  

I'm in a modern apartment building and expect to stay in place.  

I expect to be self-sufficient for the most part.  

I expect them to be coming to me.   

It depends on the disaster. I most likely will make myself available to help.  

Have a disaster kit (although it could use updating).   

Self help first, and then others in our CORE group.  

Except for fire or liquefaction at/near our home, expect to hunker down. Depending, stay with friends in 
various nearby neighborhoods of Oakland.  

The 24-hour Security Desk in my apartment building (500 William Street)  

Nowhere, local CORE groups less active today than it was several years ago. Local Incident Command 
Center (Hiller and Highlands club)  

We have 3 months of food and water as well as backpacking water purifiers to get water from Lake 
Temescal, many extra tents, sleeping bags, etc. We have had the CORE training. We will be helping 
others.  

Rely on self and hope for the best.  

I expect to provide help.  

Home, Hayward, Sacramento  

I would expect to depend on myself and my family.  
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Not much. I expect I will be the supplier. My neighbors all know they should come here first.  

Nowhere, we expect we will need to be able to help ourselves.  

Phone/Media/Self  

The Claremont, which we'd hope would be standing and have back up generators, food and water so we 
could shelter in place  

Depending on the severity of the disaster I would be looking to the city to provide them for structure 
with regards to disaster relief. Otherwise I have my own plans - family meet up, water, food, supplies, 
etc.  

I am well-prepared and will help myself. I imagine I will be helping others, rather than needing help.  

It depends on the disaster. Police, fire, friends, Colorado  

Not sure; we just put in new foundation and strengthened our home so we would hope to shelter in 
place.   

Unknown/ I don’t know 

17 respondents answered this “Unknown” or “I don't know.”    

I expect no help from the City, they've made it abundantly clear they're not prepared and we're on our 
own. IE: '91 Oakland/Berkeley firestorm  

Depends on the nature of disaster - have destinations for earthquake different from flood, etc  

Depends on the disaster and location  

Not sure. Hoping to be mostly self-sustaining but have concerns about looters  

Don't know . Maybe fire station within 6 blocks.  

I don't know. What type or size of disaster? I would note that I can't think of anywhere in my 
neighborhood to go to, so that might be a starting place for planning - to designate neighborhood 
centers and make sure there are enough of them so they don't get overwhelmed.  

Other responses 

The City failed us in 1991 and I don't expect things are any different now.  

We hope that EBMUD will alert the police or fire dept. if Central Reservoir releases millions of gallons of 
water after a serious earthquake.  

Unsure. I have an earthquake kit and the ability to filter water, collect human waste, and eat for a long 
while. As long as there aren't gangs with shotguns roaming around stealing everything (a distinct 
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possibility - I absolutely do not expect OPD to be protecting anyone in my neighborhood if there is a 
serious earthquake) I suspect I'd shelter at home and hope mobile service wasn't too interrupted so I 
might be able to call family, arrange for services. I can't imagine the City of Oakland or the County of 
Alameda being able to help in any meaningful way if there is a disaster. Between cronyism and 
ineptitude, I just don't see how any Federal Disaster Aid actually makes it down to real people who 
might need to rebuild their house or get clean water. I have earthquake insurance outside of the 
California fund because I expect that to get depleted before it actually helps all the people who pay into 
it. We can't get the 45th Street underpass dealt with because OPD, BART, and Cal Trans all keep passing 
the buck and want someone else to deal with it - I seriously doubt we can get organizations to work 
together in the event of a catastrophic natural disaster.   

Depends on the disaster - another bad question. Too open ended.  

There is no help.  

It depends on the type of disaster.  

To safety  

Depends on magnitude, personal impact and what's available. Transportation? Injuries?   

 

To reduce risk and build resilience, can you think of any specific places in your neighborhood where 
you’d like to see improvements? If yes, describe where, using streets, corners or landmarks (for 
example, “parking lot across the street from the recreation center") and describe the strategies, 
actions, or projects you would like to see happen. 

No idea, but I'd like to know that any industrial buildings nearby are not going to release anything toxic 
in the case of an earthquake or fire.  

I would like to see our utilities placed underground. That could certainly help during extreme storms, at 
least.  

My building is seismically unsafe and I worry about other older apt buildings in the area 300 block of 
Belmont Street.  

Homes should follow the building code rules, they were ignored when my neighbors rebuilt their house. 
When they were brought up, before they had a certificate of occupancy, nothing was done. What the 
City tried to do has never been enforced.  

Entire road (Panoramic Way, mostly in Berkeley) needs to be rebuilt to reduce likelihood of total 
collapse in an earthquake, and thereby to allow emergency workers to access the neighborhood.  

Dark Caltrans (parking) lots under Nimitz Freeway are attracting homeless camps and crime  
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EBMUD infrastructure is clearly an ongoing risk. In my neighborhood we have had 2 water main breaks 
on our street in a single year! After talking to the crew, it sounds like there are dozens everyday across 
the city. Why is this not addressed?   

I am astounded by the lack of street repairs, the potholes have flattened tires. Walking, driving, biking 
and running is hazardous on the Aspinwall Gouldin area. I have been here almost 20 years and potholes 
occasionally get filled, but the street never has been repaved  

There seem to be several properties on San Pablo near the Greyhound Bus Station (North Oakland) that 
are uninhabited and probably serious health and safety hazards. they should be sold and fixed up to be 
rented by people or businesses  

Our roads SUCK! Overhead powerlines SUCK! The city needs to fix our roads and utilities need to start 
putting all electrical underground.  

Trees need to be cleared out. We would be trapped and it's a fire danger. There are way too many 
eucalyptus; everything near here would be in danger.   

There are many open or available lots on W MacArthur Blvd - e.g. corner of Market St, corner of West 
St, corner of MLK Ave. These could be used as Red Cross or emergency stations for the local 
neighborhood. Unfortunately Longfellow is a dangerous neighborhood and attracts too many criminal 
activities at the local Motels which are high in number.   

Removal of the dying pine trees on Skyline. They are a regular hazard dropping limbs and debris. They 
are also a huge fire hazard on our only way out of the area.  

Underground the electrical wires.  

My whole neighborhood is full of garbage and homeless people. It keeps getting worse. It would be nice 
if the city could find a place for them.  

All major streets need to be paved. I have had m front end of my car thrown out alignment and two flat 
tires because of pot holes. I have also avoided other on coming traffic avoiding pot holes and almost 
running into me. This is a daily occurrence.   

I'm concerned about falling electrical cables, since PG&E has deferred necessary maintenance 
throughout their system.  

Courtland Park should be trimmed and cleaned out. Brookdale Park should get a better play structure. 
The elementary school should get some improvements to their play yard. They should repair the roads 
with huge potholes  

Have an emergency storage trailer or container filled with medical supplies, blankets, etc at Sequoia 
Elementary School  
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I would like to see the very tall, dangerously undercut, eucalyptus trees along Peralta creek along Aspen 
Place replaced with less dangerous planting.  

Broadway Terrace - Reduce Plant and Tree growth into and above the street as a principal egress route. 
Establish primary and secondary egress routes throughout the hills. Aggressively monitor those routes 
for parking violations. Remove Eucalyptus and Monterey Pines on right of city owned right of ways and 
encourage the removal of the same on city private property.  

I would like to see more youth organizations in North Oakland. In addition, please repair the many 
potholes on Market Street. I would like to see more family oriented events locally in the neighborhoods. 
Parking downtown cost too much and paying bus fare is a meal for an entire family. We do not have 
adequate information about what is going on in Oakland. We typically hear about info through the local 
radio station or by word of mouth. Please use the billboards in our neighborhoods to promote Oakland 
events and info. They are currently being used to advertise cigarettes. You can send out mailers or use 
Facebook to promote what to do in case of a natural disaster plan. Use social media as much as you can. 
Thank you.   

Generally stormwater management   

With the recent number of falling trees on Thornhill Drive, I am concerned about a pine tree that is 
leaning dangerously over Thornhill across from about 6028 Thornhill. I would like to see the property 
owner be required to cut down the tree or have PG&E cut it down as they did a pine tree on our 
property.   

Improve the intersection at Thornhill Dr. and Mountain Blvd. It is impacted during the morning commute 
and would be impossible if everyone tried to evacuate during a disaster.  

Potholes that always reappear on Birdsall between Knowland and Redding.   

I think that there are many properties that have an excess of junk piled up in garages, backyards, etc., 
that could definitely contribute to an out-of-control fire if there was a disaster of any kind. This 
should/could be addressed with individuals/landlords of such individuals.  

It would be great to know if the neighborhood YMCA or Youth Center are community hubs to go to in 
the event of disaster.   

Downtown infrastructure -- BART, power/water/sewer/telecom lines, streets -- is paramount in my 
neighborhood. These things are the city's backbone.  

Empty lot across from Presbyterian Church on Park Blvd - a constructive public use not a parking lot 
Improved traffic control at that same, 5-way intersection  

The access to the Dimond Rec Center is inaccessible to handicapped persons. The parking is impossible 
and the stairs leading up from the park are impossible, especially the ones behind the swimming pool. 
There is no railing and the steps are falling apart. The handicap parking is terrifying because there is no 
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visible guide to keep from driving off the cliff into the pool, and there are only two spaces, anyway! 
Please fix the steps, make safer and more abundant parking for handicapped people. The Scout Hut 
could be accessible in an emergency if it were rebuilt as classroom, storage and emergency shelter. 
Peralta Hacienda really wants that old adobe Scout Hut and the Dimond Rec would be so much better 
off without it and a good classroom, emergency supply area and storage there! Many children are in this 
area after school and it would be good to have a ground level place for them to be in an emergency.  

Educate residents on specific risks in the properties where they live (see Temblor website), including old 
brick chimneys and need for auto gas line shut-offs; replace old pipes throughout area  

Many of the streets in the neighborhood flood during rain because the storm drains are clogged. There 
is a tremendous amount of blight and unused dilapidated buildings in East Oakland, revitalizing the area 
and bringing in productive and healthy businesses instead of fast food, check cashing, convenience 
stores.  

There are several large office complexes in my neighborhood, including Pandora and the Kaiser Plaza. 
Perhaps these could offer space to store emergency supplies for use by the public when necessary. 
These places are within walking distance of thousands of residents.  

Almost all of Oakland could use more shade trees to help reduce risks from higher temperatures. I often 
see trees cut down and nothing replaces them. A strategy to add more trees should consider those that 
are most resilient to climate change.  

1. I'd like to see all water & sewage lines stabilized & retrofitted. 2. I'd like to be able to interact more 
easily with our local emergency responders (fire & police), & to know some of them by face & name. 3. 
I'd like to know we have a neighborhood emergency plan in place, who in our neighborhood would lead 
that action plan, & where & how we would find out about any such actions. (e.g., local newspapers, 
radio, tv news are all not general enough to reach most individuals.)  

Storm drains in the neighborhood seem inadequate and old. Some reports of natural gas leaks which 
concerns me about old infrastructure.  

Underground the low-slung electrical wires dangling around.  

Remove trash and garbage from side of road on Stanley, Shaw and Foothill near 106th Avenue. Fixing 
the roads Shaw and Frazier...too many potholes.   

Limit parking to one side of the street within wildfire district. No parking on red flag days on certain 
through streets in the hills, ex. Broadway Terrace, Thornhill, Snake, etc.   

Use neighborhood church and school properties as part of disaster recovery and places for ongoing 
training of citizenry on how to reduce impact to homes, properties and survive disaster  

Roads - replace and fill potholes! Maintain sidewalks - fill cracks and breaks in cement  

Slow down traffic on Park Boulevard.  
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A significant disaster that would require shall stay in place would be easier to respond to or we could 
use the Crocker Highlands Elementary School playground and station and command center. Is there any 
way to make OUSD playgrounds available for community use for major disasters?  

Repair/Maintenance of Temescal Creek. Culverts water coming to surface.  Or, daylight it and make it an 
asset and natural resource.   

Yes, where the city of Oakland offices are located downtown, on 14th and Broadway. I feel that 
improvements could be made to the general plaza walkway which is comprised of cobblestones that are 
not securely nested in place. This could affect the beveling of the ground during an earthquake building 
failure or fire. Perhaps a paved walkway could serve to reduce and minimize the potential for injury and 
damage to limb and property.  

Better community communication on serious subjects-such as disaster preparedness. How community is 
doing its part for city and society more widely.  

Services for homeless to get them off the streets. More community events and street fairs.  

more community events at Rockridge Library, like a farmers' market; better open spaces, such as 
creating a park at the corner of Claremont and College! -bike lanes -road repairs   

The BART tracks along San Leandro Blvd are open spaces, but full of debris and waste. Unsafe to gather.   

In no particular order: 1) Street -- sooo many potholes! 2) Graffiti abatement--many buildings are 
magnets 3) Illegal dumping--many spots are magnets  

Dead and dying trees must be removed. Extreme fire hazard. Emphasis must be placed on planting more 
trees.   

Points of egress out of West Oakland, in the event of freeways (on all sides of us) being damaged   

Steps & handrail on West Lane this staircase is dangerous when walking in neighborhood. Please repair 
as other stairways have been !!!!!   

Planting trees and gardens. BANNING COAL Regulating pollution  

Beautification.  More trees. Less blighted lots  

The narrow, curvy stretch of Golf Links Drive between Elysian Fields Drive and Mountain Blvd. could use 
some traffic mirrors to facilitate drivers' vision of oncoming traffic around blind corners.   

Hold PG&E to improving infrastructure. Support grassroots efforts to build resiliency. Fight the urge to 
focus on one paranoia.  

Discourage litter and illegal dumping. They block sidewalks, are eyesore, and unsanitary. Some 
restaurants are kind enough to give free food to the homeless, but the homeless sometimes discard the 
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Styrofoam plates and bottles on public and private property. The illegal dumping is all over Adams Point. 
I've seen litter of Styrofoam plates etc on Grand from Park View Terrace to Perkins.  

Terrible street repair issues; the walking paths are often unsafe --for example West Lane.  Most 
'terrorism' is local--please make the city safer from violence and theft....much more of a daily program 
than worry about a pandemic  

Clear signage about where to go for help during an emergency. Knowing where to gather will help focus 
resources and reduce anxiety.  

Complete the sidewalks along Skyline Boulevard  

We have no evacuation center up here! I would love to see the Chabot Space and Science Center an 
official Red Cross Evacuation site, since they have lots of cement area that could house a couple of 
hundred locals that might need escape from a rampant wildfire.  

Underground utilities or at least improved location and maintained of overhead wires More fire 
hydrants in Hills neighborhoods with too few now. Po hole and street repairs In neighborhoods in and 
around Montclair.   

Telecommunication center at Lake Temescal. In case of fire or earthquake, everyone should be informed 
to meet at the Lake.  

Places with unsecured trees that could topple on homes  

Lowell Street needs a makeover   

Establish evacuation routes out of the city and maintain roads and right of ways for emergency service 
access. Specifically in the Hills, take into account the tree and plant covers as well as restricted parking 
along these street right of ways.  

Public education campaign along Foothill Blvd and MacArthur Blvd. Schools distribute public education 
to families and neighbors if their facility in case of an emergency. Or host community education events.   

I wish the remaining eucalyptus trees could be removed since they are the main fire hazard we have 
being on the boundary of Lake Temescal park, and other trees perhaps thinned out as well given the 
steep slope  

Have a local meeting place designated.  

When your streets are a mess without a natural disaster wait until we have one. Thinking about things 
post disaster won't be helpful.  

The removal of invasive eucalyptus in Claremont Canyon would reduce the likelihood of another 1991 
type fire.   

Repair the potholes; pave the bumpy streets  
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I'd like to see parking restrictions enforced to ensure emergency vehicle access; I'd like to see fire safety 
regulations enforced; I'd like cars with flat tires and boats removed from the street  

Strict regulation of parking on Alvarado, Vicente, and nearby streets - these streets don't allow for two 
cars to pass each other and it's very difficult for emergency vehicles to access.  

speed/traffic enforcement on Claremont Ave above the Claremont hotel - drivers routinely exceed the 
speed limit by 20+mph and pass others across a double yellow line; street parking restrictions on 
Claremont Ave on (Cal) football days  

Reduce street parking on narrow streets, widen Charing Cross because it is dangerously narrow at 
present; if two cars pass in opposite directions, one of them has to pull over or stop, which is impossible 
if there are any parked cars.  

monitoring or police presence at pullouts overlooking the bay along EBRPD and UC properties. roadside 
vegetation clearing to make safer for bicyclists and to prevent fires.  

The streets are very narrow and usually blocked so that a fire truck or emergency vehicle would not get 
through quickly. I would like more "NO PARKING" on strategic blind corners and narrow road 
entrances/corners. Example is the entrance to Westmoorland Drive which is a dead end street and has a 
sharp turn at the entry. When people are parked there you cannot get into or out of the street easily. 
The fire truck turn around at the end of the street is usually parked full. Second, The drainage system is 
severely lacking and therefore causes landslides due to that lack.  

Potholes Broadway Terrace/Lake Temescal   

Trim the street trees to widen the road.  

Overall I like to see improvements in the roads in the area that I live which is at WestMoreland in 
Norfork. Redesignation of no parking to reduce vehicle congestion in the event of a fire where first 
responders would need access. Improved reduction of vegetation alongside of streets, covering city 
lights etc. that does not exist on owners property  

More aggressive removal of dangerous trees that are likely to fall during severe weather or earthquake. 
They will down power lines, create fires, and perhaps cause loss of life.   

Reduction street parking that blocks roads  

widen streets in hills clean the streets on a regular basis, even once a month is better than nothing.  

As much wildfire mitigation and management as possible in all of the hills open areas. Enforcement of 
parking all over the hills.   

Streets too narrow for 2 vehicles to pass. No parking needs to be enforced  
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Traffic at drop-off and pick-up times at Kaiser School is gridlocked. Hiller Drive needs no parking on 
school days between North Hill Court and the intersection of Tunnel Road and Caldecott Lane.  

Repave and widen Marlborough Terrace. For many of us it is the closest egress out of the neighborhood.   

I would like to see the city crack down on illegal parking in the Hills. Otherwise, emergency vehicles will 
not be able to respond, because they will not be able to move along the streets.  

Our streets are an absolute wreck. We have 6 inch deep potholes in front of our house (on Marlborough 
Terrace) and can't get the city to properly fix them. The city workers are not interested in cleaning out 
the storm drains correctly even though they have the equipment. We have no regular police service 
even though we pay for it like the rest of the city.  

1. in general, overhead power lines are a problem, because downed lines could impede travel 2. Traffic 
lights are VITALLY important, so make them disaster-proof? for instance, redundant or independent 
power supply 3. Water mains should be GREATLY resistant to breakage; investment in their 
reinforcement is imperative   

Stop sign intersection exiting Caldecott Lane going toward freeway or Tunnel Road is very pool visually. 
It should be placed a few feet further up the road to see cars approaching from rear.  

Restrict street parking on our narrow(est) streets.  

North Oakland Sports Field open space area (response edited). I was impressed recently to read about 
the City's Rainwater Harvesting program and large publically accessible demonstration cistern projects. I 
felt that the large flat area located east of the service road at the North Oakland Sports Field might offer 
a site for a demonstration cistern project and storm water retention project, which could capture 
significant water coming off public and privately owned hillsides at the North Oakland Sports Field and 
possibly help in making water available during future years to water a new native plant restoration 
project that could reduce wildfire risks and also help with reducing storm water runoff from disturbed 
hillsides in this location. For example, if FEMA releases Federal funds to log out significant numbers of 
eucalyptus east of the service road at the North Oakland Sports Field in 2017, I understand the City of 
Oakland will have a responsibility for 10 years (from approximately 2017-2026) after the logging work to 
maintain the disturbed hillside area. This responsibility could potentially be assigned to the Public Works 
Agency, as the Wildfire Prevention District sunsets in another year. The removal of trees could add to 
erosion in this location and to storm water runoff unless there is better replacement planting done and 
some work done to reduce storm water runoff, such as installing some drains and plant materials and 
hopefully a cistern that might capture the runoff and use it to water landscaping in this park site, such as 
the grass on the sports fields, new hillside plantings of native plants and potentially new plantings in the 
park and over a new demonstration cistern. I also am aware there are currently plans being developed 
for a new housing development. I felt there might also be a possibility of exploring with Oaktown Native 
Plant Nursery a potential collaborative restoration project that might work on some of the locations 
involved such as possibly above a new demonstration cistern and/or near the service road, Temescal 
Creek and the disturbed hillsides to try to capture more of the storm water and to reduce erosion. 
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Perhaps EBMUD might be encouraged to partner in the project to protect its hillside reservoir by coming 
up with a better drainage system for this engineered hillside property. I also currently serve as the Chair 
of the North Hills Community Association (NHCA) who serves approximately 3000 property or 
homeowners largely in the North Oakland hills, and the NHCA could be a potential resource that might 
be able to offer some advice and assistance to the City relative to this large City park site that falls within 
the Association's boundaries.  

Better paved streets  

Our sidewalks need major improvements. In some areas the cracks are so large they are trip risks. This 
makes navigation very challenging for the blind, people in wheelchairs, and families with strollers. I 
would like to see improvements in the sidewalk infrastructure.   

Yes. There are downed trees along Tunnel Road that will turn into kindling for a fire during fire season. 
They need to be removed and the road shored up. Between Buckingham and Bay Forest.  

Maybe this has already been done, but I would like to see evidence that someone is paying attention to 
many of the utility poles and aboveground lines in my neighborhood; I'd also like to know whether the 
city has a sense for where industrial incidents like the large fire at Carpet Depot on San Leandro St last 
year (between 105th and 98th Avenues) might happen again. I know PG&E has been out testing the gas 
pipelines in my area, and that makes me feel safer.  

Provide places for neighborhood provisioning of food, water and other emergency supplies.  

Would like to see a school or church as designated spot for resources - would need to educate all 
neighbors Linking urban farming resources would also be helpful - we have a concentration of gardens 
and farms   

Under the 42nd and 45th St overpasses; make into more public space or clean up trash/waste from 
homeless population.   

I would like less guns in my neighborhood, because my one big fear is that if there is a disaster, the 
people with the guns are going to rule the streets. Perhaps NOCCS or OMI can be a gathering place 
where people can shelter if they can't stay in their house. Having mobile numbers for neighborhood 
people - or a group text (like Village Defense) would be useful. "My water main broke and it's flooding - 
can anyone help me close this?" As I said, I have zero faith in PGE/City of Oakland to address anything in 
a timely manner (well, maybe in the hills) so I feel that the way we as a community can get through a 
disaster is to work together at the grass roots level - but we need a plan to reach everyone and put the 
call for help out there.  

Our Neighborhood Watch group wants EBMUD to install an alarm system that would alert all neighbors 
if Central Reservoir releases water after an earthquake.   
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Each BART station should be integrated into a resiliency plan. Both as a place a possible refuge but also 
where information can be acquired. Not everyone knows where a community center is located but we 
all know where the BART station are. They should be treated as central hubs for all dispersal  

I'm concerned about underground utilities / sewer in my neighborhood. There has been a sinkhole 
pothole on my street (Myrtle at 28th)  

Force EBMUD to upgrade their failing pipelines; force PG&E to upgrade their failing pipelines. Disallow 
transportation of flammable, hazardous materials through Oakland.   

 

 

 

Is there anything else you think the City of Oakland should consider when deciding how to prepare for 
natural disasters? 

It's probably a good idea to hire experts who are qualified to study the infrastructure and effects of 
different disasters to see where the weaknesses are. I appreciate that residents are being asked, but I 
doubt that most of us are as knowledgeable as somebody who can look at city-owned data on what's 
built where and the real statistics of how many people will need help and what will fail in an emergency.   

Focus on residences, schools for seismic safety requirements because the big one is coming.  

Please do NOT cut down our forests! This would be cutting off our noses to spite our faces. Perhaps 
thinning the trees in a few areas could reduce fire hazard, but removing ALL of the Eucalyptus, pines, 
and other trees, will NOT make us safe, and WILL severely degrade the quality of life in our 
neighborhood, as well as eliminating important habitat for many of the birds and animals we share the 
neighborhood with. These woods are THE REASON I moved to this neighborhood, DO NOT CUT THEM 
DOWN!!!   

Having a more effective way to communicate with response crews would be helpful. I think most people 
would try 911- and it wouldn't help. That's in Vallejo, and the system would be quickly overwhelmed.   

Emergency water tanks.  

Be prepared for a lot of looting  

Stop wasting your time on this. Natural disasters will happen, and when they happen it’s expensive. 
Start fixing what’s broken now. Stop wasting money on this and start doing your jobs.  

Think about the trees and us living in the Hills.   

Oakland should publish a map of where they will setup local aid stations and sanctuaries for post natural 
disaster help, especially when your home is unsafe to enter or your neighborhood goes into a state of 
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civil unrest. This would give neighbors an opportunity to pack up their belongings and bring supplies to 
share/aid people as a community effort.  

Strengthening roadway overpasses should be critical.  

How to fund the preparation rationally and fairly.  

I think to do something about the air pollution is much more important. I cough all the time now and I 
hear kids get asthma.  

When making your final decision, please don't raise taxes.  

Budget more money for recovery and outreach to get more people to collect their own supplies for 
emergencies. Too many are not prepared and are in total denial.   

Don't let Chinese investors build in Brooklyn Basin and destroy the last of the waterfront Oakland has 
left to make a park.   

Take into consideration elderly, abilities, etc. I have several elderly neighbors who live alone, and some 
have medical conditions that would need assistance in case of power outage.  

Emergency containers placed at all schools and other locations around the city managed by the city and 
CORE volunteers.   

Well prepared and managed neighborhood "rescue' or "emergency" centers would be very nice to have 
and know about.  

Pet Safety and Recovery.  

Bring back the large town and/or City horns.   

Gas lines explosions and fires caused by earthquakes  

How to help those most in need, i.e., the disabled and Seniors. I'm disabled myself. I have chemical 
sensitivities and am concerned about the difficulties of living after a disaster, with these limitations. I'm 
especially worried, because I wouldn't be able to go to a shelter.  

Strengthen and expand the CORE program. It is invaluable.  

Financial help in earthquake retrofit. The professionals at C.O.R.E. do a great job of training.   

I think they City of Oakland needs to abandon the plan to clear cut/poison trees. I feel this is going to 
lead to a disaster for our wildlife.   

Use aps like Nextdoor.com to communicate with residents about actions the City is taking and what 
residents can do to help.   
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The immediate tactics after any disaster are obvious. The long-term recovery after a major earthquake is 
not obvious. Without firm, specific plans and resolute leaders only the loudest voices will be heard and 
only the 1 percent will win out.  

Do not remove trees from the Oakland Hills  

Quality of life and potential health consequences of specific projects, environmental impacts on wildlife 
(including animals typically considered pests (raccoon, skunk, opossum) which could be displaced and 
wind up in residential areas  

Help with water flow down hills from neighbor to neighbor and also underground springs. Are there 
hydrologists working for the City? More emphasis on CORE classes. There is so much to learn in the 
sessions, even with the extra refresher sessions. We need so much more practice! We need more 
information on how to help animals as well as people in an emergency.   

Equity among neighborhoods (and diversity among top neighborhood needs)  

Please devote as much attention and economic resources to East Oakland as to the Hills and North 
Oakland. Much effort gets spent on the affluent areas with the least number of residents. Please 
distribute the resources evenly.  

Don’t get stuck in thinking reactively, i.e. don't start severely cutting trees in the hills and poisoning the 
groundwater with herbicides.  

Create designated neighborhood emergency centers, so people know where to go. Create microgrids to 
protect essential services and make them as energy self-sufficient as possible. Consider a traffic study to 
ease gridlock caused by poorly timed traffic lights so that first responders and citizens can get in and out 
of neighborhoods more easily. Stop further development in areas of risk from sea level rise. Make 
education and training of the community a priority.   

What preferences for triage would be used? What population(s) would receive first response? And I 
would want a range of species to be included, i.e., human, fauna, flora, wild & domestic, in regards to 
overall seriousness of the emergency.  

I am wholeheartedly against the use of herbicides to kill trees in our parks and hills. And cutting down 
massive amounts of healthy trees seems foolish.   

Infrastructure upgrades are critical. Rising sea level will affect all Bay facing land. This is a major 
problem.  

How to fund it?  

More education for home owners  

Focus public funds based on immediate risk first, promote policies toward mitigating long term risks . 
Sea level rise.  
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Age. Ability of homeowners to invest on property improvements themselves. Use of carrot and stick 
incentives to make changes. Making disaster preparedness fun group activities.  

Collect a fee from all real estate sales since the prices are completely ridiculous   

Well, civil rights, civil liberties, and global warming. And income inequality.  

I think Oakland downtown area could benefit from sandbags, a dam/levy system and other preventative 
measures meant to lessen the effects and potential of widespread flooding and water damage in the 
event of a tsunami.   

Better community-level community communication, discussion and collective action.  

Have the goal that every resident will have a minimum storage of 3 days emergency 
supplies/food/water. More homeless shelters and services. Force PG & E to remove smart meters at no 
charge, with landlord permission not required for tenants to get them removed.  

Beyond updating the hazard mitigation plan, the City should update its general plan to reflect what has 
been learned about its vulnerability to natural disasters and strategies for preventing damage and/or 
mitigating damage from those disasters, particularly regarding the land use and zoning implications of 
preparing for sea level rise, e.g. by not allowing new residential land use in areas that are known to be 
vulnerable to SLR; by requiring remodels of existing structures in those hazardous areas to mitigate for 
known hazards through flood-proofing; by establishing policies for shoreline protection or managed 
retreat in coordination with the Port of Oakland.   

Many people don't speak English. Many people don't have cars or bikes.  

No hazardous  materials should be allowed. e.g. no coal or "sludge oil" should be allowed in the ports or 
on our rail lines.   

Climate change is the greatest threat facing humanity right now according to scientists and the Dept of 
Defense. We must do all we can to mitigate the actions that increase the risk to us. Right now, the 
emphasis on cutting our forests to let the hills return to oak and grass is an ecological disaster, exposes 
us to increased heat and exposes us to dangerous herbicides and disease. This increases exponentially 
the danger of wildfire, landslides and illness.   

Which would have the biggest impact for the most amount of people and helping the lower 
income/middle income homeowners to upgrade their buildings through no interest loans which can be 
paid back at time of sale.  

I think reaching out to the communities to remind them to prepare. I took the CORE program a few 
years ago (need to renew it) but most people are not prepared. Sending out short notices along with 
utility bills (Waste Management, EBMUD) or with voting information might help.  
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Investment in energy and water collection & storage at the local level, to avoid being at risk when 
PGE/EBMUD is cut off or disrupted Protection from rising seas along the Port Cleanup of land in the 
event of rising water: garbage, poisons surrounding us (e.g. New Orleans)  

Alternative sources of communication, power, and fuel. Uniform equipment - with potential helping 
agencies (Like the fire hoses being compatible, and response protocols uniform)  

Collaboration with Emeryville and Berkeley  

Have publicized + organized block by block disaster plan meetings. Meetings on weekends Have 
businesses post in case of disaster emergency plans, ie where safe place to be if at their business   

Environmental racism and its effects  

To lessen flooding and the effects of drought, please mandate, incentivize, or otherwise encourage 
homeowners and businesses to install SEMIPERMEABLE driveways and parking lots instead of 
impermeable surfaces such as concrete or blacktop. (For example, Kaiser Permanente already has an 
organizational policy of doing this at some of its newest hospital facilities.)  

During the Great Depression some of the most progressive solutions came out of Oakland. The loss of 
the labor movement in this country means a lot of ideas like bartering and a chit system for matching 
suppliers with consumers in times of crisis are foreign. Groups like the Black Panthers really understood 
how to support one another in the face of crises and danger. We need that type of thinking again.  

Get rid of the Eucalyptus trees  

Whatever course you take, make it informational, respectful where possible. Humane restaurants who 
give food to the homeless shouldn't be admonished, but maybe they can be asked to tell the homeless 
to properly dispose of trash. Trash is a blight to the neighborhoods and often goes down the storm 
drains into Lake Merritt.  

Require solar on all new building for power during an emergency. Add a light CORE training to middle 
school curricula.  

Include public transportation, especially in the flatlands and in the Hills.  

I would hope that you are coordinating with Oakland Office of Emergency Services. It seems like you are 
duplicating efforts and creating a new office? Please don't. Let's all work together. We have had a CORE 
group in our neighborhood for many years and love the efforts of that group.   

Have a clear evacuation plan for all the different neighborhoods that is well publicized so people know 
what to do before a disaster happens.   

All neighborhoods should have local training in Advanced First Aid and CPR. In case of a major 
earthquake, there will be no support services from outside the community or phone service available.  
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Availability and access to fresh, clean water.  

Plan for shelter and outside resources once an incident occurs.  

Streamline coordination with all agencies (local/state/fed) in this effort. Require home owners or 
landlords/developers or business owners to retrofit, add sump pumps, retaining walls etc (whatever 
would help release pressure on the system and in case of emergency) through a subsidy program.   

More open space for community gardens and water storage. Conventional oil peaked in 2005, and 
provides 90% of global oil, it is not long before oil decline begins, and unconventional can't make up for 
conventional decline. People need to feel like they can take positive action or social unrest is likely. 
There are many other options as well, too long to list in a survey.  

Fire mitigation  

Honest discussion is hard to find with a staff and city not really willing to be honest with its citizens  

More caches for neighborhoods speed up the building process, all departments.   

Preparedness is always more important than response! We should prepare and educate everyone 
possible so that when a hazard does hit, the response needed is clear and minimal.  

Claremont Canyon has limited evacuation possibilities (either up or down the canyon). In an emergency 
situation it would be good to keep traffic limited to local residents (vs. allowing commuters to use the 
street)  

Let people know what to do in the case of an emergency: how to call for assistance, e.g., local phone 
numbers; safe places to retreat to when needed; how to turn off gas lines, etc.  

Look to role models in Australia for wildfire preparation. They have many years of experience with 
burning eucalyptus forests near structures.  

I think you cannot prioritize solutions the you have. An earthquake is coming and plans need to be made 
to educate, mitigate, and recover. choosing one over the other is irresponsible.  

Fix the roads so that we can flee safely  

Communicate and over communicate. I don't think the majority of Oaklanders know what to do in the 
event of a disaster which could cause unprecedented mayhem. I was just looking at the outcome of 
what happened after the Loma Prieta earthquake and use that as a baseline for improvement.  

Create more awareness of the hazards of the Hayward Fault, and push - don't coax - people to become 
CORE-certified. Partner with city businesses to create incentives like prizes for new individual 
participants, free publicity for businesses that have a cadre of CORE-certified employees, etc.   

Be more realistic about what first responders will or can do. For instance, during the 1991 fire, residents 
were forced to leave the area, could not stay to protect their own property. Also, OPD and OFD told 
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people to wait in place for rescues that never happened. I have no doubt that these problems would 
occur again in a natural disaster, and people should realize they will have to take care of themselves, 
and prepare for that, not depend on others except close neighbors who really care about them. For 
instance, we would do whatever we can to help our disabled neighbors, and have told them they can 
depend on us.  

Yes, developing better surveys. The one was really bad.  

Radio and/or telephone equipment that can connect to every department in Oakland and Berkeley. Fire 
hoses that can connect to fire hydrants in Oakland and Berkeley.  

Establish well-publicized helicopter-accessible "drop zones" where people know they can go for 
water/food/medic in the case of a catastrophic disaster. There should be at least 1 every square mile. In 
our neighborhood, it should be in the large parking lot of Felton's old house on Devon Way.  

Yes. Crack down on illegal parking in the hills. Otherwise, emergency vehicles will not be able to 
respond.  

Keeping our streets, throughout Oakland, drivable by maintaining them - eg: potholes repair.  

Use the fire stations as front line delivery point for city services. Deputize the the fire people so they 
have authority in time of emergency. Equip fire stations with drones and training to use them in order to 
deliver up to the minute accurate area information  

1. Constant, significantly improved cooperation and planning among public agencies e.g. the city, the 
state, EBMUD, PG&E, phone companies, Highway Patrol 2. Many questions can only be answered by "it 
depends," or "for how long?" For questions 2 and 3, do you mean GENERAL concern, or only for myself 
and my neighborhood? I have looked only at concerns about myself.  

I listed numerous #1 priorities. Good luck on accomplishing those.  

Need to replace the City's Wildfire Prevention District and to enhance the services the City provides for 
tree removal, and landscaping on public properties.  

Avoid bringing in hazards such as coal  

Better decision making by first responders  

It would be useful to have information fliers sent to all mailboxes with neighborhood specific 
information about where to go/ what to do if there is a natural disaster (e.g. is there a meeting location 
such as a park where services/ help with be available) as well as general information about what we 
should do for emergency preparedness. Or perhaps a very simplified magnet that could go on our fridge 
with phone numbers/ meeting places in case of a disaster.   

Make sure that fire hydrant connections are consonant with Berkeley's and other neighboring cities. 
Constant brush removal in fire-prone areas.  
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First aid-triage neighborhood stations; Drinking water; sewer repair and non-potable water  

I think that thinking about the types of issues that could occur (e.g. something gets wet, something 
catches fire, something cannot be used) rather than the cause of the issue (e.g. earthquake, wildfire, 
etc) can sometimes be an instructive second perspective -- both are useful, but sometimes it's good to 
think in "effect" terms rather than "cause" terms to ensure that the basic problems are well covered. 
Thanks for the survey!  

What happens in the event of an earthquake on the Hayward Fault? I don't think that issue has been 
adequately considered by residents. Also, terrorism prevention and response. I have heard of no plans in 
that regard either.   

Stop with the Neoliberal strategies and tax the wealthy NOW so as to prepare for the future.  

Educate citizens and provide low income families with resources to make/purchase preparedness kits   

Show me you can fill potholes, address the homeless population in a positive way, increase OPD ranks, 
do some real community policing, and get a school board that isn't just letting charter schools have their 
way with OUSD (figure out how to give ALL kids the SAME education one might get at Peralta, Montclair, 
Thornhill...). Oakland can't figure out basic stuff - we pay taxes but get *nothing* in return. We pay extra 
for waste removal (one "free" bulk removal a year? Of *course* I'd rather dump in West Oakland than 
pay extra), we don't have 6 day a week libraries... it's embarrassing, and it's the reason I don't feel I can 
count on any city entity to help me in the event of a natural or man made disaster. We are on our own, 
unless camera crews show up and shame Oakland into stepping up its game.  

Having been through natural disasters in other places, I can say that communicating early and often 
about what is happening is critical. There needs to be a clear plan and clear communication about the 
plan on an ongoing basis.  

City should encourage all building owners to have their houses or apartment buildings retrofitted for 
earthquake protection.  

LIGHTING. It is highly likely that the result of a disaster, there will be damage to street lights. The city 
needs to also start thinking about lower-height lights possible required to be attached to residential 
gateways, commercial buildings and even integrated into sidewalks. Independently solar-powered 
would be best to reduce the risk of severed wires or electrical fires.  

Treat all citizens equally. Don't forget about us Flatlanders.  

Outreach to the old folks. They seem out of touch about such things.   

Community preparedness is key! I would love to get to know more neighbors and plan ahead.  

Neighborhoods with historically less income are going to be much harder hit by disasters because they 
don't necessarily have the resources to prepare for a disaster.   
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Survey 

 How should Oakland reduce risk and build resilience? 

2016 

Please answer ten questions to help City of Oakland staff prioritize strategies for reducing risk to hazards and building 

the city’s resilience.  Answers will inform the Local Hazard Mitigation Plan and Resilience Strategy.  

Part 1 – Building City Wide Resilience 

1. How concerned are you by the possibility of your neighborhood being impacted by a natural disaster?
(mark level of concern)

1 – very likely 2 – somewhat likely 3 – unsure 4- not likely 5 –  not at all 

2. Please rank the list of hazards below in order of highest concern to you. For example, put “earthquake” at #1
if you are most concerned about an earthquake happening in Oakland.

__Drought
__Earthquake
__Flood
__Freeze
__Extreme Heat  (Heat Wave)
__Landslide

__Wildfire 
__Sea Level Rise 
__Severe Storms 
__Tsunami 
__ Other 

3. Please rank the list of human-caused hazards below in order of highest concern to you. For example, put
“energy shortage/outage” at #1 if you are most concerned about blackouts and brownouts.
__ Civil Unrest
__ Dam Failure
__ Energy Shortage/outage
__ Epidemic or Pandemic
__ Gas Explosion (from pipeline or truck)

    __ Hazardous Materials Release 
    __ Infrastructure or utility failure 

__ Terrorism 
__ Telecommunications failure 
__ Train derailment/explosions 
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4. There are a number of strategies Oakland can use to decrease the damage caused by natural disasters. Most 
of these strategies fit in to the categories described below. Please rank them in order of your preference, 
where #1 is the one you prefer the most, and #7 is the one you prefer the least.  

__ Prevention: regulate what kinds of buildings are built and where to limit the damage caused by a 
natural disaster. Example: requiring new buildings along the shoreline to take sea level rise and have 
earthquake safe construction; Preventing new development in hazardous areas 

 
__Property Protection: modify existing buildings to protect them from a disaster or remove them from 
a hazard area. Example: earthquake retrofits; Protecting cultural and historic landmarks; Protecting 
essential facilities (e.g. highways, hospitals, fire stations) 
 
__ Natural Resource Protection: lower the risk of a natural disaster by protecting open space and 
natural habitats. Example: planting along the hillside to prevent landslide; enhancing natural systems 
(e.g. creeks, wetlands) 

 
__ Structural Projects: lessen the impact of the disaster by interrupting the natural progression of the 
disaster. Example: building retaining walls to prevent landslide; Protecting and reducing damage to 
utilities 
 
__ Public Education & Awareness: inform residents and community members about disasters and what 
they can do to protect their families, their homes, and themselves. Example: providing preparedness 
training for residents and businesses; Disaster preparedness at local schools; Disclosing natural hazard 
risks during real estate transactions 

 
__ Disaster recovery: increase the ability of public agencies, residents, non-profits and businesses to 
recovery quickly following a major disaster. Example: housing recovery plan; debris removal plan; 
promoting cooperation between public agencies, citizens, non-profits and businesses 
 
__Emergency Services: protect people and property immediately after a disaster happens. Example: 
training city employees and residents to respond to emergencies; Strengthening emergency services 
(e.g. police, fire, ambulance) 
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Part 2 - Building Neighborhood-level and Personal Resilience  

 

5. My connection to Oakland (Check all that apply) 

� I work in Oakland 
� I go to school in Oakland 
� I live in Oakland 

 Neighborhood___________________________________________________________________ 
 
 Nearest cross street to your home___________________________________________________ 
 
Number of years in neighborhood___________________________________________________ 

� I own property, or a business in Oakland 
� None of these (please specify) 
 

6. What are your three favorite places to go in your neighborhood?  

1. __________________________________________________________________ 

2. __________________________________________________________________ 

3. __________________________________________________________________ 

 

7. My connection with neighbors  
Do you generally know the neighbors closest to you?  
YES________ NO__________  
 
Do you feel comfortable reaching out to your neighbors if you need something they could provide?  

YES________ NO__________ 

 

8. In the event of a natural disaster, where do you expect to go for help?  
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9. To reduce risk and build resilience, can you think of any specific places in downtown where you’d like to see 
improvements?   If yes, describe where, using streets, corners or landmarks (for example “parking lot across the 
street from Fox theatre) and describe the strategies, actions, or projects you would like to see happen .  

 

 

 

 

 

 

 

 

10. Is there anything else you think the City of Oakland should consider when deciding how to prepare for natural 
disasters? 

 

 

 

 

 

 

 

 

 

Thank you for your time and interest in helping Oakland prepare in advance for anticipated natural and man-made 
disasters. If you would like further information about Oakland’s 2016 Hazard Mitigation Plan, please sign up for the 
email announcements by clicking the button “subscribe for updates” at: www.oaklandnet.com/lhmp   or email Devan 
Reiff at dreiff@oaklandnet.com  
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Appendix E.   Hazard Mitigation Policies in the Oakland General Plan and in Specific and Area 
Plans.   

 
 
  

 
 



Appendix E to Oakland Local Hazard Mitigation Plan --Hazard mitigation policies and actions in adopted 
City of Oakland General Plan Elements and Specific Plans.   

This Appendix lists all adopted hazard mitigation policies and actions in Elements of the Oakland General 
Plan, and in recently-adopted Specific and Area Plans.   

Safety Element 

POLICY GE-1: Develop and continue to enforce and carry out regulations and programs to reduce seismic 
hazards and hazards from seismically triggered phenomena. 

• ACTION GE-1.1: Continue to enforce the geologic reports ordinance by requiring site-specific 
geologic reports for development proposals in the Hayward fault Special Studies Zone, and 
restricting the placement of structures for human occupancy within fifty feet of the trace. 

• ACTION GE-1.2: Enact regulations requiring the preparation of site-specific geologic or 
geotechnical reports for development proposals in areas subject to earthquake-induced 
liquefaction, settlement or severe ground shaking, and conditioning project approval on the 
incorporation of necessary mitigation measures. 

• ACTION GE-1.3: Continue to update the city’s geologic-hazard mapping system based on new 
information from state and federal agencies and site-specific investigations. 

POLICY GE-2: Continue to enforce ordinances and implement programs that seek specifically to reduce 
the landslide and erosion hazards. 

• ACTION GE-2.1: Continue to enforce provisions under the subdivision ordinance requiring that, 
under certain conditions, geotechnical reports be filed and soil-hazards investigations be made 
to prevent grading from creating unstable slopes, and that any necessary corrective actions be 
taken. 

• ACTION GE-2.2: Continue to enforce the grading, erosion and sedimentation ordinance by 
requiring, under certain conditions, grading permits and plans to control erosion and 
sedimentation. 

• ACTION GE-2.3: Continue to enforce provisions under the creek protection, storm water 
management and discharge control ordinance designed to control erosion and sedimentation. 

• ACTION GE-2.4: Consider establishing area-specific interdepartmental task forces, with public 
participation, to recommend changes to the zoning ordinance to better address hillside 
development constraints, especially steeply sloping sites and infrastructure availability. 

• ACTION GE-2.5: Enact regulations requiring new development projects to employ site-design 
and source-control techniques to manage peak storm-water runoff flows and impacts from 
increased runoff volumes. 

• ACTION GE-2.6: Design fire-preventive vegetation-management techniques and practices for 
creek-sides and high-slope areas that do not contribute to the landslide and erosion hazard. 

POLICY GE-3: Continue, enhance or develop regulations and programs designed to minimize seismically 
related structural hazards from new and existing buildings. 



• ACTION GE-3.1: Adopt and amend as needed updated versions of the California building code so 
that optimal earthquake-protection standards are used in construction and renovation projects. 

• ACTION GE-3.2: Continue to enforce the unreinforced masonry ordinance to require that 
potentially hazardous unreinforced masonry buildings be retrofitted or be otherwise made to 
reduce the risk of death and injury from their collapse during an earthquake. 

• ACTION GE-3.3: Continue to enforce the earthquake-damaged structures ordinance to ensure 
that buildings damaged by earthquakes are repaired to the extent practicable. 

• ACTION GE-3.4: Consider developing a program to encourage, assist or provide incentives to 
owners of single-family homes or small apartment buildings in retrofitting their buildings for 
seismic safety. 

POLICY GE-4: Work to reduce potential damage from earthquakes to “lifeline” utility and transportation 
systems. 

• ACTION GE-4.1: Encourage Caltrans to expedite the retrofit of city- and county-owned highway 
overpasses in Oakland identified as candidates for seismic strengthening for which Caltrans is 
the lead agency. 

• ACTION GE-4.2: As knowledge about the mitigation of geologic hazards increases, encourage 
public and private utility providers to develop additional measures to further strengthen utility 
systems against damage from earthquakes, and review and comment on proposed mitigation 
measures. 

• ACTION GE-4.3: Encourage BART to prioritize its program for retrofitting the system’s aerial 
structures, stations and Transbay Tube for seismic safety over expansion of the system. 

• ACTION GE-4.4: Continue to designate underground utility districts for the purpose of replacing 
aboveground electric and phone wires and other structures with underground facilities, and use 
the planning-approval process to ensure that all new utility lines will be installed underground 
from the start. 

POLICY FI-1: Maintain and enhance the city’s capacity for emergency response, fire prevention and fire-
fighting. 

• ACTION FI-1.1: Periodically assess the need for new or relocated fire stations and other facilities, 
changes in staffing levels, and additional or updated supplies, equipment, technologies and in-
service training classes. 

• ACTION FI-1.2: Strive to meet a goal of responding to fires and other emergencies within seven 
minutes of notification 90 percent of the time. 

• ACTION FI-1.3: Continue to offer fire-prevention and fire-safety presentations and training to 
the public. 

• ACTION FI-1.4: Continue to sponsor the formation and training of CORE teams. 
• ACTION FI-1.5: Continue to participate not only in general mutual-aid agreements but also in 

agreements with adjoining jurisdictions for cooperative response to fires. 



• ACTION FI-1.6: Continue to conduct monthly tests of the alerting and warning system’s outdoor 
sirens, coordinating them to the extent possible with those of neighboring jurisdictions. 

• ACTION FI-1.7: Along with the East Bay Municipal Utility District, review the extent to which 
recommendations from the district’s 1994 infrastructure policy study on needed improvements 
to the water distribution system were implemented. 

POLICY FI-2: Continue, enhance or implement programs that seek to reduce the risk of structural fires. 

• ACTION FI-2.1: Adopt and amend as needed updated versions of the California building and fire 
codes so that optimal fire-protection standards are used in construction and renovation 
projects. 

• ACTION FI-2.2: Continue to enforce provisions under the local housing code requiring the use of 
fire-resistant construction and the provision of smoke detectors and fire-extinguishing systems. 

• ACTION FI-2.3: Continue to review development proposals to ensure that they incorporate 
required and appropriate fire-mitigation measures, including adequate provisions for occupant 
evacuation and access by fire-fighting personnel and equipment. 

• ACTION FI-2.4: Compile a list of high-rise and high-occupancy buildings which are deemed due 
to their age or construction materials to be particularly susceptible to fire hazards, and 
determine an expeditious timeline for the fire-safety inspection of all such structures. 

• ACTION FI-2.5: Continue to conduct periodic fire-safety inspections of commercial, multi-family 
and institutional buildings. 

• ACTION FI-2.6: Enforce the chapter of the municipal code regulating the location and design of 
street-address numbers on buildings. 

POLICY FI-3: Prioritize the reduction of the wildfire hazard, with an emphasis on prevention. 

• ACTION FI-3.1: Implement and administer the 2004 wildfire-prevention assessment district for 
the Oakland Hills, and carry out the programs funded by the district, including fire-safety 
inspections of private properties, vegetation management practices, roving firefighter patrols on 
high fire-hazard days, and public eduction efforts. 

• ACTION FI-3.2: Consistent with the city’s pedestrian master plan, develop unused pedestrian 
rights-of-way in the Oakland Hills as walkways to serve as additional evacuation routes, and 
provide and maintain lighting facilities for new and existing walkways. 

• ACTION FI-3.3: Continue to participate in multi-jurisdictional programs and task forces, such as 
the Hills Emergency Forum and Diablo FireSafe Council, that work to reduce the threat of 
wildfires. 

• ACTION FI-3.4: Along with EBMUD, review the extent to which recommendations from the 
utility’s district’s 1993 study on its preparation and response to the 1991 firestorm were 
implemented. 

POLICY HM-1 Minimize the potential risks to human and environmental health and safety associated 
with the past and present use, handling, storage and disposal of hazardous materials. 



• ACTION HM-1.1: Continue to exercise unified-program responsibilities, including the issuance of 
permits for and inspection of certain industrial facilities, monitoring the filing of disclosure forms 
and risk-management plans, hazardous-materials assessment reports and remediation plans, 
and closure plans by such facilities. 

• ACTION HM-1.2: Continue to enforce provisions under the zoning ordinance regulating the 
location of facilities which use or store hazardous materials. 

• ACTION HM-1.3: Consider adopting a health and safety protection overlay zone or set of 
procedures to ensure that new activities which use or store hazardous materials on a regular 
basis near residential zones do not endanger public health or the environment. 

• ACTION HM-1.4: Continue to participate in the Alameda County Waste Management Authority 
and, as a participant, continue to implement policies under the county’s hazardous-waste 
management plan to minimize the generation of hazardous wastes. 

• ACTION HM-1.5: Continue to implement the city’s household hazardous-waste element 
(including educating residents about waste-disposal options and the consequences of illegal 
disposal) in order to reduce the generation of household hazardous waste and the amount of 
such waste that is disposed inappropriately. 

• ACTION HM-1.6: Through the Urban Land Redevelopment program, and along with other 
participating agencies, continue to assist developers in the environmental clean-up of 
contaminated properties. 

• ACTION HM-1.7: Create and maintain a database with detailed site information on all 
brownfields and contaminated sites in the city. 

POLICY HM-2 Reduce the public’s exposure to toxic air contaminants through appropriate land use 
and transportation strategies. 

• ACTION HM-2.1: Continue to enforce performance standards controlling the emission of air 
contaminants, particulate matter, smoke and unpleasant odors. 

• ACTION HM-2.2: Continue to discourage the development of sensitive receptors adjacent to 
significant sources of air contaminants and encourage industry to adopt best-available control 
technologies to reduce air contaminants. 

• ACTION HM-2.3: Continue to support the efforts of the Bay Area Air Quality Management 
District’s air-toxics program, including the review and permitting of stationary sources, 
identification of emitting facilities, promulgation of categorical control measures, and 
monitoring and inventory of emissions. 

• ACTION HM-2.4: Ensure implementation of policies and actions in the land use and 
transportation element designed to integrate land use and transportation planning and to 
promote alternative transportation options (see Appendix B); and policies in the open space, 
conservation and recreation element designed to encourage transportation alternatives and 
land use patterns that reduce automobile dependence (see Appendix A). 

• ACTION HM-2.5: Review and comment on regional and state air-quality plans and also on 
environmental impact reports for development projects in neighboring jurisdictions; and for the 
latter, request mitigation measures for any significant negative impacts on the city’s air quality. 



POLICY HM-3 Seek to prevent industrial and transportation accidents involving hazardous materials, 
and enhance the city’s capacity to respond to such incidents. 

• ACTION HM-3.1: Continue to enforce regulations limiting truck travel through certain areas of 
the city to designated routes, and consider establishing time-based restrictions on truck travel 
on certain routes to reduce the risk and potential impact of accidents during peak traffic hours. 

• ACTION HM-3.2: Continue to support the prohibition of trucks on I-580 through Oakland. 
• ACTION HM-3.3: Support state and federal legislative efforts that seek to increase the safety of 

transporting hazardous materials. 
• ACTION HM-3.4: Continue to rely on, and update, the city’s hazardous materials area plan to 

respond to emergencies related to hazardous materials. 
• ACTION HM-3.5: Continue to offer basic emergency-response education and training to local 

businesses. 

POLICY FL-1 Enforce and update local ordinances, and comply with regional orders, that would 
reduce the risk of storm-induced flooding. 

• ACTION FL-1.1: Amend, as necessary, the city’s regulations concerning new construction and 
major improvements to existing structures within flood zones in order to maintain compliance 
with federal requirements and, thus, remain a participant in the National Federal Insurance 
Program. 

• ACTION FL-1.2: Continue to require that subdivisions be designed to minimize flood damage by, 
among other things, having lots and rights-of-way be laid out for the provision of approved 
sewer and drainage facilities, providing on-site detention facilities whenever practicable and 
having utility facilities be constructed in ways that reduce or eliminate flood damage. 

• ACTION FL-1.3: Comply with all applicable performance standards pursuant to the 2003 
Alameda countywide National Pollutant Discharge Elimination System municipal stormwater 
permit that seek to manage increases in stormwater run-off flows from new-development and 
redevelopment construction projects. 

• ACTION FL-1.4: Continue to enforce the grading, erosion and sedimentation ordinance by 
prohibiting the discharge of concentrated stormwater flows by other than approved methods. 

• ACTION FL-1.5: Continue to enforce provisions under the creek protection, storm water 
management and discharge control ordinance designed to keep watercourses free of 
obstructions and protect drainage facilities. 

POLICY FL-2 Continue or strengthen city programs that seek to minimize the storm-induced flooding 
hazard. 

• ACTION FL-2.1: Continue to repair and make structural improvements to storm drains to enable 
them to perform to their design capacity in handling water flows. 

• ACTION FL-2.2: Continue maintenance efforts to keep storm drains and creeks free of 
obstructions—while retaining vegetation in the channel, as appropriate— to allow for the free 
flow of water. 



• ACTION FL-2.3: Continue the “Maintain-a-Drain Campaign,” which encourages residents and 
businesses to keep storm drains in their neighborhood free of debris. 

• ACTION FL-2.4: Continue to provide sandbags and plastic sheeting to residents and businesses in 
anticipation of rainstorms, and to deliver those materials to the disabled and elderly upon 
request. 

POLICY FL-3 Seek the cooperation and assistance of other government agencies in managing the risk 
of storm-induced flooding. 

• ACTION FL-3.1: Upon completion of new flood-control projects, request that FEMA revise its 
flood-insurance rate map of the city to reflect flood risks accurately. 

• ACTION FL-3.2: To reduce the cost of flood insurance to property owners, work to qualify for the 
highest-feasible rating under the Community Rating System of the National Federal Insurance 
Program. 

• ACTION FL-3.3: Meet annually with the Alameda County Flood Control and Water Conservation 
District to establish jointly the district’s capital improvement program for most effectively 
reducing the remaining threat of storm-induced flooding. 

• ACTION FL-3.4: Encourage the ACFCWCD to continue maintaining adequately those 
watercourses, storm drains and other flood-control facilities for which it has legal responsibility. 

• ACTION FL-3.5: Refer development proposals adjacent to floodways and floodplains to the 
ACFCWCD for its review and comment. 

POLICY FL-4 Minimize further the relatively low risks from non-storm-related forms of flooding. 

• ACTION FL-4.1: Request from the state Division of Safety of Dams a timeline for the 
maintenance inspection of all operating dams in the city. 

• ACTION FL-4.2: Review for adequacy, and update if necessary, procedures adopted by the city 
pursuant to the Dam Safety Act for the emergency evacuation of areas located below major 
water-storage facilities. 

• ACTION FL-4.3: Inform shoreline-property owners of the possible long-term economic threat 
posed by rising sea levels. 

• ACTION FL-4.4: Stay informed of emerging scientific information on the subject of rising sea 
levels, especially on actions that local jurisdictions can take to prevent or mitigate this hazard. 

Lake Merritt Station Area Plan 

2. Drought: Promote water conservation and efficiency in new and existing buildings and infrastructure, 
by encouraging installation of water efficient fixtures and plumbing, along with rainwater and gray-
water systems where appropriate (pg.9.12). 

3. Drought: Encourage site designs that optimize runoff capture and treatment via landscape features, 
including permeable surfaces that allow on site infiltration and green roofs (pg.9.12). 



4. Drought: New development must be designed to limit the amount of storm water runoff into drains 
or surface water bodies including Lake Merritt, the Lake Merritt Channel, or the Oakland Estuary (pg. 
9.12). 

5. Drought: Design bulb-outs, sidewalk widening, and other streetscape improvements to adequately 
handle projected storm water runoff (pg. 9.12). 

6. Drought: Plant native and drought-resistant landscape when and where appropriate in order to 
reduce water demand and the City’s utility costs (pg. 9.12). 

West Oakland Specific Plan 

1. Flood and Drought: Low impact development storm-water management approaches (pg.237). 
2. Fire: Support EBMUD’s ongoing program to upgrade their older, smaller distribution lines to 6-

inches, and to 8-inches where necessary to comply with current California Fire Code where 
laterals for fire hydrants are located (pg.270). 

3. Drought: Encourage EBMUD to continue its effective incentive program to use recycled water 
rather than mandating its use (pg.271). 

4. Drought: Consider re-use of existing pipelines, reservoirs, and other facilities which are no 
longer needed by other utilities for distributing recycled water to customers (pg.271). 

5. Drought: "Include installation of new recycled water distribution mains when roads are being 
reconstructed, even if it is to place an empty conduit for future connection." (pg.271). 

6. Drought: Focus the use of recycled water within the Mandela/Grand Opportunity Area, as the 
primary recycled water transmission main is found traversing west from 7th Street then north 
on Mandela Parkway into Emeryville. Smaller distribution pipelines are also located in 16th 
Street and Willow Street (pg.271). 

7. Pollution: Within the Mandela/West Grand Opportunity Area, there are several blocks between 
West Grand, 18th Street, Wood Street and Peralta Street that contain very large parcels. Public 
sewer lines were not installed under Campbell Street, 20th Street or Willow Street in this area. 
New development within these blocks will require new sewers in this small area (see detailed 
descriptions in the West Oakland Infrastructure Report) (pg.274). 

8. Pollution: The City’s Right-of-Way Management Division implements a City-wide I & I 
Improvement Program to reduce infiltration and inflow into the sewer system by replacing 
conduits and structures with new facilities that are less susceptible to leakage. The City of 
Oakland should assess the relative priority of implementing I & I improvements within the West 
Oakland Opportunity Areas as a means of increasing sewer capacity such that all envisioned new 
development can be accommodated within the City’s system (pg.274). 

9. Pollution: New development and/or reuse projects should replace existing sewer laterals with 
new laterals and verify that there are no cross-connections from building downspouts to the 
sewer. This would result in much lower I/I flow into the main lines (pg.274). 

10. Drought and Pollution: As the West Oakland area improves, storm drain lines and structures 
should be added and or replaced to serve the Industrial Zones (pg.276). 



11. Drought and Pollution: New development that impacts an established minimum area (the 
current standard is greater than 2,500 square feet) is subject to provision C.3 of the City’s 
National Pollutant Discharge Elimination System (NPDES) permit with the State of California. 
Pursuant to these regulations, such new development would be required to implement storm-
water treatment measures to clean and filter storm-water prior to its entering the storm drain 
system. These improvements will serve to improve water quality and lower the overall volume 
of run-off (pg.276). 

12. Drought: As the West Oakland area improves, underground storm drain lines should be added 
to several street sections (see detailed descriptions in the West Oakland Infrastructure Report) 
(pg.276). 

13. Drought and Extreme Heat: Plant new street trees, using CPTED principles, with high tree 
canopies and lighting below to allow street lighting to reach the street and sidewalks. Spacing 
should be provided so that street trees do not interfere with street lighting of the area. The new 
street trees should be low-maintenance and drought resistant (pg.296). 

14. Pollution: Continue brownfield cleanup efforts through to completion, securing the necessary 
funds through to remediation and reuse (pg.307). 

15. Pollution: Coordinate with the US EPA to ensure that remediation plans for this site anticipate 
and allow for adaptive redevelopment that can occur in as reasonable a time frame as possible. 
The former AMCO property is located on a block that is planned as a transition zone between 
the West Oakland BART Station TOD and the core residential area of the South Prescott 
neighborhood. Adaptive redevelopment should weigh costs and time frames for the variety of 
mitigation alternatives against the variety and desirability of future land use options (pg.308 

16. Pollution: Rely on the EIR prepared for the West Oakland Specific Plan to the greatest extent 
legally appropriate for the CEQA review of hazardous materials sites within West Oakland 
(pg.309). 

17. Pollution: Retain commercial and/ or industrial land use designations on those sites which have 
been remediated, but only to commercial/industrial standards, and limit the exposure of 
sensitive land uses by restricting or limiting new residential development at those sites known 
to have been previously environmentally contaminated (pg.309-310). 

18. Pollution: Continue to implement those regulatory mechanisms which seek to minimize the 
potential for spills and contamination of soils and groundwater. Under such regulations, any 
new use which handles or generates hazardous materials must submit a Hazardous Materials 
Business Plan for review and approval by the Fire Department, Hazardous Materials Unit. The 
purpose of the Hazardous Materials Business Plan is to ensure that employees are adequately 
trained to handle the materials, provides information to the Fire Department should emergency 
response be required, and includes an emergency response plan including employee training 
information (pg.310). 

19. Extreme Heat: New Sidewalk Trees: Support and pursue implementation of the Reforestation 
Plan’s recommendations for additional plantings of quality trees along each of twelve major 
streets identified in that Plan and listed below. The Reforestation Plan includes a detailed list of 
locations where additional trees can be planted, estimates of the quantity of trees that can be 



planted at each location, and recommendations for specific tree species that should be used, 
briefly summarized below (pg.394). 

Broadway-Valdez Specific Plan 

1. Drought and Pollution: Support the implementation of “green” storm-water management 
improvements such as rain gardens and permeable paving along 29th and 30th Streets to 
capture and treat storm-water runoff before it flows into the City’s storm drain system and Lake 
Merritt (pg.79). 

2. Pollution: All sewer system improvements shall be designed in conformance with applicable City 
of Oakland Sanitary Sewer Design Standards (pg.84). 

3. Pollution: The City shall coordinate with EBMUD to ensure that the proposed developments and 
development projections within the Plan Area are incorporated into EBMUD’s long-range plans 
for sewage transport and treatment (PG.84). 

4. Pollution: New development within the Plan Area will be assessed a Sewer Mitigation Fee that 
contributes to Inflow and Infiltration (I&I) rehabilitation and replacing pipes to increase system 
capacity (pg.84). 

5. Pollution: The existing 24-inch sewer pipe will be upgraded to a 36-inch pipe along Harrison 
Street to support sewage capacity within the Plan Area (pg.84). 

6. Fire: Design water system improvements in conformance with applicable standards of the 
Oakland Fire Department and EBMUD (pg.84). 

7. Drought: Ensure that water conservation is a key design consideration for all new development 
in the Plan Area (pg.84). 

8. Drought: Encourage developers to incorporate the re-use of grey-water to help conserve 
potable water resources within the Plan Area (pg.84). 

9. Drought: Project sponsors must strive to achieve compliance with water conservation 
regulations including the City of Oakland’s Green Building Ordinance, the state’s Model Water 
Efficient Landscaping Ordinance, CALGreen, and water conservation measures in the state 
building code (pg.85). 

10. Drought: Coordinate with EBMUD to secure a future supply of recycled water use for use within 
Plan Area as a means of reducing demand for potable water (pg.85). 

11. Drought: Encourage developers to incorporate dual plumbing within buildings and irrigation 
systems constructed for recycled water standards for future connections (pg.85). 

12. Drought: Storm drain system improvements shall be designed in conformance with applicable 
City of Oakland Storm Drainage Design Standards (pg. 85). 

13. Drought: Developers shall design projects to optimize runoff capture and treatment by 
incorporating features such as bioswales, infiltration areas, vegetated filter strips, porous 
paving, and rain gardens that enhance storm-water infiltration and reduce peak runoff (pg. 85). 

14. Pollution: The City shall explore the potential to implement a ‘green’ streets program in the Plan 
Area that incorporates storm-water management features in the design of the public 
streetscape in order to improve the quality of storm-water runoff that enters Lake Merritt 
(pg.85). 



15. Drought: Encourage developers to incorporate rainwater harvesting in new buildings and 
landscapes as a means supplementing their water supply and reducing demand for potable 
water (pg.85). 

16. Pollution: Construction operations, businesses, and residents within the Plan Area shall 
participate in the City’s recycling programs in order to minimize the amount of solid waste that 
is sent to landfills. Specifically, projects within the Plan Area must comply with Oakland’s 
Construction and Demolition Debris Recycling Ordinance, Oakland’s Recycling Space Allocation 
Ordinance, Alameda County Mandatory Recycling Ordinance, as well as the State of California’s 
mandatory recycling statues, which support the City’s adopted Zero Waste goal (pg.85). 

 

Coliseum Area Specific Plan 

1.  Flood: The shoreline of Sub-Area B should be planned and designed comprehensively, to 
integrate the San Francisco Bay Trail (Bay Trail) and active park spaces with habitat protection 
and wetlands enhancement (pg.61). 

2. Flood and Drought: The development of projects within the Plan Area should incorporate 
sustainable practices in planning and design of sites, buildings, landscapes, energy and water 
systems, and infrastructure, as required by current regulations for Green building in Oakland 
(pg.61). 

3. Extreme Heat: Tree planting should be designed to indicate the hierarchy of the roadway 
system, establish visual quality, and create shaded areas, especially in public areas such as 
sidewalks, parking lots, roadways, courtyards, plazas and parks (pg.87). 

4. Pollution: If the Coliseum and/or Arena are demolished, their physical structures should be 
crushed and used for fill or aggregate onsite if feasible. If the crushing or filling operation does 
not take place onsite, the project may need to provide mitigation for air quality and GHG 
emissions impacts caused by additional material trucking to and from the Plan Area (pg.96). 

5. Pollution: "New development in Sub-Area A should reduce energy use; explore the viability of 
reducing building energy demand, a district heating and cooling system, and on-site energy 
generation." (pg.102). 

6. Drought: "New development projects should reduce the amount of site runoff by 25% from the 
existing pre-project condition. This can either be done onsite through increased pervious areas, 
reuse or infiltration, or it can be achieved regionally as part of a master plan for storm water 
management." (pg.126). 

7. Drought: "Existing public storm drain infrastructure should be replaced or improved to current 
standards for streetscape projects (replacing or significantly improving existing roadways) or 
projects that are constructing new public roadway" (pg.126). 

8. Drought: "All projects should comply with current MRP C.3 guidelines for constructing 
permanent storm water treatment measures" (pg.126). 

9. Drought: "Incorporate water conservation measures into all public and private improvements 
and development, as required by California building code, CalGreen and City of Oakland Green 
Building Ordinance” (pg. 128). 



10. Drought: "Explore potential with EBMUD to provide recycled water to the plan area, particularly 
for landscaping" (pg.128). 

11. Pollution: "New development projects should replace or remove all existing sanitary sewer 
lateral lines serving the site, to reduce infiltration/inflow that enters the system through cracks 
and misconnections in both public and private sewer lines."  

12. Flood: "Design flood protection against a nearer-term potential 16-inch sea level rise above 
current Base Flood Elevation for mid-term planning and design (2050); and design gravity storm 
drain systems for 16 inches of sea level rise; b. Provide a mid-term adaptive approach for 
addressing sea level rise of greater than 18 inches, including incorporation of potential retreat 
space and setbacks for higher levels of shoreline protection, and design for livable/floodable 
areas along the shoreline in parks, walkways, and parking lots; Develop a long-term adaptive 
management strategy to protect against even greater levels of sea level rise of up to 66 inches, 
plus future storm surge scenarios and consideration of increased magnitude of precipitation 
events" (pg.132). 

13. Flood: "Include a suite of shoreline protection measures, protective setbacks and other adaptation 
strategies, to be incorporated into subsequent development projects. These couldinclude: 

a. Build a shoreline protection system within Sub-Areas B, C and D to accommodate a mid-
term rise in sea level of 16 inches, with development setbacks to allow for further 
adaptation for higher sea level rise, with space for future storm-water lift stations near 
outfall structures into the Bay and Estuary. 

b.  Consider incorporation of a seawall along the rail tracks, east of the new Stadiumand/or 
Ballpark sites. 

c. Consider designing temporary floodways within parking lots, walkways and roadways. 
d. Construct the storm drainage system to be gravity drained for sea level rise up to 16 

inches, and pumped thereafter. Pumping should be secondary to protection. 
e. Require that all critical infrastructures sensitive to inundation be located above the 16-

inch rise in base flood elevation.  
f. Design buildings to withstand periodic inundation, and prohibit below grade habitable 

space in inundation zones. 
g. Where feasible, construct building pads and vital infrastructure at elevations 36inches 

higher than the present day 100-year return period water level in the Bay, and add a 
6inch freeboard for finish floor elevations of buildings. 

h. Consider construction of a protection system, such as a “living levee”, (similar to the 
design presented in the MTC Climate adaptation Study, 2014), along Damon Slough in 
Sub-Area A, from its entry into the Plan Area at San Leandro Bay to its upstream 
confluence at Lion’s Creek" (pg. 132). 

14. Flood: "Re-evaluate both Bay flooding and watershed flooding potential at key milestones in the 
Project’s design, to manage for changing sea level rise projections” (pg.133). 

15. Flood (Sea-level rise): "A sea level rise strategy for the Plan Area should be prepared as part of 
the City’s updates to the Energy and Climate Action Plan" (pg.133). 



16. Flood (Sea-level rise): "The City should carefully consider the long-term implications of new 
traditional development in waterfront areas, including the impacts to other Bay cities of 
additional levees, etc., which may be needed to protect waterfront development” (pg.133). 

17. Flood (Sea-level rise): "Throughout the City, new development should seek to provide retreat 
space around new waterfront development." 133 

18. Flood (Sea-level rise): "The City’s overall adaptive management strategies should be based on 
the latest sea level rise projections, with recommendations for regular re-analysis as climate 
science evolves; and done in coordination with BCDC’s Adapting to Rising Tides program" 
(pg.133) 

19. Pollution: "Construction operations, businesses, and residents within the Plan Area will 
participate in the City’s recycling programs, in order to minimize the amount of solid waste that 
is sent to landfills. Specifically, projects within the Plan Area must comply with Oakland’s 
ordinances: Construction and Demolition Debris Recycling, Recycling Space Allocation; Alameda 
County Mandatory Recycling, as well as the State of California mandatory recycling statutes, 
which support the City’s Zero Waste goal” (pg.135). 

20. Fire (Existing):"The Oakland Fire Department (OFD) provides fire protection (prevention and 
suppression), and local emergency response (rescue, hazardous materials response, and first 
responder emergency medical) services to the Plan Area and vicinity. Battalion 4 serves East 
Oakland. The OFD operates 25 fire stations. Fire Station 27 is located within the Plan Area at 
8501 Pardee Drive at Hegenberger Road. Station 27 is staffed daily by eight firefighters, two of 
which are paramedics and the remaining emergency response technicians (EMT). Station 27 has 
an engine for fire suppression. In addition, several other stations are in near proximity to the 
Plan Area: 

a. Station 29 is located at 1061 66th Avenue, just north of Sub-Area A and a half-mile from 
the Coliseum BART station; 

b. Station 20 is located 1401 98th Avenue, around two miles southeast of Coliseum BART 
station; and 

c. Station 22 is located at the Oakland Airport at 751 Air Cargo Road, about two miles from 
Sub-Area D. The Aircraft Rescue and Firefighting (ARFF) Crash Unit operates out of this 
station" (pg.134). 

21. Pollution: "Future development should adhere to the principles of sustainability and resource 
consideration, in order to further City’s goals to reduce solid waste" (pg.135). 
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81st Avenue Branch Library 1021 81st Ave 21,000 
African-American Museum & Library at Oakland 659 – 14th St  94612 17,947 
Allendale Rec Center 3711 Suter St  94619 3,206 

Animal Shelter 1101 – 29th Ave 27,409 
Arroyo Viejo Head Start Center 7701 Krause Ave 1,481 
Arroyo Viejo Kiln House (Utility Building) 7701 Krause Ave 406 
Arroyo Viejo Magnet Inclusion Annex Rec Center 7701 Krause Ave 94605 1,280 
Arroyo Viejo Rec Center 7701 Krause Ave  94605 11,569 
Arroyo Viejo Storage Building 7701 Krause Ave 364 
Arroyo Viejo/McConnell Field House Restroom 7921 Olive St 1,102 
Asian Branch Library 388 – 9th St, Suite 190  94607 7,556 
Bella Vista Restroom 1025 East 28th St 196 
Brookdale Rec Center 2535 High Street  94601 2,800 
Brookfield Branch Library 9255 Edes Ave  94603 3,022 
Brookfield Head Start Center 9600 Edes Ave 4,176 
Broussard Hall of Justice-County Offices & Courts 600 Washington St 63,053 
Burckhalter Park Restroom 4062 Edwards Ave 307 
Bushrod Rec Center 560 – 59th St  94609 8,698 
Carmen Flores [aka Sanborn] Rec Center 1637 Fruitvale Ave  94601 4,200 
Central Resevoir Restroom 2506 E. 29th St @ Sheffield 342 
Cesar Chavez Restroom  Foothill Blvd 196 
Cesar E. Chavez Branch Library (leased) 3301 East 12th St  94601 15,119 
City Hall 1 City Hall Plaza 167,826 
City Stables (house) 13560 Skyline 1,500 
City Stables (old stables, hay barn, restroom) 13560 Skyline 12,000 
Coolidge House (Peralta Hacienda) Peralta Hacienda Historical Par 2,000 
Corp Yard Bldg #1 5921 Shepherd Canyon Rd 2,500 
Corp Yard Bldg #2 5921 Shepherd Canyon Rd 315 
Corp Yard Bldg #3 5921 Shepherd Canyon Rd 285 
Corp Yard Bldg #4 5921 Shepherd Canyon Rd 1,150 
Cryer Building 1899 Denison St 8,600 
Curt Flood Sports Field Restroom 5885 Oakport St 371 
Dalziel Building 250 Frank Ogawa Plaza 234,316 
Dalziel Garage 250 Frank Ogawa Plaza 79,524 
Davie Tennis Stadium Club House 198 Oak Rd 2,674 
Davie Tennis Stadium Field House & Restroom 198 Oak Rd 147 
DeFremery (Landmark) Rec Center 1651 Adeline St  94607 8,261 
DeFremery Field House Restroom 1651 Adeline St 875 
DeFremery Pool and Building 1269 – 18th St  94607 4,363 
Dimond Branch Library 3565 Fruitvale Ave  94602 10,544 
Dimond Rec Center 3860 Hanly Rd  94602 4,448 
Dimond Restroom 3860 Hanly Rd 682 
Dimond Scout Shack 3860 Hanly Rd 526 
Discovery Center (Rec Center) 2521 High St  94601 804 
Dunsmuir House (Landmark)  2960 Peralta Oaks Ct 21,600 

FACILITY NAME ADDRESS
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Dunsmuir House Grotto and Archway  2960 Peralta Oaks Ct 512 
Dunsmuir House- Next to Carriage House 2960 Peralta Oaks Ct 760 
Dunsmuir House Pool House  2960 Peralta Oaks Ct 1,125 
Dunsmuir House Stables  2960 Peralta Oaks Ct 336 
Dunsmuir House-Carriage House  2960 Peralta Oaks Ct 3,794 
Dunsmuir House-Chicken Coop  2960 Peralta Oaks Ct 1,109 
Dunsmuir House-Dinkelspiel House   2960 Peralta Oaks Ct 3,375 
Dunsmuir House-Dinkelspiel House Shed 2960 Peralta Oaks Ct 600 
Dunsmuir House-Dinkelspiel House Storage  2960 Peralta Oaks Ct 920 
Dunsmuir House-Milk House 2960 Peralta Oaks Ct 720 
Dunsmuir House-Next to Milk House 2960 Peralta Oaks Ct 180 
Dunsmuir House-Pavilion  2960 Peralta Oaks Ct 6,758 
Dunsmuir House-Restroom 2960 Peralta Oaks Ct 720 
Dunsmuir House-Ticket Booth At Carriage House 2960 Peralta Oaks Ct 32 
East Oakland Multipurpose Senior Center 9255 Edes Ave 12,461 
East Oakland Sports Center 9175 Edes 25,000 
Eastmont Branch Library  (leased) 7200 Bancroft Ave, Suite 211 94 9,976 
Eastmont Police Station 2701 – 73rd Ave 64,000 
Eastshore/Lakeview Park Restroom 550 El Embarcadero 384 
Elmhurst Branch Library 1427 – 88th Ave  94621 3,155 
Emergency Operations Ctr/ OES/ Fire Dispatch 1605 MLK, Jr Way 15,811 
Ernest A. Robinson II (Manzanita) Rec Center 2701 – 22nd Ave  94606 5,946 
Estuary Park Restroom 202 Embarcadero Rd 168 
Fire Alarm Building 1310 Oak St 11,720 
Fire Station #01 1605 MLK, Jr Way 16,689 
Fire Station #02 29 Jack London Sq 2,534 
Fire Station #03 1445 – 14th St 10,295 
Fire Station #04 1235 East 14th St 6,686 
Fire Station #05 934 – 34th St 4,264 
Fire Station #06 7080 Colton Blvd 3,717 
Fire Station #07 1006 Amito Dr 3,958 
Fire Station #08 463 – 51st St 4,293 
Fire Station #10 172 Santa Clara Ave 3,630 
Fire Station #10 Garage 172 Santa Clara Ave 255 
Fire Station #12 822 Alice St 3,787 
Fire Station #13 1225 Derby St 4,615 
Fire Station #14 3459 Champion St 2,875 
Fire Station #15 455 – 27th St 7,670 
Fire Station #16 3600 – 13th Ave 3,951 
Fire Station #17 3344 High St 4,639 
Fire Station #18 1700 – 50th Ave 10,803 
Fire Station #19 5776 Miles Ave 3,755 
Fire Station #20 1401 – 98th Ave 13,969 
Fire Station #21 13150 Skyline Blvd 4,184 
Fire Station #22 1 Airport Dr 94621 Port Property
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Fire Station #23 7100 Foothill Blvd 3,035 
Fire Station #24 5900 Shepherd Canyon Rd 9,512 
Fire Station #24-Old Gingerbread (Landmark) 6226 Moraga Ave 3,800 
Fire Station #25 2795 Butters Dr 4,588 
Fire Station #25 Exercise Building 2795 Butters Dr 308 
Fire Station #26 2611 – 98th Ave 6,707 
Fire Station #27 8501 Pardee Dr 4,950 
Fire Station #28 4615 Grass Valley Rd 4,130 
Fire Station #29 1016 – 66th Ave 3,863 
Fire Station #29 Garage 1016 – 66th Ave 702 
FM Smith Rec Center 1969 Park Blvd  94606 3,608 
Franklin Head Start Center   1010 E. 15th St 691 
Franklin Rec Center 1010 East 15th St  94606 4,046 
Fremont Pool and Building 4550 Foothill Blvd  94601 4,982 
Frog Park Restroom (Frog Park) Hudson St @ Claremont St 48 
Golden Gate Branch Library 5606 San Pablo Ave  94608 7,604 
Golden Gate Rec Center 1075 – 62nd St  94608 13,423 
Greenman Field House 1390 – 66th Ave 704 
Greenman Restroom #2 (69th Ave side) 1390 – 66th Ave 196 
Grove Shafter Park Field House Restroom 550 – 34th St 459 
H. J. Kaiser Convention Center (Landmark) 10 Tenth St 212,507 
Hall of Justice-(Former Jail) 611 Broadway 26,164 
Hall of Justice-Police Administration Bldg 455 – 7th St 147,905 
Hall of Justice-Police Transport Bldg 611 Broadway 5,717 
Head Start Kitchen (Vet's Memorial Bldg.) 200 Grand Ave 1,118 
Head Start Storage 1270 93rd Ave 3,306 
Head Start Storage 1270 93rd Ave 4,700 
Ira Jinkins (Brookfield) Rec Center 9175 Edes Ave  94603 14,990 
Jack London Aquatics Center  115 Embarcadero 17,658 
Jay M. Ver Lee (Montclair) Rec Center 6300 Moraga Ave  94611 4,499 
Joaquin Miller Community Center 3594 Sanborn Dr 7,426 
Joaquin Miller Maintenance Shop 3590 Sanborn Dr 1,949 
Joaquin Miller Park-Fire Circle Restroom 3540 Joaquin Miller Rd 323 
Joaquin Miller Park-Meadow Restroom 3540 Joaquin Miller Rd 237 
Joaquin Miller Park-PAL Camp Main Bldg 10900 Skyline Blvd 973 
Joaquin Miller Park-PAL Camp Officer’s Quarter 10900 Skyline Blvd 148 
Joaquin Miller Park-Redwood Glen Restroom 3540 Joaquin Miller Rd 162 
Joaquin Miller Park-Rotary Day Camp Nature Hut 3540 Joaquin Miller Rd 113 
Joaquin Miller Park-Rotary Day Camp Restroom 3540 Joaquin Miller Rd 148 
Joaquin Miller Park-Sanctuary to Memory 3540 Joaquin Miller Rd 100 
Joaquin Miller Park-Sequoia Horse Arena Restroom 3540 Joaquin Miller Rd 227 
Joaquin Miller Park-The Abbey (Landmark) 3082 Joaquin Miller Rd 736 
Junior Center of Art and Science 558 Bellevue Ave 3,614 
Lafayette Square Restroom 11th St and Martin Luther King (   1,250 
Lakeside Bowling Club House (Landmark) Bellevue Ave 3,469 



FY 2015-16  City Facilities Asset List DRAFT

Page 4 of 6

SQUARE 

Footage
FACILITY NAME ADDRESS

Lakeside Nursery Bellevue Ave 3,265 
Lakeside Nursery Greenhouse Bellevue Ave 2,550 
Lakeside Nursery Office Bellevue Ave 325 
Lakeside Park Band Stand Restroom Bellevue Ave 792 
Lakeside Park Garden Center 666 Bellevue 16,970 
Lakeside Park Restroom 12th Street 168 
Lakeside Park-Bandstand Bellevue Ave 1,936 
Lakeside Park-Gardener’s Shed Bellevue Ave (Grand Ave) 72 
Lakeside Park-Nursery Restroom/Office Bellevue Ave 1,200 
Lakeside Park-Pergola El Embarcadero 3,063 
Lakeside Park-Snack Bar Bellevue Ave 286 
Lakeside Park-Storage Building Bellevue Ave 361 
Lakeside Park-Ticket Booth Bellevue Ave 39 
Lakeside Park-Turkey Knoll Restroom Bellevue Ave behind Fairyland 677 
Lakeview Branch Library 550 El Embarcadero  94612 5,645 
Leona Lodge 4444 Mountain Blvd 4,031 
Lincoln (Family Bridges) Rec Dept. 261 – 11th St 1,768 
Lincoln Square Rec Center 250 – 10th St  94607 6,910 
Lionel J. Wilson Building 150 Frank Ogawa Plaza 191,442 
Lions Pool and Building 3860 Hanly Rd  94602 2,740 
Live Oak Pool and Building 1550 MacArthur Blvd  94610 5,487 
Lowell Park Restroom 1000 Block of 12th St 332 
Main Library 125 – 14th St  94612 78,056 
Malonga Casquelourd Center [aka Alice Arts] 1428 Alice St 73,338 
Manzanita Head Start Center  2701 – 22nd Ave 1,144 
Martin Luther King Branch Library 6833 International Blvd  94621 4,307 
Maxwell House (Rec Dept.) 4618 Allendale Ave 3,676 
Maxwell Park Restroom 4618 Allendale Ave 291 
McCrea Residence and Restroom 4460 Shepherd St 768 
Melrose Branch Library 4805 Foothill Blvd  94601 10,196 
Miller Avenue Branch Library 1449 Miller Ave 8,660 
Montclair Branch Library 1687 Mountain Blvd  94611 4,098 
Montclair Park Restroom 6300 Moraga Ave 187 
Moss House (Landmark  -used for storage) Mosswood Park 4,550 
Mosswood (Horseshoe) Teen Center 3612 Webster St 840 
Mosswood Gardener’s Shed 3612 Webster St 145 
Mosswood Park Restroom 3612 Webster St 90 
Mosswood Rec Center 3612 Webster St  94609 7,557 
Mosswood Theater Arts Building 3612 Webster Street 1,493 
MSC Bldg #2 7101 Edgewater Dr 10,493 
MSC Bldg #3 7101 Edgewater Dr 36,536 
MSC Bldg #4 7101 Edgewater Dr 22,351 
MSC Bldg #5 7101 Edgewater Dr 55,518 
MSC Bldg #6 7101 Edgewater Dr 11,930 
MSC Bldg #8 7101 Edgewater Dr 7,001 
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Multipurpose Sr. Ctr. (Vet.’s Memorial Hall) 200 Grand Ave 30,196 
North Oakland Senior Center  5714 MLK, Jr. Way 11,482 
North Oakland Sports Center Restroom 6900 Broadway 600 
OFD Training Center Annex 250 Victory Ct 363 
OFD Training Center Drill Tower 250 Victory Ct 2,140 
OFD Training Center Trailer #1 250 Victory Ct 1,272 
OFD Training Center Trailer #2 250 Victory Ct 1,440 
OFD Training Center Trailer #3 250 Victory Ct 384 
OFD Training Center-Main Building 250 Victory Ct 5,700 
OPW Heavy Equipment Maintenance 5050 Coliseum Way 39,699 
OPW Maintenance Services 750-50th Ave 5,622 
Peralta Community Building 2488 Coolidge Ave 765 
Peralta Hacienda Fieldhouse Restrooms 3300 Davis St 352 
Peralta House (Rec Dept.) 2465 – 34th Ave 2,239 
Piedmont Avenue Branch Library  (leased) 4314 Piedmont Ave  94611 1,600 
Pine Knoll Restroom 1840 Lakeshore Ave 384 
Police Stables 500 Bellevue Ave 1,400 
Raimondi Restroom 1700 – 18th St 1,632 
Rainbow Rec Center 5800 International Blvd  94621 10,500 
Rainbow Teen Center    5818 International Blvd 3,344 
Rancho Peralta Shed Tenth St 46 
Ranger Station 3590 Sanborn Dr 2,180 
Redwood Annex (Rec Center) 3731 Redwood Rd  94619 1,805 
Redwood Heights Rec Center 3883 Aliso Ave  94619 6,795 
Rockridge Branch Library 5366 College Ave  94618 14,261 
Rose Garden Pergola 700 Jean St 756 
Rose Garden Restroom 700 Jean St 832 
Rose Garden Storage Building 700 Jean St 209 
Rotary Nature Center 552 Bellevue Ave 2,752 
Sailboat House 568 Bellevue Ave 7,492 
Sailboat House – Dock Shed 568 Bellevue Ave 84 
Sailboat Storage/Repair Shop, Classroom 568 Bellevue Ave 4,907 
San Antonio CDC Head Start Center 2228 E. 15th St 2,107 
San Antonio Park Head Start Center 1701 East 19th St 1,740 
San Antonio Rec Center 1701 East 19th St  94606 1,764 
San Antonio Restroom 1701 E. 19th St 360 
Sequoia Lodge 2666 Mountain Blvd 3,304 
Sheffield Village Rec Center 247 Marlow Dr  94605 938 
Shepherd Canyon Park Restroom 6000 Shepherd Canyon Rd 316 
Snow Park Restroom 1930 Harrison St. 361 
Sobrante Park Restroom 470 El Paseo Dr 238 
Spunkmeyer Field Restroom Harbor Bay Pkwy & Doolittle Dr 298 
Studio One Art Center 365 – 45th St 17,932 
Tassafargona Rec Center 975 – 85th Ave  94621 13,574 
Tassafaronga Head Start Center  975 – 85th Ave 1,429 
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Temescal Branch Library 5205 Telegraph Ave  94609 6,800 
Temescal Pool and Building 371 – 45th St  94609 4,870 
Union Point Restroom 2311 Embarcadero 600 
Urban Search and Rescue 5050 Coliseum Way 2,200 
Verdese Carter (Police Activity League) 9600 Sunnyside St  94603 2,292 
West Oakland Branch Library 1801 Adeline St  94608 20,620 
West Oakland Senior Center  1724 Adeline St 10,872 
West Oakland Youth Center 3233 Market Street 12,087 
Willie Keyes (Poplar) Rec Center 3131 Union St  94608 11,179 
Willie Wilkins Park Restroom 97th Ave & C St 303 
Willow Park Restroom 1368 Willow St 160 
Woodminster Theater 3300 Joaquin Miller Rd 13,452 
Woodminster Theater Concession Stand 3300 Joaquin Miller Rd 273 
Woodminster Theater Projection Booth 3300 Joaquin Miller Rd 260 
Woodminster Theater Restroom 3300 Joaquin Miller Rd 1,796 
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Table of  Chronic RELs determined using the previous Hot Spots Risk Assessment 

Guidelines (OEHHA 1999) 
Substance  
(CAS #) 

Listed in 
CAPCOA 

(1993) 

Chronic 
Inhalation 

REL 
(μg/m3) 

Oral REL 
(mg/kg 
Body 

Weight) 

Hazard Index 
Target Organs 

Human 
Data 

Acrylonitrile 
(107-13-1) 

 5  Respiratory 
system 

   

Ammonia  
(7664-41-7) 

�  200  Respiratory 
system  

�  

Benzene  
(71-43-2) 

�  60  Hematopoietic 
system; 
development; 
nervous system  

�  

Beryllium 
(7440-41-7) 
and beryllium 
compounds 

 0.007 0.002 Respiratory 
system; 
immune system 

 

Butadiene  
(106-99-0) 

 20  Reproductive 
system 

  

Cadmium 
(7440-43-9) & 
cadmium 
compounds 

 0.02 0.0005 Kidney; 
respiratory 
system 

 

Carbon tetrachloride 
(56-23-5) 

 40  Alimentary 
system; 
development; 
nervous system 

  

Carbon disulfide 
(75-15-0) 

 800  Nervous 
system; 
reproductive 
system  

 

Chlorinated dioxins 
(1746-01-6) & 
dibenzofurans 
(5120-73-19) 

�  0.00004 1 x 10-8 Alimentary 
system (liver); 
reproductive 
system; 
development; 
endocrine 
system; 
respiratory 
system; 
hematopoietic 
system  

  

Chlorine  
(7782-50-5) 

�  0.2  Respiratory 
system  
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Table of  Chronic RELs determined using the previous Hot Spots Risk Assessment 
Guidelines (OEHHA 1999) 

Substance  
(CAS #) 

Listed in 
CAPCOA 

(1993) 

Chronic 
Inhalation 

REL 
(μg/m3) 

Oral REL 
(mg/kg 
Body 

Weight) 

Hazard Index 
Target Organs 

Human 
Data 

Chlorine dioxide 
(10049-04-4)� 

  0.6  Respiratory 
system 

  

Chlorobenzene  
(108-90-7) 

 1000  Alimentary 
system; kidney; 
reproductive 
system 

  

Chloroform  
(67-66-3) 

   300  Alimentary 
system; kidney; 
development  

  

Chloropicrin 
(76-06-2) 

 0.4  Respiratory 
system 

  

Chromium 
hexavalent: soluble 
except chromic 
trioxide 

 0.2 0.02 Respiratory 
system 

  

Chromic trioxide  
(as chromic acid 
mist) 

 0.002  Respiratory 
system 

 

Cresol mixtures 
(1319-77-3)� 

 600  Nervous system   

Dichlorobenzene 
(1,4-) 
(106-46-7) 

 800  Nervous 
system; 
respiratory 
system; 
alimentary 
system; kidney 

  

Dichloroethylene 
(1,1) (75-35-4) � 

 70  Alimentary 
system 

  

Diesel Exhaust* �  5  Respiratory 
system  

  

Diethanolamine 
(111-42-2) 

  3  Cardiovascular 
system; nervous 
system 

  

Dimethylformamide 
(N,N-) 
(68-12-2) 

  80  Alimentary 
system ; 
respiratory 
system 
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Table of  Chronic RELs determined using the previous Hot Spots Risk Assessment 
Guidelines (OEHHA 1999)

Substance  
(CAS #) 

Listed in 
CAPCOA 

(1993) 

Chronic 
Inhalation 

REL 
(μg/m3) 

Oral REL 
(mg/kg 
Body 

Weight) 

Hazard Index 
Target Organs 

Human 
Data 

Dioxane (1,4-) 
(123-91-1) 

�  3,000  Alimentary 
system; kidney; 
cardiovascular 
system  

  

Epichlorohydrin  
(106-89-8) 

 3  Respiratory 
system; eyes 

  

Epoxybutane (1,2-) 
(106-88-7) 

  20  Respiratory 
system; 
cardiovascular 
system  

  

Ethylbenzene  
(100-41-4) 

  2,000  Development; 
alimentary 
system (liver); 
kidney; 
endocrine 
system  

  

Ethyl chloride  
(75-00-3) 

�  30,000  Development; 
alimentary 
system  

  

Ethylene dibromide 
(106-93-4) 

 0.8  Reproductive 
system 

 

Ethylene dichloride 
(107-06-2) 

 400  Alimentary 
system (liver) 

  

Ethylene glycol 
(107-21-1) 

 400  Respiratory 
system; kidney; 
development  

   

Ethylene glycol 
monoethyl ether 
(110-80-5) � 

�  70  Reproductive 
system; 
hematopoietic 
system  

  

Ethylene glycol 
monoethyl ether 
acetate  
(111-15-9) 

�  300  Development    

Ethylene glycol 
monomethyl ether  
(109-86-4) 

�  60  Reproductive 
system  

  

Ethylene glycol 
monomethyl ether 
acetate (110-49-6) � 

�  90  Reproductive 
system  
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Table of  Chronic RELs determined using the previous Hot Spots Risk Assessment 
Guidelines (OEHHA 1999) 

Substance  
(CAS #) 

Listed in 
CAPCOA 

(1993) 

Chronic 
Inhalation 

REL 
(μg/m3) 

Oral REL 
(mg/kg 
Body 

Weight) 

Hazard Index 
Target Organs 

Human 
Data 

Ethylene oxide 
(75-21-8) 

 30  Nervous system   

Fluoride including 
Hydrogen Fluoride 

 13 F 
14 HF 

0.04 Bone and teeth; 
respiratory 
system 

 

Glutaraldehyde 
(111-30-8)� 

 0.08  Respiratory 
system 

  

Hexane (n-)  
(110-54-3) 

 7000  Nervous system    

Hydrazine 
(302-01-2) 

 0.2  Alimentary 
system; 
endocrine 
system  

  

Hydrogen chloride 
(7647-01-0) 

�  9  Respiratory 
system  

  

Hydrogen cyanide 
(74-90-8) 

�  9  Nervous 
system; 
endocrine 
system; 
cardiovascular 
system  

 

Hydrogen sulfide 
(7783-06-4) 

�  10  Respiratory 
system  

  

Isophorone 
(78-59-1) 

  2000  Development; 
liver 

  

Isopropanol  
(67-63-0) 

  7,000  Kidney; 
development  

  

Maleic anhydride 
(108-31-6) 

 0.7  Respiratory 
system 

  

Methanol  
(67-56-1) 

�  4,000  Development    

Methyl bromide 
(74-83-9) 

�  5  Respiratory 
system; nervous 
system; 
development  

  

Methyl chloroform 
(71-55-6) 

�  1,000  Nervous system    
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Table of  Chronic RELs determined using the previous Hot Spots Risk Assessment 
Guidelines (OEHHA 1999) 

Substance  
(CAS #) 

Listed in 
CAPCOA 

(1993) 

Chronic 
Inhalation 

REL 
(μg/m3) 

Oral REL 
(mg/kg 
Body 

Weight) 

Hazard Index 
Target Organs 

Human 
Data 

Methyl isocyanate 
(624-83-9) 

 1  Respiratory 
system; 
reproductive 
system 

  

Methyl t-butyl ether 
(1634-04-4) 

  8,000  Kidney; eyes; 
alimentary 
system (liver)  

  

Methylene chloride 
(75-09-2) 

�  400  Cardiovascular 
system; nervous 
system  

�  

Methylene dianiline 
(4,4'-) (101-77-9) 

 20  Eyes; 
alimentary 
system 
(hepatotoxicity) 

  

Methylene Diphenyl 
Isocyanate  
(101-68-8) 

  0.7  Respiratory 
system 

  

Naphthalene 
(91-20-3) 

�  9  Respiratory 
system  

  

Nickel & 
compounds 
(except nickel oxide) 

�  0.05 0.05 Respiratory 
system; 
hematopoietic 
system  

  

Nickel oxide 
(1313-99-1) 

  0.1 ? Respiratory 
system; 
hematopoietic 
system  

  

Phenol  
(108-95-2) 

�  200  Alimentary 
system; 
cardiovascular 
system; kidney; 
nervous system  

  

Phosphine 
(7803-51-2) 

 0.8  Respiratory 
system; 
alimentary 
system; nervous 
system; kidney; 
hematopoietic 
system 
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Table of  Chronic RELs determined using the previous Hot Spots Risk Assessment 
Guidelines (OEHHA 1999) 

Substance  
(CAS #) 

Listed in 
CAPCOA 

(1993) 

Chronic 
Inhalation 

REL 
(μg/m3) 

Oral REL 
(mg/kg 
Body 

Weight) 

Hazard Index 
Target Organs 

Human 
Data 

Phosphoric acid 
(7664-38-2) 

 7  Respiratory 
system  

  

Phthalic anhydride 
(85-44-9) 

 20  Respiratory 
system  

 

Propylene  
(115-07-1) 

  3,000  Respiratory 
system  

  

Propylene glycol 
monomethyl ether 
(107-98-2) 

  7,000  Alimentary 
system (liver)  

  

Propylene oxide 
(75-56-9) 

   30  Respiratory 
system  

  

Selenium and 
selenium compounds 
(other than hydrogen 
selenide) 

 20 0.005 Alimentary 
system; 
cardiovascular 
system; nervous 
system 

 

Silica (crystalline, 
respirable) � 

 3  Respiratory 
system 

 

Styrene  
(100-42-5) 

   900  Nervous system     

Sulfuric acid 
(7664-93-9) 

  1  Respiratory 
system 

  

Tetrachloroethylene* 
(perchloroethylene) 
(127-18-4) 

 35  Kidney; 
alimentary 
system (liver) 

  

Toluene  
(108-88-3) 

  300  Nervous 
system; 
respiratory 
system; 
development  

  

Toluene 
diisocyanates (2,4- 
& 2,6-) 

 0.07  Respiratory 
system 

 

Trichloroethylene 
(79-01-6) 

   600  Nervous 
system; eyes  

 

Triethylamine 
(121-44-8) 

 200  Eyes  

Vinyl acetate 
(108-05-4) 

  200  Respiratory 
system 
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Table of  Chronic RELs determined using the previous Hot Spots Risk Assessment 
Guidelines (OEHHA 1999) 

Substance  
(CAS #) 

Listed in 
CAPCOA 

(1993) 

Chronic 
Inhalation 

REL 
(μg/m3) 

Oral REL 
(mg/kg 
Body 

Weight) 

Hazard Index 
Target Organs 

Human 
Data 

Xylenes  
(m-, o-, p-) � 

 700  Nervous 
system; 
respiratory 
system  

 

*These peer-reviewed values were developed under the Toxic Air Contaminant (TAC) Program 
mandated by AB1807. 
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CHRONIC TOXICITY SUMMARY 
 

ACRYLONITRILE 
 

(Acrylonitrile monomer, cyanoethylene, propenenitrile, 2-propenenitrile, VCN, vinyl cyanide.) 
 

CAS Number: 107-13-1 
 

 
I. Chronic Toxicity Summary 
 
 Inhalation reference exposure level 5 µg/m3 (2 ppb) 
 Critical effect(s) Degeneration and inflammation of nasal 

epithelium in rats  
 Hazard index target(s) Respiratory system 
 
 
II.  Chemical Property Summary (HSDB, 1994) 
 
 Description  Clear, colorless to pale yellow liquid 

(technical grades) 
 Molecular formula C3H3N 
 Molecular weight 53.1 g/mol 
 Density 0.81 g/cm3 @ 25oC 
 Boiling point 77.3oC 
 Melting point −82oC 
 Vapor pressure 100 torr @ 23oC 
 Solubility Soluble in isopropanol, ethanol, ether, 

acetone, and benzene 
 Conversion factor 1 ppm = 2.17 mg/m3 @ 25 oC  
 
 
III. Major Uses or Sources 
 
Acrylonitrile is produced commercially by propylene ammoxidation, in which propylene, 
ammonia, and air are reacted by catalyst in a fluidized bed.  Acrylonitrile is used primarily as a 
co-monomer in the production of acrylic and modacrylic fibers.  Uses include the production of 
plastics, surface coatings, nitrile elastomers, barrier resins, and adhesives.  It is also a chemical 
intermediate in the synthesis of various antioxidants, pharmaceuticals, dyes, and surface-active 
agents.  Formerly, acrylonitrile was used as a fumigant for food commodities, flour milling, and 
bakery food processing equipment (HSDB, 1994).  The annual statewide industrial emissions 
from facilities reporting under the Air Toxics Hot Spots Act in California based on the most 
recent inventory were estimated to be 3948 pounds of acrylonitrile (CARB, 2000).  US EPA 
(1993) reported a mean ambient air concentration of acrylonitrile at four urban locations in the 
U.S.of 0.66 μg/m3. 
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IV. Effects of Human Exposure 
 
Many occupational epidemiology studies have investigated retrospectively the morbidity and 
mortality of acrylonitrile exposed workers.  An increased incidence of lung cancer was 
associated with acrylonitrile exposure.  No significant excess mortality has been observed for 
any noncarcinogenic endpoint.  One early cross-sectional study (Wilson et al., 1948) observed 
multiple deleterious effects in synthetic rubber manufacturing workers acutely exposed (20 to 45 
minutes) to various concentrations of acrylonitrile (16 to 100 ppm, 34.7 to 217 mg/m3).  Mucous 
membrane irritation, headaches, feelings of apprehension, and nervous irritability were observed 
in the majority of workers.  Other less common symptoms observed included low-grade anemia, 
leukocytosis, and mild jaundice.  These effects were reported to subside with cessation of 
exposure.  Human volunteers exposed for a single 8 hour period to acrylonitrile vapors exhibited 
no deleterious CNS effects at concentrations ranging from 5.4 to 10.9 mg/m3 (2.4 to 5.0 ppm) 
(Jakubowski et al., 1987).  
 
A cross-sectional study (Sakurai et al., 1978) found no statistically significant increases in 
adverse health effects in chronically exposed workers (minimum 5 years) employed at 6 acrylic 
fiber factories (n = 102 exposed, n = 62 matched controls).  Mean acrylonitrile levels ranged 
from 0.1 to 4.2 ppm (0.2 to 9.1 mg/m3) as determined by personal sampling.  Although not 
statistically significant, slight increases in reddening of the conjunctiva and pharynx were seen in 
workers from the plant with the highest mean levels (4.2 ppm arithmetic mean).  However, this 
study has limitations, including small sample size and examiner bias, since the medical examiner 
was not blind to exposure status.  The time-weighted average exposure of the group 
occupationally exposed to 4.2 ppm (9.1 mg/m3) acrylonitrile can be calculated as: TWA = 9.1 
mg/m3 x (10/20) m3/day x 5 days/7 days = 3 mg/m3.  This level is comparable to the LOAEL 
(HEC) of 2 mg/m3 derived by the U.S. EPA from the animal study of Quast et al. (1980). 
 
Czeizel et al. (1999) studied congenital abnormalities in 46,326 infants born between 1980 and 
1996 to mothers living within a 25 km radius of an acrylonitrile factory in Nyergesujfalu, 
Hungary.  Ascertainment of cases with congenital abnormalities was based on the Hungarian 
Congenital Abnormality Registry plus review of pediatric, pathology and cytogenetic records.  
Particular attention was paid to indicators of germinal mutations (sentinel anomalies, Down’s 
syndrome, and unidentified multiple congenital abnormalities) and to indicators of teratogens 
(specific pattern of multiple congenital abnormalities).  Three congenital abnormalities: pectus 
excavatum in Tata, 1990-1992 (OR = 78.5, 95%CI = 8.4-729.6), undescended testis in 
Nyergesujfalu between 1980 and 1983 (8.6, 1.4-54.3) and in Esztergom, 1981-1982 (4. 2, 1.3-
13.5) and clubfoot in Tata, 1980-1981 (5.5, 1.5-20.3) showed significant time-space clusters in 
the study area.  The risk of undescended testis decreased with increasing distance from the 
factory.  An unusual increase for the combination of oral cleft and cardiac septal defects was 
seen in multimalformed babies in Tatabanya in 1990.  Unfortunately there were no data on levels 
of acrylonitrile or any other exposure. 
 
V.  Effects of Animal Exposure 
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Quast et al. (1980) exposed Sprague-Dawley rats (100/sex/ concentration) 6 hours/day, 5 
days/week for 2 years to concentrations of 0, 20, or 80 ppm acrylonitrile vapors (0, 43, or 174 
mg/m3).  A statistically significant increase in mortality was observed in the first year among 80 
ppm exposed rats (male and female).  Additionally, the 80 ppm exposed group had a significant 
decrease in mean body weight.  Two tissues, the nasal respiratory epithelium and the brain, 
exhibited treatment-related adverse effects due to acrylonitrile exposure.  Proliferative changes in 
the brain glial cells (i.e., tumors and early proliferation suggestive of tumors) were significantly 
increased in the 20 ppm (8/100) and 80 ppm (20/100) females versus female controls (0/100), 
and in the 80 ppm males (22/99) versus male controls (0/100).  Noncarcinogenic, 
extrarespiratory effects were observed in the nasal turbinate epithelium at both exposure 
concentrations, 20 and 80 ppm (see table below).  Thus the LOAEL was 20 ppm.  No treatment-
related effects in the olfactory epithelium, trachea, or lower respiratory epithelium were observed 
at either concentration. 
 

Effects of acrylonitrile reported by Quast et al. (1980) 
Effect Sex 0 ppm 20 ppm 80 ppm 
Respiratory epithelium hyperplasia in the nasal turbinates Male 0/11 4/12 10/10* 
Hyperplasia of the mucous secreting cells Male 0/11 7/12* 8/10* 
Focal inflammation in the nasal turbinates Female 2/11 6/10 7/10* 
Flattening of the respiratory epithelium of the nasal turbinates Female 1/11 7/10* 8/10* 
Lung: pneumonia, consolidation, atelectasis, or edema Male 14/100 27/100* 30/100* 
Lung: pneumonia, consolidation, atelectasis, or edema Female 7/100 2/100 7/100 
* statistically significant difference from controls (p<.05) 
 
Maltoni and associates exposed Sprague-Dawley rats (30/sex/concentration) to 0, 5, 10, 20, or 40 
ppm acrylonitrile vapor for 5 days/week over 52 weeks, and at 60 ppm for 4 to 7 days, 5 
days/week for 104 weeks (Maltoni et al., 1977; Maltoni et al., 1988).  Histopathologic 
examinations were performed, including on lungs, brain, kidney, and liver.  No noncarcinogenic 
effects were reported. 
 
Gagnaire et al. (1998) studied motor and sensory conduction velocities (MCV and SCV, 
respectively) and amplitudes of the sensory and motor action potentials (ASAP and AMAP) of 
the tail nerve in male Sprague-Dawley rats during chronic treatment with acrylonitrile.  (Four 
other unsaturated aliphatic nitriles were also given orally to other rats.)  Rats were given doses of 
12.5, 25, and 50 mg/kg of acrylonitrile once a day, 5 days per week for 12 weeks.  Rats were also 
exposed by inhalation to 25, 50, and 100 ppm of acrylonitrile vapors for 6 h/day, 5 days per 
week, for 24 weeks and neurophysiological examinations were carried out.  After oral 
acrylonitrile, animals developed behavioral sensitization characterized by salivation, locomotor 
hyperactivity, and moderately intense stereotypies.  Rats dosed with 50 mg/kg developed 
hindlimb weakness associated with decreases in sensory conduction velocity (SCV) and in the 
amplitude of the sensory action potential (ASAP).  Rats exposed to acrylonitrile by inhalation 
exhibited time- and concentration-dependent decreases in motor conduction velocity (MCV), 
SCV, and ASAP, which were partially reversible after 8 weeks of recovery.  The authors 
concluded that the nervous system of the rat appears to be a target following either oral or 
inhalation exposures of acrylonitrile.  The NOAEL by inhalation for 24 weeks was 25 ppm. 
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Changes in electrophysiological parameters after 24 wks of exposure (Gagnaire et al., 1998) 
Acrylonitrile MCV (m/sec) SCV (m/sec) AMAP (mvolts) ASAP (μvolts) 
0 ppm 42.9 ± 0.9a 53.3 ± 1.0 17.8 ± 1.2 186 ± 8 
25 ppm 41.6 ± 0.8 50.5 ± 0.8* 16.1 ± 0.8 164 ± 11 
50 ppm 38.1 ± 0.9** 49.1 ± 0.5*** 15.7 ± 1.0 159 ± 5* 
100 ppm 38.5 ± 1.2** 48.4 ± 1.0*** 17.4 ± 0.9 133 ± 11*** 
a Mean ± SEM; * p<0.05; ** p<0.01; ***p<0.001 
 
In a developmental study, Murray et al. (1978) exposed rats to acrylonitrile vapors at 0, 40 ppm 
(87 mg/m3), or 80 ppm (174 mg/m3)  for 6 hours/day during gestational days 6 to 15.  In the 80 
ppm exposed group, significant increases in fetal malformations were observed including short 
tail, missing vertebrae, short trunk, omphalocoele, and hemivertebra (Murray et al., 1978).  No 
differences in implantations, live fetuses, or resorptions were seen in the exposed (40 and 80 
ppm) versus the control group.  Maternal toxicity was observed as decreased body weight at both 
exposure levels.  After adjustment to continuous exposure, this study identified a developmental 
NOAEL of 10 ppm  and a LOAEL of 20 ppm (with maternal toxicity). 
 
Saillenfait et al. (1993) studied the developmental toxicity of eight aliphatic mononitriles in 
Sprague-Dawley rats after inhalation exposure for 6 hr/day during days 6 to 20 of gestation.  The 
range of exposure levels for acrylonitrile was 12, 25, 50, and 100 ppm; group sizes were 20-23 
females.  Embryolethality was observed after exposure to 25 ppm (54 mg/m3) acrylonitrile in the 
presence of overt signs of maternal toxicity.  Fetal weights were significantly lower at 25 ppm.  
Thus 12 ppm (26 mg/m3) is a NOAEL for developmental toxicity using this study design. 
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VI. Derivation of Chronic Reference Exposure Level 
 
 Study Quast et al., 1980 
 Study population Sprague-Dawley rats (100/sex/concentration) 
 Exposure method Discontinuous whole-body inhalation 

exposures (0, 20, or 80 ppm) 
 Critical effects Degeneration and inflammation of nasal 

respiratory epithelium; hyperplasia of 
mucous secreting cells 

 LOAEL 20 ppm 
 NOAEL Not observed 
 BMC05 1.5 ppm 
 Exposure continuity 6 hours/day, 5 days/week 
 Average experimental exposure 0.27 ppm for BMC05 (1.5 x 6/24 x 5/7) 
 Human equivalent concentration 0.067 ppm (gas with extrathoracic respiratory 

effects; RGDR = 0.25 based on MV = 
0.33 m3/day, SA(ET) = 11.6 cm2) 

 Exposure duration 2 years 
 LOAEL uncertainty factor Not needed in the BMC approach  
 Subchronic uncertainty factor 1 
 Interspecies uncertainty factor 3 
 Intraspecies uncertainty factor 10 
 Cumulative uncertainty factor 30  
 Inhalation reference exposure 

level 
0.002 ppm (2 ppb; 0.005 mg/m3; 5 µg/m3)  

 
Sprague-Dawley rats (100/sex/concentration) were exposed 6 hours/day, 5 days/week for 2 years 
to 0, 20, or 80 ppm acrylonitrile (0, 43, and 174 mg/m3, respectively).  Significant degenerative 
and inflammatory changes were observed in the respiratory epithelium of the nasal turbinates at 
both exposure concentrations (20 and 80 ppm).  This treatment-related irritation of the nasal 
mucosa appeared in the 20 ppm exposed male rats as either epithelial hyperplasia of the nasal 
turbinates, or as hyperplasia of the mucous secreting cells.  In the 20 ppm exposed females it 
appeared as either focal inflammation in the nasal turbinates or flattening of the respiratory 
epithelium of the nasal turbinates.  In 80 ppm exposed rats the effects were more severe, 
including suppurative rhinitis, hyperplasia, focal erosions, and squamous metaplasia of the 
respiratory epithelium.  No treatment-related effects in the olfactory epithelium, trachea, or lower 
respiratory system were observed at either concentration.  This study identified a LOAEL for 
pathological alterations in the respiratory epithelium of the extrathoracic region of the respiratory 
tract of 20 ppm (43 mg/m3).  The U.S. EPA (1994) based its RfC of 2 μg/m3 on the same study 
but included a Modifying Factor (MF) of 10 for database deficiencies.  The criteria for use of 
modifying factors are not well specified by U.S. EPA.  Such modifying factors were not used by 
OEHHA. 
 
OEHHA used a benchmark dose approach to determine the chronic REL for acrylonitrile.  The 
cumulative gamma distribution model in the U.S. EPA's BMDS sotware was individually fit to 
the data on respiratory epithelium hyperplasia in the nasal turbinates in males, hyperplasia of the 
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mucous secreting cells in males, focal inflammation in the nasal turbinates in females, and 
flattening of the respiratory epithelium of the nasal turbinates in females.  The resulting BMC05 
values (1.27, 1.33, 2.18, 1.35) were averaged to yield a value of 1.5 ppm.  The RGDR adjustment 
and appropriate uncertainty factors were applied as indicated in the above table and resulted in a 
chronic REL of 5 μg/m3.  
 
For comparison, Gagnaire et al. (1998) found a NOAEL for nervous system effects at 24 weeks 
of 25 ppm, which is equivalent to a continuous exposure of 4.5 ppm.  Use of the default RGDR 
of 1 for systemic effects, a subchronic UF of 3, an interspecies UF of 3, and an intraspecies UF 
of 10 results in an estimated REL of 45 ppb (100 μg/m3).  We were unable to derive a BMC from 
the neurotoxicity data due partly to the tendency of the animals in the 100 ppm group to yield 
values for two of the four endpoints measured closer to the controls than those in the 50 ppm 
group. 
 
As another comparison, Saillenfait et al. (1983) found a 12 ppm (26 mg/m3) NOAEL for fetal 
weight reduction (6 h/d exposure).  This is equivalent to a continuous exposure of 3 ppm (on 
days 6 to 20 of gestation).  Use of the default RGDR of 1 for systemic effects, an interspecies UF 
of 3, and an intraspecies UF of 10 results in an estimated REL of 100 ppb (200 μg/m3).   
 
Finally, after adjustment to continuous exposure, Murray et al. (1978) identified a developmental 
NOAEL, adjusted to continuous exposure, of 10 ppm and a LOAEL of 20 ppm (with maternal 
toxicity at both levels).  Use of the default RGDR of 1 for systemic effects, an interspecies UF of 
3, and an intraspecies UF of 10 results in an estimated REL of 30 ppb (70 μg/m3). 
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
Significant strengths in the chronic REL for acrylonitrile include (1) the availability of chronic 
inhalation exposure data from a well-conducted study with histopathological analysis and (2) the 
demonstration of a dose-response relationship.  Major uncertainties are (1) the lack of adequate 
human exposure data, (2) the lack of a NOAEL in the 2 year study, (3) lack of inhalation 
bioassay in a second species, and (4) lack of reproductive data for inhalation exposures when an 
oral study showed adverse reproductive effects 
 
When assessing the health effects of acrylonitrile, its carcinogenicity must also be assessed.   
 
 
VIII. Potential for Differential Impacts on Children's Health 
 
The chronic REL is considerably lower than the comparison estimate based on developmental 
effects.  Although neurotoxicity, an endpoint which is often associated with increased sensitivity 
of younger animals or humans, was evaluated as one of the alternative endpoints, the comparison 
reference level for this end point in adults was more than an order of magnitude higher that the 
REL based on histological changes in the upper respiratory tract.  It is therefore considered that 
the REL is likely to be adequately protective of infants and children. 
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CHRONIC TOXICITY SUMMARY 
 

AMMONIA 
 

(Anhydrous ammonia; aqueous ammonia) 
 

CAS Registry Number: 7664-41-7 
 
I.   Chronic Toxicity Summary 
 

Inhalation reference exposure level 200 μg/m3 (300 ppb)  
Critical effect(s) Pulmonary function tests or subjective 

symptomatology in workers 
Hazard index target(s) Respiratory system 

 
 

II. Physical and Chemical Properties (From HSDB, 1994; 1999) 
 

Description Colorless gas  
Molecular formula NH3
Molecular weight 17.03 g/mol 
Density 0.7710 g/L @ 0°C 
Boiling point -33.35° C 
Vapor pressure 7510 torr @ 25°C 
Solubility Soluble in water, alcohol, and ether 
Conversion factor 1 ppm = 0.71 mg/m3

 
 
III. Major Uses or Sources 
 
This strongly alkaline chemical is widely used in industry as a feed stock for nitrogen-based 
chemicals such as fertilizers, plastics and explosives (ATSDR, 1990).  Ammonia is also used as a 
refrigerant.  The general public is exposed by off-gasing from cleaning solutions containing 
aqueous ammonia.  Household ammonia solutions contain 5-10% ammonia in water while 
industrial strength can be up to 28%.  The annual statewide industrial emissions from facilities 
reporting under the Air Toxics Hot Spots Act in California based on the most recent inventory 
were estimated to be 21,832,909 pounds of ammonia (CARB, 1999). 
 
 
IV. Effects of Human Exposures 
 
Comparisons were made between 52 workers and 31 control subjects in a soda ash plant for 
pulmonary function and eye, skin and respiratory symptomatology (Holness et al., 1989).  The 
pulmonary function tests included FVC (forced vital capacity – the total amount of air the 
subject can expel during a forced expiration), FEV1 (forced expiratory volume in one second), 
FEF50 (forced expiratory flow rate at 50% of the FVC) and FEF75 (forced expiratory flow rate at 
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75% of the FVC).  Age, height, and pack-years smoked were treated as covariates for the 
comparisons.  The workers were exposed on average for 12.2 years to mean (time-weighted 
average) ammonia concentrations of 9.2 ppm (6.4 mg/m3) ± 1.4 ppm, while controls were 
exposed to 0.3 ppm (0.21 mg/m3) ± 0.1 ppm.  No differences in any endpoints (respiratory or 
cutaneous symptoms, sense of smell, baseline lung function, or change in lung function over a 
work shift at the beginning and end of a workweek) were reported between the exposed and 
control groups. 
 
Groups of human volunteers were exposed to 25, 50, or 100 ppm (0, 17.8, 35.5, or 71 mg/m3) 
ammonia 5 days/week for 2, 4, or 6 hours/day, respectively, for 6 weeks (Ferguson et al., 1977).  
Another group of 2 volunteers was exposed to 50 ppm ammonia for 6 hours/day for 6 weeks.   
 
Group Exposure Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 
A ppm NH3

hours 
25 
2 

50 
4 

100 
6 

25 
2 

50 
4 

100 
6 

B ppm NH3
hours 

50 
6 

50 
6 

50 
6 

50 
6 

50 
6 

50 
6 

C ppm NH3
hours 

100 
6 

50 
4 

25 
2 

25 
6 

50 
4 

100 
2 

 
Pulmonary function tests (respiration rate, FVC and FEVl) were measured in addition to 
subjective complaints of irritation of the eyes and respiratory tract.  The difficulty experienced in 
performing simple cognitive tasks was also measured, as was pulse rate.  There were reports of 
transient irritation of the nose and throat at 50 or 100 ppm.  Acclimation to eye, nose, and throat 
irritation was seen after two to three weeks (in addition to the short-term subjective adaption).  
No significant differences between subjects or controls on common biological indicators, in 
physical exams, or in performance of normal job duties were found.  After acclimation, 
continuous exposure to 100 ppm, with occasional excursions to 200 ppm, was easily tolerated 
and had no observed effect on general health.  
 
 
V. Effects of Animal Exposures 
 
Rats were continuously exposed to ammonia at 0, 25, 50, 150, or 250 ppm (0, 18, 36, 107, or  
179 mg/m3) ammonia for 7 days prior to intratracheal inoculation with Mycoplasma pulmonis, 
and from 28 to 42 days following M. pulmonis exposure (Broderson et al., 1976).  All exposures 
to ammonia resulted in significantly increased severity of rhinitis, otitis media, tracheitis, and 
pneumonia characteristic of M. pulmonis infection, therefore 25 ppm was a LOAEL in this 
subchronic study.  Exposure to 250 ppm ammonia alone resulted in nasal lesions (epithelial 
thickening and hyperplasia) which were not like those seen in M. pulmonis-infected rats. 
 
The growth of bacteria in the lungs and nasal passages, and the concentration of serum 
immunoglobulin were significantly increased in rats exposed to 100 ppm (71 mg/m3) ammonia 
over that seen in control rats (Schoeb et al., 1982). 
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Guinea pigs (10/group) and mice (20/group) were continuously exposed to 20 ppm (14.2 mg/m3) 
ammonia for up to 6 weeks (Anderson et al., 1964).  Separate groups of 6 guinea pigs and 21 
chickens were exposed to 50 ppm and 20 ppm ammonia for up to 6 and 12 weeks, respectively.  
All species displayed pulmonary edema, congestion, and hemorrhage after 6 weeks exposure, 
whereas no effects were seen after only 2 weeks.  Guinea pigs exposed to 50 ppm ammonia for 6 
weeks exhibited enlarged and congested spleens, congested livers and lungs, and pulmonary 
edema.  Chickens exposed to 200 ppm for 17-21 days showed liver congestion and slight 
clouding of the cornea.  Anderson and associates also showed that a 72-hour exposure to 20 ppm 
ammonia significantly increased the infection rate of chickens exposed to Newcastle disease 
virus, while the same effect was observed in chickens exposed to 50 ppm for just 48 hours. 
 
Coon et al. (1970) exposed groups of rats (as well as guinea pigs, rabbits, dogs, and monkeys) 
continuously to ammonia concentrations ranging from 40 to 470 mg/m3.  There were no signs of 
toxicity in 15 rats exposed continuously to 40 mg/m3 for 114 days or in 48 rats exposed 
continuously to 127 mg/m3 for 90 days.  Among 49 rats exposed continuously to 262 mg/m3 for 
90 days, 25% had mild nasal discharge.  At 455 mg/m3 50 of 51 rats died.  Thus 127 mg/m3 (179 
ppm) is a subchronic NOAEL for upper respiratory effects in rats.  Coon et al. (1970) also found 
no lung effects in 15 guinea pigs exposed continuously to 40 mg/m3 (28 ppm) ammonia for 114 
days. 
 
VI. Derivation of Chronic Reference Exposure Level 
 

Study Holness et al., 1989 (supported by Broderson et 
al., 1976) 

Study population 52 workers; 31 controls 
Exposure method Occupational inhalation 
Critical effects Pulmonary function, eye, skin, and respiratory 

symptoms of irritation 
LOAEL 25 ppm (Broderson et al., 1976) (rats) 
NOAEL 9.2 ppm (Holness et al., 1989) 
Exposure continuity 8 hours/day (10 m3/day occupational inhalation 

rate), 5 days/week 
Exposure duration 12.2 years 
Average occupational exposure 3 ppm for NOAEL group (9.2 x 10/20 x 5/7) 
Human equivalent concentration 3 ppm for NOAEL group 
LOAEL uncertainty factor 1 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 1 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 10 
Inhalation reference exposure level 0.3  ppm ( 300 ppb; 0.2 mg/m3;  200 µg/m3) 

 
The Holness et al. (1989) study was selected because it was a chronic human study and was 
published in a respected, peer-reviewed journal.  It is also the only chronic study available.  The 
USEPA (1995) based its RfC of 100 μg/m3 on the same study but included a Modifying Factor 
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(MF) of 3 for database deficiencies.  The criteria for use of modifying factors are not well 
specified by U.S. EPA.  Such modifying factors were not used by OEHHA.   
 
For comparison with the proposed REL of 200 μg/m3 based on human data, we estimated RELs 
from 2 animal studies.  (1) Anderson et al. (1964) exposed guinea pigs continuously to 50 ppm 
(35 mg/m3) ammonia for 6 weeks and observed pulmonary edema.  Use of an RGDR of 0.86 and 
a cumulative uncertainty factor of 3000 (10 for use of a LOAEL, 10 for subchronic, 3 for 
interspecies, and 10 for intraspecies) resulted in a REL of 10 μg/m3.  Staff note that the nearly 
maximal total uncertainty factor of 3000 was used in this estimation.  (2) Coon et al. (1970) 
exposed rats continuously to 127 mg/m3 ammonia for 90 days and saw no signs of toxicity.  Use 
of an RGDR(ET) of 0.16 for nasal effects (observed in rats exposed to higher levels of ammonia 
in Broderson et al. (1976)) and a cumulative uncertainty factor of 100 (3 for subchronic, 3 for 
interspecies, and 10 for intraspecies) resulted in a REL of 200 μg/m3. 
 
VII. Data Strengths and Limitations for Development of the REL 

Significant strengths in the ammonia REL include (1) the availability of long-term human 
inhalation exposure data (Holness et al., 1989), (2) the demonstration of consistent effects in 
experimentally exposed human volunteers following short-term exposures (Ferguson et al., 
1977), and (3) reasonable consistency with animal data (Coon et al., 1970).  
 
Major areas of uncertainty are (1) the lack of a NOAEL and LOAEL in a single study, (2) a lack 
of animal data with chronic exposure and histopathological analyses, and (3) difficulties in 
estimated human occupational exposures.  The overall database for this common chemical is 
limited. 
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CHRONIC TOXICITY SUMMARY 
 

BENZENE 
 

(Benzol; Benzole; Cyclohexatriene) 
 

CAS Registry Number:  71-43-2 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 60 μg/m3 (20 ppb) 
Critical effect(s) Lowered red and white blood cell counts in 

occupationally exposed humans 
Hazard index target(s) Hematopoietic system; development; nervous 

system 
 
 
II. Physical and Chemical Properties (HSDB, 1994; 1999)  

 
Description Colorless liquid 
Molecular formula C6H6
Molecular weight 78.1 g/mol 
Density 0.879 g/cm3 @ 25° C 
Boiling point  80.1°C 
Vapor pressure  100 torr @ 26.1°C 
Solubility  Soluble in ethanol, chloroform, ether, carbon 

disulfide, acetone, oils, and glacial acetic 
acid; slightly soluble in water 

Conversion factor 1 ppm = 3.2 mg/m3 @ 25° C 
 
 

III. Major Uses or Sources 
 
Benzene has been widely used as a multipurpose organic solvent.  This use is now discouraged 
due to its high toxicity, including carcinogenicity.  Present uses include use as a raw material in 
the synthesis of styrene, phenol, cyclohexane, aniline, and alkyl benzenes in the manufacture of 
various plastics, resins, and detergents.  Syntheses of many pesticides and pharmaceuticals also 
involve benzene as a chemical intermediate (HSDB, 1994).  The tire industry and shoe factories 
use benzene extensively in their manufacturing processes.  Annual demand in the U.S. was 
estimated to be 6 million tons in 1990 (HSDB, 1994).  Benzene exposure also occurs as a result 
of gasoline and diesel fuel use and combustion (Holmberg and Lundberg, 1985).  In 1996, the 
latest year tabulated, the statewide mean outdoor monitored concentration of benzene was 
approximately 0.7 ppb (CARB, 1999a).  Annual statewide industrial emissions from facilities 
reporting under the Air Toxics Hot Spots Act in California based on the most recent inventory 
were estimated to be 750,364 pounds of benzene (CARB, 1999b).  (This does not include the 
large amount of benzene emitted by mobile sources.) 
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IV. Effects of Human Exposure 
 
The primary toxicological effects of chronic benzene exposure are on the hematopoeitic system.  
Neurological and reproductive/developmental toxic effects are also of concern at slightly higher 
concentrations.  Impairment of immune function and/or various anemias may result from the 
hematotoxicity.  The hematologic lesions in the bone marrow can lead to peripheral 
lymphocytopenia and/or pancytopenia following chronic exposure.  Severe benzene exposures 
can also lead to life-threatening aplastic anemia.  These lesions may lead to the development of 
leukemia years after apparent recovery from the hematologic damage (DeGowin, 1963). 
 
Kipen et al. (1988) performed a retrospective longitudinal study on a cohort of 459 rubber 
workers, examining the correlation of average benzene exposure with total white blood cell 
counts taken from the workers.  These researchers found a significant (p < 0.016) negative 
correlation between average benzene concentrations in the workplace and white blood cell 
counts in workers from the years 1940-1948.  A reanalysis of these data by Cody et al. (1993) 
showed significant decreases in RBC and WBC counts among a group of 161 workers during the 
1946-1949 period compared with their pre-exposure blood cell counts.  The decline in blood 
counts was measured over the course of 12 months following start of exposure.  During the 
course of employment, workers who had low monthly blood cell counts were transferred to other 
areas with lower benzene exposures, thus potentially creating a bias towards non-significance or 
removing sensitive subjects from the study population.  Since there was a reported 75% rate of 
job change within the first year of employment, this bias could be highly significant.  In addition, 
there was some indication of blood transfusions used to treat some “anemic” workers, which 
would cause serious problems in interpreting the RBC data, since RBCs have a long lifespan in 
the bloodstream.  The exposure analysis in this study was performed by Crump and Allen 
(1984).  The range of monthly median exposures was 30-54 ppm throughout the 12-month 
segment examined.  Despite the above-mentioned potential biases, workers exposed above the 
median concentrations displayed significantly decreased WBC and RBC counts compared with 
workers exposed to the lower concentrations using a repeated measures analysis of variance. 
 
Tsai et al. (1983) examined the mortality from all cancers and leukemia, in addition to 
hematologic parameters in male workers exposed to benzene for 1-21 years in a refinery from 
1952-1978.  The cohort of 454 included maintenance workers and utility men and laborers 
assigned to benzene units on a “regular basis”.  Exposures to benzene were determined using 
personal monitors; the median air concentration was 0.53 ppm in the work areas of greatest 
exposure to benzene.  The average length of employment in the cohort was 7.4 years.  The 
analysis of overall mortality in this population revealed no significant excesses.  Mortality from 
all causes and from diseases of the circulatory system was significantly below expected values 
based on comparable groups of U.S. males.  The authors concluded the presence of a healthy 
worker effect. An internal comparison group of 823 people, including 10% of the workers who 
were employed in the same plant in operations not related to benzene, showed relative risks for 
0.90 and 1.31 for all causes and cancer at all sites, respectively (p < 0.28 and 0.23).  A subset of 
303 workers was followed for medical surveillance.  Up to four hematological tests per year 
were conducted on these workers.  Total and differential white blood cell counts, hemoglobin, 
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hematocrit, red blood cells, platelets and clotting times were found to be within normal (between 
5% and 95% percentile) limits in this group.  
 
Collins et al. (1997) used routine data from Monsanto’s medical/industrial hygiene system to 
study 387 workers with daily 8-hour time-weighted exposures (TWA) averaging 0.55 ppm 
benzene (range = 0.01 – 87.69 ppm; based on 4213 personal monitoring samples, less than 5% of 
which exceeded 2 ppm).  Controls were 553 unexposed workers.  There was no increase in the 
prevalence of lymphopenia, an early, sensitive indicator of benzene toxicity, among exposed 
workers (odds ratio = 0.6; 95% confidence interval = 0.2 to 1.8), taking into account smoking, 
age, and sex.  There also was no increase in risk among workers exposed 5 or more years (odds 
ratio = 0.6; 95% confidence interval = 0.2 to 1.9).  There were no differences between exposed 
and unexposed workers for other measures of hematotoxicity, including mean corpuscular 
volume and counts of total white blood cells, red blood cells, hemoglobin, and platelets.  
 
Rothman et al. (1996) compared hematologic outcomes in a cross-sectional study of 44 male and 
female workers heavily exposed to benzene (median = 31 ppm as an 8-hr TWA) and 44 age and 
gender-matched unexposed controls from China.  Hematologic parameters (total WBC, absolute 
lymphocyte count, platelets, red blood cells, and hematocrit) were decreased among exposed 
workers compared to controls; an exception was the red blood cell mean corpuscular volume 
(MCV), which was higher among exposed subjects.  In a subgroup of 11 workers with a median 
8 hr TWA of 7.6 ppm (range = 1-20 ppm) and not exposed to more than 31 ppm on any of 5 
sampling days, only the absolute lymphocyte count was significantly different between exposed 
workers and controls (p = 0.03).  Among exposed subjects, a dose response relationship with 
various measures of current benzene exposure (i.e., personal air monitoring, benzene metabolites 
in urine) was present only for the total WBC count, the absolute lymphocyte count, and the 
MCV.  Their results support the use of the absolute lymphocyte count as the most sensitive 
indicator of benzene-induced hematotoxicity.  
 
An examination of 32 patients, who were chronically exposed to benzene vapors ranging from 
150 to 650 ppm for 4 months to 15 years, showed that pancytopenia occurred in 28 cases.  Bone 
marrow punctures revealed variable hematopoeitic lesions, ranging from acellularity to 
hypercellularity (Aksoy et al., 1972). 
 
Central nervous system disorders have been reported in individuals with pancytopenia following 
chronic occupational benzene exposure to unknown concentrations for an average length of time 
of 6 years (Baslo and Aksoy, 1982). 
 
Runion and Scott (1985) estimated a composite geometric mean benzene concentration in 
various workplaces containing benzene to be 0.1 ppm (0.32 mg/m3) (geometric standard 
deviation = 7.2 ppm, 23.3 mg/m3).  This estimate was based on samples collected by industrial 
hygienists between the years 1978 and 1983. 
 
 
V. Effects of Animal Exposure 
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A number of animal studies have demonstrated that benzene exposure can induce bone marrow 
damage, changes in circulating blood cells, developmental and reproductive effects, alterations 
of the immune response, and cancer.  With respect to chronic toxicity, hematological changes 
appear to be the most sensitive indicator.   
 
Wolf et al. (1956) studied the effects of repeated exposure to benzene in rabbits (80 ppm, 175 
total exposures), rats (88 ppm, 136 total exposures) and guinea pigs (88 ppm, 193 total 
exposures).  The observed effects included leukopenia, increased spleen weight, and histological 
changes to the bone marrow.  Hematologic effects, including leukopenia, were observed in rats 
exposed to mean concentrations of 44 ppm (143 mg/m3) or greater for 5-8 weeks (Deichmann et 
al., 1963).  Exposure to 31 ppm (100 mg/m3) benzene or less did not result in leukopenia after 3-
4 months of exposure.  Snyder et al. (1978) exposed Sprague-Dawley rats and AKR/J mice to 
300 ppm benzene, 6 hours/day, 5 days/week for life.  Lymphocytopenia, anemia and decreased 
survival time were observed in both species.  Cronkite et al. (1982) exposed male mice to 400 
ppm benzene, 6 hours/day, 5 days/week for 9.5 weeks and observed depressed bone marrow 
cellularity, decreased stem cell count, and altered morphology in spleen colony-forming cells.   
 
Mice have been shown to be more sensitive than rats or rabbits to the hematologic and leukemic 
effects of benzene (Sabourin et al., 1989; IARC, 1982).  Sabourin et al. (1988) showed that 
metabolism of benzene to the toxic hydroquinone, muconic acid, and hydroquinone glucuronide 
was much more prevalent in the mouse than in rats, whereas the detoxification pathways were 
approximately equivalent between the two species. 
 
A study on the chronic hematological effects of benzene exposure in C57 Bl/6 male mice (5-6 
per group) showed that peripheral lymphocytes, red blood cells and colony-forming units (CFUs) 
in the bone marrow and spleen were significantly decreased in number after treatment with 10 
ppm (32.4 mg/m3) benzene for 6 hours/day, 5 days/week for 178 days (Baarson et al., 1984). 
 
Inhalation of 0, 10, 31, 100, or 301 ppm (0, 32.4, 100.4, 324, or 975 mg/m3) benzene for 6 
hours/day for 6 days resulted in a dose-dependent reduction in peripheral lymphocytes, and a 
reduced proliferative response of B- and T-lymphocytes to mitogenic agents in mice (Rozen et 
al., 1984).  In this study, total peripheral lymphocyte numbers and B-lymphocyte proliferation to 
lipopolysaccharide were significantly reduced at a concentration of 10 ppm (32.4 mg/m3).  The 
proliferation of T-lymphocytes was significantly reduced at a concentration of 31 ppm 
(100.4 mg/m3). 
 
Male and female mice (9-10 per group) exposed to 100 ppm (324 mg/m3) benzene or greater for 
6 hours/day, 5 days/week for 2 weeks showed decreased bone marrow cellularity and a reduction 
of pluripotent stem cells in the bone marrow (Cronkite et al., 1985).  The decrease in marrow 
cellularity continued for up to 25 weeks following a 16-week exposure to 300 ppm (972 mg/m3) 
benzene.  Peripheral blood lymphocytes were dose-dependently decreased with benzene 
exposures of greater than 25 ppm (81 mg/m3) for 16 weeks, but recovered to normal levels 
following a 16-week recovery period. 
 
Ward et al. (1985) exposed 50 Sprague-Dawley rats and 150 CD-1 mice of both sexes to 0, 1, 10, 
30, or 300 ppm benzene, 6 hours/day, 5 days/week for 13 weeks.  Serial sacrifices were 
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conducted at 7, 14, 28, 56, and 91 days.  No hematological changes were found for mice and rats 
at 1, 10, or 30 ppm in this study.  Significant increases in mean cell volume and mean cell 
hemoglobin values and decreases in hematocrit, hemoglobin, lymphocyte percentages, and 
decreases in red cell, leukocyte and platelet counts were observed in male and female mice at 
300 ppm.  The changes were first observed after 14 days of exposure.   Histological changes in 
mice included myeloid hypoplasia of the bone marrow, lymphoid depletion in the mesenteric 
lymph node, increased extramedullary hematopoiesis in the spleen, and periarteriolar lymphoid 
sheath depletion.  Effects were less severe in the rats. 
 
Aoyama (1986) showed that a 14-day exposure of mice to 50 ppm (162 mg/m3) benzene resulted 
in a significantly reduced blood leukocyte count. 
 
The NTP (1986) conducted a bioassay in F344 rats and B6C3F1 mice of benzene by corn oil 
gavage.  Doses were 0, 25, 50, and 100 mg/kg-day for females and 0, 50, 100, and 200 mg/kg-
day for males.  Dose-related lymphocytopenia and leukocytopenia were observed in both species 
in all dosed groups but not controls.  Mice exhibited lymphoid depletion of the thymus and 
spleen and hyperplasia of the bone marrow.  
Cronkite et al. (1989) exposed CBA/Ca mice to 10, 25, 100, 300, 400 and 3000 ppm benzene 6 
hours/day, 5 days/week for up to 16 weeks.  No effects were observed at the 10 ppm level.  
Lymphopenia was observed in the 25 ppm exposure group.  Higher concentrations of benzene 
produced dose-dependent decreases in blood lymphocytes, bone marrow cellularity, spleen 
colony-forming units, and an increased percentage of CFU-S in S-phase synthesis. 
Farris et al. (1997) exposed B6C3F1 mice to 1, 5, 10, 100, and 200 ppm benzene for 6 hr/day, 5 
days/week, for 1, 2, 4, or 8 weeks.  In addition some animals were allowed to recover from the 
exposure.  There were no significant effects on hematopoietic parameters from exposure to 10 
ppm benzene or less.  Exposure to higher levels reduced the number of total bone marrow cells, 
progenitor cells, differentiating hematopoietic cells, and most blood parameters.  The replication 
of primitive progenitor cells was increased.   The authors suggested that this last effect, in 
concert with the genotoxicity of benzene, could account for the carcinogenicity of benzene at 
high concentrations. 
 
Reproductive and developmental effects have been reported following benzene exposure.  Coate 
et al. (1984) exposed groups of 40 female rats to 0, 1, 10, 40, and 100 ppm (0, 3.24, 32.4, 129.6, 
or 324 mg/m3) benzene for 6 hours/day during days 6-15 of gestation.  In this study, teratologic 
evaluations and fetotoxic measurements were done on the fetuses.  A significant decrease was 
noted in the body weights of fetuses from dams exposed to 100 ppm (324 mg/m3).  No effects 
were observed at a concentration of 40 ppm (129.6 mg/m3). 
 
Keller and Snyder (1986) reported that exposure of pregnant mice to concentrations as low as 
5 ppm (16 mg/m3) benzene on days 6-15 of gestation (6 hr/day) resulted in bone-marrow 
hematopoietic changes in the offspring that persisted into adulthood.  However, the 
hematopoietic effects (e.g. bimodal changes in erythroid colony-forming cells) in the above 
study were of uncertain biological significance.  In a similar later study, Keller and Snyder 
(1988) found that exposure of mice in utero to 20 ppm (64 mg/m3) benzene on days 6-15 of 
gestation resulted in neonatal suppression of erythropoietic precursor cells and persistent, 
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enhanced granulopoiesis.  This effect was considered significant bone-marrow toxicity by the 
authors.  No hematotoxicity was seen in this study at 10 ppm (32 mg/m3). 
 
An exposure of 500 ppm (1,600 mg/m3) benzene through days 6-15 gestation was teratogenic in 
rats while 50 ppm (160 mg/m3) resulted in reduced fetal weights on day 20 of gestation.  No fetal 
effects were noted at an exposure of 10 ppm (Kuna and Kapp, 1981).  An earlier study by 
Murray et al. (1979) showed that inhalation of 500 ppm benzene for 7 hours/day on days 6-15 
and days 6-18 of gestation in mice and rabbits, respectively, induced minor skeletal variations in 
the absence of maternal toxicity.  Red and white blood cell counts in the adults of either species 
were measured by Murray et al. (1979) but were not significantly different from control animals.  
However, fetal mouse hematological effects were not measured. 
 
Tatrai et al. (1980) demonstrated decreased fetal body weights and elevated liver weights in rats 
exposed throughout gestation to 150 mg/m3 (47 ppm). 
 
 
VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Tsai et al. (1983) 
Study population 303 Male refinery workers 
Exposure method Occupational exposures for 1-21 years 
Critical effects Hematological effects 
LOAEL Not observed 
NOAEL 0.53 ppm 
Exposure continuity 8 hr/day (10 m3 per 20 m3 day), 5 days/week 
Exposure duration 7.4 years average (for the full cohort of 454); 

  32% of the workers were exposed for more 
than 10 years 

Average occupational exposure 0.19 ppm 
Human equivalent concentration 0.19 ppm 
LOAEL uncertainty factor 1 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 1 
Intraspecies uncertainty factor 10  
Cumulative uncertainty factor 10 
Inhalation reference exposure level 0.02 ppm (20 ppb; 0.06 mg/m3; 60 μg/m3) 

 
 
Staff identified Tsai et al. (1983) as the most appropriate study for a chronic REL derivation.  
The authors examined hematologic parameters in 303 male workers exposed to benzene for 1-21 
years in a refinery from 1952-1978.  Follow-up success was 99.3% in the entire cohort of 359.  A 
total of approximately 1400 samples for hematological tests and 900 for blood chemistry tests 
were taken between 1959 and 1979.  Exposures to benzene were determined using personal 
monitors.  Data consisting of 1394 personal samples indicated that 84% of all benzene samples 
were less than 1 ppm; the median air concentration of benzene was 0.53 ppm in the work areas 
of greatest exposure to benzene (“benzene related areas”, for example, production of benzene 
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and cyclohexane and also of cumene).  The average length of employment in the cohort was 7.4 
years.  Mortality from all causes and from diseases of the circulatory system was significantly 
below expected values based on comparable groups of U.S. males.  The authors concluded the 
presence of a healthy worker effect.  An analysis using an internal comparison group of 823 
people, including 10% of the workers who were employed in the same plant in operations not 
related to benzene, showed relative risks for 0.90 and 1.31 for all causes and cancer at all sites, 
respectively (p < 0.28 and 0.23).  Total and differential white blood cell counts, hemoglobin, 
hematocrit, red blood cells, platelets and clotting times were found to be within normal (between 
5% and 95% percentile) limits in this group.  Although the exposure duration averaged only 7.4 
years, the study was considered to be chronic since 32% of the workers had been exposed for 
more than 10 years. 
 
VII. Data Strengths and Limitations for Development of the REL 
 
Both the animal and human databases for benzene are excellent.  Although the study by Tsai et 
al. (1983) is a free-standing NOAEL, the endpoint examined is a known sensitive measure of 
benzene toxicity in humans.  In addition, the LOAEL for the same endpoint in workers reported 
by Cody et al. (1993) help form a dose-response relationship and also yield an REL which is 
consistent with that derived from Tsai et al. (1983).  The study by Cody et al. (1993), since it 
failed to identify a NOAEL and was only for a period of 1 year, contained a greater degree of 
uncertainty in extrapolation to a chronic community Reference Exposure Level.  The recent 
results of Collins et al. (1997) that included a NOAEL of 0.55 ppm and of Rothman et al. (1996) 
that included a LOAEL of 7.6 ppm are consistent with those of Tsai et al.  Therefore the study 
by Tsai et al. (1983) was used as the basis for the chronic REL for benzene. 

In the Cody et al. (1993) study, significant hematological effects, including reduced RBC and 
WBC counts, were observed in 161 male rubber workers exposed to median peak concentrations 
(i.e., only the peak concentrations for any given exposure time were reported) of 30-54 ppm or 
more for a 12-month period during 1948.  The 30 ppm value was considered a 1-year LOAEL 
for hematological effects.  In this rubber plant, workers who had blood dyscrasias were excluded 
from working in the high benzene units.  Furthermore, individual workers having more than a 
25% decrease in WBC counts from their pre-employment background count were removed from 
the high benzene units and placed in other units with lower benzene concentrations.  Sensitive 
individuals therefore could have been excluded from the analysis.  The 30 ppm value is the low 
end of the range of median values (30-54 ppm) reported by Crump and used in the Kipen et al. 
(1988) and Cody et al. (1993) studies.  An equivalent continuous exposure of 10.7 ppm can be 
calculated by assuming that workers inhaled 10 m3 of their total 20 m3 of air per day during their 
work-shift, and by adjusting for a normal 5 day work week.  Application of uncertainty factors 
for subchronic exposures, estimation of a NOAEL, and for protection of sensitive subpopulations 
(10 for each) results in an REL of 0.01 ppm (10 ppb; 30 μg/m3).  This is comparable to the REL 
based on Tsai et al. (1983). 
 
Ward et al. (1996) determined a relationship between occupational exposures to benzene and 
decreased red and white cell counts.  A modeled dose-response relationship indicated a 
possibility for hematologic effects at concentrations below 5 ppm.  However, no specific 
measures of the actual effects at concentrations below 2 ppm were taken, and the Tsai et al. 
(1983) data were not considered in their analysis.  The purpose of this study was to characterize 
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the trend for effects at low concentrations of benzene.  A NOAEL or LOAEL was not identified 
in the study.  The selection of a NOAEL of 0.53 ppm is therefore not inconsistent with the results 
of the Ward et al. (1996) study.  
 
The human data presented by Tsai and associates were selected over animal studies because the 
collective human data were considered adequate in terms of sample size, exposure duration, and 
health effects evaluation.   
 
For comparison with the REL of 20 ppb based on human data, we estimated a REL based on the 
chronic inhalation study in mice by Baarson et al. (1984), which showed that bone-marrow 
progenitor cells were markedly suppressed after intermittent exposures (6 hr/day, 5 days/week) 
to 10 ppm benzene for 6 months.  An extrapolation of this value to an equivalent continuous 
exposure resulted in a concentration of 1.8 ppm.  Application of an RGDR of 1 for a systemic 
effect and uncertainty factors of 3 and 10 for inter- and intraspecies variability, and 10 for 
estimation of a NOAEL from the LOAEL would result in an REL of 6 ppb (20 μg/m3).  The 
Farris et al. (1997) 8 week study indicated a LOAEL of 100 ppm and a NOAEL of 10 ppm for 
hematological effects.  Application of an RGDR of 1 and UFs of 10 for subchronic, 3 for 
interspecies and 10 for intraspecies extrapolation (total UF = 300) also resulted in an estimated 
REL of 6 ppb, in reasonable agreement with the proposed REL of 20 ppb.  One could also 
crudely approximate an inhalation REL from the oral NTP bioassay where a dose of 25 mg/kg-
day was associated with hematological effects.  The concentration approximately equivalent to a 
25 mg/kg dose for a 70 kg human breathing 20 cubic meters per day is 27 ppm.  Assuming this is 
a LOAEL and applying an RGDR of 1 for systemic effects, a 3 fold UF for extrapolation to 
humans, a 10-fold UF for LOAEL to NOAEL extrapolation and a 10-fold UF for intraspecies 
extrapolation yields a REL of  90 ppb.  There are a number of uncertainties to this approach, yet 
it comes within a factor of 5 of the proposed REL based on human studies. 
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CHRONIC TOXICITY SUMMARY 
 

BERYLLIUM AND BERYLLIUM COMPOUNDS 
 

(beryllium-9; glucinium; glucinum; beryllium metallic) 
CAS Registry Number: 7440-41-7 

 
(beryllium oxide; beryllia; beryllium monoxide) 

CAS Registry Number: 1304-56-9  
 

(beryllium hydroxide; beryllium hydrate; beryllium dihydroxide) 
CAS Registry Number: 13327-32-7 

 
(beryllium sulfate; sulfuric acid; beryllium salt) 

CAS Registry Number: 13510-49-1 
 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 0.007 μg Be/m3

Critical effect(s) Beryllium sensitization and chronic beryllium 
disease in occupationally exposed humans 

Hazard index target(s) Respiratory system; immune system 
Oral reference exposure level 0.002 mg/kg-day 
Critical efect Small intestinal lesions in dogs 
Hazard index target(s) Gastrointestinal tract/liver 

 
 
II. Physical and Chemical Properties Summary (ATSDR, 1993) 
  

 Metallic 
beryllium 

Beryllium 
oxide 

Beryllium 
hydroxide 

Beryllium sulfate 

Description Solid gray, 
hexagonal 
structure 

White light, 
amorphous 
powder 

White 
amorphous 
powder or 
crystalline 

Colorless tetragonal 
crystals 

Molecular formula Be BeO Be(OH)2 BeSO4
Molecular weight 9.012 g/mol 25.01 g/mol 43.03 g/mol 105.07 g/mol 
     
Solubility Insoluble in water                                          ⎜Soluble 
Conversion factor Not applicable 
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III. Major Uses and Sources 
 
Beryllium is a metallic element mined as bertrandite and beryl mineral ores.  As the lightest 
structural metal, beryllium is used in the space, aircraft, and nuclear industries in a variety of 
components including aircraft disc brakes, x-ray transmission windows, vehicle optics, nuclear 
reactor neutron reflectors, fuel containers, precision instruments, rocket propellants, navigational 
systems, heat shields, and mirrors.  In addition to the four species listed, there are many other 
beryllium-containing compounds, including other salts, ores, and alloys (see, e.g., CRC, 1994).  
The annual statewide industrial emissions from facilities reporting under the Air Toxics Hot 
Spots Act in California based on the most recent inventory were estimated to be 2279 pounds of 
beryllium (CARB, 2000). 
 
Beryllium alloys, especially the hardest alloy beryllium copper, are used in electrical equipment, 
precision instruments, springs, valves, non-sparking tools, and in molds for injection-molded 
plastics for automotive, industrial, and consumer applications.  Beryllium oxide is used in high-
technology ceramics, electronic heat sinks, electrical insulators, crucibles, thermocouple tubing, 
and laser structural components.  Other beryllium compounds, including the chloride, nitrate, 
fluoride, and sulfate, are utilized as chemical reagents or generated from the refining of 
beryllium-containing ores. 
 
Beryllium is naturally emitted into the atmosphere by windblown dusts and volcanic particles.  
However, the major emission source is the combustion of coal and fuel oil, which releases 
beryllium-containing particulates and ash.  Other beryllium-releasing industrial processes include 
ore processing, metal fabrication, beryllium oxide production, and municipal waste incineration 
(ATSDR, 1993).  Beryllium also occurs in tobacco smoke (0-0.0005 μg/cigarette) (Smith et al., 
1997). 
 
 
IV. Effects of Human Exposure 
 
The respiratory tract is the major target organ system in humans following the inhalation of 
beryllium.  The common symptoms of chronic beryllium disease (CBD) include shortness of 
breath upon exertion, weight loss, cough, fatigue, chest pain, anorexia, and overall weakness.  
Most studies reporting adverse respiratory effects in humans involve occupational exposure to 
beryllium.  Exposure to soluble beryllium compounds is associated with acute beryllium 
pneumonitis (Eisenbud et al., 1948).  Exposure to either soluble or insoluble beryllium 
compounds may result in obstructive and restrictive diseases of the lung, called chronic 
beryllium disease (berylliosis) (Cotes et al., 1983; Johnson, 1983; Infante et al., 1980; Kriebel et 
al., 1988a; Metzner and Lieben, 1961).  The total number of beryllium-related disease cases has 
declined since the adoption of industrial standards (Eisenbud and Lisson, 1983; ATSDR, 1993). 
 
Historically, beryllium pneumonitis has been associated with occupational concentrations over 
0.1 mg Be/m3, primarily as beryllium sulfate or beryllium fluoride (Eisenbud et al., 1948).  The 
atmospheric concentrations related to chronic beryllium disease have been more difficult to 
define, in part due to the lack of individual exposure estimates, especially in the studies derived 
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from the berylliosis case registries (Infante et al., 1980; Lieben and Metzner, 1959).  However, 
Infante and associates (1980) reported significantly increased mortality due to non-neoplastic 
respiratory disease in beryllium-exposed workers, and noted one case of chronic berylliosis in a 
worker following seven years exposure to < 2 µg Be/m3.  In a 30-year follow-up study of 146 
beryllium-exposed workers, Cotes et al. (1983) identified seven cases of chronic beryllium 
related disease.  All the cases were exposed to beryllium oxide or hydroxide, but in a wide range 
of retrospectively estimated doses (over 3000 samples from 1952 to 1960).  The estimated 
average daily exposure did not exceed 2 µg/m3 for the ten site/process classifications, but 318 
samples did exceed 2 µg Be/m3 (and 20 samples were greater than 25 µg Be/m3).  No 
atmospheric samples were available after 1963, even though the exposure occurred through 
1973.  The LOAEL for occupationally induced berylliosis observed in this study was estimated 
from uncertain exposure data to be less than 2 µg Be/m3. 
 
One cross-sectional study (Kriebel et al., 1988a; Kriebel et al., 1988b) estimated beryllium 
exposure levels for 309 workers originally surveyed in 1977, with a median duration of exposure 
of 17 years (range 2 to 39 years).  Historic plant levels were estimated to be as high as 100 µg 
Be/m3, and, even as late as 1975, some job classifications exceeded 10 µg Be/m3.  The workers’ 
median cumulative exposure was 65 µg Be/m3-year (range 0.1 to 4400 µg Be/m3-years); the 
median lifetime exposure estimate was 4.3 µg/m3 (range 0.01 to 150 µg/m3).  Spirometric 
measurement of pulmonary function, chest x-rays, and arterial blood gas measurements were 
collected.  Decrements in lung function, as defined by forced vital capacity (FVC) and forced 
expiratory volume in one second (FEV1), were associated with cumulative exposure up to 20 
years prior to the health survey, even in workers with no radiographic abnormalities.  Differences 
in alveolar-arterial oxygen gradient were associated with cumulative exposure in the 10 years 
prior to the study.  These endpoints give a LOAEL of 39 µg/m3-years (geometric mean 
cumulative exposure) for decrements in pulmonary function and changes in arterial blood gases. 
 
Non-occupational beryllium-related chronic disease has been reported in individuals residing in 
the vicinity of beryllium manufacturing industries (Eisenbud et al., 1949; Metzner and Lieben, 
1961).  An early cross-sectional study (Eisenbud et al., 1949) described 11 cases of non-
occupational berylliosis after x-ray and clinical examination of approximately 10,000 residents 
near a beryllium fabrication facility in Lorain, Ohio.  Ten of the cases resided within 3/4 mile of 
the plant (up to 7 years duration), and five cases resided within 1/4 mile.  The authors estimated a 
1% disease incidence within 1/4 mile (500 individuals).  Atmospheric sampling in 1947 
identified an average level of 0.2 µg Be/m3 at 1/4 mile decreasing to 0 µg Be/m3 at 10 miles, but 
samples varied up to 100 fold over the 10 week sampling period.  Utilizing current and historical 
exposure estimates based on discharge, process, inventory, and building design changes, this 
study estimated a chronic LOAEL in the range of 0.01 to 0.1 µg Be/m3 for continuous exposure 
to beryllium compounds, based on the development of chronic berylliosis.   
 
Metzner and Lieben (1961) also reported 26 cases of chronic berylliosis in a population of 
approximately 100,000, living within 7 miles of a refining and alloy fabrication plant (duration 6 
to 19 years).  Neighborhood exposure assessment conducted over 14 months during 1958 and 
1959 identified a mean level of 0.0155 µg Be/m3, with 10% of the samples registering over 0.03 
µg Be/m3.  Limited measurements conducted earlier at the site were higher (1.0 to 1.8 µg Be/m3 
in 1953 and 0.91 to 1.4 µg Be/m3 in 1954). 
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Chronic beryllium disease appears to involve a cell-mediated immune response, especially 
granulomatous reactions found in the lungs of sensitive individuals.  Humans exposed to 
beryllium compounds have demonstrated increased T-cell activity (in vitro) and histological 
abnormalities of the lymph nodes (Cullen et al., 1987; Johnson, 1983).  Johnson (1983) 
described granuloma of lymph nodes and chronic interstitial pneumonitis in a small number of 
beryllium metal handling machinists (LOAEL = 4.6 µg Be/m3).  A second study identified 
granulomatous lung lesions, scarred lung tissue, and breathing difficulties in workers from a 
precious metal refining facility exposed to a mixture of beryllium and other metals (Cullen et al., 
1987).  Also, altered proliferative responses of lymphocytes obtained by bronchoalveolar lavage 
indicated increased T-cell activity in vitro.  Cullen et al. (1987) reported a mean exposure level 
of 1.2 µg Be/m3 (range = 0.22 – 43 μg/m3).  USEPA (1998) and ATSDR (2000) considered  
0.52 μg Be/m3 to be the LOAEL for CBD from this study since this was the average 
concentration in the furnace area where 4 of the 5 CBD cases worked. 
 
Sensitization to beryllium, as measured by the beryllium lymphocyte proliferation test (BeLPT), 
can occur in the absence of chronic beryllium disease (Kreiss et al., 1989).  The authors hoped 
that the identification of sensitized individuals without disease might prevent clinical disease, 
presumably by removing the individuals from exposure to beryllium.  Some beryllium-sensitized 
individuals progress to having clinical disease (Newman et al., 1992).  Data obtained from a 
four-year survey conducted at beryllium-copper alloy manufacturing factories in Japan (Yoshida 
et al., 1997) indicated that the T cells of workers continuously exposed to more than 0.01 μg 
Be/m3 were activated and that the cell-mediated immune (CMI) response was promoted.  The 
BeLPT in workers exposed to less than 0.01 μg Be/m3 was unaffected. 
 
Genetic influences on development of CBD have been identified.  CBD is associated with the 
allelic substitution of glutamic acid for lysine at position 69 in the HLA-DPB1 protein (Richieldi 
et al., 1993).  Up to 97% of CBD patients may have the Glu69 marker, but only 30-45% of 
beryllium-exposed, unaffected individuals carry the same marker.  Because CBD occurs in only 
1-6% of exposed workers, Glu69 is not likely to be the only genetic factor influencing the 
development of CBD.  Changes in other sequences of the HLA-DPB1 gene and in the copy 
number of Glu69 are also involved (Wang et al., 1999). 
 
The Rocky Flats Environmental Technology Site in Colorado is part of the U.S. Department of 
Energy nuclear weapons complex.  Operations using Be began in 1953, Be production operations 
began in 1957, and the first case of CBD was diagnosed in a machinist in 1984.  Exposures could 
have occurred during foundry operations, casting, shearing, rolling, cutting, welding, machining, 
sanding, polishing, assembly, and chemical analysis operations.  Since 1991, 29 cases of CBD 
and 76-78 cases of beryllium sensitization have been identified (Stange et al., 1996).  Several 
cases appear to have had only minimal Be exposure, since the employees were in administrative 
functions, not primary beryllium operations.  Personal air monitoring devices used over a period 
of 4 years showed a breathing zone level of 1.04 μg Be/m3.  ATSDR (2000) considered 1.04 μg 
Be/m3 to be the LOAEL for this study.  A recent case-control study of workers at Rocky Flats 
(Viet et al., 2000) suggested that exposures of workers to lower Be levels might lower the future 
incidence of CBD, but not necessarily the incidence of sensitivity to Be. 
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Kreiss et al. (1996) investigated the prevalence of beryllium sensitization in relation to work 
process and beryllium exposure measurements in a beryllia ceramics plant that had operated 
since 1980.  In 1992 they interviewed 136 employees (97.8% of the workforce), ascertained 
beryllium sensitization with the beryllium lymphocyte proliferation blood test (BeLPT), and 
reviewed industrial hygiene measurements.  Eight employees were beryllium-sensitized (5.9%); 
six of the eight had granulomatous disease based on transbronchial lung biopsy.  Machinists had 
a Be sensitization rate of 14.3% compared to 1.2% among other employees.  Machining 
operations (drilling, dicing, centerless grinding, and/or surface grinding) had significantly higher 
general area and breathing zone measurements than other work processes during the time in 
which most beryllium-sensitized cases had started machining.  Daily weighted average estimates 
of exposure for matching processes also exceeded estimates for other work processes in that time 
period (median daily weighted average = 0.9 μg/m3).  Daily weighted averages for the machining 
process accounted for the majority of exceedances of the 2.0 μg/m3 OSHA Permissible Exposure 
Limit (PEL); 8.1% of machining daily weighted averages were above the PEL.  The LOAEL 
from this study was 0.55 µg/m3, the median exposure of the sensitized workers. 
 
The facility was again surveyed in 1998 after some attempts were made to lower exposure to 
beryllium (Henneberger et al., 2001).  The investigators separated the workers into 77 long-term 
workers hired before the 1992 screening and 74 short-term workers hired after 1992.  Among 20 
short-term workers exposed to the lowest mean Be level (0.05 to 0.19 μg/m3), two showed Be 
sensitivity by the BeLPT test.  Thus a fraction of workers appears to be exquisitely sensitive to 
beryllium. 
 
Based on a review of this and other occupational studies Wambach and Tuggle (2000) have 
suggested that the workplace standard of 2 μg/m3 be lowered to 0.1 μg/m3.  Some workers might 
still be sensitized to beryllium at this level (Yoshida et al., 1997). 
 
 
V. Effects of Animal Exposure 
 
Three chronic studies, two in rats (Vorwald and Reeves, 1959; Reeves et al., 1967) and one in 
guinea pigs (Reeves et al., 1970), observed adverse inflammatory and proliferative respiratory 
changes following inhalation exposure to beryllium compounds.  Vorwald and Reeves (1959) 
observed inflamed lungs and fibrosis in rats exposed to 0.006 mg Be/m3 (as BeO) for an 
unspecified duration.  A later study exposed Sprague-Dawley CD rats for 72 weeks (7 hr/d, 5 
d/wk) to 34.25 µg Be/m3 from BeSO4 (Reeves et al., 1967).  Gross and histological changes 
observed in exposed versus unexposed rats included increased lung weight, inflamed lungs, 
emphysema, arteriolar wall thickening, granulomas, fibrosis, and proliferative responses within 
the alveoli (LOAEL = 34.25 µg Be/m3).  Guinea pigs were exposed to 0, 3.7, 15.4, or 29.3 µg 
Be/m3 (from the sulfate) for 6 hours/day, 5 days/week for up to 1 year (Reeves et al., 1970).  
Respiratory alterations observed in the beryllium-exposed groups included increased 
tracheobronchial lymph node and lung wet weights, interstitial pneumonitis, and granulomatous 
lesions.  These adverse respiratory effects were observed in all the beryllium dosed groups and 
indicated a chronic inhalation LOAEL of 3.7 µg Be/m3. 
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Wagner et al. (1969) exposed monkeys, rats, and hamsters to 0.21 and 0.62 mg Be/m3 as fumes 
from bertrandite or beryl ore, respectively, for 6 hours/day, 5 days/week for up to 17 months.  
Exposed animals displayed severe effects, including (1) bronchial lymphocytic infiltrates, 
abscesses, consolidated lobes, and granulomatous lesions after exposure to 0.21 mg Be/m3 from 
bertrandite ore, and (2) inflamed lungs, fibrosis, and granuloma after exposure to 0.62 mg Be/m3 
from beryl ore.  Lung inflammation was observed in the exposed monkeys, and a few 
granulomatous lung lesions were observed in the hamsters after similar exposure conditions (up 
to 23 months). 
 
Immunological effects have been observed in a few subchronic studies (Schepers, 1964; 
Schepers et al., 1957; Stiefel et al., 1980).  Schepers (1964) exposed monkeys (Macacus 
mullata) to three soluble forms of beryllium (BeF2, BeSO4, BeHPO4) daily for 6 hours/day over 
7 to 30 days.  Increased lung weight, inflammation, emphysema, and fibrosis of the lung were 
observed after 17 days at 0.198 mg Be/m3 (as BeSO4).  Histological examination found pleuritis, 
congestion, emphysema, consolidation, and edema of the lung.  Immunological effects were seen 
as hyperplasia of the lymph nodes typical of immune activation after 7 to 18 days exposure to 
either 0.198 or 0.184 mg Be/m3 as the sulfate or fluoride.  A subchronic inhalation study reported 
immunological effects as increased, beryllium-specific stimulation of T-lymphocytes in vitro 
from Wistar rats and guinea pigs exposed daily (6 hours/day) over 10 weeks (LOAEL = 0.5 
mg/m3) (Stiefel et al., 1980).  However, a subchronic inhalation study in Wistar and Sherman 
rats (Schepers et al., 1957) observed multiple lung alterations including granulomas (LOAEL = 
35 µg Be/m3) but did not find any accompanying immunological effects after 30 days 
discontinuous exposure (5-6 d/wk, 4-8 hr/d) to beryllium fumes from BeSO4. 
 

Appendix D3 40 Beryllium and Beryllium Compounds  



Determination of Noncancer Chronic Reference Exposure Levels  December 2001 

VI. Derivation of Chronic Reference Exposure Levels 
 
Derivation of Inhalation Reference Exposure Level 
 

Key study Kreiss et al., 1996 
Study population 8 beryllium-sensitized workers among 136 employees 

in a beryllia ceramics plant 
Exposure method Workplace 
Critical effects Beryllium sensitization (chronic beryllium disease) 
LOAEL 0.55 µg/m3 (median exposure of sensitized workers) 
NOAEL Not observed 
Exposure continuity Workplace 
Average experimental exposure 0.2 µg/m3 for LOAEL group  (0.55 x 10/20 x 5/7) 
Human equivalent concentration 0.2 µg/m3

Exposure duration 6.1 years (5 mo – 10 yr) 
LOAEL uncertainty factor 10 (low incidence but serious, irreversible chronic 

disease) 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 1 
Intraspecies uncertainty factor 3  (sensitized may not be only sensitive subpopulation) 

(see below) 
Cumulative uncertainty factor 30   
Inhalation chronic REL 0.007 μg/m3

 
Supportive study Eisenbud et al. (1949) 
Study population Approximately 10,000 individuals within 2 miles of a 

beryllium manufacturing plant 
Exposure method Environmental exposure 
Critical effects Pulmonary berylliosis in 11 residents 
LOAEL 0.03 µg/m3 (geometric mean of range of measured 

exposures associated with berylliosis of 0.01 to 
0.1 µg/m3) 

NOAEL Not observed 
Exposure continuity  Continuous 
Average exposure Estimated to be approximately 0.3 µg/m3 (historical 

exposures estimated to be 10-fold higher than 
measured values) for LOAEL group 

Human equivalent 
concentration 

0.3 µg/m3 for LOAEL group 

Exposure duration Up to 7 years 
LOAEL uncertainty factor 10 
Subchronic uncertainty factor 3 
Interspecies uncertainty factor  1 
Intraspecies uncertainty factor   3 
Cumulative uncertainty factor 100 
Inhalation chronic REL 0.003 µg/m3 
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U.S. EPA (1998) developed an RfC of 0.02 µg/m3 based on beryllium sensitization and 
progression to chronic beryllium disease (CBD) identified by Kreiss et al. (1996).  The Kreiss et 
al. (1996) occupational exposure study identified a LOAEL for beryllium sensitization in 
workers of 0.55 µg/m3 (median of average exposure concentrations of the 8 Be sensitized 
workers).  The Eisenbud et al. (1949) study, which U.S. EPA used as a co-principal study and 
which in U.S. EPA’s opinion used relatively insensitive screening methods, suggested a NOAEL 
of 0.01-0.1 µg/m3 in community residents living near a beryllium plant.  U.S. EPA used the 
LOAEL from the Kreiss et al. (1996) study for the operational derivation of the RfC, because the 
screening method used in the Eisenbud et al. (1949) study was considered to be less sensitive 
than the method used in the Kreiss et al. (1996) study.  The LOAEL was time adjusted to 0.2 
µg/m3, then a total UF of 10 was used to obtain the RfC of 0.02 µg/m3.  The UF of 10 was 
comprised of a UF of 3 to account for the sensitive nature of the subclinical endpoint (beryllium 
sensitization) and a database UF of 3 to account for the poor quality of exposure monitoring in 
the Kreiss et al. and Eisenbud et al. studies.  Poor exposure monitoring was also a problem in 
other epidemiology studies that assessed the incidence of beryllium sensitization.  The U.S. EPA 
did not explicitly apply a LOAEL to NOAEL uncertainty factor.  Thus implicitly the factor is 1.   
 
OEHHA prefers to use the methodology for assignment of UFs, which is described in OEHHA 
(2000) and used in our derivation of the REL for beryllium, including use of a LOAEL to 
NOAEL Uncertainty Factor of 10.  Since chronic beryllium disease (CBD) is serious, chronic, 
disabling, usually irreversible, and often fatal (Newman et al., 1997), it is difficult to justify use 
of a LOAEL to NOAEL factor of only 3.  OEHHA has not used database deficiency UFs since 
the criteria for use of such factors are not well specified by U.S. EPA.  The people who get CBD 
are likely that part of the population who are by nature more sensitive to beryllium, for example 
those with the human leukocyte antigen (HLA) class II marker HLA-DP Glu69 (Richeldi et al., 
1993; Saltini et al., 1998).  Although it is likely that the effects are seen in a "sensitive 
subpopulation," OEHHA applied an intraspecies uncertainty factor (UFH).  OEHHA used an 
intermediate UFH of 3, since 1) there may be other population factors involved in being sensitive, 
such as immature lungs, and 2) all the diseased were initially healthy adult workers. 
 
For comparison the LOAEL from guinea pigs of 3.7 µg Be/m3 (Reeves et al., 1970) is equivalent 
to a continuous exposure of 0.66 µg/m3.  Division by UFs of 10 for intraspecies, 10 for 
interspecies (since HEC adjustments are not available yet for guinea pigs), and 10 for use of a 
LOAEL results in a REL of 0.0007 µg/m3

 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The major strength of the inhalation chronic REL for beryllium is the use of human data from 
persons occupationally exposed.  The major uncertainties are the lack of a NOAEL observation 
in the key study, the lack of long-term exposure data, the difficulty of estimating exposures, and 
the lack of chronic exposure data. 
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VIII. Potential for Differential Impacts on Children's Health 
 
No evidence to support a differential effect of beryllium on infants or children was found in the 
literature.  However, children have developed beryllium disease from metal brought home on the 
parents' work clothes and by living near a facility using beryllium.  Unfortunately the number of 
children and their ages were not published (Eisenbud et al., 1948). 
 
 
Derivation of Chronic Oral Reference Exposure Level  
 
In addition to being inhaled, airborne beryllium can settle onto crops and soil and enter the body 
by ingestion.  Thus an oral chronic reference exposure level for beryllium is also required for 
conducting Air Toxics Hot Spots risk assessments.   
 

Study Morgareidge et al., 1976 
Study population Male and female dogs (5/sex/group) 
Exposure method Diet containing 0, 1, 5, 50 or 500 ppm Be as 

beryllium sulfate tetrahydrate 
Critical effects Small intestinal lesions 
LOAEL 500 ppm  
NOAEL 50 ppm (1.2 mg/kg bw-day) 
Exposure continuity Continuous 
Exposure duration Up to 3 years, 4 months 
Average experimental exposure 1.2 mg/kg bw-day (males, 1.1; females, 1.3) 
BMD05 0.244 mg/kg-day 
LOAEL uncertainty factor Not needed in BMD approach 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 10 
Intraspecies factor 10 
Cumulative uncertainty factor 100  
Oral reference exposure level 0.002 mg/kg-day 

 
Morgareidge et al. (1976) conducted a long-term feeding study in which beagle dogs (aged 8 to 
12 mo) were fed diets (for 1 h per day) containing 0, 5, 50, or 500 ppm Be for 172 weeks.  The 
500 ppm group was terminated at 33 weeks because of overt signs of toxicity, and an additional 
group was added to the study and fed a diet containing 1 ppm Be (for 143 weeks).  The 1, 5, 50, 
and 500 ppm concentrations corresponded to doses of 0.023, 0.12, 1.1, and 12.2 mg/kg-day for 
males and 0.029, 0.15, 1.3, and 17.4 mg/kg-day for females.  All animals in the 500 ppm group 
showed fairly extensive erosive (ulcerative) and inflammatory lesions in the gastrointestinal 
tract.  These occurred predominantly in the small intestine and to a lesser extent in the stomach 
and large intestine, and were considered treatment related.  All animals with stomach or large 
intestinal lesions also had lesions in the small intestine, except for one animal (whose stomach 
lesions were very localized and not very severe).  Lesions in the small intestine (4/5 males and 
5/5 females) were considered to be treatment-related and included desquamation of the 
epithelium, edema, fibrin thrombi, acute inflammation, subacute/chronic inflammation, necrosis 
and thinning/atrophy of the epithelium, and ulceration.  High-dose animals also showed 
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moderate to marked erythroid hypoplasia of the bone marrow, which the authors also considered 
treatment related.  (Bile stasis and vasculitis in the liver, acute inflammation in the lymph nodes, 
and kidney occurring in these animals was attributed to a likely systemic bacterial invasion 
through the damaged intestinal mucosa.)  In the 50 ppm group, one female dog, which died after 
70 weeks of treatment, showed gastrointestinal lesions, which were less severe, but occurred in 
the same locations and appeared to be the same types of lesions as those in dogs administered 
500 ppm.  The observation that beryllium is poorly absorbed by the gastrointestinal tract (Owen, 
1990; ATSDR, 2000) probably explains why lesions were not seen outside the gastrointestinal 
tract.  In addition the predominance of lesions in the small intestine may have been partly due to 
precipitation of beryllium phosphate there due to the slightly alkaline pH (Reeves, 1965).  Thus 
500 ppm was a LOAEL and 50 ppm was a NOAEL (statistically) for gastrointestinal lesions. 
 
USEPA used the same study to derive its RfD of 0.002 mg/kg-day.  The U.S. EPA stated its 
confidence in the RfD as: study - medium; database – low to medium, and RfD - low to medium.  
USEPA used a BD10 approach and included a database UF of 3.  OEHHA used a BD05 approach 
(specifically a Weibull model in the USEPA's BMDS software) and did not include a database 
UF since the criteria for use of modifying factors such as this are not well specified by U.S. EPA.  
However, the final value for the oral chronic REL was the same as the USEPA's RfD. 
 
This RfD and the oral REL are limited to soluble beryllium salts.  Data on the teratogenicity or 
reproductive effects of beryllium are limited.  Beryllium has been reported to produce terata and 
increased mortality in chick embryos. 
 
When assessing the health effects of beryllium, its carcinogenicity must also be assessed.   
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CHRONIC TOXICITY SUMMARY 
 

1,3-BUTADIENE 
 

(butadiene; buta-1,3-diene; biethylene; bivinyl; divinyl; vinylethylene) 
 

CAS Registry Number: 106-99-0 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 20 µg/m3 (8 ppb) 
Critical effect(s) Increased incidence of ovarian atrophy in mice 
Hazard index target(s) Female reproductive system 

 
 
II. Physical and Chemical Properties Summary (HSDB, 2000; CRC, 1995) 
 

Description Colorless gas 
Molecular formula C4H6
Molecular weight 54.09 g/mol 
Boiling point −4.4oC 
Melting point −108.9oC  
Vapor pressure 910 torr at 20oC 
Solubility Very slightly soluble in water (735 mg/L); 

soluble in ethanol, ether, acetone, benzene and 
organic solvents 

Conversion factor 1 ppm = 2.21 mg/m3 at 25oC  
 
 
III. Major Uses and Sources 
 
1,3-Butadiene is a major commodity product of the petrochemical industry, usually produced as 
a by-product of ethylene.  The majority of 1,3-butadiene is used in the production of styrene-
butadiene rubber copolymers (SBR).  Other applications include use as a polymer component for 
polybutadiene, hexamethylene diamine, styrene-butadiene latex, acrylonitrile-butadiene-styrene 
(ABS) resins, chloroprene and nitrile rubbers.  A variety of industrial syntheses use 1,3-
butadiene resins (AB as a chemical intermediate, such as in the production of adiponitrile (a 
nylon precursor), captan and captofol fungicides, ethylidene norbornene and sulfolane, boron 
alkyls, and hexachlorobutadiene.  Additionally, 1,3-butadiene is found in automobile exhaust, 
gasoline vapor, fossil fuel incineration products, and cigarette smoke (HSDB, 2000).  In 1996, 
the latest year tabulated, the statewide mean outdoor monitored concentration of 1,3-butadiene 
was approximately 0.2 ppb (CARB, 1999).  The South Coast Air Quality Management District 
(SCAQMD, 2000) detected ambient levels of 1,3-butadiene ranging from 0.1 to 0.8 ppb at 10 
stationary monitors placed throughout the South Coast Air Basin.  The annual statewide 
industrial emissions from facilities reporting under the Air Toxics Hot Spots Act in California 
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based on the most recent inventory were estimated to be 20,846 pounds of 1,3-butadiene (CARB, 
2000). 
IV. Effects of Human Exposure 
 
An early occupational study reported complaints of irritation of eyes, nasal passages, throat, and 
lungs in rubber manufacturing workers following acute exposure to unknown levels of 1,3-
butadiene (Wilson, 1944).  Additional symptoms reported included coughing, fatigue, and 
drowsiness; however, all symptoms ceased on removal from the exposure.   
 
Studies on the chronic effects of 1,3-butadiene have been centered in the styrene-butadiene 
rubber manufacturing industry, which uses large quantities of 1,3-butadiene, and in the 1,3-
butadiene monomer industry.  One retrospective epidemiological study reported an increase in 
overall mortality, emphysema, and cardiovascular diseases (chronic rheumatic and 
arteriosclerotic heart disease) among rubber workers (McMichael et al., 1976).  Two other 
occupational studies (Divine and Hartman, 1996; Matanoski et al., 1990) indicated that the 
standardized mortality ratio for deaths from arteriosclerotic heart disease was elevated (∼1.4-1.8) 
among black workers in the 1,3-butadiene rubber industry. Other occupational studies have 
described the potential for adverse hematological effects due to butadiene exposure (Checkoway 
and Williams, 1982; McMichael et al., 1975).  A survey of workers at a styrene-butadiene rubber 
plant revealed slightly lower levels (but within normal range) of red blood cells, hemoglobin, 
platelets, and neutrophils in exposed (mean = 20 ppm) versus unexposed workers (Checkoway 
and Williams, 1982).  And 1,3-butadiene has been implicated in hematopoietic malignancies 
among styrene-butadiene rubber workers at levels lower than 20 ppm (McMichael et al., 1975).  
Since the workers in these studies were exposed to mixtures of chemicals, the specific 
contribution of butadiene to the adverse respiratory and hematopoietic effects remains unclear. 
 
 
V. Effects of Animal Exposure 
 
The few available chronic animal inhalation studies have focused on the potential 
carcinogenicity of 1,3-butadiene.  The National Toxicology Program (NTP) has sponsored two 
chronic inhalation studies in B6C3F1 mice (NTP, 1984; Melnick et al., 1990; NTP, 1993), while 
Hazelton Laboratories Europe (HLE) Ltd. conducted a chronic inhalation study in Sprague-
Dawley rats (HLE, 1981; Owen et al., 1987; Owen and Glaister, 1990). 
 
The two B6C3F1 mice inhalation studies sponsored by NTP (Huff et al., 1985; Melnick et al., 
1990; NTP, 1984; NTP, 1993), although focused on carcinogenicity, identified other adverse 
chronic effects.  The earlier NTP (1984) study in mice administered 0, 625 or 1250 ppm 1,3-
butadiene for 6 hours/day, 5 days/week for up to 61 weeks.  Nonneoplastic changes observed 
were elevated testicular and ovarian atrophy at both doses (625 and 1250 ppm); liver necrosis in 
male mice at both doses and in female mice at 1250 ppm; and nonneoplastic lesions in the nasal 
cavity at 1250 ppm.  At the highest dose, adverse changes in the nasal cavity included chronic 
inflammation, fibrosis, cartilaginous metaplasia, osseous metaplasia, and atrophy of the sensory 
epithelium.  No nasal or respiratory lesions were seen in the controls.  This study identified a 
chronic LOAEL of 625 ppm for gonadal atrophy in both sexes. 
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The later NTP study (Melnick et al., 1990; NTP, 1993) used lower exposure concentrations of 
1,3-butadiene (0, 6.25, 20, 62.5, 200 or 625 ppm) administered 6 hours/day, 5 days/week for up 
to 2 years.  Two-year survival was significantly decreased in mice exposed to 20 ppm and 
greater, primarily due to chemical-related malignant neoplasms.  Increased incidences of non-
neoplastic lesions in exposed mice included bone marrow atrophy, gonadal atrophy (testicular, 
ovarian and uterine), angiectasis, alveolar epithelial hyperplasia, forestomach epithelial 
hyperplasia, and cardiac endothelial hyperplasia.  Gonadal atrophy was observed at 200 ppm and 
625 ppm for males and at 6.25 ppm and higher for females.  Bone marrow toxicity (regenerative 
anemia) was seen at 62.5 ppm and higher.  This study identified a chronic LOAEL of 6.25 ppm 
for reproductive toxicity, and a NOAEL of 200 ppm and a LOAEL of 625 for non-neoplastic 
hematotoxic effects. 
 
Table 1. Reproductive system atrophy and 2 year survival (NTP, 1993) 
 
 Butadiene 

  (ppm) 
Female 
survival 

Atrophy of 
ovary 

Atrophy of 
uterus 

Male 
survival 

Atrophy of 
testicle 

     0 37/50   4/49   1/50 35/50   1/50 
     6.25 33/50 19/49   0/49 39/50   3/50 
   20 24/50 32/48   1/50 24/50   4/50 
   62.5 11/50 42/50   1/49 22/50   2/48 
 200   0/50 43/50   8/50   4/50   6/49 
 625   0/80 69/79 41/78   0/70 53/72 
 
 
The U.S. EPA (1985) reviewed data from a 2-year chronic inhalation toxicity study sponsored by 
the International Institute of Synthetic Rubber Producers (IISRP) at Hazelton Laboratories 
Europe, Ltd (1981) on Sprague-Dawley rats exposed to 0, 1000 or 8000 ppm 1,3-butadiene.  
Results from the study were also reported later by Owen et al. (1987; 1990).  Minor clinical 
effects, including excessive eye and nose secretions plus slight ataxia, were observed between 2 
and 5 months in rats exposed to 8000 ppm 1,3-butadiene.  Alterations in organ weight were also 
observed in this high exposure group.  A dose-related increase in liver weights was observed at 
both the 52-week interim kill and at study termination.  Absolute and relative kidney weight was 
also significantly increased and associated with nephrosis.  No reproductive organ atrophy was 
reported in this rat study; however, tumors were found in reproductive tissues (Owen et al., 
1987). 
 
Penn and Snyder (1996a,b) exposed cockerels (young male chickens) to 0 or 20 ppm 1,3-
butadiene 6 hr/day, 5 days/week for 16 weeks to study arteriosclerotic plaque development.  The 
cockerel is a sensitive animal model for studying the effects of environmental arteriosclerotic 
plaque-promoting agents.  Plaque frequency and location were not affected.  However, plaque 
sizes were significantly larger in 1,3-butadiene-treated cockerels than in controls. 
 
The U.S. EPA (1985) described another secondary report, that of Miller (1978), which reviewed 
a group of Russian studies of subchronic 1,3-butadiene exposure in rats.  One study (reported by 
Ripp in 1967) continuously exposed rats to relatively lower concentrations of 0.45, 1.4 or 13.5 
ppm.  At 13.5 ppm, blood cholinesterase was elevated, blood pressure was lowered, and motor 
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activity was decreased.  Histopathological changes reported at 0.45 ppm were congestion in the 
spleen and hyperemia and leukocyte infiltration of cardiac tissue.  Alterations in lung tissue 
noted at 1.4 and 13.5 ppm included atelectasis, interstitial pneumonia, and emphysema.  No other 
studies used such low exposure levels or measured such endpoints.  Unfortunately, the specific 
research methods and results for this study are unavailable for direct review and comparison. 
 
A series of reproductive and developmental toxicity studies undertaken by U.S. EPA was 
summarized by Morrissey et al. (1990).  In developmental toxicity studies, pregnant female rats 
and mice were exposed to 0, 40, 200, or 1000 ppm 1,3-butadiene for 6 hrs/day on days 6-15 of 
gestation.  In rats, maternal body weight gain and extra-gestational body weight gain was 
reduced at the highest exposure.  However, no evidence of developmental toxicity was observed.  
In mice, maternal body weight gain and extra-gestational body weight gain were reduced at 200 
and 1000 ppm.  Gravid uterine weight was reduced at 1000 ppm.  Fetal and placental weights 
were reduced in an exposure-dependent manner with reduced male fetal body weight reaching 
statistical significance at 40 ppm and above.  In the sperm head morphology assay and the 
dominant lethality study, groups of male mice were exposed to 200, 1000, and 5000 ppm 1,3-
butadiene for 5 consecutive days.  Concentration-related small increases in the percentages of 
abnormal sperm heads were observed, but were statistically significant only at the two highest 
exposures.  Dominant lethal effects were observed only in the first two weeks following 
exposure.  At week 1, the percentage of dead implants/total implants was increased only at 1000 
ppm, and the percentage of females with > 2 dead implants was increased at 200 and 1000 ppm.  
The number of dead implants/pregnancy was increased beginning at 1000 ppm at week 1, and 
200 and 1000 ppm at week 2.  While not strongly concentration dependent, the dominant 
lethality results are consistent with an adverse effect of 1,3-butadiene on more mature cells 
(spermatozoa and spermatids). 
 
An acute and subchronic (10 week) study identified male-mediated F1 effects in mice exposed to 
12.5 or 1250 ppm 1,3-butadiene for 6 hours/day, 5 days/week (Anderson et al., 1996).  An 
additional group of mice were also exposed to 6250 ppm 1,3-butadiene in the acute study.  
Meaningful toxic effects were not observed in the acute study and no reproductive parameters 
were affected in either study.  In the 10-week study, 1250 ppm (2762.4 mg/m3) resulted in a 
statistically significant reduction in the number of implantations, an induction of dominant lethal 
mutations, an increased incidence of early and late deaths, and an increase in abnormalities.  The 
lower level of 12.5 ppm (27.63 mg/m3) resulted in an increase of late deaths and fetal 
abnormalities. 
 
A follow-up of the Anderson et al. (1996) dominant lethality study exposed male mice to 12.5 or 
125 ppm 1,3-butadiene under the same subchronic exposure conditions (Brinkworth et al., 1998).  
A statistically significant increase in early deaths was observed at 125 ppm.  The incidences of 
late deaths, dead fetuses, and abnormalities were elevated at 125 ppm but were not statistically 
significant.  Testicular DNA damage, as detected by the Comet assay, was observed at 125 ppm. 
 
Further dominant lethality studies in rodents by the same research group exposed male mice to 
12.5, 65, and 130 ppm 1,3-butadiene 6 hr/day, 5 days/week for four weeks (Anderson et al., 
1998).  Groups of male rats were also exposed to 65, 400, and 1250 ppm 1,3-butadiene 6 hr/day, 
5 days/week for 10 weeks.  In mice, a statistically significant increase in early deaths was 
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observed at 65 and 130 ppm but was not dose-related.  Male-mediated effects in rats were not 
observed at any exposure level. 
 
Pacchierotti et al. (1998) investigated 1,3-butadiene-induced toxic effects on spermatogenic cell 
stages and first-cleavage embryos. Exposure of male mice to 130, 500, and 1300 ppm 1,3-
butadiene 6 hr/day for 5 days did not result in an increase of unfertilized oocytes after pairing 
with untreated females.  However, statistically significant increases of cytogenetic aberrations in 
first-cleavage embryos were observed in the first mating week in mice exposed to 500 and 1300 
ppm, and in the second mating week in mice treated with 1300 ppm.  Treatment-related effects 
on differentiating spematogonia were shown by a concentration-dependent decrease of round 
spermatids occurring 21 days after exposure, and confirmed 7 days later by a similar decrease of 
elongated spermatids.  Testis weight was significantly reduced at all doses tested, 21 days after 
the end of exposure.  A dose-dependent increase of variant sperm with single-stranded DNA 
content was observed 28 days after exposure, and attained statistical significance at 1300 ppm. 
 
 
VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study NTP (1993) 
Study population B6C3F1 mice (70/sex/group) 
Exposure method Discontinuous inhalation (0, 6.25, 20, 62.5, 200, 

625 ppm) over 2 years 
Critical effects Increased incidence of ovarian atrophy  
LOAEL  6.25 ppm 
NOAEL Not observed 
BMC05 1.40 ppm 
Exposure continuity 6 hr/d, 5 d/wk 
Exposure duration 103 weeks 
Average experimental exposure 0.25 ppm for BMC05  

(1.40 ppm x 6/24 hr/day x 5/7 days/week) 
Human equivalent concentration 0.25 ppm (gas with systemic effects, based on 

RGDR = 1.0 using default  assumption that 
lambda (a) = lambda (h)) 

LOAEL uncertainty factor Not needed in the BMC approach 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10  
Cumulative uncertainty factor 30 
Inhalation reference exposure level 8 ppb (0.008 ppm; 0.02 mg/m3; 20 µg/m3) 

 
The chronic REL for butadiene is based on an increased incidence of ovarian atrophy in mice.  
Characteristically, affected females had no evidence of oocytes, follicles, or corpora lutea.  
Significant reproductive toxicity was observed in both sexes of mice at the interim 9-month, 
interim 15-month, and 2-year study termination as gonadal atrophy (NTP, 1993).  Testicular 
atrophy was induced in male B6C3F1 mice at 625 ppm or above in this principal study and in a 
previous study (NTP, 1984).  In female mice exposed for 9-months, ovarian atrophy was 
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observed at 200 and 625 ppm (442 or 1381 mg/m3, respectively).  After 15 months, ovarian 
atrophy was observed at exposure levels of 20 ppm (44.2 mg/m3) and above.  In mice exposed 
for up to 2 years (103 weeks), the incidence of ovarian atrophy increased at all exposure 
concentrations relative to controls, which establishes a chronic LOAEL of 6.25 ppm (13.81 
mg/m3) for reproductive toxicity.  
 
Presentation of the ovarian atrophy data in quantal form (see Table 1) allows the use of the 
benchmark concentration (BMC) approach to determine the REL.  A log-normal probit analysis 
(U.S. EPA, National Center for Environmental Assessment, benchmark dose software, version 
1.20) using only the control group and the log-dose of the three lowest butadiene exposure 
groups provided the lowest chi-square value (i.e., the best line fit to the data points).  The 
proportion of mice developing ovarian atrophy in the two highest exposure groups did not 
increase appreciably with increasing exposure concentration, and therefore, deviated from the 
log-normal probit plot.  The significantly shortened survival rate in these two groups may be one 
reason for this deviation.  Another possible cause is that a relatively resistant subgroup of mice 
(to ovarian atrophy) is revealed at the two highest doses following 2-year exposure to 1,3-
butadiene.  Thus, it may be biologically plausible to remove these resistant subgroups when 
using a BMC approach.  The maximum likelihood estimate (MLE) for a 5% response was 1.53 
ppm.  The resulting 95% lower confidence limit at the MLE provided a BMC05 of 1.40 ppm.  A 
BMC05 is considered to be similar to a NOAEL in estimating a concentration associated with a 
low level of risk.  
 
The mouse ovary is more sensitive to butadiene’s epoxide metabolites than the rat ovary.  Doerr 
et al. (1996) administered butadiene monoepoxide (BMO) or butadiene diepoxide (BDE) 
intraperitoneally to female B6C3F1 mice and Sprague-Dawley rats for 30 days and found that 
BMO and BDE exhibited a greater ovotoxic potential in the mice compared to the rats.  Dahl et 
al. (1991) reported that, for equivalent inhalation exposures, the concentrations of total butadiene 
metabolites in blood were 5-50 times lower in the monkeys than in the mice and 4-14 times 
lower than in the rats.  People may be more like the monkey than the mouse or the rat in their 
formation of epoxides from butadiene.  In vitro metabolism studies with human liver tissue 
present conflicting results regarding whether humans would be more like rats or mice in forming 
epoxide metabolites (Bond et al., 1996; Duescher and Elfarra, 1994).  The considerable degree of 
interindividual variability in human samples was a reason given for the inconsistencies.  Several 
pharmacokinetic models (Sweeney et al., 1997; reviewed by Himmelstein et al., 1997) have been 
developed to adjust for species differences in pharmacokinetics.  However, an interspecies 
pharmacodynamic adjustment for this ovarian atrophy endpoint with butadiene is still needed.  
Therefore OEHHA staff use an interspecies uncertainty factor of 3 to account for 
pharmacodynamic differences between mice and women.  
 
Christian (1996) has postulated that it may be inappropriate to develop health-protective values 
for 1,3-butadiene based on 2-year ovarian atrophy in mice because the mice are beyond their 
normal reproductive age.  It was suggested that the 15-month evaluation of ovarian atrophy 
conducted by the NTP (1993) would be a better indicator of reproductive risk.  However, 
OEHHA staff believes that butadiene-induced ovarian atrophy represents a toxic manifestation in 
an organ system.  The fact that it occurs in a reproductive organ is immaterial for the 
development of a chronic REL.  Nonetheless, a comparison REL based on the 15-month interim 
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evaluation for ovarian atrophy can be estimated.  Quantal data at the 15-month interim 
evaluation shows that no mice developed ovarian atrophy (0/10) in the control group or at the 
lowest exposure.  Ovarian atrophy was observed in 1/10, 9/10, 7/10, and 2/2 mice at the 20, 62.5, 
200, and 625 ppm exposure groups, respectively.  A log-normal probit analysis (U.S. EPA, 
National Center for Environmental Assessment, benchmark dose software draft, beta version 
1.1b) based on the 15-month ovarian atrophy data provided an MLE of 8.12 ppm and a BMC05 
of 3.08 ppm.  Following adjustment for exposure continuity (6/24 hr/day, 5/7 days/wk) to 0.55 
ppm and dividing by a total UF of 30 (3 for interspecies variability and 10 for intraspecies 
variability), a REL of 20 ppb (40 μg/m3) was attained.   
 
Another comparison to the proposed REL can be made using the dominant lethality study of 
Anderson et al. (1998).  Early fetal deaths were observed at 65 and 125 ppm, but not 12.5 ppm.  
An earlier dominant lethality study (Anderson et al., 1996) indicated that early deaths may occur 
at 12.5 ppm but the toxicological effect could not be repeated at this concentration in subsequent 
studies.  The average exposure duration at the NOAEL is 3.125 ppm (12.5 ppm x 6 hr/24 hr).  
Use of an RGDR of 1 and a cumulative uncertainty factor of 30 (3 for interspecies and 10 for 
intraspecies) resulted in a REL of 0.1 ppm (0.2 mg/m3).  Since the endpoint is a function of 
exposure during sperm maturation, no subchronic UF was used.  The U.S. EPA had observed 
developmental toxicity in fetal rats (reduced male fetal body weight ) at 40 ppm (Morrissey et 
al., 1990).  However, unlike the Anderson et al. (1998) study, a NOAEL was not determined. 
 
Recent studies have implicated 1,3-butadiene in accelerating arteriosclerotic plaque development 
in cockerels (Penn and Snyder, 1996a,b), although no animal studies in mammals have 
implicated 1,3-butadiene in this disease.  The worker study by McMichael et al. (1976) observed 
a slight increase in mortality from arteriosclerosis among all rubber workers.  But more recent 
mortality studies in the rubber industry found no association or found an actual mortality 
decrement from arteriosclerosis and other circulatory diseases when compared to a reference 
population, suggesting a ‘healthy worker’ effect (Divine and Hartman, 1996; Matanoski et al., 
1990; Sathiakumar et al., 1998).    
 
When mortality among rubber workers was adjusted for race, two studies found that black rubber 
workers had a small, although statistically significant, increased mortality from arteriosclerosis 
compared to the black male U.S. population (Divine and Hartman, 1996; Matanoski et al., 1990).  
But a larger study of black workers in the rubber industry found no association between 
circulatory diseases, which includes arteriosclerosis, and mortality (Sathiakumar et al., 1998).  
Weaknesses in these worker analyses include relatively small cohort sizes, the bias of having 
racial information on all deaths and not on all living workers, the lack of racial data on some 
workers (up to 15% of cohort), and the lack of complete or specific work histories of the 
subjects.  Also, black men of certain age groups are known to have an increased standardized 
mortality ratio for arteriosclerotic (ischemic) heart disease compared to white men (CDC, 2000).  
Limited data, conflicting worker mortality results, and lack of underlying mechanisms of action 
prevent the use of these findings in 1,3-butadiene REL development.  However, there clearly is a 
need for further animal and epidemiological studies to determine if there is a true association 
between 1,3-butadiene exposure and arteriosclerotic diseases. 
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VII. Data Strengths and Limitations for Development of the REL 
 
The major strength of the 1,3-butadiene REL is the observation of a dose-response effect in a 
well-conducted lifetime inhalation exposure study.  The major weaknesses are the lack of 
adequate human health effects and metabolism data and the lack of a NOAEL observation in the 
key study. 
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CHRONIC TOXICITY SUMMARY 
 

CADMIUM AND CADMIUM COMPOUNDS 
 

CAS Registry Number: 7440-43-9 
 
 
I. Chronic Toxicity Summary  
 

Inhalation reference exposure level 0.02 μg/m3 (respirable)  
Critical effect(s) Kidney effects (proteinuria) and respiratory 

effects (reduction in forced vital capacity and 
reduction in peak expiratory flow rate) in 
occupationally exposed humans 

Hazard index target(s) Kidney; respiratory system 
 
 
II. Physical and Chemical Properties  (ATSDR, 1993) 
  

Description Blue-white solid 
Molecular formula Cd 
Molecular weight 112.41 g/mol 
Density 8.642 g/cm3 @ 20ºC 
Boiling point 765ºC (CRC, 1994) 
Melting point 320.9ºC 
Vapor pressure 1 torr @ 394ºC 
Conversion factor Not applicable 

 
 
III. Major Uses or Sources 
 
The production of nickel-cadmium batteries is currently the primary use of cadmium (ATSDR, 
1993).  Cadmium, a by-product of zinc- and sulfide-ore processing, is also used for metal plating 
and in pigments and plastics.  The annual statewide industrial emissions from facilities reporting 
under the Air Toxics Hot Spots Act in California based on the most recent inventory were 
estimated to be 3672 pounds of cadmium (CARB, 2000). 
 
 
IV. Effects of Human Exposure 
 
Pulmonary and renal function were examined in three worker groups: women with less than 20 
years of exposure [group E1]; men with less than 20 years of exposure [group E2], and men with 
more than 20 years of exposure [group E3] (Lauwerys et al., 1974).  Exposed groups were 
matched to control groups in terms of age, body size, cigarettes smoked per day, duration of 
smoking, and duration of employment.  Although urine cadmium concentrations were 
significantly elevated, the subjects in E1 did not exhibit pulmonary function changes or 
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proteinuria indicative of renal impairment.  The workers in E1 had been exposed for a mean of 
4.08 years to 31 μg/m3 total cadmium (1.4 μg/m3 respirable cadmium).  The 27 workers in E2 
had been exposed for a mean of 8.6 years to 134 μg/m3 total cadmium (88 μg/m3 respirable 
cadmium).  The blood and urinary cadmium levels of these workers were also significantly 
elevated compared to matched controls.  Glomerular proteinuria was observed in 15% of the 
workers in E2 and in 68% of workers in E3.  The 22 workers of E3 had been exposed for a mean 
of 27.8 years to 66 μg/m3 total cadmium (21 μg/m3 respirable cadmium).  Significantly increased 
levels of cadmium were observed in the blood and urine, and workers in E3 also exhibited 
significant decreases in some measures of pulmonary function (forced vital capacity, forced 
expiratory volume in one second, and peak expiratory flow rate).  This study identifies the 
kidney as the key target organ of chronic cadmium exposure.  For respirable cadmium, this study 
indicates a LOAEL of 21 μg/m3 for workers exposed for 28 years and a NOAEL of 1.4 μg/m3 
for workers exposed for 4 years. 
 
A study of 82 cadmium exposed workers reports the time-weighted cumulative exposure index 
(TWE) and cadmium body burden determined in vivo (Ellis et al., 1985).  Evidence of renal 
dysfunction (usually elevated urinary β2-microglobulin) was consistently observed when the 
worker’s liver cadmium burden exceeded 40 ppm and the time-weighted cumulative exposure 
index exceeded 400-500 μg years/m3.   
 
A detailed investigation of renal function in 75 male cadmium-exposed workers identified 
significant increases in urinary excretion of several low- and high molecular weight proteins, 
including β2-microglobulin, and significant decreases in renal reabsorption of calcium, urate, and 
phosphate compared to controls (Mason et al., 1988).  Exposures, which ranged from 36 to 
600 μg/m3, were determined from background or personal exposure measurements made 
between 1964 and 1983, or were estimated.  A time-weighted cumulative exposure index (TWE) 
was determined for each subject.  A two phase linear regression model was applied to the data to 
identify inflection points for each biochemical parameter.  The biochemical indicators most 
highly correlated to exposure were urinary retinol binding protein and urinary β2-microglobulin.  
Of these, the most sensitive parameter, urinary β2-microglobulin, demonstrated an inflection 
point at 1108 μg years/m3 with a 95% lower confidence limit of 509 μg years/m3.  The endpoint 
selected is indicative of defects in tubular reabsorption of proteins. 
 
Diminished sensitivity of smell has also been observed in cadmium exposed workers (Rose et 
al., 1992).  Cadmium body burden, β2-microglobulin levels, and olfactory function were 
measured in a group of 55 male workers exposed to cadmium fumes in a brazing operation.  A 
group of 15 control workers was also tested.  Exposed workers exhibited high urinary cadmium 
levels, tubular proteinuria, and a significant, selective defect in odor detection threshold.  
 
 
V. Effects of Animal Exposure 
 
Interstitial infiltration of lymphocytes and leukocytes and hyaline casts were observed in the 
kidneys of rabbits following exposure to 6.5 mg/m3 cadmium-iron dust for 3 hours per day, 
21 days per month for 9 months (Friberg, 1950).  Proteinuria was observed in the majority of 
exposed rabbits by the fourth month of exposure.  Increased lung weights and emphysema were 
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also observed.  The trachea and nasal mucous membranes exhibited chronic inflammatory 
changes (not specified) and lymphocyte infiltration.  The kidney contained the greatest 
concentration of cadmium.  This study also exposed a group of rabbits to 9.1 mg/m3 
cadmium-iron dust for 3 hours per day, 23 days per month, for 7 months.  Two rabbits in this 
group died from acute pneumonia at one month, and one rabbit was terminated at 3 months of 
exposure.  Findings at necropsy were similar, although more severe than those observed in 
rabbits exposed to 6.5 mg/m3.  Chronic bronchitis and hyperplasia of the bronchiolar epithelium 
were observed in the higher dose group in addition to the findings previously noted.   
 
Male and female rats were exposed to 0, 0.3, 1.0, or 2.0 mg Cd/m3 (as CdCl2) 6 hours per day, 5 
days per week for a total of 62 exposures (Kutzman et al., 1986).  Rapid, shallow breathing and 
marked weight loss were observed in the highest dose group; all animals in this group died 
within the first 45 days of exposure.  A dose-dependent increase in lung weight was observed in 
the remaining dose groups and a statistically significant increase in lung collagen and elastin was 
observed in rats exposed to 1.0 mg/m3.  Pathological changes noted in the terminal bronchioles 
include flattening and hyperplasia of type II cells, and infiltration of macrophages, mononuclear 
cells, and polymorphonuclear leukocytes.  Proliferation of fibroblasts with deposition of collagen 
was also noted.   
 
Male rats were exposed continuously to 0, 30, or 90 µg Cd/m3 cadmium oxide (CdO) dust for up 
to 18 months (Takenaka et al., 1990).  Animals exposed to 30 μg/m3 were sacrificed at 6 and 18 
months of exposure.  Although some rats in the high dose group were terminated after 6 months 
of exposure, the remaining rats were terminated after 7 months due to increased mortality and 
were not included in the study.  Inflammation and hyperplasia of the alveolar epithelium 
occurred in animals of both groups after 6 months of exposure with more marked changes 
observed in the high dose group.  Abnormal proliferation of the epithelium was observed in the 
low dose group following 18 months of exposure.  Lung tumors observed in both dose groups 
were characterized as being duration dependent. 
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VI. Derivation of Chronic Reference Exposure Levels (REL) 
 
Derivation of Chronic Inhalation Reference Exposure Level 
 

Study Lauwerys et al., 1974 
Study population Humans (22 exposed men and 22 unexposed 

men in LOAEL group; 31 exposed women 
and 31 non-exposed women in NOAEL 
group) 

Exposure method Occupational exposures 
Critical effects Kidney effects - proteinuria in 68% of LOAEL 

group 
Respiratory effects – reduction in forced vital 

capacity (FVC), forced expiratory flow in 1 
second (FEV1); reduction in peak expiratory 
flow rate 

LOAEL 21 μg/m3 respirable cadmium  
NOAEL 1.4 μg/m3 respirable cadmium 
Exposure continuity  Assumed to be 5 days/week for 8 hours/day 

during which 10 m3 air is breathed  
Average occupational exposure 0.5 μg/m3 for NOAEL group (1.4 x 10/20 x 5/7) 
Human equivalent concentration 0.5 μg/m3 for NOAEL group 
Exposure duration Average of 4.1 years (1 to 12 years) for NOAEL 

group 
LOAEL uncertainty factor 1 
Subchronic uncertainty factor 3 
Interspecies uncertainty factor  1 
Intraspecies uncertainty factor  10 
Cumulative uncertainty factor 30 
Inhalation reference exposure level 0.02 μg/m3

 
 
VII. Data Strengths and Limitations for Development of the REL 
 
This evaluation of a chronic REL for cadmium is strengthened by being based on a human 
exposure study of workers exposed to cadmium for periods of 1 to over 20 years.  The exposed 
group was matched to a control group in terms of age, body size, cigarettes smoked per day, 
duration of smoking, and duration of employment.  The factory process was unchanged over the 
study period suggesting that exposures may have remained relatively constant over time.  
Significant areas of uncertainty include an incomplete knowledge of the past exposures over the 
full study interval and the relatively small number of subjects in the study. 
 
A similar evaluation of the LOAEL group led to an alternate estimate for an inhalation reference 
exposure level of 0.05 μg/m3.  The LOAEL group had an average occupational exposure of 
5.0 µg/m3 and an average exposure duration of 27.8 years (21 to 40 years).  Default uncertainty 
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factors included a 10-fold LOAEL uncertainty factor and a 10-fold intraspecies uncertainty 
factor (UF). 
 
For comparison, using data presented by Ellis and associates (1985) and Mason and associates 
(1993) correlating human cumulative exposures (in terms of µg-years/m3) and renal tubular 
protein reabsorption, a LOAEL of 500 µg-years/m3 was predicted.  This correlates to 7 µg/m3 
over 70 years.  A time-weighted exposure to account for continuous exposure rather than 40 hour 
per week occupational exposure is 1.7 µg/m3.  Applying a 10-fold LOAEL uncertainty factor and 
a 10-fold intraspecies uncertainty factor results in a REL value of 0.02 µg/m3, the same value 
obtained using the Lauwerys et al. data.  U.S. EPA has not published an RfC for cadmium.   
 
In addition to being inhaled, airborne cadmium can settle onto crops and soil and enter the body 
by ingestion.  Thus an oral chronic reference exposure level for cadmium is also required.  We 
propose adopting the U.S. EPA RfD as the chronic oral REL. 
 
 
Derivation of Chronic Oral Reference Exposure Level (U.S. EPA RfD) 
 

Study U.S. EPA, 1985 
Study population Humans 
Exposure method Food and drinking water 
Critical effects Significant proteinuria 
LOAEL Not observed 
NOAEL 0.005 mg/kg bw-day 
Exposure continuity Chronic 
Exposure duration Up to lifetime 
Average exposure 0.005 mg/kg bw-day 
LOAEL uncertainty factor 1 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 1 
Intraspecies factor 10 
Cumulative uncertainty factor 10 
Oral reference exposure level 0.0005 mg/kg bw-day 

 
The oral REL is the U.S. EPA’s Reference Dose (RfD) (U.S. EPA, 1996).  A concentration of 
200 μg cadmium (Cd)/gm wet human renal cortex is the highest renal level not associated with 
significant proteinuria (U.S. EPA, 1985).  A toxicokinetic model is available to determine the 
level of chronic human oral exposure (NOAEL) which results in 200 μg Cd/gm wet weight 
human renal cortex.  The model assumes that 0.01% of the Cd body burden is eliminated per day 
(U.S. EPA, 1985).  Assuming 2.5% absorption of Cd from food or 5% from water, the 
toxicokinetic model predicts that the NOAEL for chronic Cd exposure is 0.005 and 0.01 mg 
Cd/kg/day from water and food, respectively (i.e., levels which would result in 200 μg Cd/gm 
wet weight human renal cortex).  Thus, based on an estimated NOAEL of 0.005 mg Cd/kg/day 
for Cd in drinking water and an UF of 10, an RfD of 0.0005 mg Cd/kg/day (water) was 
calculated; an equivalent RfD for Cd in food is 0.001 mg Cd/kg/day. 
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Cd is unusual in relation to most, if not all, of the substances for which an oral RfD has been 
determined in that a vast quantity of both human and animal toxicity data are available.  The RfD 
is based on the highest level of Cd in the human renal cortex (i.e., the critical level) not 
associated with significant proteinuria (i.e., the critical effect).  A toxicokinetic model has been 
used to determine the highest level of exposure associated with the lack of a critical effect.  Since 
the fraction of ingested Cd that is absorbed appears to vary with the source (e.g., food vs. 
drinking water), it is necessary to allow for this difference in absorption when using the 
toxicokinetic model to determine an RfD. 
 
The uncertainty factor of 10 is used to account for intrahuman variability to the toxicity of this 
chemical in the absence of specific data on sensitive individuals.  No modifying factor was used. 
 
U.S. EPA stated its confidence in the RfD as: Study - Not applicable; Data Base - High; and RfD 
– High.  The choice of NOAEL does not reflect the information from any single study.  Rather, it 
reflects the data obtained from many studies on the toxicity of cadmium in both humans and 
animals.  These data also permit calculation of pharmacokinetic parameters of cadmium 
including absorption, distribution, metabolism, and elimination.  All this information considered 
together gives high confidence in the data base.  High confidence in the RfD follows as well. 
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CHRONIC TOXICITY SUMMARY 
 

CARBON DISULFIDE 
 

(carbon bisulfide; carbon sulfide; dithiocarbonic anhydride) 
 

CAS Registry Number: 75-15-0 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 800 µg/m3 (300 ppb)  
Critical effect(s) CNS/PNS (reduction in motor nerve conduction 

velocities in occupationally-exposed humans) 
Hazard index target(s) Nervous system; reproductive system 

 
 
II. Physical and Chemical Properties Summary (HSDB, 1995; CRC, 1994) 
 

Description Clear, colorless or faintly yellow liquid 
Molecular formula CS2
Molecular weight 76.14 g/mol 
Boiling point 46.5oC  
Melting point −111.5 oC 
Vapor pressure 297 torr @ 20oC 
Solubility Slightly soluble in water (2.94 g/L); miscible 

in anhydrous methanol, ethanol, ether, 
benzene, chloroform, and carbon 
tetrachloride 

Conversion factor 3.1 mg/m3 per ppm at 25oC  
 
 
III. Major Uses and Sources 
 
The most prominent industrial use of carbon disulfide is in the production of viscose rayon 
fibers.  Carbon disulfide is also used in the production of carbon tetrachloride and cellophane, 
and, as a solvent for rubber, sulfur, oils, resins, and waxes.  In the past, carbon disulfide was used 
in soil fumigation and insect control in stored grain.  Industrial processes that produce carbon 
disulfide as a by-product include coal blast furnaces and oil refining (HSDB, 1995).  Carbon 
disulfide is also a breakdown product of metam sodium.  The annual statewide industrial 
emissions from facilities reporting under the Air Toxics Hot Spots Act in California based on the 
most recent inventory were estimated to be 1562 pounds of carbon disulfide (CARB, 2000). 
 
 

Appendix D3 66 Carbon Disulfide 



Determination of Noncancer Chronic Reference Exposure Levels May 2002 

IV. Effects of Human Exposure 
 
A primary target of carbon disulfide (CS2) toxicity is the nervous system.  The major neurotoxic 
action of carbon disulfide is the development of mental disturbances.  These include change of 
personality, irritability, and forgetfulness, often with accompanying neurophysiological and 
neuropathological changes after prolonged exposure.  Such changes include decreased peripheral 
nerve impulse conduction, motor and/or sensory neuropathies, cerebral or cerebellar atrophy, and 
neuropsychological organic changes (Aaserud et al. 1988, 1990, 1992; Foa et al., 1976; Hirata et 
al. 1992; Ruijten et al. 1990, 1993).  Alterations in behavioral indices have historically been 
associated with high levels of CS2, often in excess of 20 ppm (Foa et al. 1976; Hanninen et al., 
1978). 
 
Studies have identified alterations in the nerve conduction of workers chronically exposed to 
lower CS2 levels (Hirata et al., 1992a; Johnson et al., 1983; Ruijten et al., 1990; Ruijten et al., 
1993).  A cross-sectional study of Japanese spinning workers identified alterations in the central 
nervous system as measured by brain stem auditory evoked potential (BAEP) (Hirata et al., 
1992).  The latencies of the three main BAEP components increased significantly in 
workersexposed to CS2 for more than 20 years when compared to controls.  CS2 exposures 
ranged from 3.3 to 8.2 ppm (mean = 4.76 ppm).  Ruijten et al. (1993) identified mild 
presymptomatic nerve impairment (decreased conduction velocities and response amplitudes) in 
44 CS2-exposed workers with an average cumulative exposure range from 192 to 213 ppm-year 
(mean duration = 26.1 years).  
 
A NIOSH occupational study evaluated the effects of CS2 on the peripheral nervous system.  
Johnson et al. (1983) identified a significant dose related reduction in the maximum motor nerve 
conduction velocities (MCV) in the calves and ankles of male viscose rayon workers exposed to 
high (median = 7.6 ppm) CS2 levels versus a comparison group exposed to low concentrations 
(median = 0.2 ppm). The workers were all employed  in artificial fiber production in the same 
plant.  Since these reduced MCVs were still within the normal range, the authors considered the 
measured difference an indication of minimal neurotoxicity.  The mean exposure concentration 
for all exposed workers (n = 145) ranged from 0.6 to 16 ppm (mean = 7.6 ppm) with a mean 
duration of 12.1 years.  This study identified a chronic LOAEL of 7.6 ppm for minor 
neurological effects (decreased peroneal nerve MCV and sural nerve conduction velocity). 
 
Another epidemiological study evaluated a group of 111 Belgian viscose rayon factory workers 
exposed to 4 to 112 mg/m3 CS2 (time-weighted average 1 to 40 mg/m3) (Vanhoorne et al., 1995).  
Among four categories of cumulative exposure (0, 1 to 300, 301 to 600, and greater than 600 
mg/m3-years), a clear dose-response effect was observed for reduced mean peroneal motor nerve 
conduction velocities in both fast and slow fibers.  Unfortunately, the data are incompletely 
reported, and the mean duration of exposure is not given.  Subgroups of workers whose 
exposures ever exceeded 10 ppm (n=64) and never exceeded 10 ppm (n=30) each showed 
significantly reduced fibular nerve motor conduction velocities compared with non-exposed 
workers.  
 
Vascular atherosclerotic changes are also considered a major effect of chronic carbon disulfide 
exposure.  Several occupational studies have demonstrated an increase in the mortality due to 
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ischemic heart disease in CS2 exposed workers (Hernberg et al., 1970; MacMahon and Monson, 
1988; Tiller et al., 1968; Tolonen et al., 1979).  A 2.5-fold excess in mortality from coronary 
heart disease in workers exposed to CS2 was first reported by Tiller et al. (1968).  A subsequent 
prospective study by Hernberg et al. (1970) found a 5.6-fold increased risk in coronary heart 
disease mortality and a 3-fold increased risk of a first nonfatal myocardial infarction in CS2 
exposed workers. 
 
Male workers (n=177) in a Polish fiber plant were exposed to CS2 for an average of 14 years 
(range of 5 to 38 years). Controls were 93 healthy male workers from other factories that did not 
use carbon disulfide. Carbon disulfide exposed workers had higher rates (42%) of 24-hour 
electrocardiographic abnormalities than non-exposed workers (24%, p=0.006) (Bortkiewicz et 
al., 2001). The most common abnormalities were ventricular extrasystoles and repolarization 
disturbances, the latter occurring most often in workers with the longest CS2 exposures. Long-
term blood pressure monitoring did not reveal any differences between exposed and control 
groups. 
 
Male workers in a Belgian viscose rayon factory (n=85) were estimated by personal active 
sampling to have exposures of 2 to 32 mg/m3 CS2.  Controls were 37 non-exposed workers from 
factories that did not use CS2. Exposed workers had reduced common carotid artery distensibility 
as measured with ultrasound sonography, while the carotid artery compliance coefficient was not 
significantly affected. Also, blood pressures and cholesterol levels were not significantly 
different than observed among control workers (Kotseva et al., 2001a). Differences in carotid 
artery distensibility remained significant after adjustment for age, smoking, alcohol 
consumption, ethnicity, body mass index, heart rate, and systolic blood pressure.   
 
Egeland et al. (1992) and Vanhoorne et al. (1992) have reported that human exposure to CS2 for 
more than one year causes increases in biochemical changes often associated with cardiovascular 
disease - diastolic blood pressure, low density lipoprotein cholesterol, and apolipoproteins A1 
and B.  Egeland et al. (1992) used cross sectional data on 165 CS2-exposed workers (245 
controls) collected in 1979 by Fajen et al. (1981).  The affected workers were exposed for at 
least 1 year in a viscose rayon factory to an estimated median TWA (8-hour) of 7.6 ppm.  The 
Egeland et al. (1992) study indicated that modest CS2 exposure (range = 3.4 to 5.1 ppm, median 
= 4.1 ppm) was associated with increased low density lipoprotein cholesterol (LDLc), the type of 
increase associated with atherosclerotic heart disease.  No significant differences were seen 
between controls and the low CS2 exposed group (range = 0.04 to 1.02 ppm, median = 1.00 
ppm).  Study NOAEL and LOAEL for increased LDLc and diastolic blood pressure were thus 
1.0 ppm and 4.1 ppm , respectively.  Vanhoorne et al. (1992) identified increased LDL-
cholesterol, apolipoprotein B, systolic and diastolic blood pressure as indicative of an increased 
coronary risk in workers from a Belgian viscose rayon factory (115 exposed and 76 controls).  
CS2 concentrations ranged from 1 to 36 ppm.  Duration of exposure was not indicated.  Even 
though these biochemical changes were observed, no significant increases in cardiovascular 
disease, such as angina, myocardial infarction, or ischemia, were determined by ECG changes.  
 
Workers (n=141) with a minimum of 1 year employment in viscose rayons factories were 
compared with 141 age and gender-matched plastic industry workers. Current exposures were 
estimated as 1 to 30 mg/m3 (03 to 10 ppm).  Exposed workers were categorized as group 1 or 
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group 2, with cumulative exposures of less than or greater than 100 mg/m3-years, respectively. 
Group 2 (p<0.001) but not group 1 workers had increased mean total cholesterol (5.3 and 4.5 
mmol/l) compared with controls (4.6 mmol/l) (Kotseva, 2001b). 
 
CS2 causes reproductive toxicity in both males and females.  Lancranjan et al. (1969), 
Lancranjan (1972), Cirla et al. (1978), and Wagar et al. (1983) studied male reproductive effects 
of occupational exposure to CS2 and showed significant adverse effects on spermatogenesis, 
levels of serum FSH and LH, and libido; these effects persisted in 66% of the workers subject to 
follow-up.  Zhou et al. (1988) investigated pregnancy outcomes and menstrual disturbances in 
265 women occupationally exposed to CS2 in five facilities and 291 controls.  The CS2-exposed 
women had a significantly higher incidence of menstrual disturbances versus the control group 
(overall 34.9% vs. 18.2%).  CS2 levels varied between the five facilities (exposure category 
means of low = 3.1 mg/m3, intermediate = 6.5 mg/m3, and high = 14.8 mg/m3), but all workers 
from these CS2 facilities had significantly higher incidences of menstrual disturbance.  
Irregularity of menstruation was the most common disturbance, followed by abnormal bleeding.  
No evidence was observed to indicate an adverse effect on the term and outcome of pregnancy. 
 
An abstract of an epidemiological study of birth defects among female workers occupationally 
exposed to CS2, was reported by Bao et al. (1991). Exposures were at rayon factories in four 
Chinese provinces and began at least 6 months prior to pregnancy and continued during 
pregnancy.  An increased rate of birth defects (2.6% vs. 1.3%) among 682 exposed women was 
noted compared to 745 women in the control group.  The most common defects were congenital 
heart defects, inguinal hernia, and CNS defects.  However, there was no significant difference in 
birth defects between those with estimated exposures greater than 10 mg/m3 compared to those 
with lower exposures.  There were no differences in rates of stillbirth, low birth weight, or 
neonatal or perinatal deaths among any of the groups. 
  
 
The possibility of determining LOAEL and/or NOAEL values for the major CS2-related adverse 
effects from epidemiology studies, which predominately use workers from the viscose rayon 
industry, is limited.  The limitations include incomplete historical exposure measurements, 
concurrent exposure to other chemicals (including hydrogen sulfide or methylene chloride), lack 
of personal exposure determinations, and a high variability of individual exposures due to 
decreases of plant CS2 concentrations over time. 
 
 
V. Effects of Animal Exposure 
 
Studies investigating the potential for CS2 toxicity in animals have usually been limited by 
intermediate or subchronic duration (less than 1 year) and a lack of multiple dose or exposure 
groups.  The neuropathologic changes consistently observed in rodents following CS2 exposure 
include axonal swelling, demyelination, swelling at neuromuscular junctions, muscle atrophy 
and degeneration, damage to terminal axons, and nerve fiber breakdown (Clerici and Fechter, 
1991; Colombi et al. 1981; Eskin et al., 1988; Jirmanova and Lukas, 1984; Maroni et al., 1979; 
Szendzikowski et al., 1973).  These adverse effects have been observed over a range of 
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exposures (250 to 800 ppm), but few studies have attempted to establish a dose response for this 
CS2-induced neurotoxicity.   

In a 90 day subchronic inhalation study, Sprague-Dawley and Fischer 344 rats exposed 
discontinuously (6 hours/day, 5 days/week) to CS2 developed morphological alterations in nerves 
including axonal swelling and myelin degradation (Gottfried et al., 1985).  This study established 
a subchronic NOAEL of 50 ppm and a LOAEL of 300 ppm for morphological changes in nerves.  
A longer inhalation study in Wistar rats observed impairment in the conduction velocity of the 
sciatic and tibial nerves after 6 and 12 months of intermittent exposure to 289 ppm CS2 (LOAEL 
of 289 ppm) (Knobloch et al., 1979).   
 
In a 13-week subchronic study, male and female F344 rats inhaled 0, 50, 500, or 800 ppm CS2 
discontinuously (6 h/day, 5 days per week) (Sills et al.,1998). Development of distal axonopathy 
in the muscular branch of the posterior tibial nerve (MBPTN) and spinal cord was examined.    
After 13 weeks, giant swollen axons were observed with thin myelin sheaths as well as some 
degenerated and regenerated axons.  Axonal swelling was noted in the spinal cords of rats 
exposed to 500 or 800 ppm CS2.  In the 800 ppm group, additional axonal swelling was observed 
in the muscular branch of the posterior tibial nerve, .  Neurofilament deposits were found in 
swollen axons in the spinal cord and MBPTN.   The NOAEL for axonal swelling was 50 ppm.   
 
Wronska-Nofer (1973) showed a positive relationship between the level of triglycerides, the rate 
of cholesterol synthesis, and CS2 exposure in Wistar rats exposed to 0, 73.8, 160, 321, or 546 
ppm CS2 for 5 hours/day, 6 days/week over 8 months.  This study found a subchronic LOAEL of 
73.8 ppm for disturbances in lipid metabolism (increase in serum cholesterol and serum 
triglycerides).   
 
Lewis et al. (1999) investigated the capacity of CS2 to induce arterial fatty deposits by itself, and 
its ability to enhance the rate of fatty deposit formation induced by a high fat diet.  Groups of 20 
female C57BL/6 mice were exposed to 0, 50, 500, or 800 ppm CS2 by inhalation.  Half the 
animals in each group were placed on an atherogenic high fat diet and half on a control diet.  
Mice were necropsied after 1, 4, 8, 12, 16, or 20 weeks of exposure, and the rates of fatty deposit 
formation under the aortic valve leaflets were evaluated.  Exposure of mice on the control diet to 
500 and 800 ppm CS2 induced a small but significant increase in the rate of fatty deposit 
formation over non-exposed controls.  In the animals on the high fat diet there was marked 
enhancement of the rate of fatty deposit formation in mice exposed to 500 and 800 ppm over the 
animals on the high fat diet alone.  In addition, there was a small but significant enhancement in 
mice exposed to 50 ppm over the rate of fatty deposit formation induced by the high fat diet 
alone.  Thus CS2 is atherogenic at high concentrations and in conjunction with other risk factors, 
CS2 at relatively low concentrations can enhance atherogenesis in mice.  Fifty ppm is thus the 
study LOAEL. 
 
Hepatic toxicity has also been induced in rats exposed to relatively high doses of CS2, usually 
following pretreatment with liver inducers such as phenobarbital.  Bond et al. (1969) showed that 
high doses of CS2 to rats produced an increase in periportal liver fat, and decreases in hepatic 
cytochrome P450 content and in microsomal mixed function oxidase (MFO) activity.  After 
phenobarbital induction, exposed rats exhibited more severe hepatoxicity characterized by 
hydropic degeneration and necrosis.  Other hepatotoxic effects seen after CS2 exposures greater 
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than 400 ppm include increases in relative liver weight (Sokal, 1973), stimulation of liver 
microsomal lipid peroxidation (Wronska-Nofer et al., 1986), and decreases in hepatic cholesterol 
synthesis (Simmons et al., 1988). 
 
The 24-hr lethal ip LD50 values for CS2 were estimated in 1-, 5-, 10-, 20-, 30- and 40-day-old rats 
(sample size not specified) (Green and Hunter, 1985).  1-day-old rats (LD50 583 mg/kg, ip) were 
about 3-times more susceptible than 20-day-old rats (LD50 1545 mg/kg, ip).  
 
14C- and 35S-labelled CS2 was given ip to 1-, 5-, 10-, 20-, 30-, and 40-day-old rats (Snyderwine 
and Hunter, 1987).  Thirty- and forty-day-old rats (sample size not reported) metabolized 
significantly more CS2  to CO2 and expired significantly less CS2 than 1- to 20-day-old rats.  
Twenty-four hr after administration, up to 13 times more 35S -label (radioactivity per g of tissue) 
were present in organs from 1-day-old rats than in similar organs from 40-day-old rats.  The 
study does not specifically address the toxicological implications of the metabolic differences, 
and did not include fully mature animals.  However, inability to detoxify CS2 would lead to 
higher tissue concentrations and thus, potentially, increased toxicity.  
 
The metabolite responsible for CS2 hepatotoxicity is believed to be reactive sulfur atoms that 
covalently bind to cellular macromolecules (Dalvi, 1988).  Similarly, the correlation between 
increased lethality (Green and Hunter, 1985)  and increasing binding of  35S –label (Snyderwine 
and Hunter, 1987) in younger CS2 -exposed animals is consistent with a role for reactive sulfur. 
Neurotoxicity of CS2 results from the formation of thiourea lysine cross-links between 
neurofilament proteins (DeCaprio et al., 1992; Valentine et al., 1997; Erve et al., 1998). 
 
New Zealand white rabbits (24 per group) inhaled 0, 60, 100, 300, 600 or 1200 ppm CS2 for 6 
h/d on gestation days 6 to 18 (Pathology Associates, 1991).  Developmental toxicity (NOAEL = 
300 ppm; 930 mg/m3) was noted at concentrations lower than those associated with significant 
maternal toxicity (NOAEL = 600 ppm; 1860 mg/ m3) (Pathology Associates, 1991).  The adults 
did have some slight hematological changes at the 600 ppm level, but the authors questioned the 
biological significance of these marginal findings.  Reduced fetal body weights were noted at 
600 and 1200 ppm.  Cumulative malformations were increased in the 1200 (3720 mg/m3) but not 
600 ppm group, though there were no significant increases in any specific malformation in any 
group. Maternal effects at 1200 ppm included decreased body weight, ataxia, wheezing, and 
tremors.  In an initial range-finding study, exposure to 3000 ppm was associated with significant 
lethality.  
 
Rats were exposed to 100 mg/m3 (32 ppm) for 4 hr/d on gestation days 7 and 8, and the embryos 
explanted to culture medium at day 9.5.  Growth of explants of 10 treated and 17 control 
embryos was monitored for 44 hours.  CS2   at this concentration induced growth retardation in 
treated embryos relative to controls (Zhao et al., 1997). 
 
In a two-generation study, Tabacova et al. (1983) exposed pregnant Albino rats (30-32 pregnant 
females per group) to 0.03, 10, 100, or 200 mg/m3  (0.01, 3, 32, or 64 ppm) CS2. The two highest 
dose levels were both teratogenic and maternally neurotoxic.  There were no significant adverse 
effects in the F1 generation at the 2 low dose levels.  However, significant increases in 
teratogenicity were found in the F2 generation at 10 mg/m3, as well as increased postnatal 
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neurological effects including hypoactivity, mild ataxia and gait disturbances, hind-limb 
weakness, spinning and tremor (Tabacova et al., 1983).  While the overall rate of malformations 
(club foot, hydrocephalus, microcephalus, generalized edema) exhibited a dose-response trend, 
with increased effects in the F2 generation, the specific malformations exhibited a less-consistent 
pattern.  For example, while club foot was the predominant malformation in the F1 fetuses 
(occurring at 100 and 200 mg/m3); much lower rates of club foot were noted in the F2 generation 
(including none in the 200 mg/m3 group).  Limitations of the study include a lack of information 
on chemical purity and exposure methods, lack of concurrent controls, lack of clear dose-
response trend, and incomplete reporting on the statistical significance of reported behavioral 
effects.  
 
Wistar albino rats (32 animals per group) were exposed to 50, 100, or 200 mg/m3 (16, 32, or 64 
ppm) CS2 for 8 hours per day throughout gestation.  There were no statistically significant results 
in the 50 mg/m3 group.  In the 100 and 200 mg/m3 groups, there were statistically significant 
increases in reduced fetal body weights, and reduced post natal body weights for 21 days, which 
subsequently disappeared.  There was an increase in external malformations (hydrocephalus, 
club foot, and tail deformations) at the two higher doses (Tabacova et al., 1978). 
 
Behavioral effects were examined in the offspring of Lati:CFY rats (8 per group) exposed to 0, 
10, 700, or 2000 mg/m3 CS2 (3, 230, or 640 ppm) for 6 hours per days over days 7 to 15 of 
gestation.  The two high doses caused significant perinatal mortality.  Avoidance conditioning 
was tested using a bell as a conditional stimulus prior to an electric shock.  The animals learned 
to avoid the shock by jumping onto a pole at the sound of the bell.  The latency to jump onto the 
pole and errors were measured as a means to evaluate avoidance conditioning in the treated 
versus control animals.  The authors reported that there was a dose-related change in avoidance 
conditioning among male pups over the first 15 days (Lehotsky et al., 1985).  While the 
magnitude of the effect on avoidance conditioning was greater at all doses relative to controls, 
and at 2000 mg/m3 compared with 700 mg/m3, the effect was virtually identical between the 10 
and 700 mg/m3.  This lack of dose-response effect raises some question about the significance of 
this finding. 
 
Effects of low (0.03 and 10 mg/m3; 0.01 and 3 ppm) prenatal exposures (8 hours per day 
throughout gestation) of CS2 were studied in Wistar albino rats.  No congenital malformations or 
significant prenatal effects were found in the 9-11 litters evaluated at each dose.  Mortality 
during postnatal days 10 through 21 was increased in the 10 mg/m3 group.  Delays in the 
development of visual and auditory function were reported in the higher dose group (Tabacova 
and Balabaeva, 1980).  There was no mention of maternal toxicity in this study. 
 
Several other studies yielded either no teratogenic effects or effects only at maternally toxic 
exposures.  Saillenfait et al. (1989) exposed rats via inhalation to 0, 100, 200, 400, or 800 ppm 
CS2 for 6h/d during days 6-20 of gestation.  Lower exposures (100 or 200 ppm; 310 or 620 
mg/m3) were not associated with maternal toxicity or adverse effects on the developing embryo 
or fetus.  Higher concentrations (400 or 800 ppm; 1240 or 2480 mg/m3) yielded a significant 
reduction of maternal weight gain as well as reductions of fetal body weight and a low incidence 
of club foot.  Significant increases in unossified sternebrae were reported following 800 ppm 
(2480 mg/m3) exposures.  Nemec et al. (1993) reported no teratogenicity or maternal, 
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developmental, or reproductive toxicity among pregnant CD rats and their offspring following 
exposure to 125 or 250 ppm (388 or 775 mg/m3) from 2 weeks prior to mating through gestation 
day 19.  At 500 ppm, dams had decreased body weight gain and food consumption; decreased 
litter viability but no teratogenic effects were noted.  CS2 was not found to be teratogenic or 
embryotoxic following intraperitoneal administration to rats on days 1-15 of gestation (Beliles et 
al., 1980; Hardin et al., 1981).  No significant effects were noted in animal inhalation exposures 
(20 to 40 ppm; 62 to 125 mg/m3 CS2) with either rats on days 1-19 of gestation or rabbits on days 
1-24 of gestation. 
 
VI. Derivation of Chronic Reference Exposure Level 
 

Study Johnson et al. (1983) 
Study population 145 occupationally exposed workers and 212 

comparison workers 
Exposure method Discontinuous occupational inhalation exposures 

(mean of 7.6 ppm and range of 0.6 to 16 ppm) 
Critical effects Reduction in motor nerve conduction velocities 

(decreased peroneal nerve MCV and sural 
nerve SVC) 

LOAEL 7.6 ppm 
NOAEL Not observed 
Exposure continuity 8 hr/day, 5 days/week 
Average occupational exposure 2.7 ppm for LOAEL group (7.6 x 10/20 x 5/7) 
Benchmark concentration (BMC05) 6.86 ppm (continuity-weighted exposure of 2.54 

ppm) 
Human equivalent concentration 2.54 ppm for BMC05 (6.86 x 10/20 x 5/7) 
Exposure duration Mean of 12.1 years (SD 6.9 years) 
Subchronic uncertainty factor 1 
LOAEL uncertainty factor Not needed in BMC approach 
Interspecies uncertainty factor 1 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 10 
Inhalation reference exposure level 0.3 ppm (300 ppb; 0.8 mg/m3; 800 µg/m3) 

 
A benchmark dose analysis was performed on the peroneal MCV data. The NIOSH exposure 
data were regrouped into 8 geometrically spaced dose groups (Table 1).   
 

Appendix D3 73 Carbon Disulfide 



Determination of Noncancer Chronic Reference Exposure Levels May 2002 

Table 1. Peroneal MCV data used for benchmark dose modeling 

Exposure  
(ppm-months) 

 
Subjects 

Peroneal MCV (m/s) 
Mean                 Std. Dev. 

3.8 (2 - 6) 32 45.9 3.8 
13.1 (6 - 16) 61 45.8 5.8 
26.5 (16-44) 140 45.4 5.2 
77.3 (44-122) 17 45.6 4.6 

197 (122 – 336) 17 46.8 3.6 
619 (336 – 929) 54 43.9 4.2 
1428 (929-2563) 61 42.9 5.8 

3997 (2563 – 7075) 19 38.6 5.1 

Model fitting was conducted with U.S. Environmental Protection Agency BMDS Benchmark 
Dose Software, Version 1.3.   Four continuous data models were compared: linear, polynomial 
(v. 2.1), power (v. 2.1) and hill (v. 2.1) models. All four models adequately fit the data set (Table 
2).  
 
Table 2. Benchmark dose modeling results 

 
Model 

MLE05 
(ppm-mo) 

BMC05 
(ppm-mo) 

 
p value 

Linear 1245 1005 0.84 

Polynomial 1100 736 0.78 

Hill 1092 670 0.65 

Power 1245 1005 0.58 

 
The BMC05 from the best-fitting linear model was used. An occupational BMC05 of 6.9 ppm was 
derived by dividing the 1005 ppm-month value by the average exposure duration of 145 months 
(12.1 years). The time-weighted average value was thus 2.5 ppm (6.9 ppm x 10/20 x 5/7).  
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The U.S. EPA (1995) based its RfC of 700 μg/m3 on the same study but used a BMC10 and 
included a Modifying Factor (MF) of 3 for database deficiencies.  The criteria for use of 
modifying factors are not well specified by U.S. EPA.  Such modifying factors are not used by 
OEHHA.  In addition OEHHA prefers use of a BMC05 since in practice it tends to be closer to 
the NOAEL while the BMC10 is often closer to the LOAEL (OEHHA, 2000). 
 
For comparison, 50 ppm was a 13 week NOAEL in rats for axonal swelling (Sills et al., 1998).  
The equivalent continuous exposure is 8.9 ppm.  Use of an RGDR of 1, an interspecies UF of 3, 
a subchronic UF of 3, and an intraspecies UF of 10 results in a REL of 90 ppb. 
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The major strengths of the REL for carbon disulfide are the use of human data, the observation 
of a dose-response effect, and the duration of exposures.  The major uncertainties are the poor 
quantitation of actual exposure magnitude over time and the limited nature of the health effects 
studies which have been conducted.  
 
 
VIII. Potential for Differential Impacts on Children's Health  VIII. Potential for Differential Impacts on Children's Health  
  
The data available on the developmental toxicity of carbon disulfide are equivocal. Several 
studies reported that adverse developmental effects are only noted with exposures exceeding 100 
ppm, while Tabacova and Balabaeva (1980) and Lehotsky et al. (1985)  reported transient effects 

The data available on the developmental toxicity of carbon disulfide are equivocal. Several 
studies reported that adverse developmental effects are only noted with exposures exceeding 100 
ppm, while Tabacova and Balabaeva (1980) and Lehotsky et al. (1985)  reported transient effects 
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at levels as low as 10 mg/m3 (3 ppm).  The results of these two studies are not consistent with 
the database as a whole.  While further research into behavioral effects of low concentrations of 
CS2 would better clarify the risks associated with such exposures, no adverse effects have been 
reported at concentrations below the REL of 800 µg/m3 (300 ppb). 
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CHRONIC TOXICITY SUMMARY 

 

CARBON TETRACHLORIDE 
 

(carbon chloride; carbon tet; freon 10; halon-104; methane tetrachloride; necatrine; 
tetrachlorocarbon; tetrachloromethane; tetraform; tetrasol; univerm) 

 
CAS Registry Number: 56-23-5 

 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 40 μg/m3 (6 ppb) 
Critical effect(s) Increased liver weight and hepatic fatty 

infiltration in guinea pigs 
Hazard index target(s) Alimentary system; development 

(teratogenicity); nervous system 
 
II. Physical and Chemical Properties (HSDB, 1995; CRC, 1994) 
 

Description Colorless liquid 
Molecular formula CCl4
Molecular weight 153.8 g/mol 
Density 1.59 g/cm3 @ 20°C 
Boiling point 76.7°C 
Melting point −23°C 
Vapor pressure 91.3 torr @ 20°C 
Solubility Soluble in acetone, ethanol, benzene, carbon 

disulfide, slightly soluble in water 
Conversion factor 1 ppm = 6.3 mg/m3 @ 25°C 

 
 
III. Major Uses or Sources 
 
Carbon tetrachloride was formerly used for metal degreasing and as a dry-cleaning fluid, fabric-
spotting fluid, fire-extinguisher fluid, grain fumigant and reaction medium (DeShon, 1979).  
Carbon tetrachloride is used as a solvent for the recovery of tin in tin-plating waste and in the 
manufacture of semiconductors.  It is used in petrol additives, refrigerants, metal degreasing, and 
as a catalyst in the production of polymers.  Carbon tetrachloride is also used as a chemical 
intermediate in the production of fluorocarbons and some pesticides (HSDB, 1995). In 1996, the 
latest year tabulated, the statewide mean outdoor monitored concentration of carbon tetrachloride 
was approximately 0.08 ppb (CARB, 1999a).  The annual statewide industrial emissions from 
facilities reporting under the Air Toxics Hot Spots Act in California based on the most recent 
inventory were estimated to be 8781 pounds of carbon tetrachloride (CARB, 2000). 
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IV. Effects of Human Exposure 
 
Kazantzis et al. (1960) evaluated 17 employees of a quartz processing factory who were 
occupationally exposed to 45-100 ppm (284-630 mg/m3) carbon tetrachloride (CCl4) vapor.  
Fifteen of the 17 workers complained of symptoms including nausea, anorexia, vomiting, 
flatulence, epigastric discomfort or distention, depressive symptoms, headache or giddiness for 
up to 4 months prior to the evaluation.  A week after CCl4 concentrations were reduced to 0-
9 ppm with control measures, workers were symptom-free. 
 
 
V. Effects of Animal Exposure 
 
Adams et al. (1952) chronically exposed albino Wistar rats, guinea pigs, albino rabbits and 
rhesus monkeys to 0, 5, 10, 25, 50, 100, 200 and 400 ppm CCl4 for varying duration.  For each 
exposure group, two control groups were devised (unexposed and air-exposed controls) 
consisting of animals similar in age, sex, weight and number.  The 2 control groups responded 
similarly to the experimental protocol. 
 
In the 100, 200 and 400 ppm exposure groups (Adams et al., 1952), mortality was excessive with 
moderate to severe liver cirrhosis and other various pathological changes in all the species tested.  
Fifteen male and 15 female rats were exposed to 50 ppm CCl4 134 times for 187 days.  They 
experienced decreased body weight gain and liver weight increase as well as moderate fatty 
degeneration and slight to moderate liver cirrhosis.  Females showed kidney weight increase and 
four rats showed slight to moderate swelling of the kidney tubular epithelium.  Guinea pigs (8 
males and 8 females; 143 exposures in 200 days) showed depressed growth in the first two 
weeks, enlarged livers, moderate fatty degeneration and liver cirrhosis, and increased levels of 
liver total lipids, neutral fat, esterified cholesterol and plasma prothrombin clotting time. 
 
The rabbit group of 2 males and 2 females, which underwent 155 exposures to 50 ppm in 216 
days, showed slightly depressed growth and increased kidney weights, prolonged plasma 
prothrombin clotting time, and moderate fatty degeneration and cirrhosis of the liver. 
 
No change was seen in the group of 2 male monkeys exposed 198 times to 50 ppm in 277 days 
(Adams et al., 1952).  One monkey experienced depressed weight gain compared to the other 
monkey and the controls, but no other adverse effects were seen with respect to organ weights, 
tissue examination, total liver lipid, blood urea nitrogen, blood non-protein nitrogen, serum 
phosphatase, plasma prothrombin clotting time, phospholipid, neutral fat, and free esterified 
cholesterol. 
 
At 25 ppm CCl4, 15 male and 15 female rats were exposed 137 times for 191 days.  Early growth 
depression in males was observed, although final body weights did not significantly differ from 
the controls.  Significant liver weight increase and slight to moderate fatty degeneration 
occurred.  Liver lipid content was nearly twice the level of the controls and esterified cholesterol 
was five times that of the controls.  For this exposure, phospholipid and neutral fat were not 
measured.  Five male guinea pigs were exposed 133 times over 185 days and 5 female guinea 
pigs were exposed 93 times over 126 days.  Symptoms included growth depression, liver weight 
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increase, increased plasma prothrombin clotting time, slight to moderate fatty degeneration, 
twice the level of the control total liver lipid, and five times the control level of esterified 
cholesterol.  After 178 exposures to 25 ppm over 248 days, rabbits (2 per sex) showed increased 
liver weights and slight to moderate liver cirrhosis and fatty degeneration. 
 
Twenty male and 20 female rats were exposed 136 times over a period of 192 days to 10 ppm 
CCl4.  These rats exhibited increase in liver weight, slight to moderate fatty degeneration and 
total lipid, neutral fat and esterified cholesterol levels that were twice the control levels.  Guinea 
pigs (8 male and 8 female), which were exposed 139 times over 197 days, experienced liver 
weight increase, slight to moderate fatty degeneration without cirrhosis, and increased levels of 
total lipid, neutral fat, and esterified cholesterol.  In an additional group of 18 male rats exposed 
13 times to 10 ppm, slight fatty degeneration was seen as early as 17 days.  Two male and two 
female rabbits tolerated the same regimen as the guinea pigs and showed no symptoms as a result 
of the exposure.  Sixteen additional guinea pigs developed hepatic changes after 12 exposures in 
16 days. 
 
Twenty-five male and 23 female rats, exposed 145 times over 205 days to 5 ppm CCl4, had no 
adverse effects.  Nine male and nine female guinea pigs exposed 143 times over 203 days 
showed a statistically significant increase in the liver weights (females only), but only slightly 
higher liver lipid content.  No additional histopathological effects were seen at this level of 
exposure. 
 
In a more recent study, Prendergast et al. (1967) exposed 15 Long-Evans or Sprague-Dawley 
rats, 15 guinea pigs, 3 rabbits, 2 dogs, and 3 monkeys 30 times to a concentration of 515 +39 
mg/m3 (81.7 ppm) carbon tetrachloride (CCl4) 8 hours a day, 5 days a week, for 6 weeks.  (This 
intermittent exposure is equivalent to a continuous exposure to 123 mg/m3.)  Additionally, two 
90 day continuous exposure studies were conducted.  One study exposed 15 rats, 15 guinea pigs, 
2 rabbits, 2 dogs and 3 monkeys to 61+5.2 mg/m3 CCl4 and the other exposed 15 rats, 3 rabbits, 
2 dogs and 3 monkeys continuously to 6.1+0.3 mg/m3 CCl4 in inhalation chambers.  Control 
groups consisted of 304 rats, 314 guinea pigs, 34 dogs, 48 rabbits and 57 monkeys.  All the 
animals’ weights were recorded prior to the study, at monthly intervals throughout the study, and 
at the conclusion of the study. 
 
During the 6 week study, one monkey died following the 7th exposure, and 3 guinea pigs died 
following the 20th, 22nd, and 30th exposures, respectively.  Monkeys, guinea pigs, dogs and 
rabbits all exhibited weight loss.  A high percentage of mottled livers was seen in all species 
except dogs.  Histopathologic examination of the lungs and livers showed morphological 
changes in all the animals exposed to CCl4 (most prominently the guinea pigs).  The guinea pigs 
were the most sensitive species displaying discolored lungs, fatty livers, bile duct proliferation, 
fibrosis, focal inflammatory cell infiltration, hepatic cell degeneration and regeneration, early 
portal cirrhosis, and alteration of lobular structure.  Hepatic lipid content in the guinea pigs was 
35.4+10.7% compared to the control value of 11.0+3.6%.  Alterations of liver lipid content were 
also observed, to a lesser extent, in the other four species; the most severe alteration occurred in 
the rats, less severe alteration in rabbits and dogs, and the least severe in the monkeys. 
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During the 61 mg/m3 (9.7 ppm) CCl4 continuous exposure study, 3 guinea pigs died (one each 
after 47, 63, and 71 days).  All the monkeys were emaciated and experienced hair loss.  
Depressed body weight increases were seen in all exposed animals compared to the controls.  
Autopsies showed enlarged and/or discolored livers in a high percentage (not given) of monkeys, 
guinea pigs, rabbits, and rats.  Rats and guinea pigs showed hepatic fatty acid changes, and a 
moderate reduction in succinic dehydrogenase activity was also evident in guinea pigs.  Varying 
but lesser degrees of these changes were also seen in the other species tested. 
 
The low concentration of 6.1 mg/m3 (1 ppm) CCl4 was attained by diluting the CCl4 to 10% of 
the above concentration with n-octane, resulting in a solution of 6.1 mg/m3 CCl4 in 61 mg/m3 of 
n-octane (Prendergast et al., 1967)).  The level of n-octane used was shown to be nontoxic by an 
n-octane control, which yielded no effects.  (The current TLV for n-octane is 1400 mg/m3 (300 
ppm) (ACGIH, 1992).)  No animals died during this study, and no signs of toxicity were noted.  
All exposed animals except the rats showed reduced weight gain when compared to the controls, 
and all species exhibited nonspecific inflammatory lung changes.  Guinea pig liver lipid contents 
and serum urea nitrogen concentrations were similar to the control values.  In several animals 
there were some nonspecific inflammatory changes in the liver, kidney and heart, but the authors 
did not attribute these to the chemical exposure.  There was no other observed hematologic or 
histopathologic toxicity at this level. 
 
Shimizu et al. (1973) exposed groups of 4 female Sprague-Dawley rats to 10, 50 and 100 ppm of 
CCl4 vapor for 3 hours a day, 6 days a week for up to 6-8 weeks.  The rats were terminated two 
days after the last inhalation.  Accumulation of CCl4 occurred in the adipose tissue and was 
measured after 1 and 3 weeks of exposure.  For the 10 ppm group, accumulation was gradual, 
reaching a level of 1/3 the amount found in the 50 ppm group after 6 weeks.  A slight increase of 
triglycerides in the liver (6.2-6.4 mg/g) was observed in the 10 ppm group, but no control group 
was used for comparison. 
 
The intermittent exposure caused a more pronounced and higher number of change indices to 
occur (34 as opposed to the 17 change indices of the monotonous regimen), indicating a greater 
intensity of liver damage.  Changes included a significant decrease in hippuric acid synthesis, 
presence of mitochondrial enzymes (glutamate dehydrogenase and ornithine carbonyl 
transferase) in the blood (indicating severe damage to hepatocytes), significant increase in 
cytoplasmic enzyme activity, and a decrease in the level of cytochrome P-450 in liver tissue.  
The effects seen in the monotonous group were the same variety as those in the intermittent 
group, but were less intense.  The content of CCl4 in the blood was similar for both the 
intermittent and monotonous exposure groups.  Another test was performed over a period of 27 
days varying the regimen, and therefore the concentration, of intermittent exposure while 
keeping the TWA level of CCl4 stable.  Increasing the concentration threefold or fivefold with 
five 10 minute peaks did not potentiate the toxic effects.  Varying the regimen tenfold to five 5-
minute peaks (peak exposure 402 mg/m3 (63.8 ppm)) with a time weighted average exposure of 
6.5 ppm (41+1 mg/m3) did, however, result in more severe liver damage. 
 
Sakata et al. (1987) exposed 10-15 male Sprague-Dawley rats to <10 ppm CCl4 vapor for 15 
minutes a day, twice a week for 8 weeks.  All the rats had chronic liver damage involving 
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nodular liver surfaces and extensive fibrosis.  Researchers also found similar results in rats after 
8 weeks of subcutaneous injections of 0.1 mL of 50% CCl4 solution in olive oil twice a week. 
 
Ideura et al. (1993) exposed male Wistar rats to CCl4 vapor for 7 minutes, 3 times a week for 6-
10 weeks (concentration unspecified).  Six experimental groups of 4-5 rats were used, two of 
which were exposed for 10 weeks, another two for 6 weeks, and two unexposed control groups.  
Following the last exposures, rats were injected with varying amounts of endotoxin (1.0 mL 
lipopolysaccharide (LPS)).  The rats were sacrificed 24 hours after the injection and processed 
for histological examination.  Examination of the rats’ left kidneys and livers revealed liver 
cirrhosis with destruction of normal structure and massive ascites retention after 10 weeks of 
exposure as compared to the controls.  Those exposed for 6 weeks exhibited an increase in 
fibrous tissue.  The control groups displayed normal liver structure.  Researchers found that rats 
previously resistant to endotoxin became susceptible following CCl4 exposure, which was 
manifested as induced acute renal tubular necrosis in cirrhotic rats. 
 
Yoshimura et al. (1993) performed a similar experiment to that of Ideura et al. (1992) by 
exposing male Wistar rats for 6 (5 rats) and 10 weeks (5 rats) to 99% CCl4 vapor for 3 minutes a 
day.  A control group of 5 rats was given phenobarbitone for 10 weeks.  After 24 hours following 
the final exposure, rats were injected with endotoxin.  Six weeks of CCl4 exposure caused liver 
fibrosis with bridging fibrosis, while 10 weeks of exposure to CCl4 caused liver cirrhosis and 
destruction of the normal liver architecture. 
 
Pregnant rats were exposed to 0, 300, or 1000 ppm (0, 1938, or 6460 mg/m3) carbon 
tetrachloride for 7 hours/day on days 6-15 of gestation (Schwetz et al., 1974).  Significant fetal 
growth retardation, measured by decreased crown-rump length and body weight, was observed in 
the offspring of the exposed groups (n = 22 litters) compared with controls (n = 43 litters).  
Subcutaneous edema was observed in the 300 ppm group but not in the 1000 ppm group.  
Sternebral anomalies were observed in the 1000 ppm group.   
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Effects of Chronic CCl4 Exposure (Adams et al., 1952) 
 
 
Species 

 
Concentration (ppm) 

 
Group 
size 

 
Endpoint 

Exposure 
scenario  
(days exposed/ 
experiment 
length) 

Rats 
(male) 

50 ppm 15 liver damage: fatty 
degeneration and cirrhosis; 
growth depression 

134/187 

Rats 
(female) 

50 ppm 15 same effects as males with 
the addition of increased 
kidney weight 

134/187 

Guinea pigs 50 ppm 16 liver damage: fatty 
degeneration and cirrhosis; 
growth depression 

143/200 

Rabbits 50 ppm 4 enlarged kidney; liver 
damage: fatty degeneration 
and cirrhosis; growth 
depression 

155/216 

Monkeys 50 ppm 2 one experienced growth 
depression 

198/277 

Rats 25 ppm 30 liver damage; early growth 
depression 

137/191 

Guinea pigs 
(male) 

25 ppm  5 liver damage: fatty 
degeneration; growth 
depression 

133/185 

Guinea pigs 
(female) 

25 ppm 5 liver damage: fatty 
degeneration; growth 
depression 

93/126 

Rabbits 25 ppm 4 liver damage: fatty 
degeneration; and cirrhosis 

178/248 

Rats 10 ppm 40 liver damage: fatty 
degeneration 

136/192 

Guinea pigs 10 ppm 16 liver damage: fatty 
degeneration 

139/197 

Rats 5 ppm 48 no adverse effects 145/205 
Guinea pigs 
(male) 

5 ppm 9 no adverse effects 143/203 

Guinea pigs 
(female) 

5 ppm 9 liver damage 143/203 
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Data from Guinea Pigs and Rats Exposed to 5 ppm CCl4 for 7 Months (Adams et al., 1952) 
                                                                         ----- g organ weight/g body weight---  
Group n BW (g) Lung Heart  Liver Kidneys 
Rats, male       
   Unexposed controls 11 336 0.65 0.32 2.38 0.65 
   Air-exposed controls 16 322 0.62 0.31 2.25 0.66 
   5 ppm CCl4 13 336 0.62 0.31 2.23 0.65 
Rats, female       
   Unexposed controls 14 204 0.86 0.38 2.41 0.73 
   Air-exposed controls 17 209 0.76 0.37 2.76 0.76 
   5 ppm CCl4 18 214 0.81 0.38 2.58 0.73 
Guinea pigs, male       
   Air-exposed controls 7 695 0.79 0.27 3.07 0.63 
   5 ppm CCl4 8 669 0.82 0.27 3.14 0.65 
Guinea pigs, female       
   Air-exposed controls 9 611 0.81 0.27 2.58 0.59 
   5 ppm CCl4 6 636 0.78 0.26 2.82* 0.57 
* p =0.004 
 
 
VI.  Derivation of Chronic Reference Exposure Level (REL) 
 

Study Adams et al. (1952) 
Study population 9 male and 9 female guinea pigs 
Exposure method Discontinuous whole-body inhalation 
Critical effects Increase in liver weight and liver lipid content 

in females 
LOAEL 5 ppm 
NOAEL Not observed 
Exposure continuity 7 hours/day, 5 days/week 
Average experimental exposure 1.0 ppm 
Human equivalent concentration 1.7 ppm (gas with systemic effects, based on 

RGDR = 1.7 for lambda (a) : lambda (h) 
(Gargas et al. 1989)) 

Exposure duration 143 exposures over 203 days (7.3 months) 
LOAEL uncertainty factor 3 (mild effect; only in one sex of one species) 
Subchronic uncertainty factor 3 (7.3 mo/6 yr guinea pig life-span = 10.1%) 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 300 
Inhalation reference exposure level  0.006 ppm (6 ppb; 40 μg/m3; 0.04 mg/m3)  

 
 
Of the 2 adequate chronic inhalation studies available on CCl4, the Adams et al. (1952) study 
was chosen over the Prendergast et al. (1967) study as the key reference for the carbon 
tetrachloride chronic REL.  The Adams et al. (1952) experiment was conducted over a longer 
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duration.  In addition, the Adams study contained more specific endpoints of liver damage that 
were consistent with the mechanism of carbon tetrachloride toxicity.  Both studies resulted in 
hepatic effects with exposed rats appearing less sensitive than the affected monkeys or guinea 
pigs.   
 
For comparison, conversion of the oral U.S. EPA RfD value of 0.7 μg/kg/day to an equivalent 
inhalation value by route-to-route extrapolation yields an inhalation REL estimate of 2.5 μg/m3.  
As another comparison, if the 6.1 mg/m3 continuous exposure in Prendergast et al. (1967) is a 
NOAEL (for rats), the resulting REL estimate would be 60 μg/m3.  If the 6.1 mg/m3 continuous 
exposure is a mild LOAEL, the resulting REL estimate would be 20 μg/m3. 
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The major strengths of the REL for carbon tetrachloride are the chronic exposure study used and 
the target tissue affected.  The major uncertainties are the lack of human data, the lack of a 
NOAEL observation, the small sample sizes used, and the lack of comprehensive multiple dose 
studies.  
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CHRONIC TOXICITY SUMMARY  
 

CHLORINATED DIBENZO-p-DIOXINS and 
CHLORINATED DIBENZOFURANS 
(INCLUDING 2,3,7,8-TETRACHLORODIBENZO-P-DIOXIN) 

 
 (Polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans 
(PCDFs) including 2,3,7,8-Tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD) which is the 
principal congener of concern based on toxicity) 

 
CAS Registry Number:  1746-01-6 (TCDD); 5120-73-19 (TCDF) 

 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 0.00004 µg/m3 (40 pg/m3) 
Oral reference exposure level 1 x 10-8 mg/kg/day (10 pg/kg/day) 
Critical effect(s) Increased mortality, decreased weight gain, 

depression of erythroid parameters, increased 
urinary excretion of porphyrins and delta-
aminolevulinic acid, increased serum 
activities of alkaline phosphatase, gamma-
glutamyl transferase and glutamic-pyruvic 
transaminase, gross and histopathological 
changes in the liver, lymphoid tissue, lung and 
vascular tissues in rats. 

Hazard index target(s) Alimentary system (liver); reproductive system; 
development; endocrine system; respiratory 
system; hematopoietic system 

 
II. Physical and Chemical Properties (HSDB, 1995; 1999) 

 
Description All are white crystalline powders at 25° C. 
Molecular Formula C12H4Cl4O2 (TCDD) 
Molecular Weight 321.97 g/mol (TCDD) 
Density 1.827 g/ml (estimated for TCDD) 
Boiling Point 412.2°C (estimated for TCDD) 
Melting Point 305-306°C (TCDD) 
Vapor Pressure 1.52 x 10-9 torr at 25°C (TCDD) 
Solubility In water: 19.3 ng/L at 22°C (TCDD) 
Log Kow 
(octanol/water partition coefficient) 

6.15-7.28 (6.8 for TCDD) 

Log Koc 
(organic-carbon distribution coefficient) 

6.0-7.39 

Henry’s Law Constant 8.1 x 10-5 ATM-m3/mol 

Appendix D3 90 Chlorinated dibenzo-p-dioxins 



Determination of Noncancer Chronic Reference Exposure Levels December 2000 

III. Major Uses and Sources 
 
The chlorinated dioxins and furans are generated as by-products from various combustion and 
chemical processes.  PCDDs are produced during incomplete combustion of chlorine containing 
wastes like municipal solid waste, sewage sludge, and hospital and hazardous wastes. Various 
metallurgical processes involving heat, and burning of coal, wood, petroleum products and used 
tires for energy generation also generate PCDDs.  Chemical manufacturing of chlorinated 
phenols (e.g., pentachlorophenol), polychlorinated biphenyls (PCBs), the phenoxy herbicides 
(e.g., 2,4,5 T), chlorinated benzenes, chlorinated aliphatic compounds, chlorinated catalysts and 
halogenated diphenyl ethers are known to generate PCDDs as a by-product under certain 
conditions.  While manufacture of many of these compounds and formulations has been 
discontinued in the United States, continued manufacture elsewhere in the world combined with 
use and disposal of products containing PCDD by-products results in the inadvertent release of 
PCDDs into the environment.  Industrial and municipal processes in which naturally occurring 
phenolic compounds are chlorinated can produce PCDDs; the best example is chlorine bleaching 
of wood pulp in the manufacture of paper products.  Additionally, municipal sewage sludge has 
been documented to occasionally contain PCDDs and PCDFs.  Annual statewide industrial 
emissions from facilities reporting under the Air Toxics Hot Spots Act in California based on the 
most recent inventory were estimated to be 0.123 pounds of 2,3,7,8-TCDD, 0.244 pounds of 
1,2,3,4,7,8-hexachlorodibenzodioxin and lesser amounts of other polychlorinated dibenzodioxins 
and dibenzofurans (CARB, 1999). 
 
 
IIIa. 2,3,7,8 Tetrachlorodibenzo-p-dioxin Toxic Equivalents 
 
2,3,7,8-Tetrachlorodibenzo-p-dioxin is considered the most potent congener of the 
polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs) 
families of compounds.   Potency of PCDD and PCDF congeners correlates with the binding 
affinity to the cytosolic Ah receptor.  Structure activity studies have demonstrated that optimal 
biological activity and Ah-receptor binding requires congeners with a planar conformation and 
chlorines at the corners of the molecule at the 2,3,7,8 positions (Poland and Knutson, 1982; Safe, 
1986).  Chlorines at both ortho positions in these molecules (i.e., positions 1 and 9) sterically 
hinder a planar conformation that lessens the congeners’ biological activity.  Thus only 15 of 210 
different PCDDs and PCDFs congeners possess significant biological activity based on chlorines 
in the 2,3,7,8 positions and some degree of planar conformation (Safe, 1986; U.S. EPA 1989).   
These include two tetrachloro-congeners: 2,3,7,8-tetrachlorodibenzo-p-dioxin and 2,3,7,8- 
tetrachlorodibenzofuran; three pentachloro congeners: 1,2,3,7,8-pentachlorodibenzo-p-dioxin, 
1,2,3,7,8-pentachlorodibenzofuran, and 2,3,4,7,8-pentachlorodibenzofuran; seven hexachloro 
congeners: 1,2,3,4,7,8 or 1,2,3,6,7,8 or 1,2,3,7,8,9-hexachlorodibenzo-p-dioxins and 
hexachlorodibenzofurans and 2,3,4,6,7,8-hexachlorodibenzofuran; and three heptachloro 
congeners: 1,2,3,4,6,7,8-heptachlorodibenzo-p-dioxin, 1,2,3,4,6,7,8-heptachlorodibenzofuran 
and 1,2,3,4,7,8,9-heptachlorodibenzofuran (U.S. EPA, 1989).  The structures of the dibenzo-p-
dioxins and dibenzofurans along with their numbering schemes are shown in Figure 1.   Toxic 
equivalents are calculated relative to the most potent congener, 2,3,7,8-tetrachlorodibenzo-p-
dioxin, and are determined based on structure activity studies examining relative affinity for the 
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Ah receptor as well as on relative toxicity of different congeners.  Values for the international 
system of toxic equivalents are provided in Table 1 (U.S. EPA, 1989).  
 
Table 1.   International Toxic Equivalency Factors (I-TEFs) for PCDDs and PCDFs Chlorinated 

in the 2,3,7, and 8 Positions. (U.S. EPA 1989.) 
 

Compound1,2 I-TEF 

 
Mono-, Di-, and Tri-CDDs and CDFs 

 
0 

 
TetraCDD

2,3,7,8-substituted 
Others 

 
 

1.0 
0 

 
PentaCDD  

2,3,7,8-substituted  
Others 

 
 

0.5 
0 

 
HexaCDD  

2,3,7,8-substituted  
Others 

 
 

0.1 
0 

 
HeptaCDD

2,3,7,8-substituted  
Others 

 
 

0.01  
0 

 
OctaCDD 

 

 
0.001 

TetraCDF 
2,3,7,8  
Others

 
0.1  
0 

 
PentaCDF

1,2,3,7,8-PentaCDF 
2,3,4,7,8-PentaCDF  

others 

 
 

0.05  
0.5  
0 

 
HexaCDF  

2,3,7,8-substituted  
Others 

 
 

0.1 
0 

 
HeptaCDF  

2,3,7,8-substituted  
Others 

 
 

0.01 
0 

 
OctaCDF

 
0.001 

 
1 CDD designates chlorinated dibenzo-p-dioxin 
2 CDF designates chlorinated dibenzofuran 
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Figure 1.  Structures of the Dibenzo-p-dioxins and Dibenzofurans 
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IV. Effects of Human Exposure 
 
The information available on possible chronic toxic effects in humans is complicated by the 
relative insensitivity of epidemiological studies, the limited ability of case studies of exposed 
individuals to establish cause and effect relationships, the heterogeneous nature of human 
populations, the broad spectrum of exposures to other toxic agents in the human environment, 
and the episodic exposure of many of the exposed human populations which have been studied 
(e.g., Seveso, Italy).  As a result, a limited number of effects have been associated with exposure 
to dioxins in humans.  The meaning of these effects in terms of toxicity in most cases remains to 
be clarified.  The majority of information comes from cross-sectional medical studies.  
Chloracne is the most widely recognized effect of exposure to 2,3,7,8-TCDD and TCDD-like 
PCDDs and PCDFs.  Chloracne is a persistent condition, which is characterized by comedones, 
keratin cysts and inflamed papules and is seen after acute and chronic exposure to various 
chlorinated aromatic compounds (Moses and Prioleau, 1985).  Other dermal effects include 
hyperpigmentation and hirsutism or hypertrichosis (Jirasek et al., 1974; Goldman, 1972; Suskind 
et al., 1953; Ashe and Suskind, 1950); both appear to resolve themselves more quickly over time 
than chloracne, making them more of an acute response rather than a chronic response (U.S. 
EPA, 1994a).  Epidemiological data available for 2,3,7,8-TCDD have not allowed a 
determination of the threshold dose required for production of chloracne (U.S. EPA, 1994b).  
Case studies suggest that there may be a relationship between 2,3,7,8-TCDD exposure and 
hepatomegaly (Reggiani, 1980; Jirasek et al., 1974; Suskind et al., 1953; Ashe and Suskind, 
1950) and hepatic enzyme changes (Mocarelli et al., 1986; May, 1982; Martin 1984; Moses et 
al., 1984).  Nevertheless, cross sectional epidemiological studies of trichlorophenol (TCP) 
production workers (Suskind and Hertzberg., 1984; Bond et al., 1983; Moses et al., 1984; 
Calvert et al. 1992), Vietnam veterans (Centers for Disease Control Vietnam Experience Study, 
1988; Roegner et al., 1991) and Missouri residents (Webb et al., 1989; Hoffman et al., 1986) 
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found little evidence for an association between exposure and hepatomegaly suggesting that this 
is not a chronic response.  There is a consistent pattern of increased levels of serum gamma 
glutamyl transferase in populations exposed to 2,3,7,8-TCDD which is presumably of hepatic 
origin (Mocarelli, 1986; Caramaschi et al., 1981, May, 1982; Martin, 1984; Moses et al., 1984; 
Calvert et al., 1992; Centers For Disease Control Vietnam Experience Study, 1988).  Two cross 
sectional studies have associated diabetes and elevated fasting serum glucose levels with 
relatively high serum 2,3,7,8-TCDD levels (Sweeney et al., 1992; Roegner et al., 1991).  
However other studies provided mixed results (Moses et al., 1984; Centers for Disease Control 
Vietnam Experience Study, 1988; Ott et al., 1993).  TCDD has been associated with effects on 
reproductive hormonal status in males. The likelihood of abnormally low testosterone levels was 
2 to 4 times greater in individuals with serum 2,3,7,8-TCDD levels above 20 pg/ml (Egeland et 
al. 1994) and increased serum levels of luteinizing hormone and follicle stimulating hormone 
have been documented (Egeland et al., 1994).  A number of other effects have been reported that 
were either not seen as chronic effects or effects seen long term in only one population of 
exposed persons.  These include elevated liver enzymes (aspartate aminotransferase and alanine 
aminotransferase), pulmonary disorders, neurologic disorders, and changes in porphyrin 
metabolism and kidney disorders (U.S. EPA, 1994c).  Areas in which there is presently 
insufficient information to draw solid conclusions include effects on the circulatory system, 
reproductive effects, immunological effects, effects on metabolism and handling of lipids, and on 
thyroid function (U.S. EPA, 1994c).  Recent findings in Rhesus monkeys have shown 2,3,7,8-
TCDD to cause endometriosis (Reier et al., 1993) and epidemiological studies are currently 
underway to determine if there is an association between TCDD exposure and endometriosis in 
human populations exposed by the Seveso accident. 
 
Potential effects of a toxicant on normal fetal development include fetal death, growth 
retardation, structural malformations and organ system dysfunction.  Evidence for all four of 
these responses has been seen in human populations exposed to dioxin-like compounds.   In 
these poisoning episodes populations were exposed to a complex mixture of halogenated 
aromatic hydrocarbons contained within PCBs, PCDFs and PCDDs mixtures thus limiting the 
conclusions that could be drawn from the data.  In the Yusho and Yu-Cheng poisoning episodes, 
human populations consumed rice oil contaminated with PCBs, PCDFs and PCDDs.   Yu-Cheng 
women experienced high perinatal mortality in hyperpigmented infants born to affected mothers 
(Hsu et al. 1985).   This occurred in women with overt signs of toxicity (chloracne) (Rogan, 
1982) and Rogan notes that, when there is no sign of toxicity in the mother, the likelihood of 
fetotoxicity appears to lessen considerably in the infants.  Signs of toxicity from dioxin like 
compounds were absent in infants born to mothers apparently not affected in the Seveso, Italy 
and Times Beach, Missouri, incidents (Reggiani, 1989; Hoffman and Stehr-Green, 1989), which 
supports Rogan’s conclusion.  There was an increased incidence of decreased birth weight in 
infants born to affected mothers in the Yusho and Yu-Cheng incidents suggesting fetal growth 
retardation (Wong and Huang, 1981; Law et al., 1981; Lan et al., 1989; Rogan et al., 1988).  The 
structural malformation, rocker bottom heel, was observed in Yusho infants (Yamashita and 
Hayashi, 1985) making this malformation a possible result of exposure to dioxin-like 
compounds.  Nevertheless, it is unknown if these compounds produce malformations in humans.  
Evidence for possible organ system dysfunction in humans comes from a study of Yu-Cheng 
children which found that children exposed in utero experienced delays in attaining 
developmental milestones, and exhibited neurobehavioral abnormalities (Rogan et al., 1988) 
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suggesting involvement of CNS function.  Dysfunction of dermal tissues is noted in exposed 
infants of the Yusho and Yu-Cheng incidents and is characterized by hyperpigmentation of the 
skin, fingernails, and toenails, hypersecretion of the meibomian glands, and premature tooth 
eruption (Taki et al., 1969; Yamaguchi et al., 1971; Funatsu et al., 1971; Wong and Huang, 
1981; Hsu et al., 1985; Yamashita and Hayashi, 1985; Rogan et al., 1988; Rogan, 1989; Lan et 
al., 1989). 
 
 
V. Effects of Animal Exposure 
 
The toxicity to laboratory animals encompasses a number of areas including changes in energy 
metabolism manifested as wasting syndrome, hepatotoxicity, effects on tissue of epithelial 
origin, various endocrine effects, effects on vitamin A storage and use, immune system effects 
and reproductive and developmental toxicity.  The limited number of chronic studies available 
do not examine all these endpoints.  Therefore subchronic exposures are included here in order to 
provide a more complete coverage of potential chronic toxic effects of these compounds.   
 
Wasting syndrome is one of the most broadly occurring toxic effects.   The wasting syndrome is 
characterized by loss of adipose tissue and lean muscle mass and is produced in all species and 
strains tested, but there are difference in sensitivity (U.S. EPA 1994d; Peterson et al., 1984; Max 
and Silbergeld, 1987).  Numerous studies have not yet established the mechanism of wasting 
syndrome (U.S. EPA, 1994e).  Hepatotoxicity is also seen in all species tested, but there is 
considerable variation in species sensitivity (U.S. EPA, 1994d).  TCDD induces hyperplasia and 
hypertrophy of liver parenchymal cells.  Morphological and biochemical changes in the liver 
include increased SGOT and SGPT, induction of microsomal monooxygenases and proliferation 
of the smooth endoplasmic reticulum, porphyria, increased regenerative DNA synthesis, 
hyperlipidemia, hyperbilirubinemia, hyperchloesterolemia, hyperproteinemia, degenerative and 
necrotic changes, mononuclear cell infiltration, multinucleated giant hepatocytes, increased 
numbers of mitotic figures, and parenchymal cell necrosis (U.S. EPA, 1994d; WHO/IPCS, 
1989).  Epithelial effects seen include chloracne (rabbit ear and the hairless mouse) (Jones and 
Krizek, 1962; Schwetz et al., 1973) and hyperplasia and/or metaplasia of gastric mucosa, 
intestinal mucosa, the urinary tract, the bile duct and the gall bladder (U.S. EPA 1994f).  TCDD 
exposure results in endocrine like effects including epidermal growth factor like effects such as 
early eye opening and incisor eruption in the mouse neonate (Madhukar et al., 1984), 
glucocorticoid like effects such as involution of lymphoid tissues (U.S. EPA, 1994g; Sunahara et 
al., 1989), alteration in thyroid hormone levels and in some cases thyroid hormone like effects 
(WHO/IPCS, 1989; Rozman et al., 1984), decreases in serum testosterone and 
dihydrotestosterone (Mittler et al., 1984; Keys et al., 1985; Moore and Peterson, 1985), and 
changes in arachidonic acid metabolism and prostaglandin synthesis (Quilley and Rifkind, 1986; 
Rifkind et al., 1990).  TCDD is known to decrease hepatic vitamin A storage (Thunberg et al., 
1979).  TCDD and other dioxin like PCDDs and PCDFs are potent suppressors of both cellular 
and humoral immune system function, characteristically producing thymic involution at low 
doses and involution of other lymphoid tissues at higher doses (U.S. EPA 1994h). 
 
In animal studies there is a large body of information available documenting both developmental 
and reproductive toxicity of 2,3,7,8-TCDD and other PCDDs and PCDFs.  These compounds are 
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acutely toxic to early life stages of fish and birds with fish being most sensitive (LD50 of 0.4 
µg/kg for rainbow trout sac fry eggs and LD50 of 34 ng/kg for lake trout eggs); some species of 
birds are also relatively sensitive (LD50 of 0.25 µg/kg for chicken eggs) (Peterson et al., 1993).  
2,3,7,8-TCDD has been documented to increase the incidence of prenatal mortality in a number 
of species of laboratory animals including the Rhesus monkey, Guinea pig, rabbit, rat, hamster, 
and mouse (Peterson et al., 1993).  Exposure to 2,3,7,8-TCDD during gestation produces a 
characteristic set of fetotoxic responses in most laboratory animals which includes: thymic 
hypoplasia, subcutaneous edema, and decreased growth (Peterson et al., 1993).  More species 
specific responses include cleft palate formation in the mouse at doses below maternal toxicity 
(Moore et al., 1973; Smith et al., 1976; Couture et al., 1990), intestinal hemorrhage in the rat 
(Sparschu et al., 1971), hydronephrosis in the mouse and hamster (Moore et al., 1973; Smith et 
al., 1976; Couture et al., 1990; Birnbaum et al., 1989; Olson et al., 1990), and extra ribs in the 
rabbit (Giavini et al., 1982).  Female rats have also been found to be affected by perinatal 
exposure to 2,3,7,8-TCDD with clefting of the clitoris, incomplete or absent vaginal opening and 
a smaller vaginal orifice after a dose of 1 µg/kg to the mother on day 15 of gestation (Gray et al., 
1993). 
 
A number of effects on adult reproductive function are seen in male animals exposed in utero to 
2,3,7,8-TCDD.  TCDD reduces plasma androgen levels in the adult male rat and perinatal 
exposure decreases spermatogenesis, spermatogenic function and reproductive capability, 
feminizes male sexual behavior, and feminizes male gonadotrophic function (LH secretion) 
(Mably et al., 1991; Mably et al., 1992a,b,c).  Evidence suggests that these effects are the result 
of impaired sexual differentiation of the CNS, which in male rats is dependent on exposure of the 
developing brain to testosterone.  
 
There are numerous studies detailing the effects of the PCDDs, PCDFs and other dioxin like 
compounds, however a large number of these studies were conducted as either acute or 
subchronic exposures, studies in which it is unlikely that body burdens had reached steady state 
levels.  Detailed below are three chronic studies that were considered in the setting of a chronic 
toxicity exposure level.   
 
The most definitive study of chronic toxicity in rats is that of Kociba et al. (1978).  This study 
involved the administration of 2,3,7,8-TCDD in the diet at doses of 1 ng/kg/day, 10 ng/kg/day, 
and 100 ng/kg/day to groups of 50 male and 50 female Sprague Dawley rats for two years.  A 
group of 86 male and 86 female rats received diet with solvent vehicle alone and served as 
controls.  The following observations (excluding carcinogenic effects) were seen at the 100 
ng/kg/day dose: increased mortality, decreased weight gain, depressed erythroid values, 
increased urinary excretion of porphyrins and delta-aminolevulinic acid, and increased serum 
activities of alkaline phosphatase, gamma-glutamyl transferase, and glutamic-pyruvic 
transaminase.  Histopathologic changes were noted in the liver, lymphoid tissue, respiratory and 
vascular tissues.  The primary ultrastructural change in the liver was proliferation of the rough 
endoplasmic reticulum.  At the 10 ng/kg/day dose the severity of toxic symptoms was less than 
that of the 100 ng/kg/day dose and included increased urinary excretion of porphyrins in females 
as well as liver and lung lesions.  The 1 ng/kg/day dose produced no discernible significant toxic 
effects.  Interpretation of this study by the authors was that the 1 ng/kg/day dose was a NOAEL.   
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Two chronic toxicity studies are available in the mouse.  The first is a one year study conducted 
by Toth et al. (1979) using male Swiss mice administered weekly oral doses of 7, 700, and 7000 
ng/kg/day.  In this study 2,3,7,8-TCDD administration resulted in amyloidosis and dermatitis in 
0 of 38 control animals, 5 of 44 animals receiving 7 ng/kg/day, 10 of 44 animals receiving 700 
ng/kg/day and 17 of 43 animals receiving 7,000 ng/kg/day.  The other study was from the NTP 
1982 gavage study (NTP, 1982) in B6C3F1 mice.  This study employed groups of 50 male and 
50 female mice.   The males received doses of 0, 10, 50, and 500 ng/kg/week by gavage for two 
years while female mice received doses of 0, 40, 200, and 2000 ng/kg/week by gavage for two 
years.  No adverse effects were seen at the lowest doses tested in each sex, which correspond to 
NOAELs of approximately 1.4 and 6 ng/kg/day for males and females, respectively.  Neither 
chronic toxicity study in mice reported data on enzyme activity. 
 
 
VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Kociba et al. (1978)  
Study population Sprague-Dawley rats of both sexes (50/treatment 

group/sex) 
Exposure method Continuous dietary exposure starting at seven 

weeks of age for 2 years 
Critical effects Increased mortality, decreased weight gain, 

depression of hematologic measures, 
increased urinary excretion of porphyrins and 
delta-aminolevulinic acid, increased serum 
activities of alkaline phosphatase, gamma-
glutamyl transferase and glutamic-pyruvic 
transaminase, gross and histopathological 
changes in the liver, lymphoid tissue, lung and 
vascular tissues 

Observed LOAEL 210 ppt in diet (0.01 µg/kg/day) 
Observed NOAEL 22 ppt in diet (0.001 µg/kg/day) 
Exposure continuity Continuous exposure via the diet 
Exposure duration 2 years 
Subchronic uncertainty factor 1 
LOAEL uncertainty factor 1 
Interspecies uncertainty factor 10 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 100 
Oral reference exposure level 10 pg/kg/day 
Route-to-route extrapolation 3,500 μg/m3 per mg/kg/day 
Inhalation reference exposure level 40 pg/m3 (0.00004 µg/m3) 

 
The data available for chronic toxic effects in humans have a number of limitations.  Some 
studies did not determine the body burden of compounds necessary to estimate dose.; The Yusho 
and Yu-Cheng poisoning episodes have uncertainty because exposure was to complex mixtures 
of halogenated aromatic hydrocarbons rather than to individual congeners.  And epidemiological 
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studies and case studies have limitations in determining cause and effect relationships.  
Therefore, an animal study was chosen for determination of a NOAEL/LOAEL.  The study 
chosen for use was that of Kociba et al. (1978), based on the duration of the study (2 years), the 
number of animals employed (50 per treatment group per sex), testing of both sexes, a dose 
range, which spanned from an apparent NOAEL to severe hepatic effects including carcinogenic 
effects, a complete histopathological examination of all organ systems, examination of urinary 
excretion of porphyrins and delta-aminolevulinic acid, and determination of serum activities of 
alkaline phosphatase, gamma-glutamyl transferase, and glutamic-pyruvic transaminase.  The 
elevation of human serum values for gamma-glutamyl transferase is one of the consistently seen 
chronic responses in exposed human populations and reflects changes in liver biochemistry.  
Thus the examination of markers of liver toxicity also altered in animal models of chronic 
toxicity make the Kociba study an appropriate choice for detecting potential chronic toxic effects 
of 2,3,7,8-TCDD in humans.  The NOAEL in the Kociba et al. (1978) study was determined to 
be 1 ng/kg body weight/day.  For the purposes of determining the REL the 1 ng/kg/day dose was 
considered to be a NOAEL based upon the observations of Kociba et al. (1978). 
 
VII. Data Strengths and Limitations for Development of the REL 
 
NOAELs from a number of other studies compare favorably with the 1 ng/kg/day NOAEL.  
These include the NOAEL from the NTP (1982) study in B6C3F1 mice and the NOEL for 
enzyme induction in rats and marmosets calculated by Neubert (1991) of 1 ng/kg.  Furthermore 
the 1 ng/kg/day NOAEL is lower than the LOAELs observed by Toth et al. (1979) of 7 
ng/kg/day in mice and by Schantz et al. (1978) of 2.3 ng/kg/day in rhesus monkeys.  Current 
exposure assessments for 2,3,7,8-TCDD and other dioxin-like compounds including the PCBs, 
PCDDs, and PCDFs estimate that the average daily background dose in the U.S. is 3-6 pg 
TEQ/kg/day (U.S. EPA 1994i) also placing the REL close to background exposures.  The REL 
of 10 pg/kg/day should be protective of chronic effects on liver function and avoid significant 
increases in exposure over the background level of human exposure. 
 
The strengths of the inhalation REL include the availability of chronic exposure data from a 
well-conducted study with histopathological analysis, the observation of a NOAEL, and the 
demonstration of a dose-response relationship.  Major areas of uncertainty are the lack of 
adequate human exposure data and the lack of chronic inhalation exposure studies. 
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CHRONIC TOXICITY SUMMARY 
 

CHLORINE 
 

CAS Registry Number:  7782-50-5 
 
I.  Chronic Toxicity Summary 
 

Inhalation reference exposure level 0.2  µg/m3 (0.08  ppb) 
Critical effect(s) Hyperplasia in respiratory epithelium in female 

rats 
Hazard index target(s) Respiratory system 

 
 
II. Physical and Chemical Properties  (HSDB, 1995; 1999 except as noted) 
 

Description Yellow/green gas 
Molecular formula Cl2
Molecular weight 70.906 (Weast, 1989) 
Density 2.9 g/L @ 25°C and 1 ATM 
Boiling point -34.04° C 
Vapor pressure 5 atm @ 10.3°C; 5830 torr @ 25°C 
Solubility Slightly soluble in water  

(310 mL per 100 mL water at 10° C;  
 1.46 g per 100 mL water at 0° C) 

Conversion factor 1 ppm =  2.9 mg/m3 @ 25° C 
 
 
III. Major Uses and Sources 
 
In an industrial setting, chlorine is widely used as an oxidizing agent in water treatment and 
chemical processes.  Chlorine is also used to disinfect swimming pool water.  Chlorine gas is 
sometimes used at large public pools while household pools typically use hypochlorite solutions.  
Chlorine is an integral part of the bleaching process of wood pulp in pulpmills, although chlorine 
dioxide is replacing this use of chlorine.  Chlorine as sodium hypochlorite is commonly used as a 
household cleaner and disinfectant (HSDB, 1995).  The annual statewide industrial emissions 
from facilities reporting under the Air Toxics Hot Spots Act in California based on the most 
recent inventory were estimated to be 244,955 pounds of chlorine (CARB, 1999). 
 
 
IV. Effects of Human Exposure 
 
Shi and associates (1990) evaluated 353 workers from a diaphragm cell chlorine chemical plant.  
The workers ranged in age from 23-52 years with an average of 42.4 years.  Two groups were 
compiled with respect to the workers’ length of exposure in years.  Group A consisted of 220 
workers who were employed/ exposed for 10-25 years.  Group B consisted of 133 workers 
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employed for less than 10 years.  Both groups of workers were exposed to a range of 2.60-
11.0 mg/m3 (0.37-1.75 ppm) chlorine.  The control group’s average age was 39.7 years (ranging 
from 26-55 years), and it consisted of 192 workers not exposed to chlorine, but working within 
the same plant.  For all the groups, respiratory symptoms and smoking habits were evaluated as 
well as clinical examinations, ENT examinations, chest x-rays and pulmonary function tests.  
Groups A and B showed 3-8 times higher incidence of upper airway complaints than the control 
workers.  Current smokers in groups A and B experienced the highest incidence of pulmonary 
symptoms and group A workers had a higher prevalence of rhino-pharyngeal signs than the 
control workers.  Abnormalities in chest x-rays were seen in 8.6% of group A workers and in 
2.8% of group B workers, compared to 2.3% of the control workers.  Groups A and B showed 
significantly impaired pulmonary function in tests of V50/H and FEF25-75 (forced expiratory flow 
between 25 and 75% of forced vital capacity (FVC), the total amount of air the subject can expel 
during a forced expiration) - compared with the control group, and group A showed reduced 
FEV1 (forced expiratory volume in 1 second) results compared to the control group. 
 
Kennedy et al. (1991) compared 321 pulpmill workers (189 of whom were exposed to chlorine 
or chlorine dioxide “gassings”) to a control group of 237 rail yard workers in similar working 
conditions but not exposed to chlorine (79% and 84% respective participation rates).  The 
workers had been employed for an average of 13 years at the pulpmill and 12.7 years at the rail 
yard.  Chlorine gas and chlorine dioxide levels were measured together over a 4 week period 
during mainly a 12 hour shift.  Time weighted averages (TWA) were <0.1 ppm, with the highest 
of <0.1-0.3 ppm.  A significantly higher prevalence of wheezing was seen in pulpmill workers 
(both smokers and nonsmokers) who had reported more than one episode of chlorine “gassing” 
as compared to the rail yard workers and pulpmill workers with no chlorine gas exposure.  More 
airflow obstruction was observed in exposed workers in spite of their nonsmoking and ex-
smoking status, correlating to significantly lower average values for MMF (maximal mid-
expiratory flow) and for the FEV1 to FVC ratio.  Comparison of pulpmill workers exposed to 
chlorine and /or chlorine dioxide with those pulpmill workers not exposed, suggests that chronic 
respiratory health impairment is associated with exposure to chlorine and/or chlorine dioxide.  
These researchers hypothesized that after the first high exposure incident, an inflammatory 
response occurred in small airways and that this reaction did not resolve in those workers who 
were continuously or repeatedly exposed to the irritant.  It was also suggested that chronic 
airflow obstruction caused by repeated minor exposures led to chronic respiratory disability in 
some of the workers. 
 
Patil et al. (1970) evaluated the exposure of 332 male diaphragm cell workers to 0.006-1.42 ppm 
chlorine gas (a range with a time-weighted average of 0.146 +0.287; most workers were exposed 
to less than 1 ppm).  A control group consisting of 382 workers from 25 representative chlorine 
manufacturing plants was also studied.  Both groups were comprised of men between the ages of 
19-69 with a mean age of 31.2 +11.0 years.  Physical examinations (blood and urine analysis, 
chest x-rays and electrocardiograms) were conducted, in most cases, within the first six months 
of the study year.  At two month intervals, each plant was surveyed and chlorine levels were 
determined.  Exposed employees were grouped according to job classification.  Researchers 
found the average number of exposure years for the study group to be 10.9 + 2.8 years and 
concluded that the exposure level had no correlation to the number of years exposure.  Ninety-
eight of the 332 workers were found to have abnormal teeth and gums, but no dose-response 
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relationship was concluded.  Similarly, no dose-response relationships were shown with the 
symptoms of sputum production, cough, dyspnea, history of frequent colds, palpitation, chest 
pain, vital capacity, maximum breathing capacity and forced expiratory volume.  Any 
deterioration in pulmonary function was shown to be age related.  Of the 332 exposed workers, 
9.4% experienced abnormal EKGs.  8.5% of the control group showed the same abnormalities, 
but this difference was not significant.  Above 0.5 ppm, an increase appeared in the incidence of 
fatigue.  No neurological defects developed and there was no noted prolonged anoxia as a result 
of the chlorine exposure.  Also, no consistent gastrointestinal trouble or abnormal incidence of 
dermatitis was found.  Exposed workers showed elevated white blood cell counts and decreased 
hematocrit values compared to the control group. 
 
Bherer et al. (1994) conducted a follow up study of the Quebec pulp mill research done by 
Courteau and associates over a time interval of 18-24 months after the incidents of repeated 
exposures.  Fifty-eight of the original 289 exposed workers from the moderate to high risk group 
were studied for developing reactive airways dysfunction syndrome (RADS).  Workers at a 
moderate risk were defined as having shortness of breath after their most significant exposure, 
but not at the time of the initial study by Courteau et al.  Moderate risk workers also had a record 
of other significant medical conditions and/or were 50 years of age or older.  High risk workers 
were defined as those experiencing shortness of breath that continued one month after the 
exposure and/or abnormal lung sounds.  Ninety percent of the follow up group completed 
questionnaires which revealed a 91% incidence of respiratory symptoms.  Spirometry 
assessments and methacholine inhalation tests were conducted on 51 of the 58 workers.  Twenty-
three percent of the 58 workers still experienced bronchial obstruction and 41% continued to 
have bronchial hyper-responsiveness.  Lower baseline FEV1 was seen in those with a lower 
PC20, and 52% of these workers showed an FEV1 < 80% predicted. 
 
Enarson et al. (1984) compared 392 pulpmill workers exposed to chlorine (unspecified duration) 
to a comparable group of 310 rail yard workers living in the same community, but not exposed to 
chlorine.  In the pulpmill areas surveyed that predominantly had significant chlorine gas levels 
(machine room and bleach plant), workers were exposed to either an average of 0.02 ppm or 
0.18 ppm Cl2 respectively.  Of the machine room workers, 23.2% experienced a cough as did 
32.8% of those in the bleach plant, compared to 22.3% of the control rail yard workers.  Chest 
tightness occurred in 31.5% of the machine room workers and 39.6% of the bleach plant workers 
as compared to 21.3% of the control.  Only data from Caucasian subjects were reported. 
 
Chester et al. (1969) evaluated 139 workers occupationally exposed to <1 ppm chlorine for an 
unspecified duration.  Fifty-five of the 139 workers were exposed to additional accidental high 
concentrations of chlorine, which were severe enough to require oxygen therapy.  Ventilation 
was affected by chlorine inhalation, with a decrease in the maximal midexpiratory flow (MMF).  
Smokers in this group had significantly reduced FVC, FEV1 and MMF compared to 
nonsmokers.  Fifty-six of the 139 subjects showed abnormal posteroanterior chest films, 49 of 
which had parenchyma and/or hilar calcifications consistent with old granulomatous disease and 
11 of which had multiple, bilateral and diffuse calcifications.  Researchers suggest that the first 
ventilation function affected in obstructive airway disease is MMF. 
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V. Effects of Exposure to Animals 
 
Wolf et al. (1995) exposed male and female B6C3F1 mice and F344 rats to chlorine gas 
concentrations of 0 ppm, 0.4 ppm, 1.0 ppm and 2.5 ppm.  The exposures were carried out for 104 
weeks at 6 hr/day 3 days/week for female rats and 6 hr/day 5 days/week for mice and male rats.  
Based on previous studies, the authors determined that female rats could not tolerate 5 days/week 
exposure to chlorine.  Each treatment group contained 320 male and 320 female mice.  The rats 
were studied in groups of 70, yielding 280 per gender per species.  For the first 13 weeks of 
observation, body weights and clinical observations were noted weekly, and for the remainder of 
the study, they were recorded once every two weeks.  After 52 weeks, 10 rats were euthanized 
and autopsied.  Organ weights were recorded, and hematologic and clinical chemistry parameters 
were determined.  These same measurements were performed on all of the surviving mice and 
rats at the conclusion of the 104 weeks.  Male mice exposed to 1.0 and 2.5 ppm Cl2 showed 
decreased weight gain compared to controls while only female mice exposed to 2.5 ppm Cl2 
showed decreased weight gain.  Male rats showed decreased weight gain at all levels of exposure 
while female rats showed the same result at only 1.0 and 2.5 ppm Cl2 exposures.  Various 
nonneoplastic nasal lesions were seen in all the airway epithelial types in the nose and at all 
levels of exposures for both species.  These lesions were evaluated against background lesions 
found in the control animals.  A statistically significant incidence of fenestration was seen in all 
three exposure concentrations of Cl2.  Statistically significant responses were seen in the 
traditional and respiratory epithelial regions of all exposed rats and mice.  Statistically significant 
damage to olfactory epithelium occurred in all exposed rats and female mice and also in the 1.0 
and 2.5 ppm exposed groups of male mice. 
 
Klonne et al. (1987) exposed 32 male and female rhesus monkeys to chlorine gas for one year to 
measured concentrations of 0, 0.1, 0.5, and 2.3 ppm Cl2.  These monkeys were exposed to 
chlorine for 6 hours/day, 5 days/week.  The monkeys were evaluated periodically on the basis of 
body weight, electrocardiograms, neurologic examinations, pulmonary function, hematologic 
parameters, serum chemistry, urinalysis, and blood gas and pH levels.   Results were compared 
to the same test measurements recorded prior to the study.  No significant difference was seen in 
body weight at any point in the experiment.  Ocular irritation (tearing, rubbing of the eyes, 
reddened eyes) was observed after 6 weeks of exposure in the 2.3 ppm group.  No exposure-
related differences were seen in neurologic examinations, electrocardiograms, clinical chemistry, 
urinalysis, hematology or blood gas levels.  Also, no exposure-related changes were observed in 
the parameters of ventilation distribution.  Pulmonary function evaluations yielded a statistically 
significant trend for increasing pulmonary diffusing capacity and distribution of ventilation 
values for males and females in the 2.3 ppm exposure group.  Both males and females of the 2.3 
ppm group exhibited statistically significant increased incidence of respiratory epithelial 
hyperplasia.  A mild form of the lesions was also seen in the 0.5 ppm group, 0.1 ppm group 
(females only) and one male in the control group.  Two parasitic infections occurred, affecting 
the respiratory tract and resulting in 11 monkeys housing parasites and/or ova.   Additionally, 16 
monkeys displayed histologic changes characteristic of the presence of the parasites.  However, 
the parasitic induced lesions were not associated with lesions in the respiratory epithelium. 
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VI. Derivation of Chronic Reference Exposure Level (REL)  
 

Study Wolf et al., 1995 
Study population Female F344 rats (70 per group) 
Exposure method Discontinuous whole-body inhalation exposure 

(0, 0.4, 1.0 or 2.5 ppm) 
Critical effects Upper respiratory epithelial lesions (see 

following table) 
LOAEL 0.4 ppm 
NOAEL Not established 
BMC05 0.14 ppm 
Exposure continuity 6 hours/day, 3 days/week (MWF) 
Average experimental exposure 0.015  ppm  
Human equivalent concentration 0.0024   ppm (gas with  

  extrathoracic respiratory effects,  
  RGDR =  0.16 based on BW = 229 g,  
  MV = 0.17 L/min, SA(ET) = 15 cm2) 

Exposure duration 2 years 
LOAEL uncertainty factor  (not needed in the BMC approach) 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 30  
Inhalation reference exposure level 0.08  ppb (0.20 µg/m3) 

 
A benchmark dose analysis was performed using a log-normal probit analysis (Tox-Risk, version 
3.5; ICF-Kaiser Inc., Ruston, LA) of the female rat data.  Using the data for glandular epithelial 
eosinophilic proteinaceous accumulation (see Table 1 below) to derive the BMC05 resulted in a 
3-fold lower value than the LOAEL of 0.4 ppm, or BMC05 = 0.14 ppm.  (Adequate benchmark 
dose estimates could not be obtained for the other nasal lesions due to high background rates and 
shallow dose-response relationships.)  A BMC05 is considered to be similar to a NOAEL in 
estimating a concentration associated with a low level of risk.   
 
The Wolf et al. (1995) study of mice and rats was chosen as the key reference for the chlorine 
chronic REL for several reasons.  First, the duration of the experiment was for a full lifetime of 
two years.  Second, the sample sizes were large (280 per sex per species).  Finally, appropriate 
sensitive endpoints of respiratory epithelial damage were examined.  The mice and male rats 
were exposed to chlorine for 6 hours/day, 5 days/week, but the female rats were only exposed for 
3 days/week as the authors observed the females to be more sensitive than the males.  Table 1 
shows the histological findings of the female rats.  Statistically significant results (p < 0.05) were 
seen for all the tissues at 0.4 ppm chlorine exposure and above. 
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Table 1.   Female Rat Epithelial Lesions following Chronic Chlorine Exposure  
   (based on Table 5 of Wolf et al., 1995) 

 
Tissues 0 ppm 0.4 ppm 1.0 ppm 2.5 ppm 

Goblet cell 
hyperplasia 

3/70 (4%) 50/70 (71%) 63/70 (90%) 64/70 (91%) 

Respiratory 
epithelium 
eosinophilic 
proteinaceous 
accumulation 

49/70 (70%) 60/70 (85%) 59/70 (84%) 65/70 (93%) 

Glandular 
epithelium 
eosinophilic 
proteinaceous 
accumulation 

16/70 (23%) 28/70 (40%) 52/70 (75%) 53/70 (76%) 

Olfactory 
epithelium 
eosinophilic 
proteinaceous 
accumulation 

36/70 (52%) 64/70 (91%) 69/70 (99%) 69/70 (99%) 

 
The Wolf et al. (1995) study was chosen over the Klonne et al. (1987) monkey study for the 
following reasons: the monkeys were exposed for only one year of their total 35 year lifetime, 
and the sample sizes were considerably smaller (4 monkeys per sex per group) than the mouse 
and rat groups (280 per sex per species).  Although the exposure durations differed between the 
two studies, the histological results were similar, differing only slightly in the region of 
occurrence.  The monkeys displayed both tracheal and nasal lesions.  Both the rodents and the 
monkeys showed upper respiratory epithelial lesions, thus suggesting that the rodents may be an 
appropriate model for humans. 
 
For comparison with the proposed REL of 0.08 ppb (0.2 μg/m3) using the BMC approach, we 
estimated a REL of 0.02 ppb (0.06 μg/m3) based on the same rat study but using the NOAEL/UF 
approach with a LOAEL of 0.4 ppm divided by a total UF of 300 (10 for LOAEL, 3 for 
interspecies, and 10 for intraspecies) and the RGDR of 0.16.  As another comparison, using 0.1 
ppm as a LOAEL for respiratory epithelial lesions in female monkeys, the LOAEL can be time-
adjusted to an equivalent continuous value of 24 ppb.  Applying a UFL of 3 for a mild effect, a 
UFS of 10 since it was only a 6 month study, an interspecies UF of 3 for monkeys, and an 
intraspecies UF of 10 results in an estimated REL of 0.02 ppb (0.06 μg/m3). 
 
The human studies were examined for possible use in the calculation of a REL.  The studies were 
limited by very variable exposures (e.g., Patil et al. (1970)), the presence of serious adverse 
health effects in some workers (chest x-ray abnormalities in Shi (1990), abnormal teeth and 
gums in 98 of 332 workers in Paril et al. 1970)), exposure to other compounds such as chlorine 
dioxide (Kennedy et al. (1991)), multiple acute “gassings” with chlorine (Kennedy et al. (1991)), 
and absence of data on cigarette smoking, also a respiratory system irritant.  As an illustration of 
what would be estimated, the study of Shi (1990) had a mean workplace exposure of 4.82 mg/m3 
(1.7 ppm).  This LOAEL was time adjusted to an equivalent continuous exposure of 1.72 mg/m3, 
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then divided by an uncertainty factor of 100 (10 for use of a LOAEL and 10 for intraspecies 
variability) to yield a REL of 20 μg/m3 (7 ppb).  However, the use of a LOAEL default 
uncertainty factor of 10 does not seem adequate for frank, possibly irreversible effects such as 
the chest x-ray abnormalities reported.  There is currently no methodology to deal with such 
effects in REL development. 
 
Adequate benchmark dose estimates could not be obtained for the other nasal lesions due to high 
background rates and shallow dose-response relationships.    
 
VII. Data Strengths and Limitations for Development of the REL 
 
The strengths of the inhalation REL for chlorine include the availability of chronic multiple-dose 
inhalation exposure data from a recent (1995), well-conducted animal study with 
histopathological analysis.  Major areas of uncertainty are the lack of adequate human exposure 
data, the lack of observation of a NOAEL, and limited reproductive toxicity data. 
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CHRONIC TOXICITY SUMMARY  
 

CHLORINE DIOXIDE 
 

(anthium dioxide; alcide; chlorine oxide; chlorine peroxide;  
chloryl radical; doxcide 50) 

 
CAS Registry Number: 10049-04-4 

 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 0.6 μg/m3 (0.2 ppb) 
Critical effect(s) Vascular congestion and peribronchiolar edema; 

hemorrhagic alveoli and congested capillaries 
in the lung in rats 

Hazard index target(s) Respiratory system 
 
 
II. Physical and Chemical Properties (HSDB, 1994; CRC, 1994) 

 

Description Yellow to red liquid or gas 
Molecular formula ClO2
Molecular weight 67.45 g/mol 
Density 1.642 g/cm3 @ 0°C (liquid) 
Boiling point  9.9-11°C 
Melting point −59.5°C 
Solubility  Soluble in water, alkaline and sulfuric acid 

solutions 
Conversion factor 1 ppm = 2.76 mg/m3

 
 
III. Major Uses or Sources 
 
Chlorine dioxide is used directly as a bleaching agent for cellulose, textiles, flour, leather, oils, 
and beeswax.  It is also used in the purification of water and as a bactericide and antiseptic 
(HSDB, 1994).  The annual statewide industrial emissions from facilities reporting under the Air 
Toxics Hot Spots Act in California based on the most recent inventory were estimated to be 1136 
pounds of chlorine dioxide (CARB, 2000). 
 
 
IV. Effects of Human Exposures 
 
Case reports of human occupational exposure to chlorine dioxide have shown that 19 ppm was 
fatal to one worker and 5 ppm was definitely irritating (Elkins, 1959).  Seven out of 12 workers 
exposed regularly to chlorine dioxide at levels generally below 0.1 ppm (0.28 mg/m3) reported 
symptoms of ocular and respiratory irritation leading to slight bronchitis (Gloemme and 
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Lundgren, 1957).  However, the authors ascribed the bronchitis to occasional acute excursions of 
chlorine dioxide levels above 0.1 ppm due to technical problems such as equipment leakage.  
Concurrent exposure to chlorine and chlorine dioxide in pulp mill workers resulted in an increase 
in the reporting of subjective symptoms of irritation (Ferris et al., 1967).  In this study, the 
chlorine dioxide concentrations ranged from trace levels to 0.25 ppm (0.69 mg/m3).  No 
differences were found between these workers and controls by pulmonary function tests. 
 
 
V. Effects of Animal Exposures 
 
Eight rats (sex unspecified) were exposed for 5 hours/day, 5 days/week, for 2 months to 0 or 
1 ppm (2.8 mg/m3) chlorine dioxide (Paulet and Debrousses, 1972).  The number of control 
animals was not specified.  Microscopic evaluation of the lungs revealed vascular congestion and 
peribronchiolar edema in all animals exposed to chlorine dioxide.  The subchronic LOAEL for 
respiratory effects was therefore 1 ppm (2.8 mg/m3).   
 
An earlier study by these researchers (Paulet and Debrousses, 1970) examined the effects of 
exposure to 2.5, 5, or 10 ppm chlorine dioxide for several hours/day for 30 days in rats and 
rabbits (n = 4-10 animals per group).  Body weights, blood cell counts, and histopathological 
examination of the liver, lungs, and other tissues were measured in each group.  At 10 ppm, nasal 
discharge, localized bronchopneumonia, and desquamated alveolar epithelium were observed.  
White and red blood cell counts were also increased with this exposure.  Rats and rabbits 
exposed to 2.5 ppm for 7 hours/day for 30 days or for 4 hours/day for 45 days, respectively, 
showed significant respiratory effects, including hemorrhagic alveoli and inflammatory 
infiltration of the alveolar spaces. 
 
Rats exposed to 5, 10, or 15 ppm (13.8, 27.6, or 41.4 mg/m3) chlorine dioxide for 15 minutes, 2 
or 4 times/day, for 1 month showed an increase in congested lungs, nasal discharge, and 
catarrhous lesions of the alveoli beginning at 10 ppm (Paulet and Debrousses, 1974).  No 
significant changes in these parameters were seen at 5 ppm. 
 
Dalhamn (1957) found that acute exposure to 260 ppm chlorine dioxide for 2 hours resulted in 
the death of 1 out of 4 rats.  Five out of 5 rats died during exposures of 4 hours/day for 14 days.  
All exposed animals exhibited signs of respiratory distress and ocular discharge.  No effects were 
seen in 5 rats exposed to 0.1 ppm for 5 hours/day, 7 days/week, for 10 weeks.  Thus 0.1 ppm was 
a subchronic NOAEL. 
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VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Paulet and Debrousses (1970, 1972) 
Study population Wistar rats (8 per exposure concentration) 
Exposure method Discontinuous whole-body inhalation  

   (0 or 1 ppm) 
Critical effects Vascular congestion; peribronchial edema in 

all animals; lung alveolar damage 
LOAEL 1 ppm (2.8 mg/m3) 
NOAEL Not observed 
Exposure continuity 5 hours/day, 5 days/week 
Exposure duration 2 months (2/24 = 8.3% of lifetime) 
Average experimental exposure 0.15 ppm for LOAEL group (1 x 5/24 x 5/7) 
Human equivalent concentration 0.23 ppm for LOAEL group (gas with thoracic 

   respiratory effects, RGDR = 1.57 based on  
   MV = 0.17 m3, SA(Th) = 3,460 cm2) 

LOAEL uncertainty factor 10  
Subchronic uncertainty factor 3  
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 1,000 
Inhalation reference exposure level 0.0002 ppm (0.2 ppb, 0.0006 mg/m3, 

0.6 μg/m3) 
 
The U.S. EPA (1995) based its RfC of 0.2 μg/m3 on the same study but included a Modifying 
Factor (MF) of 3 for database deficiencies.  The criteria for use of modifying factors are not well 
specified by U.S. EPA.  Such modifying factors were not used by OEHHA.  In addition OEHHA 
assigned uncertainty factors according to its peer-reviewed, approved methodology (OEHHA, 
2000).   
 
OEHHA earlier developed a chronic REL for chlorine of 0.2 µg/m3 (0.08 ppb) based on 
hyperplasia in respiratory epithelium in female rats.  Based on chemical reactivity, the REL for 
chlorine dioxide might be expected to be lower than that for chlorine.  However, there are much 
less toxicologic data available for chlorine dioxide than for chlorine. 
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The REL for chlorine dioxide had uncertainties in all areas of concern.  Thus the best available 
study was still limited by lack of multiple exposure concentrations, by the relatively short 
duration of exposures, and by the small number of animals examined.  Adequate human health 
effects information is lacking, although it appears likely that the proposed REL would be 
protective of the effects reported in the single limited human study available.  Other limitations 
were the lack of dose-response information and the lack of comprehensive data on multi-organ 
effects. 
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CHRONIC TOXICITY SUMMARY 
 

CHLOROBENZENE 
 

(monochlorobenzene; benzene chloride; benzene monochloride; chlorbenzene; chlorbenzol; 
phenyl chloride) 

 
CAS Registry Number: 108-90-7 

 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 1000 μg/m3 (300 ppb) 
Critical effect(s) Increased liver weights, hepatocellular 

hypertrophy, renal degeneration and 
inflammation, and testicular degeneration in 
rats 

Hazard index target(s) Alimentary system; kidney; reproductive system 
 
 
II. Physical and Chemical Properties Summary (HSDB, 1995; CRC, 1994) 
 

Description Colorless, neutral liquid  
Molecular formula C6H5Cl 
Molecular weight 112.56 g/mol 
Boiling point 132oC  
Melting point −45.2oC 
Vapor pressure 11.8 torr at 25oC  
Solubility Practically insoluble in water (0.049 g/100 ml); 

soluble in alcohol, benzene, chloroform, 
diethyl ether  

Conversion factor 1 ppm = 4.60 mg/m3 at 25 oC 
 
 
III. Major Uses and Sources 
 
As one of the most widely used chlorinated benzenes, mono-chlorobenzene has been a major 
chemical for at least 50 years.  It was historically important in the manufacture of chlorinated 
pesticides, especially DDT, and in the production of phenol and aniline.  Monochlorobenzene’s 
principal current use is as a chemical intermediate in the production of chemicals such as 
nitrochlorobenzenes and diphenyl oxide.  These chemicals are subsequently used in the 
production of herbicides, dyestuffs, and rubber chemicals.  Additionally, monochlorobenzene is 
used as a solvent in degreasing processes (e.g., in metal cleaning operations), paints, adhesives, 
waxes and polishes (HSDB, 1995; NIOSH, 1993).  The annual statewide industrial emissions 
from facilities reporting under the Air Toxics Hot Spots Act in California based on the most 
recent inventory were estimated to be 29,451 pounds of chlorobenzene (CARB, 2000). 
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IV. Effects of Human Exposure 
 
Even though monochlorobenzene has been used industrially for many years, few epidemiologic 
and/or occupational studies have addressed the potential health status of workers chronically 
exposed to monochlorobenzene (NIOSH, 1993).  A Russian occupational study (Rozenbaum et 
al., 1947, as reported by the U.S. EPA, 1988) describes multiple central nervous system effects, 
including headache, numbness, dizziness, cyanosis, hyperesthesia, and muscle spasms, after 
intermittent exposure over 2 years to monochlorobenzene in a mixed chemical environment.  No 
specific exposure levels or histopathologic data were reported.   
 
Two small studies utilizing volunteers exposed to single doses of monochlorobenzene have 
reported central nervous system effects (Ogata et al., 1991; Tarkhova, 1965).  An exposure 
chamber study of five volunteers exposed up to 60 ppm monochlorobenzene (276 mg/m3) for a 
single 7 hour exposure described acute subjective symptoms such as drowsiness, headache, eye 
irritation, and sore throat (Ogata et al., 1991).  One other human volunteer study described 
altered electrical activity of the cerebral cortex in four individuals exposed to 43.4 ppm 
monochlorobenzene vapors for 2.5 minutes (Tarkhova, 1965). 
 
 
V. Effects of Animal Exposure 
 
No chronic inhalation studies have evaluated the toxicity of monochlorobenzene.  Only a single, 
oral chronic carcinogenicity study (NTP, 1985) has evaluated the long-term adverse affects of 
monochlorobenzene administration.  However, a few subchronic inhalation studies have 
demonstrated adverse effects on the liver, the kidney, and, to a lesser extent, blood parameters 
following monochlorobenzene exposure over a period of weeks or months (Dilley, 1977; John et 
al., 1984; Nair et al., 1987). 
 
One subchronic study evaluated Sprague-Dawley male rats and rabbits exposed to 0, 75, or 
200 ppm of monochlorobenzene for 7 hr/day, 5 days/week, for up to 24 weeks (Dilley, 1977).  In 
rats, monochlorobenzene-related toxicity included increased absolute and relative (to brain- or 
body-weight) organ weights (especially the liver) after 11 and 24 weeks of exposure (LOAEL 75 
ppm).  Male rabbits also demonstrated increases in liver weight after 24 weeks of exposure 
(LOAEL = 75 ppm).  Some hematological changes were reported in rats including differences in 
platelet and reticulocyte counts between control and exposed animals; however, some changes 
observed at 11 weeks were variable and comparable to controls at 24 weeks (red blood cell 
count, hemoglobin, hematocrit, and white blood cell count).  Pathological changes were observed 
in rats, with occasional focal lesions in the adrenal cortex, tubular lesions in the kidneys, and 
congestion in the liver and kidneys. 
 
Two other subchronic inhalation studies reported adverse organ effects following 
monochlorobenzene exposure in rats and rabbits (John et al., 1984; Nair et al., 1987).  In the first 
study, John et al. (1984) reported increased liver weights in rats and rabbits following short-term 
(10 or 13 day, 6 hours/day) monochlorobenzene exposure (LOAEL = 590 ppm in rats and 210 
ppm in rabbits).  Nair et al. (1987) exposed male and female Sprague-Dawley rats to 0, 50, 150, 
or 450 ppm monochlorobenzene vapors daily for 6 hours over 10-11 weeks prior to mating, and 
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up to day 20 of gestation for 2 generations.  Nair et al. found dose-related changes in the livers, 
kidneys, and testes in both generations of males (F0 and F1).  Hepatotoxicity occurred as 
hepatocellular hypertrophy and increased liver weights (mean and absolute) at concentrations 
greater than 50 ppm (LOAEL = 150 ppm).  At this concentration (150 ppm), renal changes 
included tubular dilation, interstitial nephritis, and foci of regenerative epithelium.  Testicular 
degeneration of the germinal epithelium occurred in both generations of exposed males, but no 
chlorobenzene-induced adverse effects on reproductive performance or fertility were seen. 
 
 
VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Nair et al. (1987) 
Study population Sprague-Dawley rats (30/sex/group) 
Exposure method Discontinuous inhalation exposures  

(0, 50, 150, and 450 ppm) 
Critical Effects Increases in absolute and relative liver weights 

(F0 and F1 both sexes), hepatocellular 
hypertrophy (F0 and F1 males), renal 
degeneration and inflammation (F0 and F1 both 
sexes), testicular degeneration (F0 and F1 
males). 

LOAEL 150 ppm 
NOAEL 50 ppm 
Exposure continuity 6 hours/day, 7 days/week 
Exposure duration 11 weeks 
Average experimental exposure 13 ppm for NOAEL group (50 x 6/24) 
Human equivalent concentration 26 ppm (gas with systemic effects, based on 

RGDR = 2.0 for lambda (a) : lambda (h)) 
(Gargas et al., 1989) 

LOAEL uncertainty factor 1 
Subchronic uncertainty factor 3 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10  
Cumulative uncertainty factor 100 
Inhalation reference exposure level 0.3 ppm (300 ppb; 1.0 mg/m3, 1000 µg/m3) 

 
Of the three inhalation studies available (Dilley, 1977; John et al., 1984; Nair et al., 1987), the 
Nair et al. (1987) two generational developmental study was selected for identifying a NOAEL 
and LOAEL.  It best presented the histopathology of the adverse effects, and demonstrated a 
dose response relationship for these effects (statistically significant increases in mean liver 
weights, incidence of renal changes, and testicular degeneration). 
 
Another subchronic inhalation study (Dilley, 1977) also observed increases in organ weights, 
including the liver, in rats after 11 and 24 weeks exposure to 75 and 250 ppm 
monochlorobenzene (LOAEL = 75 ppm), and in rabbits at 24 weeks.  Similar adverse liver and 
kidney effects were found in subchronic oral bioassays (Kluwe et al., 1985; NTP, 1985).  These 
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include increases in liver weight and hepatocellular degeneration in rats (LOAEL = 125 
mg/kg/day) and mice (LOAEL = 250 mg/kg/day), and renal necrosis and degeneration in rats 
(LOAEL = 500 mg/kg/day) and mice (LOAEL = 250 mg/kg/day) after 13 weeks oral exposure to 
chlorobenzene. 
 
Uncertainty factors are appropriate due to the lack of chronic studies, both animal bioassay and 
human, and the limited number of subchronic inhalation studies, thereby requiring estimation of 
the chronic REL from this shorter term, single species study.  The magnitude of interspecies 
variation remains unknown, as few species have been tested and human data for comparison are 
lacking.  However, metabolic studies have demonstrated species variation in the urinary 
elimination of chlorobenzene metabolites (Ogata and Shimada 1983; Ogata et al., 1991; Yoshida 
et al., 1986).  Humans metabolize and excrete chlorobenzene predominately as free and 
conjugated forms of 4-chlorocatechol and chlorophenols, while the main rodent urinary 
metabolite, p-chlorophenylmercapturic acid, is found in minor amounts (<0.5%).  No 
information exists which identifies human subpopulations possibly susceptible to 
monochlorobenzene exposure. 
 
For comparison with the proposed REL, a REL can be derived from the 24 week LOAEL of 75 
ppm for liver effects (Dilley, 1977).  The LOAEL is equivalent to a continuous exposure 
LOAEL of 15.6 ppm.  Multiplying by the RGDR of 2 and dividing by a cumulative UF of 100 (3 
for LOAEL, 3 for interspecies and 10 for intraspecies) also yields an estimate of 300 ppb. 
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The strengths of the inhalation REL for chlorobenzene include the observation of a NOAEL, the 
availability of subchronic inhalation exposure data from a well-conducted study with 
histopathological analysis, and the demonstration of a dose-response relationship.  Major areas of 
uncertainty are the lack of adequate human exposure data and limited reproductive toxicity data. 
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CHRONIC TOXICITY SUMMARY 
 

CHLOROFORM 
 

(trichloromethane; formyl trichloride; methenyl trichloride; methyl trichloride) 
 

CAS Registry Number:  67-66-3 
 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 300 µg/m3 (50 ppb) 
Critical effect(s) Liver toxicity (degenerative, foamy 

vacuolization, and necrosis) in rats; increased 
liver weights in male rats 

Kidney toxicity (cloudy swelling and nephritis) 
in rats 

Developmental toxicity  
Hazard index target(s) Alimentary system; kidney; teratogenicity 

 
 
II. Chemical Property Summary (HSDB, 1995; 1999; CRC, 1994) 
 

Description Colorless liquid 
Molecular formula CHCl3
Molecular weight 119.49 g/mol 
Boiling point 61.1oC 
Melting point −63.6 oC 
Vapor pressure 197-200 torr @ 25 oC 
Solubility Soluble in water (8220 mg/L); miscible in 

carbon tetrachloride, carbon disulfide, 
alcohols, benzene, ethers and oils 

Conversion factor 4.9 µg/m3 per ppb at 25ºC 
 
 
III. Major Uses and Sources 
 
Chloroform (CHCl3) is used in industry and laboratory settings as a solvent for adhesives, 
pesticides, fats, oils and rubbers.  It is also used as a chemical intermediate in the synthesis of  
fluorocarbon 22, dyes, pesticides, and tribromomethane. Chloroform is produced as a byproduct 
of water, sewage, and wood pulp chlorination (HSDB, 1995).  In 1996, the latest year tabulated, 
the statewide mean outdoor monitored concentration of chloroform was approximately 0.037 ppb 
(CARB 1999a).  The annual statewide industrial emissions from facilities reporting under the Air 
Toxics Hot Spots Act in California based on the most recent inventory were estimated to be 
79,949 pounds of chloroform (CARB 1999b). 
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IV. Effects of Human Exposure 
 
Limited information is available regarding possible adverse health effects in humans following 
chronic inhalation of chloroform.  However, historical clinical reports from patients who 
underwent chloroform anesthesia indicate that acute inhalation exposure affects the central 
nervous system, cardiovascular system, stomach, liver, and kidneys (Schroeder, 1965; Smith et 
al., 1973; Whitaker and Jones, 1965).  Acute chloroform toxicity included impaired liver 
function (Smith et al., 1973), toxic hepatitis (Lunt, 1953; Schroeder, 1965), cardiac arrhythmia 
(Payne, 1981; Schroeder, 1965; Whitaker and Jones, 1965), and nausea (Schroeder, 1965; Smith 
et al., 1973; Whitaker and Jones, 1965), and caused central nervous system symptoms 
(Schroeder, 1965; Whitaker and Jones, 1965).  Chronic inhalation studies are limited to a few 
occupational studies identifying the liver and the central nervous system as target organs 
(Challen et al., 1958; Li et al., 1993; Phoon et al., 1983; Bomski et al., 1967). 
 
Challen et al. (1958) investigated workers manufacturing throat lozenges with exposure to 
chloroform vapors estimated in the range 77 to 237 ppm with episodes of >1100 ppm.  Workers 
reported symptoms of fatigue, dull-wittedness, depression, gastrointestinal distress, and frequent 
and burning micturition.  No evidence of liver dysfunction was found based on thymol turbidity, 
serum bilirubin, and urine urobilinogen levels. 
 
Bomski et al. (1967) reported 17 cases of hepatomegaly in a group of 68 chloroform-exposed 
workers.  Chloroform concentrations ranged from 2 to 205 ppm (duration 1 to 4 years).  Three of 
the 17 workers with hepatomegaly had toxic hepatitis based on elevated serum enzymes.  
Additionally, 10 workers had splenomegaly.  Workers exposed to chloroform had a 10-fold 
increased risk of contracting viral hepatitis compared to the general population.  The study 
authors considered the chloroform induced liver toxicity as a predisposing factor for viral 
hepatitis, but the incidence of viral hepatitis in the workers is in itself a confounding factor. 
 
Phoon et al. (1983) described two outbreaks of toxic jaundice in workers manufacturing 
electronics equipment in Singapore.  One plant had 13 cases of jaundice, initially diagnosed as 
viral hepatitis, in a work area with >400 ppm chloroform.  Blood samples from workers (five 
with jaundice, four without symptoms) contained between 0.10 and 0.29 mg chloroform/100 mL.  
A second factory reported 18 cases of hepatitis, all from a work area utilizing chloroform as an 
adhesive.  Two samplings indicated air levels of 14.4 to 50.4 ppm chloroform.  Due to a lack of 
fever and hepatitis B surface antigen in the patients, the authors attributed the jaundice to 
chloroform exposure rather than viral hepatitis.   
 
More recently, Li et al.(1993) reported on 61 chloroform exposed workers from a variety of 
production factories.  Exposure levels at 3 representative worksites varied widely, from 4.27 to 
147.91 mg/m3 (0.9 to 30 ppm) (119 samples), with 45% of the samples below 20 mg/m3.  The 
exposed workers were subclassified for some studies according to exposure levels into group 1 
(mean level = 13.49 mg/m3 or 2.8 ppm) and group 2 (mean level = 29.51 mg/m3 or 6 ppm).  
Workers exposed to chloroform had slight liver damage indicated by higher (abnormal) levels of 
serum prealbumin (in group 2) and transferrin (in both groups) than those of control workers.  
Neurobehavioral functions were also affected, manifested as increases in scores of passive mood 
states and dose-related, negative changes in neurobehavioral testing.  
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These cross sectional studies are limited in their ability to establish chronic NOAEL/LOAEL 
values due to limited exposures, concurrent exposure to other chemicals, inadequate control 
groups and potential confounders.  However, these studies indicate the potential for liver and 
central nervous system toxicity in humans exposed to chloroform via inhalation. 
 
V. Effects of Animal Exposure 
 
Exposure of experimental animals to chloroform for acute, subchronic or chronic durations 
results in toxicity to the liver and kidney, as well as to the respiratory and central nervous 
systems (USDHHS, 1993).  The majority of chronic animal studies have used oral routes of 
chloroform administration (USDHHS, 1993), while only limited data are available on inhalation 
specific exposures.  Both routes of exposure, however, appear to primarily affect the liver and 
kidney (Chu et al., 1982; Heywood et al., 1979; Jorgenson et al., 1985; Miklashevshii et al., 
1966; Munson et al., 1982; Roe et al., 1979; Larson et al., 1996; Templin et al., 1996; Torkelson 
et al., 1976). 
 
Larson et al. (1996) exposed female and male B6C3F1 mice to atmospheric concentrations of 0, 
0.3, 2, 10, 30, and 90 ppm chloroform 6 hr/day, 7 days/week for exposure periods of 4 days or of 
3, 6, or 13 consecutive weeks.  Additional exposure groups were exposed for 5 days/week for 13 
weeks or for 5 days/week for 6 weeks and then examined at 13 weeks.  Complete necropsy and 
microscopic evaluation revealed that chloroform treatment induced dose- and time-dependent 
lesions only in the livers and nasal passage of the female and male mice and in the kidneys of the 
male mice.  Large increases in the liver cell labeling index were seen in the 90-ppm groups at all 
time points.  The female mice were most sensitive.  The no-observed-adverse-effect level 
(NOAEL) for induced hepatic cell proliferation was 10 ppm.  The hepatic labeling indices in the 
5 days/week groups were about half of those seen in the 7 days/week groups and returned to the 
normal baseline in the 6-week recovery groups.  The NOAEL for increased liver weight 
(normalized to body weight) was 10 ppm in male mice.  Histologic changes and regenerative cell 
proliferation were induced in the kidneys of male mice at 30 and 90 ppm with 7 days/week 
exposures and also at 10 ppm with the 5 days/week regimen.  Nasal lesions were transient and 
occurred only in mice exposed to 10, 30, or 90 ppm for 4 days.  
 
Templin et al. (1996) exposed male and female F-344 rats to airborne concentrations of 0, 2, 10, 
30, 90, or 300 ppm chloroform 6 hr/day, 7 days/week for 4 days or 3, 6, or 13 weeks.  Additional 
groups were exposed 5 days/week for 13 weeks, or 5 days/week for 6 weeks and held until Week 
13.  A “full-screen” necropsy identified the kidney, liver, and nasal passages as the only target 
organs.  The primary target in the kidney was the epithelial cells of the proximal tubules of the 
cortex; significantly elevated increases in the cell labeling index were observed at concentrations 
of 30 ppm chloroform and above.  However, only a marginal increase in the renal cell labeling 
index in the males was seen after exposures of 90 ppm, 5 days/week.  Chloroform induced 
hepatic lesions in the midzonal and centrilobular regions with increases in the labeling index 
throughout the liver, but only at 300 ppm, an extremely toxic level.  An additional liver lesion 
seen only at 300 ppm was numerous intestinal crypt-like ducts surrounded by dense connective 
tissue.  Enhanced bone growth and hypercellularity in the lamina propria of the ethmoid 
turbinates of the nose occurred at the early time points at concentrations of 10 ppm and above.  
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At 90 days there was a generalized atrophy of the ethmoid turbinates at concentrations of 2 ppm 
(the lowest concentration tested) and above.   
 
Torkelson and associates (1976) exposed rats (12/sex/group), rabbits (2-3/sex/group), and guinea 
pigs (8-12/sex/group) for 7 hours/day, 5 days/week over 6 months to 0, 25, 50 or 85 ppm 
chloroform vapor.  Dogs were exposed to 25 ppm chloroform, for 7 hours/day, 5 days/week for 6 
months.  Dose and species-dependent pathological changes in the liver included mild to severe 
centrilobular granular degeneration, foamy vacuolization, focal necrosis, and fibrosis in both 
sexes of all species tested.  Guinea pigs were the least sensitive and male rats the most sensitive 
to chloroform induced hepatotoxicity; the above adverse effects occurred at 25 ppm.  Adverse 
kidney effects observed in all species included cloudy swelling of the renal tubular epithelium 
and interstitial and tubular nephritis.  Pneumonitis was observed in the high (85 ppm) exposure 
groups of male rats, female guinea pigs, and male rabbits, and in the lower dose group of female 
rabbits (25 ppm).  Clinical and blood parameters were also examined in rats and rabbits, but no 
alterations were attributable to chloroform exposure. 
 
Effects on average body weight, and relative liver and kidney weights of rats due to  
chloroform exposure 7 hours/day for 6 months (Torkelson et al., 1976) 
 
Sex 

 
Parameter 

Unexposed 
control 

 
Air control 

 
25 ppm 

 
50 ppm 

 
85 ppm 

male survival 11/12 10/12  9/10 6/10 
 avg. bw 343 356  305* 316 
 liver 2.45 2.52  2.48 2.76* 
 kidney 0.69 0.70  0.81* 0.84* 
male survival 8/12 12/12 9/12   
 avg. bw 319 347 335   
 liver 2.67 2.41 2.65   
 kidney 0.75 0.70 0.83*   
female survival 10/12 9/12  10/10 10/10 
 avg. bw 202 223  203 206 
 liver 2.92 2.99  3.00 3.12 
 kidney 0.82 0.81  0.95 1.06 
Female survival 10/12 12/12 12/12   
 avg. bw 211 202 194   
 liver 3.02 2.93 3.08   
 kidney 0.83 0.84 0.94*   
* p< 0.05 
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VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Torkelson et al.(1976) 
Study population Rats, unspecified strain (12/sex/group)  
Exposure method Discontinuous whole-body inhalation 

exposures (0, 25, 50, 85 ppm) 
Critical effects Pathological changes in liver (degenerative), 

and kidneys (cloudy swelling) 
LOAEL 25 ppm 
NOAEL Not observed 
Exposure continuity 7 hr/day for 5 days/week for 6 months 
Average experimental exposure 5.3 ppm for LOAEL group (25 x 7/24 x 5/7) 
Human equivalent concentration 15.9 ppm for LOAEL group (gas with 

systemic effects, based on RGDR = 3.0 
for lambda (a) : lambda (h) (Gargas et al., 
1989)) 

Exposure duration 6 months 
LOAEL uncertainty factor 10 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 300 
Inhalation reference exposure level 0.05 ppm (50 ppb; 0.30 mg/m3; 300 µg/m3) 

 
In the study of Torkelson and associates (1976) rats were the most sensitive species and guinea 
pigs the least sensitive to chloroform vapors.  Though of subchronic duration, this inhalation 
study still exposed rats discontinuously for 25% of a lifetime (25.8 weeks/104 weeks/lifetime).  
Pathological changes were observed in both sexes of rat at 50 and 85 ppm (244 or 415 mg/m3) 
and in male rats at 25 ppm (122 mg/m3) chloroform.  These hepatic changes included mild to 
severe centrilobular granular degeneration, foamy vacuolization, focal necrosis, and fibrosis.  
Adverse effects in the kidney including cloudy swelling and nephritis were seen in all species 
tested at 25 ppm (122 mg/m3) chloroform. 
 
An unexpected finding in animals was the generalized atrophy of the ethmoid turbinates of F344 
rats after a 90 day exposure at concentrations of 2 ppm chloroform and above (Templin et al., 
1996).  Nasal lesions have also been reported in F344 rats given chloroform by gavage (Larson 
et al., 1995).  This severe and extensive chloroform-induced olfactory mucosal degeneration in 
rats is not associated with detectable olfactory deficit (Dorman et al., 1997).  As the basis of the 
REL we have used the more usual chloroform organ targets of liver and kidney.  However, 
confirmation of nasal effects in other rat strains and other species may require reassessing the 
basis of the REL for chloroform. 
 
The human occupational studies have reported jaundice with or without alterations in liver 
enzymes at similar ambient concentrations: 2 to 204 ppm chloroform (10 to 995 mg/m3) after at 
least 1 year (Bomski et al., 1967) and 14 to 400 ppm chloroform (68 to 1952 mg/m3) after 6 
months or less (Phoon et al., 1983).  The presence of jaundice and hepatitis in these 2 reports 
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made them questionable for use in developing a REL.  In the Li et al. (1993) study the workers 
were exposed for an average of 7.8 years (range = 1-15 years) and the air concentrations ranged 
from 4.27 to 141.25 mg/m3 with a geometric average of 20.46 mg/m3.  The exposed workers 
were subdivided into higher (n=46) and lower (n=14) exposures, but the separation was not 
indicated for all results.  If the lower exposure level of 2.8 ppm (13.49 mg/m3) is classified as a 
mild LOAEL based on a significant difference from controls in one type of neurobehavioral test, 
the exposure level can be time adjusted to an equivalent continuous exposure of 1 ppm, then 
divided by a LOAEL UF of 3 and an intraspecies UF of 10 to yield a REL of 30 ppb, in good 
agreement with the proposed REL of 50 ppb (300 µg/m3) based on animals (rats). 
 
Chloroform is metabolized by the cytochrome P-450 dependent mixed function oxidase system, 
primarily in the liver, the respiratory epithelium, and the kidney.  In the rat liver and kidneys, 
chloroform is metabolized to phosgene (Pohl et al., 1984).  The hepatotoxicity and 
nephrotoxicity of chloroform is thought to be due largely to phosgene (Bailie et al., 1984). 
Individuals with concurrent exposure to certain chemical inducers of liver cytochrome P450 
activity, including barbiturates, may be at potentially greater risk of chloroform toxicity (Cornish 
et al., 1973).  Others with possible higher sensitivity to chloroform include persons with 
underlying liver, kidney or neurological conditions. 
 
VII. Data Strengths and Limitations for Development of the REL 
 
Strengths of the chronic REL for chloroform derive from the critical effect being found in the 
liver, a well-established site of chloroform toxicity.  Limitations in the data include the lack of a 
NOAEL in the key study, the less than lifetime duration of the key study, and the limited number 
of chronic inhalation studies available. 
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CHRONIC TOXICITY SUMMARY 
 

CHLOROPICRIN 
 

(trichloronitromethane; nitrochloroform; nitrochloromethane) 
 

CAS Registry Number: 76-06-2 
 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 0.4 µg/m3 (0.05 ppb)  
Critical effect(s) Nasal rhinitis and bronchiectasis in mice 
Hazard index target(s) Respiratory system 

 
 
II. Chemical Property Summary (from HSDB (1996) except as noted) 
  

Description Colorless to faint yellow liquid 
Molecular formula CCl3NO2
Molecular weight 164.4 g/mol 
Boiling point 112°C 
Melting point −64°C (CRC, 1994) 
Vapor pressure 5.7 torr @ 0°C (Fries and West, 1921);  

3.2 kPa (24 torr) @ 25°C (Tomlin, 1994) 
Solubility 1.6 g/L water @ 25°C; 2.272 g/L water @ 0°C 

1.9 g/L water @ 20°C; miscible with benzene, 
ethanol, carbon disulfide, ether, carbon 
tetrachloride, acetone, methanol, acetic acid 

Conversion factor 6.72 µg/m3 per ppb at 25ºC 
 
 
III. Major Uses and Sources 
 
Chloropicrin is used primarily as a preplant soil fumigant against insects and fungi; it also kills 
weed and grass seeds when applied to soil.  Chloropicrin is occasionally used as a fumigant in 
grain elevators and storage bins (HSDB, 1996).  Chloropicrin is used as an indicator chemical in 
other fumigants such as methyl bromide because of its potent irritant properties.  Chloropicrin 
was used in World War I as a chemical warfare agent because of its potent activity as a 
lachrymator.  Chloropicrin has a minor use in the chemical synthesis of methyl violet.   
Chloropicrin can also form in drinking water as a result of chlorination processes (Duguet et al., 
1985; Merlet et al., 1985).  The annual statewide industrial emissions from facilities reporting 
under the Air Toxics Hot Spots Act in California based on the most recent inventory were 
estimated to be 1507 pounds of chloropicrin (CARB, 2000).  This does not include emissions 
from its major use as a preplant soil fumigant, either alone or in combination with other 
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fumigants, because agricultural field applications are not covered under the Air Toxics Hot Spots 
program.  Approximately 3,630,000 lbs. of chloropicrin were used in agriculture in California in 
1999 (DPR, 2000). 
 
 
IV. Effects of Human Exposure 
 
No studies are available which describe toxic effects to humans from chronic exposure to 
chloropicrin.  Human exposures to concentrations less than 1 ppm for very short periods of time 
are extremely irritating (ACGIH, 1992; Fries and West, 1921).  The threshold of odor detection 
in humans is approximately 1 ppm (ACGIH, 1992). 
 
 
V. Effects of Animal Exposure 
 
Burleigh-Flayer and Benson (1995) conducted a chronic inhalation bioassay with CD rats (50-60 
per sex per dose) exposed discontinuously to 0 (air), 0.1, 0.5, or 1.0 ppm 99.6% pure 
chloropicrin vapor 6 hours/day for 5 consecutive days/week over 107 weeks.  Clinical signs 
(such as hypoactivity and decreased startle response) were increased in both sexes, primarily at 
1.0 ppm.  Increased mortality was noted in males at 0.5 and 1 ppm and in females at 1 ppm.  
Absolute and relative increased lung and liver weights and increased nasal rhinitis were reported 
in both sexes at the 1 ppm level.  However, no effects were seen at 0.1 ppm.  Thus this study 
yielded a NOAEL of 0.1 ppm (0.67 mg/m3) for chronic non-cancer effects in rats.  
 
Results from chronic inhalation of chloropicrin in rats (Burleigh-Flayer and Benson, 1995) 
 
Chloropicrin 

 
Lung wt., m 

 
Lung wt., f 

 
Rhinitis, m 

 
Rhinitis, f 

Mean 
survival, m

0 2.086 g 1.574 g 20/50 18/50 696 d 
0.1 ppm 2.089 g 1.464 g 24/50 17/50 669 d 
0.5 ppm 2.202 g 1.460 g 21/50 26/50 672 d* 
1.0 ppm 2.448 g 1.633 g 35/50** 23/50 647 d** 
*p<0.05; **p<0.01 
 
A similar study in mice (Burleigh-Flayer et al., 1995) resulted in the same NOAEL.  CD-1 mice 
(50/sex/dose) were exposed to chloropicrin (99.6% pure) vapor at 0 (air), 0.1, 0.5, or 1.0 ppm for 
6 hours/day, 5 days/week for at least 78 weeks.  Body weights and body weight gains were 
significantly decreased in both sexes at ≥ 0.5 ppm.  Food consumption was decreased in males at 
1.0 ppm and in females at ≥ 0.5 ppm.  Absolute and relative lung weights were increased in a 
dose-related manner in both sexes at ≥ 0.5 ppm.  Changes in pathology observed 
macroscopically in the 1.0 ppm males included increased numbers of lung nodules and increased 
numbers of kidney cysts.  In females lung masses and kidney cysts were seen at 0.5 ppm.  
Microscopic pathology changes included increased nasal cavity lesions (including serous 
exudate, hyaline epithelial inclusions, rhinitis, olfactory and epithelial atrophy) and lung lesions 
(including alveolar protein deposits, alveolar histiocytosis, hemorrhage, peribronchiolar 
lymphocytic infiltrate, bronchiectasis, bronchial submucosal fibrosis, peribronchiolar smooth 
muscle hyperplasia), in addition to kidney cysts at ≥ 0.5 ppm (CDPR, 2000). 
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Results from chronic inhalation of chloropicrin in mice (Burleigh-Flayer et al., 1995) 

Chloropicrin Rhinitis, m Rhinitis, f Bronchiectasis, m Bronchiectasis, f  
0   6/50   3/50   0/50   0/50  
0.1 ppm   7/50   6/50   3/50   5/50  
0.5 ppm 17/50** 18/50** 28/50** 28/50**  
1.0 ppm 35/50** 32/50** 41/50** 44/50**  
**p<0.01 
 
Yoshida et al. (1987) exposed groups of 12 male Fischer 344 rats intermittently to 0, 0.37, 0.67, 
1.58, or 2.93 ppm chloropicrin vapor 6 h/day, 5 days/week for 13 weeks.  Mean body weights 
were reduced in the highest 2 exposure groups, and red blood cell count, hematocrit, and 
hemoglobin concentration were significantly increased in the 2.93 ppm group.  The treatment-
related histological lesions reported were degeneration and necrosis of the bronchial and 
bronchiolar epithelia at 2.93 ppm and hypertrophy of these epithelia at 1.58 ppm.  Thus the 
primary target organ was the respiratory tract and the subchronic NOAEL was 0.67 ppm (4.5 
mg/m3).  (Eyelid closure and decrease in motor activity were seen in all exposure groups only 
during exposure.  No morphological changes were seen at 0.67 ppm, so the authors deemed the 
behavior changes minor and not toxicologically important.) 
 
Male Swiss-Webster mice (group numbers ranging from 16-24) were exposed by inhalation to a 
single level of different sensory irritants including chloropicrin for 6 hours/day for 5 days; 
unexposed control groups had 8-10 mice (Buckley et al., 1984).  The exposure level for 
chloropicrin was 7.9 ppm, which approximated the level sufficient to cause a 50% decrease in 
respiratory rate in mice (RD50) (Kane et al., 1979).  Half the exposed mice and half the control 
animals were terminated immediately after the exposures and the other half 72 hours after the 
last exposure.  All were examined for respiratory tract lesions.  Body weights of chloropicrin 
exposed animals were reduced 10-25% below controls, but increased to normal levels during the 
recovery period.  Nasal exudate and distention of the abdomen were observed.  “Moderate” 
lesions, characterized by exfoliation, erosion, ulceration, or necrosis, were observed in the 
respiratory and olfactory epithelium, and minimal inflammation and squamous metaplasia were 
observed in the respiratory epithelium alone.  Moderate to severe damage to the lower 
respiratory tract was described as “fibrosing peribronchitis and peribronchiolitis”.  Exfoliation, 
hyperplasia, and squamous metaplasia were also noted.  
 
Condie et al. (1994) conducted a study of the toxicity of chloropicrin by oral exposure in 
Sprague-Dawley rats.  Ten and ninety-day studies were conducted by dosing animals daily with 
chloropicrin in vehicle (corn oil) at a volume of 1 ml/kg.  Groups of 10 rats/sex/group were 
dosed with 0, 10, 20, 40, and 80 mg/kg for the 10-day study and with 0, 2, 8, and 32 mg/kg for 
the 90-day study.  Parameters examined included mortality, body weight, food and water 
consumption, hematology, serum clinical chemistry, and gross pathology and histology of 
organs.  Only the high-dose group and the control group animals from the 90-day study were 
examined histopathologically.  In the 90-day study, 6 males and 2 females in the 32 mg/kg dose 
group and 1 male and 3 females in the 8 mg/kg dose group died before the scheduled termination 
time.  The authors noted signs of pulmonary complications (inflammation and congestion) in the 
dead animals.  Previously, the animals had shown signs of respiratory distress, including 
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wheezing and dyspnea.  The deaths were considered to be exposure related and most likely due 
to aspiration of chloropicrin.  Among the survivors, mean body weight, hemoglobin levels, and 
hematocrits were significantly reduced in males in the 32 mg/kg dose group.  Absolute thymus 
weights were reduced in female rats at 32 mg/kg, and female rats in the 8 mg/kg dose group 
showed decreased white blood cell count.  Most animals in the 32 mg/kg dose group (>60%) 
showed histopathological changes in the forestomach including chronic inflammation, 
acantholysis, and hyperkeratosis.  The authors considered the NOAEL to be 8 mg/kg/day. 
 
 
VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Burleigh-Flayer and Benson (1995) 
Study population CD-1 mice (60 per sex per dose) 
Exposure method Discontinuous inhalation (0, 0.1, 0.5 or 1.0 ppm) 
Critical effects Nasal rhinitis; bronchiectasis 
LOAEL 0.5 ppm 
NOAEL 0.1 ppm 
Exposure continuity 6 hours/day, 5 days/week 
Exposure duration 107 weeks 
BMC05 0.042 ppm 
Average experimental exposure  

0.0075 ppm at the BMC05 (0.042 x 6/24 x 5/7) 
Human equivalent concentration 0.0016 ppm at the BMC05 (gas with 

extrathoracic respiratory effects, RGDR = 0.21 
based on MV = 0.044 L/min and SA(ET) = 3 
cm2) 

LOAEL uncertainty factor not needed in the BMC approach 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 3 (since RGDR adjustment was made) 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 30 
Inhalation reference exposure level 0.05 ppb (0.4 μg/m3)  

 
The data on bronchiecstasis incidence in male and female mice were combined and the chronic 
REL for chloropicrin was developed using the BMC approach.  Of the several models tested, the 
Gamma MultiHit Model gave the best fit to the combined bronchiecstasis data (p = 0.9750).  The 
MLE05 was 0.070 ppm and the BMC05 was 0.042 ppm.  Use of time extrapolation to equivalent 
continuous exposure, an RGDR adjustment for the area of the respiratory tract affected, and a 
total uncertainty factor of 30 resulted in a chronic REL of 0.05 ppb (0.4 μg/m3). 
 
The chronic study in mice (Burleigh-Flayer et al., 1995) yielded the same NOAEL of 0.1 ppm as 
the chronic study in rats (Burleigh-Flayer and Benson, 1995).  Use of the mouse data with the 
NOAEL/UF approach led to a cREL estimate of 0.1 ppb.  Use of the rat data yielded a chronic 
REL estimate of 0.2 ppb by the NOAEL/UF approach. 
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As another comparison, the study of Yoshida et al. (1987) found a NOAEL in rats of 0.67 ppm 
for intermittent exposure for 13 weeks.  This is equivalent to a continuous exposure of 120 ppb.  
Use of an RGDR of 0.25 for rats and a total uncertainty factor of 100 (3 for subchronic, 3 for 
interspecies, and 10 for intraspecies) results in a REL estimate of 0.03 ppb (0.2 μg/m3).   
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
Significant strengths in the REL for chloropicrin include the duration of exposure (lifetime) in 
the key study, the multiple dose study design with adequate sample sizes, and the demonstration 
of a NOAEL in rats and mice.  Major areas of uncertainty are the lack of adequate human 
exposure data, limited reproductive toxicity data, and the appropriateness of time extrapolation 
of concentrations that cause irritative effects such as rhinitis. 
 
 
VIII. Potential for Differential Impacts on Children's Health 
 
Chloropicrin is a respiratory irritant.  Respiratory irritants often have steep dose-response curves.  
Thus use of the human intraspecies factor of 10 should result in a REL that adequately protects 
children.  Exacerbation of asthma, which has a more severe impact on children than on adults, is 
a known response to some respiratory irritants.  However, there is no direct evidence in the 
literature to quantify such a response to chloropicrin, or to quantify a differential effect of 
chloropicrin on infants or children.  We are currently evaluating our risk assessment 
methodologies, in particular the intraspecies uncertainty factor (UFH), for adequacy in protecting 
infants and children.  While we have not so far identified any indications that the currently used 
UFH of 10 might be less than adequate to protect infants and children, this possibility should be 
considered in evaluating any exposure situation involving chronic exposures of infants or 
children to chloropicrin. 
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CHRONIC TOXICITY SUMMARY 
 

CHROMIUM, HEXAVALENT 
(SOLUBLE COMPOUNDS) 

 
Molecular 
Formula 

Molecular 
Weight 

 
Synonyms 

CAS Registry 
Number 

CrO3 99.99 g/mol Chromic trioxide, chromium oxide, 
chromium trioxide, chromium (VI) 
oxide.  (In acid aqueous solutions, 
exists as H2CrO4 – “chromic acid”) 

1333-82-0 

K2CrO4 194.20 g/mol Potassium chromate, dipotassium 
chromate, potassium (VI) chromate, 
dipotassium monochromate, 
chromate of potash 

7789-00-6 

Li2CrO4 129.87 g/mol Lithium chromate, chromium lithium 
oxide, chromic acid dilithium salt, 
lithium chromate (VI) 

14307-35-8 

Na2CrO4 161.97 g/mol Sodium chromate, chromic acid 
disodium salt, chromium disodium 
oxide, sodium chromate (VI), 
chromate of soda 

7775-11-3 

K2Cr2O7 294.20 g/mol Potassium dichromate, dichromic acid 
dipotassium salt, bichromate of 
potash 

7778-50-9 

Na2Cr2O7 261.96 g/mol Sodium dichromate, bichromate of 
sodium, dichromic acid disodium 
salt, chromium sodium oxide 

10588-01-9  

 
I. Chronic Toxicity Summary 
 

A. Soluble Hexavalent Chromium Compounds (except chromic trioxide) 
 
Inhalation reference exposure level 0.2 µg Cr(VI)/m3  
Critical effect(s) Bronchoalveolar hyperplasia in lungs of rats 
Hazard index target(s) Respiratory system 
Oral reference exposure level 0.02 mg Cr(VI)/kg/day  
Critical effect(s) Red blood cell effects (decreased mean 

corpuscular volume (MCV) and mean 
corpuscular hemoglobin (MCH)) in mice  

Hazard index target(s) Hematopoietic system 
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B.  Chromic Trioxide (as chromic acid mist) 

 
Inhalation reference exposure level 0.002 µg Cr(VI)/m3  
Critical effect(s) Respiratory effects (nasal atrophy, nasal mucosal 

ulcerations, nasal septal perforations, transient 
pulmonary function changes) in human 
occupational study  

Hazard index target(s) Respiratory system 
 
 
II. Physical and Chemical Properties (HSDB, 2000; CRC, 1994) 
 

Description CrO3: dark red or brown crystals, flakes, or 
powder, exists as chromic acid (H2CrO4) in 
solution;  

K2CrO4, Na2CrO4: yellow crystals;  
K2Cr2O7, Na2Cr2O7: orange-red crystals;  
Li2CrO4: yellow crystalline powder 

Molecular formula See above 
Molecular weight See above 
Density CrO3: 2.70 g/cm3 @ 25°C 
Boiling point CrO3: decomposes (temperature not available);  

K2Cr2O7: 500 °C with decomposition;  
Na2Cr2O7: 400 °C 

Melting point CrO3: 197 °C;  
K2CrO4: 975 °C;  
Na2CrO4: 792 °C;  
K2Cr2O7: 398 °C;  
Na2Cr2O7: 356.7 °C 

Vapor pressure Not applicable 
Solubility CrO3: soluble in water, ethyl alcohol, ethyl ether, 

sulfuric and nitric acid;  
K2CrO4, K2Cr2O7, Na2Cr2O7: soluble in water, 

insoluble in ethyl alcohol;  
Na2CrO4: soluble in water, slightly soluble in 

ethyl alcohol;  
Li2CrO4: soluble in water and ethyl alcohol 

Conversion factor Not applicable for particulates and mists 
 
 
III. Major Uses or Sources  
 
Hexavalent chromium (Cr(VI)) is considerably more toxic than trivalent chromium (Cr(III)), the 
form most commonly found naturally (ATSDR, 1993).  Cr(VI) is generally produced by 
industrial processes.  While more information is available on the toxicity of soluble Cr(VI) 
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compounds, information on poorly soluble Cr(VI) compounds has been included where 
applicable.  In California, the major emission source of Cr(VI)  results from the chrome plating 
industry (CARB, 1997).  Chromic acid, used to electroplate metal parts, is the most common 
Cr(VI) compound produced in the U.S. (ATSDR, 1998).  Chromic acid is also registered as a 
fungicide and pesticide in California for use in wood and lumber protection treatments (CDPR, 
1998).  Chromic acid solutions used for this purpose in the most recent year of reporting (1998) 
was 71,109 lbs.  Minute emissions of Cr(VI) may result from lead chromate in paint used for 
road striping and from coatings in the aerospace and auto refinishing industries, although uses of 
Cr(IV)-containing coatings by these industries in California are decreasing (CARB, 1997 and 
1988).  Use of Cr(VI) as a corrosion inhibitor in cooling tower water is prohibited in California, 
and recently, in the remainder of the U.S. as well.  Fuel combustion releases trace amounts of 
chromium (CARB, 1988).  Most, if not all, of this emitted chromium is in the Cr(III) state.  In 
the chromium ferroalloy industry, sodium chromate and dichromate can be produced from 
imported chromite (Cr(III)) ore.  However, no such facilities in California have reported 
production or emission of these Cr(VI) compounds. 
 
Primary routes of potential human exposure to chromium compounds are inhalation, ingestion, 
and dermal contact.  Exposure to chromic acid is most often in the form of a mist; exposure to 
other soluble forms of Cr(VI) is as components of aerosols or particulate matter.  The physical, 
chemical, and potency differences between Cr(VI) dusts and chromic acid mists necessitated the 
development of separate RELs for each.  Environmental exposures would most likely occur 
through exposure to Cr(VI) dusts (U.S. EPA, 1998).  Cr(VI) may persist in water as water-
soluble complex anions.  However, any Cr(VI) settling in the soil or water is expected to be 
eventually reduced to Cr(III) by organic matter.  The South Coast Air Quality Management 
District (SCAQMD, 2000) detected ambient levels of hexavalent chromium ranging from 0.0001 
to 0.0003 μg/m3 at 10 stationary monitors placed throughout the South Coast Air Basin.  The 
annual statewide industrial emissions from facilities reporting under the Air Toxics Hot Spots 
Act in California based on the most recent inventory were estimated to be 2311 pounds of 
hexavalent chromium (CARB, 2000). 
 
 
IV. Effects of Human Exposure 
 
Cr(VI) forms oxyanions at physiological pH (CrO4

−2), which are quite similar to sulfate (SO4
-2) 

and phosphate (HPO4
-3) anions.  Therefore, it is able to penetrate virtually every cell in the body 

because all cells transport sulfate and phosphate (Costa, 1997).  Harmful effects are speculated to 
be related to the reduction of Cr(VI) to Cr(III) intracellularly when it crosses the cell membrane 
and forms complexes with intracellular macromolecules.  Thus, Cr(VI) compounds have the 
potential to injure numerous organ systems.  Toxicity following chronic Cr(VI) exposure has 
been reported in the respiratory tract, gastrointestinal system, eyes and conjunctiva, kidney, and 
hematopoietic system.  Cr(VI) is corrosive and exposure to chromic acid mists may cause 
chronic skin ulcerations and upper respiratory lesions (U.S. EPA, 1998).  In addition, allergic 
skin and respiratory reactions can occur with no relation to dose. 
 
Nasal tissue damage has been frequently observed in chromium plating workers exposed 
chronically to chromic acid mists (Bloomfield and Blum, 1928; Vigliani and Zurlo, 1955; 
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Kleinfeld and Rosso, 1965; Gomes, 1972; Sorahan et al., 1998).  However, workers in the 
chromate extraction and ferrochromium industry, exposed to particulates containing soluble 
Cr(VI) compounds, have also reported nasal lesions (Mancuso, 1951; Federal Security Agency, 
1953; Machle and Gregorius, 1948; Wang et al., 1994; Walsh, 1953).  Other less frequent 
mucous membrane injuries have been reported in workers exposed to chromate dust and chromic 
acid including sinusitis, laryngitis, conjunctivitis, and oral ulcerations (Mancuso, 1951; Federal 
Security Agency, 1953; Johansen et al., 1994).  Nasal lesions include perforated septum, 
ulcerated septum, nasal atrophy, nosebleed, and inflamed mucosa following exposure to air 
chromium levels of about 0.1 to 5.6 mg/m3.  Exposure duration, when reported, ranged from 2 
weeks to 25 years.  However, there were problems in quantifying the effect for the above studies.  
The difficulties were primarily lack of adequate methods or data for determining exposure 
duration and/or exposure levels.  The occupational studies summarized below provide the most 
reliable estimates of inhalation durations and concentrations resulting in chronic toxicity. 
 
Workers exposed to >2 µg/m3 Cr(VI) as chromic acid exhibited an increased incidence of nasal 
atrophy, nasal mucosal ulcerations, and nasal septal perforations as compared to controls 
(Lindberg and Hedenstierna, 1983).  Workers exposed to less than 2 µg/m3 (expressed as < 1.9 
µg/m3) exhibited an increased incidence of irritated nasal mucosa and nasal atrophy compared to 
controls.  The median exposure time of exposed workers was 2.5 years (range = 0.2-23.6 years).  
Frequency of throat and chest symptoms was similar to that of controls.  The same study 
reported statistically significant decreases in forced expiratory volume in 1 second (FEV1), 
forced vital capacity (FVC), and mean forced expiratory flow during the middle of the FVC in 1 
second (FEF25-75) measurements taken on a Thursday afternoon as compared to those taken on a 
Monday morning in nonsmoking workers exposed to 2 µg/m3 Cr(VI) or more.  Similar changes 
were observed in the smokers although only the difference in the FVC measured on a Thursday 
was statistically significant.  No significant differences were observed between pulmonary 
function measurements of exposed and unexposed workers taken on a Monday morning (prior to 
a work week of exposure).  Thus the authors infer that the observed pulmonary function changes 
are transient.  
 
Nasal lesions were observed in 35 of 37 chrome platers exposed to a mean breathing zone 
concentration of 7.1 μg/m3 (range = 1.4-49.3 μg/m3) total chromium for an average of 2.2 years 
(range = 1.2 weeks-11 years) (Cohen et al., 1974).  Actual exposure to Cr(VI) averaged 2.9 
μg/m3 (range = 0.09-9.1 μg/m3).  Workers employed more than one year had significantly 
greater nasal pathology than workers employed one year or less.  Due to poor personal hygiene 
habits of the exposed workers, a ‘direct contact’ etiology may explain some of the nasal lesions.   
 
Urinary levels of β2-microglobulin in 24 chrome platers increased in dose-dependent fashion 
with increasing intensity of exposure to Cr(VI), indicating a nephrotoxic effect resulting from 
inhalation of Cr(VI) (Lindberg and Vesterberg, 1983).  The 8-hr mean Cr(VI) levels ranged from 
2 to 20 μg/m3 and averaged 6 μg/m3.  Total exposure times ranged from 0.1 to 26 years and 
averaged 5.3 years.  Most of the 24 chrome workers had irritation symptoms of the airways.  As 
a group, the chrome platers had significantly higher levels of urinary β2-microglobulin compared 
to a group of 27 referents.  Comparison of 27 referents to a group of 27 ex-chrome-platers found 
no difference in urinary β2-microglobulin levels, even though seven of the ex-chrome-platers had 
a permanent perforation of their nasal septum (indicating past exposure to high levels of Cr(VI)).  
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There was no correlation between total exposure time and urinary β2-microglobulin levels.  
Urinary albumin levels remained unchanged in the Cr(VI)-exposed group.  The results suggest 
that the nephrotoxic effects are reversible at the exposure levels studied.   
 
Gastritis and duodenal ulcers, in addition to ulceration and perforation of the nasal septum, were 
observed in chrome platers exposed to a mean breathing zone concentration of 4 µg/m3 chromic 
acid for an average of 7.5 years (Lucas and Kramkowski, 1975).  
 
Male workers in the chromate and dichromate production industry, whose occupational 
exposures were 0.05-1.0 mg Cr(VI)/m3 as chromium trioxide for a mean of 7 years, were 
reported to have elevated levels of low molecular weight proteins (retinol binding protein and 
tubular antigens) in the urine (Franchini and Mutti, 1988).  The authors suggest that the presence 
of such proteins in the urine is an early indicator of kidney damage.  
 
The respiratory health of workers exposed to low levels of dusts containing Cr(VI) was 
investigated at a stainless steel production plant (Huvinen et al., 1996).  The data were presented 
as total chromium exposure and Cr(VI) exposure.  A combined total of 109 exposed workers in 
the furnace department (median Cr(VI) exposure approximately 0.075-0.45 μg/m3) and the steel 
smelting shop (average Cr(VI) exposure 0.5 μg/m3) was compared to a control group of 95 
workers that worked in the cold rolling mill.  Total work exposure duration was 16.0 years 
(range: 8-26 years).  No significant differences in lung function tests and radiological findings 
were observed between exposed and control workers.  After controlling for age and smoking, no 
differences were observed for the prevalence of rhinitis, eye irritation, or respiratory symptoms 
between the two groups. 
 
In a study summarized by U.S. EPA (1998), oral ulcers, diarrhea, stomach ache, indigestion, 
leukocytosis and vomiting were reported among a group of 155 Chinese villagers exposed to 
contaminated well-water containing 20 mg/L Cr(VI) in 1965 (Zhang and XiLin, 1987).  
However, precise exposure concentrations, exposure durations, and confounding factors were not 
provided.  A follow-up study to assess cancer mortality reported that the average Cr(VI) 
concentration in 1965 from 170 wells of the most impacted village was only 2.6 ppm, and 
maximum levels did not exceed 5 ppm (Zhang and Li, 1997).  Non-cancer effects were not 
presented and the apparent discrepancy in water levels of Cr(VI) with the earlier study was not 
discussed. 
 
 
V. Effects of Animal Exposure 
 
Exposure of C57BL/6 mice to 0 or 13 mg/m3 CaCrO4 dust (about 136 animals/sex/group) 5 
hr/day, 5 days/wk for life resulted in emphysema-like changes of the lung, ‘bronchiolarization’ 
of the alveoli, and epithelial necrosis, marked hyperplasia, and atrophy of the bronchi in treated 
mice (Nettesheim et al., 1971).  Other non-cancer histopathological findings in exposed mice 
included atrophy of the lymph nodes, spleen, and liver, and occasional small ulcerations of the 
stomach and intestinal mucosa.  Cessation of body weight gain in both sexes was observed 
following the sixth month of exposure to  the chromate dust. 
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Glaser et al. (1986) exposed 20 male Wistar rats/group to 25, 50, and 100 μg/m3 aerosolized 
sodium dichromate solution and to 100 μg/m3 of a pyrolyzed Cr(VI)/Cr(III) (3:2) oxide dust 
mixture 22-23 hr/day for 18 months.  Observation in filtered air continued for another 12 months 
thereafter.  A control group consisted of 40 rats.  Mortality and body weights were unaffected by 
treatment.  Lung chromium retention at the end of the study was 10-fold greater in rats exposed 
to the slightly water soluble chromium oxide mixture compared to high dose rats exposed to 
water-soluble sodium dichromate.  No clinical signs of irritation were observed in any group.  
No hematological effects were noted in rats exposed to sodium dichromate.  Rats exposed to the 
chromium oxide mixture had a significantly elevated white blood cell count at the 17th and 18th 
month, and significantly elevated red blood cells, hematocrits, and hemoglobin levels at the 27th 
month.  Mean serum content of total immunoglobulin was significantly reduced in this group at 6 
months exposure.  Significantly increased lung weights were observed in chromium oxide-
exposed rats, and for livers of sodium dichromate-exposed rats at the highest dose.  Pigment-
loaded macrophages were found in the sodium dichromate-exposed rats in a dose dependent 
manner and also in the chromium oxide group.  Chromium oxide-exposed rats also developed 
focal thickened septa, partially combined with interstitial fibrosis and accumulation of 
eosinophilic substance in the alveolar lumens.  The authors concluded that the hematological and 
pulmonary effects may be due to Cr-accumulation in the lungs and to depressed lung clearance 
function. 
 
Rats exposed to 200 µg/m3 Cr(VI) as aerosolized sodium dichromate by inhalation for 22 hours 
per day for 42 days exhibited decreased alveolar macrophage phagocytic activity; the lung 
clearance of inert iron oxide was significantly reduced in exposed rats compared to controls 
(Glaser et al., 1985).  Increased alveolar macrophage activity and a significantly elevated 
antibody response to injected sheep red blood cells were observed in rats exposed to 25 or 50 
µg/m3 Cr(VI) for 22 hours per day for 28 days.  Ninety day exposure under the same exposure 
protocol resulted in increased rat lung and spleen weights at 50, 100 and 200 µg/m3, but not 25 
µg/m3 (Glaser et al., 1985).  Histopathology of major organs was similar among all groups.  
Bronchoalveolar lavage fluid contained decreased macrophage cell counts above 25 µg/m3.  
Increased antibody response to injected sheep red blood cells was observed in all treatment 
groups, while alveolar macrophage activity was elevated at 25 and 50 µg/m3, but was 
significantly reduced at 200 µg/m3. 
 
A later experiment exposed male rats to 0, 50, 100, 200, or 400 μg Cr/m3 22 hours per day, 7 
days per week for 90 days (Glaser et al., 1990).  Average measured concentrations were 0, 54, 
109, 204, and 403 μg Cr/m3, respectively.  Subacute respiratory dyspnea and reduction in body 
weight gain were observed at the two highest exposures.  Mean white blood cell count increased 
in a dose-dependent manner among treated rats, but returned to normal 30 days following 
cessation of exposure.  Histopathological examination revealed histiocytosis (macrophage 
accumulation) in all treatment groups (Table 1).  Bronchoalveolar lavage fluid (BALF) contained 
elevated levels of albumin, lactate dehydrogenase (LDH), and total protein in all exposed groups.  
Statistically significant elevations in these parameters were observed mainly in the 200 and 
400 μg/m3 exposure groups.  At necropsy, a statistically significant increase in lung weight (g 
dry wt/kg body wt) was observed in rats exposed to 100, 200, and 400 µg/m3 as compared to 
controls.  Lung weights were still significantly elevated in the three highest exposure groups 30 
days following cessation of exposure.  An analysis of the data (Malsch et al., 1994) determined a 
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benchmark dose (95% confidence interval with dose associated with a 10% elevation in the 
parameter) for each of these endpoints.  The analysis also examined changes in lung and spleen 
weight reported in Glaser et al. (1985).  The most sensitive endpoint was LDH in BALF. 
 
Table 1. Key bronchoalveolar lavage fluid (BALF) and histopathological findings after 90 
days exposure to sodium dichromate (Glaser et al., 1990). 
 

 
 

µg Cr/m3

Total Protein 
in BALFa 
(mg/L) 

 
Albumin in 
BALF (mg/L) 

LDH  
in BALF 
 (U/L) 

Broncho-
alveolar 

Hyperplasia 

 
Lung  

Histiocytosis 

Right lung 
dry weight 
(g/kg BW) 

0 226+30 77+13 29+5 0/10 2/10 0.44± 0.03 
50 396+79** 115+23** 34+3* 3/10 9/10 0.48±0.05 
100 326+35** 86+13 31+4 2/10 10/10 0.50±0.06* 
200 703+178** 117+20** 63+11** 3/10 9/10 0.55±0.04** 
400 975+246** 184+59** 83+17** 7/10 10/10 0.65±0.05** 

a  All BALF parameters are mean + SD, n = 10/group 
* p < 0.05; ** p < 0.001: comparison of exposed groups vs. controls 
 
Cohen et al. (1998) investigated the immunotoxicologic effects of inhaled chromium by 
exposing F-344 rats (10/group/exposure duration) nose-only to 0 and 360 μg/m3 potassium 
chromate 5 hr/day, 5 days/week for 2 or 4 weeks.  Exposed rats had greater levels of total 
recoverable cells, neutrophils, and monocytes in bronchopulmonary lavage compared to controls 
at 2 and/or 4 weeks.  Pulmonary macrophages (PM) were reduced, although total PM levels 
remained unaffected.  Four-week exposure to potassium chromate also resulted in modulated 
PM-inducible interleukins-1 and –6, and tumor necrosis factor-α, and increased PM basal nitric 
oxide production and interferon-γ-primed/zymosan-stimulated reactive oxygen intermediate 
production. 
 
Nasal septal perforation, hyperplastic and metaplastic changes in the larynx, trachea, and 
bronchus, and emphysema were observed in mice exposed two days per week for 12 months to 
CrO3 mist (Adachi, 1987; Adachi et al., 1986).  Chromic acid concentrations were either 3.63 
mg/m3 for 30 minutes per day or 1.81 mg/m3 for 120 minutes per day.  An additional 20 mice 
exposed to 1.81 mg/m3 were necropsied 6 months after the last exposure.  Lesions of the nasal 
septum, trachea, and lungs were still evident in some mice. 
 
The investigators of the toxicity studies summarized below administered soluble Cr(VI) 
compounds to experimental animals by the oral route. 
 
Groups of eight male and eight female Sprague-Dawley rats were supplied with drinking water 
containing 0-11 ppm (0-11 mg/L) Cr(VI), as K2CrO4, for 1 year (Mackenzie et al., 1958).  The 
control group (10/sex) received distilled water.  A second experiment involved three groups of 
12 male and 9 female rats.  One group was given 25 ppm (25 mg/L) Cr(VI); a second received 
25 ppm chromium in the form of chromic chloride; and the controls received distilled water.  For 
rats treated with 0-11 ppm (in the diet), hematological determinations (red and white blood cell 
counts, differential white cell counts, and hemoglobin) were performed monthly, and tissues 
(livers, kidneys and femurs) were examined at 6 months and 1 year.  Spleens were also examined 
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at 1 year.  The 25 ppm groups (and corresponding controls) were examined similarly, except that 
no animals were killed at 6 months.  No significant adverse effects were seen in appearance, 
weight gain, or food consumption, and there were no treatment-related effects regarding 
hematological parameters or other tissues in any treatment group.  The rats receiving 25 ppm 
Cr(VI) showed an approximate 20% reduction in water consumption.  This dose corresponds to 
2.4 mg Cr(VI)/kg/day based on actual body weight and water consumption data.  An abrupt rise 
in tissue chromium concentrations was noted in rats treated with greater than 5 ppm.  The 
authors stated that “apparently, tissues can accumulate considerable quantities of chromium 
before pathological changes result.”  In the 25 ppm treatment groups, tissue concentrations of 
chromium were approximately 9 times higher for those treated with hexavalent chromium than 
for the trivalent group. 
 
Anwar et al. (1961) observed no significant effects in groups of female dogs (2/dose group) 
given 0, 0.45, 2.25, 4.5, 6.75, or 11.2 ppm Cr(VI) (as K2CrO4) in drinking water for 4 years.  The 
calculated doses ranged from 0.012-0.30 mg/kg of Cr(VI). 
 
Numerous rodent studies have been recently undertaken to investigate the reproductive and 
developmental effects of Cr(VI) exposure via the drinking water (Trivedi et al., 1989; Junaid et 
al., 1995; Murthy et al., 1996; Junaid et al., 1996a; Junaid et al., 1996b; Kanojia et al., 1996; 
Elbetieha and Al-Hamood, 1997; Al-Hamood et al., 1998; Kanojia et al., 1998).  Exposure 
concentrations ranged from 250 to 5000 ppm for durations as short as five days during gestation 
to as long as 3 months pre-gestational exposure.  In general, the longer exposures resulted in 
more serious reproductive and developmental effects. 
 
Kanojia et al. (1998) administered 0, 250, 500, and 750 ppm potassium dichromate via drinking 
water to female Druckrey strain rats for 90 days prior to gestation.  Based on daily water intake 
and final body weights, the estimated daily Cr(VI) intake was 33, 68, and 98 mg/kg-day, 
respectively.  Ten to 15% mortality, hair loss, lethargy, aggressiveness and a significant 
reduction in body weight gain were observed in rats at the two highest doses.  While not 
statistically significant, weight of the low dose rats were 32% lower than controls.  All treated 
rats were acyclic at the end of the 90 day exposure period and an additional 15-20 days without 
Cr(VI) exposure were needed for the estrus cycle to start.  Mating and fertility indexes decreased 
with increasing Cr(VI) intake.  Ten rats/group were sacrificed on day 19 of gestation for 
fetotoxicity assessment.  Significantly reduced fetal weight and increased pre- and post-
implantation loss occurred at all dose levels.  Gross and skeletal abnormalities in low dose 
fetuses included subdermal hemorrhagic patches, drooping wrists, and reduced caudal bone 
ossification.  No gross visceral abnormalities were seen in treated groups. 
 
Administration of potassium dichromate to rats (Kanojia et al., 1996) and mice (Junaid et al., 
1996a) in drinking water at concentrations of 250, 500, and 750 ppm for 20 days prior to 
gestation resulted in increased post-implantation loss and decreased placental weight in both 
species at the lowest dose.  Also at this dose level, decreased fetal weight and crown-rump length 
were observed in mice, and increased resorptions and decreased number of live fetuses were 
observed in rats.  Gross and skeletal abnormalities were observed in both species beginning at 
the 500 ppm dose level. 
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Groups of Sprague-Dawley rats (NTP, 1996a) and BALB/C mice (NTP, 1996b) were 
administered potassium dichromate in their diet at 0, 15, 50, 100, or 400 ppm for 9 weeks (24 
males and 48 females/species/group) followed by a recovery period of 8 weeks.  Average Cr(VI) 
consumption for male/female rats were 1/1, 3/3, 6/7, and 24/28 mg/kg-day, respectively.  
Average Cr(VI) consumption for male/female mice were 3/5, 10/16, 21/34, and 92/137 mg/kg-
day, respectively.  Six males and 12 females of both species were necropsied after 3, 6, or 9 
weeks of treatment or after the full recovery period.  There was no treatment-related 
histopathology observed in kidneys, ovaries, and testes in either species.  Hematological analysis 
revealed slight decreases in mean corpuscular volume (MCV) and mean corpuscular hemoglobin 
(MCH) at the highest dose in both species, which is indicative of iron deficiency.  MCV and 
MCH were normal in these groups following the 8-week recovery period.  Microscopic 
evaluation of the livers of mice noted cytoplasmic vacuolization of hepatocytes in treated 
animals beginning at 50 ppm.  Also in mice, there was a slight decrease in mean body weights in 
the 400 ppm males (5-9%) and females (4%) and the 100 ppm females (2-4%) during the dosing 
periods.  Feed consumption by mice was generally increased in all treated groups, particularly 
the 400 ppm males and females.  During the recovery period, feed consumption was comparable 
across groups. 
 
The NTP (1997) investigated the potential reproductive toxicity of Cr(VI) in mice using the 
Reproductive Assessment by Continuous Breeding protocol.  Groups of 20 male and female 
pairs of BALB/c mice (F0) were exposed to 0, 100, 200, and 400 ppm potassium dichromate in 
their diet during the continuous breeding phase (approximately 12 weeks).  F1 generation litters 
received the same concentration of Cr(VI) in their diet as their F0 parents and were used for 
assessment of second generation reproductive toxicity at sexual maturity.  There were no 
treatment-related changes in any of the reproductive parameters in this study.  In F1 mice, the 
MCV was slightly decreased in males at the two highest doses, and slightly decreased in females 
in all dose groups.  MCH and hemoglobin were slightly reduced in high dose males and high 
dose females, respectively.  Mean body weights of the high dose F0 and F1 animals were slightly 
decreased, and mean food consumption in the F1 mice was elevated.  Reduced mean absolute 
liver weights were observed in 400 ppm F0 mice of both sexes.  The mean calculated doses were 
19.4, 38.6, and 85.7 mg/kg-day for F0 males and females and 22.4, 45.5, and 104.9 mg/kg-day 
for F1 males and females in the 100, 200, and 400 ppm dose groups, respectively. 
 
In an investigation of the spermatogenic and steroidogenic effects of Cr (VI), Chowdhury and 
Mitra (1995) administered 0, 20, 40, and 60 mg/kg-day sodium dichromate by oral gavage to 
male rats for 90 days.  Reduced Leydig cell population, reduced body and testicular weight, and 
degeneration of testicular tissue was observed at the two highest doses.  Biochemical measures 
of spermatogenic and steroidogenic impairment, including decreased testicular DNA, RNA, 
protein, serum testosterone, and 3β-∆5-hydroxy steroid dehydrogenase (3β-∆5-HCH), were also 
reduced at the two highest doses.  Only relatively small reductions in testicular protein, 3β-∆5-
HCH, and serum testosterone were seen in the 20 mg/kg rats. 
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VI.  Derivation of Chronic Reference Exposure Levels (RELs) 
 
A. Derivation of Chronic Inhalation Reference Exposure Level for Soluble Hexavalent 

Chromium Compounds other than Chromic Trioxide 
 

Study Glaser et al., 1990 
Study population Male Wistar rats (30 per group) 
Exposure method Discontinuous whole-body inhalation (0, 54, 

109, 204, or 403 μg Cr(VI)/m3 as sodium 
dichromate aerosol) 

Critical effects Bronchoalveolar hyperplasia  
LOAEL 50 μg/m3  
NOAEL Not observed 
BMC05 12.50 μg/m3

Exposure continuity 22 hr/day, 7 days/week 
Exposure duration  90 days 
Average exposure 11.46 µg/m3 Cr(VI) (12.50 x 22/24) 
Human equivalent concentration 24.47 µg/m3 Cr(VI) (2.1355 [RDDR] x 11.46) 
LOAEL uncertainty factor Not needed in the BMC approach 
Subchronic uncertainty factor 3 
Interspecies uncertainty factor  3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 100 
Inhalation reference exposure level 0.2 µg/m3 (0.0002 mg/m3) 

 
The study by Glaser et al. (1990) provides the best available inhalation data that demonstrate a 
dose-response relationship for various pulmonary toxicity endpoints.  The BMC05 of 12.50 
µg/m3 was derived from quantal data for bronchoalveolar hyperplasia.  The presence of 
bronchoalveolar hyperplasia in exposed rats is supported by other indicators of lung 
inflammation, including increased total protein, LDH, and albumin in BALF (see Table 1). A 
quantal-linear model analysis (U.S. EPA, National Center for Environmental Assessment, 
benchmark dose software, version 1.20) of the quantal data provided the most reasonable line fit 
and resulted in the lowest BMC05.  A BMC05 is considered to be similar to a NOAEL in 
estimating a concentration associated with a low level of risk.  Lung histiocytosis (macrophage 
accumulation) was present in nearly all exposed animals, but this quantal data set was only 
suitable for a NOAEL/LOAEL approach and was not considered as direct an indicator of lung 
injury as bronchoalveolar hyperplasia. 
 
Based on OEHHA methodology, a comparison REL developed using the NOAEL/LOAEL 
approach would yield 0.3 µg/m3.  Adjustment of the LOAEL of 50 μg/m3 (a NOAEL was not 
observed) to the human equivalent concentration uses the same parameters as shown in the REL 
derivation above.  However, a LOAEL UF of 3 is added to the existing UFs to result in a 
cumulative UF of 300. 
 
The U.S. EPA (1998) RfC of 0.1 μg/m3 is also based on data from Glaser et al. (1990), but 
derived a BMC10 (16 µg/m3), as developed by Malsch et al. (1994), from continuous data of 
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LDH in BALF.  Using a polynomial model provided by a different benchmark software package 
(THC, Clement International Corp., Ruston LA), increasing LDH concentration in BALF with 
increasing dose provided the lowest BMC10 among the various BALF endpoints.  OEHHA is 
currently not developing BMCs for RELs based on continuous data.  A BMC05 derived from 
quantal data and a BMC05 derived from continuous data may not have the same meaning.  
Conceivably, depending on the standard deviations of the data points, the BMC05 based on 
continuous data could still be above the statistically significant effect level.  OEHHA believes 
that further evaluation of BMC’s based on continuous data is needed prior to their application to 
RELs. 
 
OEHHA and U.S. EPA also diverge on the assignment of the Subchronic UF.  The Glaser et al. 
(1990) study indicated that chromium was still acculmulating in lung tissue at the end of 90 days.  
This evidence and the fact that the study did not investigate upper airway effects and other extra-
pulmonary effects led U.S. EPA to assign a subchronic UF of 10 (U.S. EPA, 1998).  Based on 
OEHHA methodology, OEHHA used a subchronic UF of 3.  In support of a UF of 3, the 18-
month sodium dichromate exposure study performed by Glaser et al. (1986), under similar 
exposure conditions used in the key 90-day study, did not find histopathological evidence of lung 
inflammation or major organ effects, or suggest severe chromium accumulation in exposed rats.  
However, BALF analysis was not performed in the chronic study. 
 
For comparison with the proposed REL, the occupational study by Huvinen et al. (1996) 
established a NOAEL of 0.5 µg/m3 for lack of pulmonary findings.  However, this study is 
deficient for REL purposes due to the lack of a LOAEL. Unfortunately, other occupational 
studies suffered from lack of adequate methods or data for determining exposure duration and/or 
exposure levels.  Use of an occupational time adjustment (10/20 m3 inhaled/day, 5/7 days/week) 
and an interspecies UF of 10 for the Huvinen et al. (1996) study would result in an estimated 
REL of 0.02 µg/m3.  Average exposure duration was 16 years, so a subchronic UF of 1 was 
sufficient. 
 
B. Derivation of Chronic Inhalation Reference Exposure Level for CrO3 as Chromic Acid 
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Study Lindberg and Hedenstierna, 1983 
Study population Human workers (100 exposed workers,  

119 unexposed controls) 
Exposure method Occupational exposure to chromic acid mist 
Critical effects Nasal atrophy, nasal mucosal ulcerations, nasal 

septal perforations, transient pulmonary 
function changes 

LOAEL 1.9 µg/m3  established as “low exposure” group 
(8-hr mean < 1.9 µg/m3) 

NOAEL Not observed   
Exposure continuity 8 hr/day (10 m3 per 20 m3 day), 5 days/week 
Exposure duration  Mean of 2.5 years (range = 0.2 - 23.6 years) 
Average exposure 0.68 µg/m3 Cr(VI) (1.9 x 10/20 x 5/7) 
Human equivalent concentration 0.68 µg/m3 Cr(VI) 
LOAEL uncertainty factor 3 
Subchronic uncertainty factor 10 
Interspecies uncertainty factor  1 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 300 
Inhalation reference exposure level 0.002 µg/m3 (0.000002 mg/m3) 

 
The occupational exposure study of Lindberg and Hedenstierna (1983) was selected as the best 
available human study.  A 3-fold LOAEL to NOAEL uncertainty factor (UF) was applied due to 
the low incidence of nasal atrophy at the LOAEL (4 out of 19) and the apparent reversibility of 
the lesion at this exposure level.  While Lindberg and Hedenstierna (1983) did not follow-up on 
any of the active cases of nasal ulcerations, which occurred only in workers in the ‘high 
exposure’ group, they did note that one worker, who exhibited nasal atrophy, had no visible nasal 
lesions 4 months after termination of exposure.   
 
U.S. EPA (1998) based its RfC of 0.008 µg/m3 for exposure to chromic acid mists and dissolved 
Cr(VI) aerosols on the same study but established the LOAEL at 2 µg/m3 and applied a total UF 
of 90 (3 each for the LOAEL to NOAEL and subchronic to chronic extrapolation, and 10 for 
intraspecies extrapolation).  It was unclear why U.S. EPA (1998) chose UFs of 3 for LOAEL and 
subchronic extrapolations.  It was also unclear why the total uncertainty factor was 90, rather 
than 100, which would be obtained by following the usual convention (that the value for 
uncertainty factors of “3” is actually 3.16, the square root of 10, although it is usually only 
quoted to 1 significant figure).   
 
For comparison, a REL can be estimated from the Adachi et al. (1987) study in which mice were 
exposed to 1.81 mg/m3 chromic acid mist 2 hr/day, twice a week for 12 months.  Lesions were 
observed in treated mice throughout the respiratory tract; a NOAEL was not determined.  
Application of the exposure continuity adjustment (2/24 hr/day x 2/7 days/week), an RDDR of 
2.26 (MMAD and sigma g roughly estimated at 5 and 3 µm, respectively), and a total UF of 300 
(10 for LOAEL to NOAEL, 3 for interspecies, and 10 for intraspecies) yields a REL of 0.3 
μg/m3. 
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In addition to being inhaled, airborne hexavalent chromium can settle onto crops and soil and 
enter the body by ingestion.  Thus, an oral chronic reference exposure level for soluble salts of 
metallic chromium(VI) is also required for assessing risks from stationary sources in the Air 
Toxics Hot Spots program.   
 
 
C. Derivation of Chronic Oral Reference Exposure Level for Chromium VI (Based on 

U.S. EPA RfD) 
 

Study Mackenzie et al., 1958 
Study population 8 male and 8 female Sprague-Dawley rats 
Exposure method Drinking water 
Critical effects No adverse effects seen 
LOAEL None 
NOAEL 2.4 mg/kg-day (converted from 25 mg/L of 

chromium as K2CrO4) 
Exposure continuity Continuous 
Exposure duration 1 year 
Average experimental exposure 2.4 mg/kg-day (0.11 ppm Cr(VI)) 
LOAEL uncertainty factor 1 
Subchronic uncertainty factor 1  
Interspecies uncertainty factor 10 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 100 
Oral reference exposure level 0.02 mg/kg bw-day  

 
 
The oral REL (0.02 mg/kg bw-day) and U.S. EPA’s oral Reference Dose (RfD) of 0.003 mg/kg-
day (U.S. EPA, 1998) are based on the same study by MacKenzie et al. (1958).  No adverse 
effects were reported at any dose in the study.  The highest dose group (25 mg/L) was selected 
for derivation of the oral REL and RfD based on the reported body weight of the rat (0.35 kg) 
and the reported average daily drinking water consumption for the rat (0.035 L/day).  Because a 
LOAEL was not observed in the primary study, the subchronic NTP studies provide supporting 
evidence to justify a REL based on MacKenzie et al. (1958).  Cr(VI) was administered in the diet 
of rats for 9 weeks and a NOAEL of 6 mg/kg-day was observed for slightly depressed MCV and 
MCH values (NTP, 1996a).  The LOAEL was 24 mg/kg-day.  The NTP (1996b, 1997) also 
observed slightly depressed MCV and MCH values in mice, but at higher Cr(VI) concentrations.  
While the changes are small and may be a mild adverse effect at best, the NTP (1997) noted that 
decreased MCV and MCH are indicators of iron deficiency and suggested that an interaction 
between chromium and iron is altering erythrocyte formation.  The liver effects noted in female 
mice in the 9 week study (NTP, 1996b) were not observed in the mouse reproductive study 
(NTP, 1997).  Therefore, the toxicological significance of this finding is uncertain.   
 
U.S. EPA (1998) applied UFs of 3 for subchronic, 10 for intraspecies, 10 for interspecies, and a 
modifying factor of 3 (to account for concerns raised by the study of Zhang and XiLin (1987)) to 
the NOAEL for an RfD of 0.003 mg/kg-day.  The criteria for use of modifying factors are not 
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well specified by U.S. EPA.  Such modifying factors were not used by OEHHA.  Because the 
exposure duration in the primary study was greater than 12% of the estimated lifespan of rats, 
OEHHA applied UF of 1 for extrapolation to chronic exposure. 
 
U.S. EPA stated its confidence in the RfD as: Study - Low; Data Base - Low; and RfD - Low.  
Confidence in the chosen study is low because of the small number of animals tested, the small 
number of parameters measured, and the lack of toxic effect at the highest dose tested.  
Confidence in the database is low because the supporting studies are of equally low quality, and 
teratogenic and reproductive endpoints are not well studied.  Low confidence in the RfD follows. 
 
OEHHA notes that more reproduction/developmental studies have been published that support 
the RfD and oral REL since U.S. EPA published its findings (U.S. EPA, 1998).  In general, these 
studies indicate that reproductive and developmental effects occur at doses greater than an order 
of magnitude above the NOAEL established by MacKenzie et al. (1958) and the NTP (1996a,b, 
1997).  However, the dose levels used were relatively high such that a NOAEL was typically 
lacking. 
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The major strength of the inhalation REL for chromic acid mist is the use of human data.  The 
major uncertainties for this inhalation REL is the lack of controlled and quantified exposure data 
and the lack of a NOAEL in the key chromic acid study.   
 
The suitably thorough analysis of lower airway effects and the development of a BMC from 
continuous data are strengths for the Cr(VI) dust inhalation REL.  Limitations include the lack of 
comprehensive data on multi-organ effects, the lack of chronic studies, the lack of upper airway 
analysis in the key study, and the lack of quantified exposure data in humans. The animal studies 
by Glaser et al. (1990, 1986) suggest that the lower respiratory airway is a primary target for 
Cr(VI) dusts. However, occupational studies (Mancuso, 1951; Federal Security Agency, 1953; 
Machle and Gregorius, 1948; Wang et al., 1994; Walsh, 1953) indicate that nasal lesions result 
from exposure to Cr(VI) dusts and may, in fact, be the most sensitive indicator of human toxicity 
resulting from exposure to soluble Cr(VI) dusts.   However, this finding is attenuated by the fact 
that dermal exposure to chromic acid and Cr(VI) dusts due to poor hygienic practices of workers 
may overestimate the airborne concentrations necessary to result in nasal lesions. 
 
The major strength for the oral REL is the consistency of the doses resulting in NOAELs and/or 
LOAELs among the major and supporting studies.  The major limitations for the oral REL, other 
than the ones noted above by U.S. EPA, are the lack of lifetime exposure studies in experimental 
animals and the lack of adequate oral human exposure data. 
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CHRONIC TOXICITY SUMMARY 
 

CRESOL MIXTURES 
 

Compounds Synonyms CAS Reg. No. 
cresols cresylic acid; tricresol; hydroxytoluene; methylphenol 1319-77-3 
o-cresol 1-hydroxy-2-methylbenzene; 2-hydroxytoluene;  

2-methylphenol 
95-48-7 

m-cresol 1-hydroxy-3-methylbenzene; 3-hydroxytoluene;  
3-methylphenol 

108-39-4 

p-cresol 1-hydroxy-4-methylbenzene; 4-hydroxytoluene;  
4-methylphenol 

106-44-5 

 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 600 µg/m3  (100 ppb)  
Critical effect(s) Neurotoxicity 
Hazard index target(s) Nervous system 

 
 
II. Chemical Property Summary (HSDB, 1995; CRC, 1994, unless otherwise noted) 
 

Description Colorless in pure form; yellowish, brownish-
yellow, or pinkish liquid 

Molecular formula C7H8O 
Molecular weight 108.14 g/mol 
Boiling point 191.0°C (o-cresol) 

202°C (m-cresol) 
201.9°C (p-cresol) 

Melting point 29.8°C (o-cresol) 
11.8°C (m-cresol) 
35.5°C (p-cresol) 

Solubility Soluble in 50 parts water; miscible with alcohol, 
benzene, ether, glycerol, petroleum ether; 
soluble in vegetable oils, glycol 

Conversion factor 4.42 µg/m3 per ppb at 25ºC 
 
 
III. Major Uses and Sources 
 
Cresol compounds (mixtures of the ortho-, meta- and para-isomers) can be obtained from coal tar 
and petroleum or synthesized by sulfonation or oxidation of toluene (HSDB, 1995).  Crude 
cresol (commercial grade) contains approximately 20% o-cresol, 40% m-cresol, and 30% p-
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cresol.  Phenol and xylenols are present in small amounts as contaminants.  Cresylic acid 
compounds are called cresol when the boiling point is below 204°C. 
 
Cresols have a wide variety of uses including the manufacture of synthetic resins, tricresyl 
phosphate, salicylaldehyde, coumarin, and herbicides.  Cresols also serve as components of 
degreasing compounds in textile scouring and paintbrush cleaners as well as fumigants in 
photographic developers and explosives.  Cresols also function as antiseptics, disinfectants, and 
parasiticides in veterinary medicine.  An approximate breakdown of cresol and cresylic acid use 
is 20% phenolic resins, 20% wire enamel solvents, 10% agricultural chemicals, 5% phosphate 
esters, 5% disinfectants and cleaning compounds, 5% ore flotation, and 25% miscellaneous and 
exports. 
 
Any combustion process, which results in the generation of phenolic compounds (such as 
automobile exhaust or coal, wood, or trash smoke), may be a potential source of exposure to 
cresols.  Cresols are also formed from the atmospheric photooxidation of toluene.  However, 
under normal conditions low vapor pressure limits the inhalation hazard presented by cresols 
(HSDB, 1995).  The annual statewide industrial emissions from facilities reporting under the Air 
Toxics Hot Spots Act in California based on the most recent inventory were estimated to be 8407 
pounds of mixtures of cresols (cresylic acid), 3 pounds of m-cresol, and 3 pounds of o-cresol 
(CARB, 2000). 
 
 
IV. Effects of Exposures to Humans 
 
Brief exposure to 6 mg cresol/m3 resulted in irritation of the throat and nose, nasal constriction, 
and dryness in 8 of 10 subjects (Uzhdavini et al., 1972). 
 
Chemical burns may result from exposure to cresols (Pegg and Campbell, 1985).  The lungs of 
humans exposed to cresols have shown signs of emphysema, edema, bronchopneumonia, and 
small hemorrhages (Clayton and Clayton, 1982).  Skin contact has resulted in the development of 
white patches and blistering, eventually turning brown or black (Lefaux, 1968).  Other reported 
effects include turbidity, inflammation, and fatty degeneration of the liver, nephritis, and 
hemorrhage of the epicardium and endocardium.  An infant fatally exposed to ~20 ml of a 90% 
cresol solution dermally showed widespread edema of the internal organs, especially the brain 
and kidney (Green, 1975).  The liver showed signs of centrilobular and midzonal necrosis. 
 
Chronic systemic poisoning by any route of exposure may produce symptoms of vomiting, 
dysphagia, salivation, diarrhea, loss of appetite, headache, fainting, dizziness, and mental 
disturbances (Sittig, 1981).  Skin rash and discoloration may also result from prolonged or 
repeated exposure of the skin.  Death may result from severe damage to the liver and kidneys.  
Oral poisoning has resulted in kidney problems (likely from the direct action of cresol) and 
pancreatitis (from constriction of the pancreatic ducts) (Klimkiewicz et al., 1974, as reported in 
HSDB, 1995). 
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V. Effects of Exposures to Animals 
 
The effects of inhaled o-cresol were examined in several species (Uzhdavini et al., 1972, as 
reported in ATSDR, 1992 and U.S. EPA, 1982).  Cats exposed for 30 minutes to 5-9 mg o-
cresol/m3 showed signs of respiratory irritation as indicated by increased parotid gland 
secretions.  Exposure of mice for 2 hrs/day for 1 month to 50 mg o-cresol/m3 did not have an 
effect on mortality, however, heart muscle degeneration and degeneration of nerve cells and glial 
elements were observed. 
 
Uzhdavini et al. (1972) exposed rats (both sexes, numbers not stated) by inhalation to 9.0 ± 0.9 
mg o-cresol/m3, first for 2 months (6 hours/day, 5 days/week), then for 2 more months (4 
hours/day, 5 days/week).  Endpoints examined in rats included elementary conditioned defensive 
reflex, white blood cell levels, bone marrow elements, and liver function (as indicated by 
increased susceptibility to hexobarbital narcosis).   Both cresol-exposed and control animals 
showed some loss of the defensive reflex; the effect occurred in all exposed animals before the 
end of the second month and in control animals at later times.  White blood cell counts were 
elevated in male animals, peaked at the end of the exposure period, and returned to normal one 
month after cessation of exposure.  Exposed animals also showed a statistically significant 
change in the leukoid-to-erythroid ratio in the bone marrow.  Liver toxicity was suggested by an 
extension in the duration of hexobarbital narcosis in treated animals.  Although guinea pigs were 
similarly evaluated for changes in blood cell counts and ECG, scant reporting of experimental 
detail limits the usefulness of this portion of the study.   
 
NR rats were exposed by inhalation to 0.0052 or 0.05 mg tricresol/m3 for 3 months (Kurliandskii 
et al., 1975; as described by U.S. EPA, 1982).  The proportional composition of the compound 
was not specified.  Effects observed in the high-dose group included decreased weight gain, 
increased central nervous system excitability, increased oxygen consumption, and histological 
changes in the lung and liver.  Serum gamma-globulin levels were also reduced.  No effects were 
observed in the low-dose group.  Rats (6/group, sex unspecified) were also exposed for 24 hours 
to 0.01, 0.1, and 2.4 mg tricresol/m3 with a control group of 6 rats for each exposure group.  The 
absorption of neutral red dye by lung tissue was used as an indicator of protein denaturation in 
the tissue.  Significantly increased dye absorption over control animals was observed at both 2.4 
and 0.1 mg tricresol/m3.  The degree of dye absorption in the low-dose group was not 
significantly increased over controls.   
 
In a 90-day subchronic toxicity study (U.S. EPA, 1986), 30 Sprague-Dawley rats/sex/dose were 
gavaged daily with 0, 50, 175, or 600 mg/kg/day p-cresol.  Body and organ weights, food 
consumption, mortality, clinical signs of toxicity, and clinical pathology were evaluated.  At 600 
mg/kg/day, o-cresol showed 47% combined mortality (9/30 males, 19/30 females), and a 30% 
reduction in body weight at week 1 and 10% at necropsy.  Kidney-to-body weight ratio was 13% 
higher than that of the control value at the end of the study.  CNS effects such as lethargy, ataxia, 
coma, dyspnea, tremor, and convulsions were seen within 15 to 30 minutes after dosing; but 
recovery occurred within 1 hour post-gavage.  At 450 mg/kg/day, combined mortality was 10% 
(1/10 male, 1/10 female).  In the 175 mg/kg/day group, two animals exhibited tremors on day 1 
of the study during the hour following gavage administration, and one of the two became 
comatose.  At 50 mg/kg/day, no significant adverse effects were observed (USEPA, 1999a,b).   
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In a 90-day neurotoxicity study (U.S. EPA, 1987), 10 Sprague-Dawley rats/sex/dose were 
gavaged daily with o-cresol at 0, 50, 175, 450, or 600 mg/kg/day.  In addition to the parameters 
evaluated above, various signs of neurotoxicity were monitored.  The lowest dose of o-cresol 
caused clinical signs of CNS-stimulation post-dosing, such as salivation, rapid respiration, and 
hypoactivity; however, these symptoms were low in incidence and sporadic in nature.  Higher 
doses of o-cresol (greater than 450 mg/kg/day) produced significant neurological events, such as 
increased salivation, urination, tremors, lacrimation, palpebral closure, and rapid respiration.  
Animals given high doses also showed abnormal patterns in the neurobehavioral tests.  The 
NOAEL based on systemic toxicity was 50 mg/kg/day (USEPA, 1999a,b).   
 
Dermal exposure of rats to 1.0-1.7 ml cresol/kg body weight for 1-2 hours resulted in skin 
discoloration and death of the animals (Campbell, 1941). 
 
Exposure to high concentrations of toluene vapors, or to intravenous o-cresol, a toluene 
metabolite, at about 0.9 mg/min, caused excitation of the somatosensory evoked potential (SEP) 
and electroencephalograph (EEG) of Fischer 344 rats (Mattsson et al., 1989).  Both substances 
induced an increase in EEG beta activity and caused a large increase in activity at 5 Hz.  Toluene 
exposed rats were lightly anesthetized, while o-cresol rats were conscious but hyperreactive.  
When exposure was continued, both sets of rats had involuntary muscle movements and tremors.  
Neither benzoic acid and hippuric acid, also metabolites of toluene, caused neuroexcitation.  The 
authors concluded that metabolically derived cresols are plausible candidates for the 
neuroexcitatory properties of toluene. 
 
In rat liver slices at equimolar concentrations, p-cresol was 5- to 10-times as toxic as the o- or m-
isomers for cell killing (Thompson et al., 1994).  p-Cresol rapidly depleted intracellular 
glutathione levels, while the o- and m-isomers depleted it to a lesser extent.  p-Cresol was 
metabolized to a reactive intermediate which bound covalently to protein.  The reaction was 
inhibited by N-acetylcysteine. 
 
The National Toxicology Program (NTP) sponsored reproductive toxicity tests of cresol isomers 
in Swiss CD-1 mice using the risk assessment by continuous breeding (RACB) protocol (Heindel 
et al., 1997a, 1997b).  For o-cresol the exposure concentrations in the continuous cohabitation 
task were 0.05%, 0.2%, and 0.5% in feed (approximately 60, 220, and 550 mg/kg/day (Heindel 
et al., 1997a).  At these doses o-cresol was not a reproductive toxicant.  When a m-/p-cresol 
mixture was used at concentrations of 0.25, 1.0 and 1.5% in feed (approximately 370, 1500, and 
2100 mg/kg/day), the m/p mixture was a reproductive toxicant, since (1) fewer F1 pups per litter 
were produced, (2) both generations showed reduced pup weights, and (3) reproductive organs 
showed weight reductions.  Unfortunately the responses were not dose-dependent and the 
mixture was judged not to be a selective reproductive toxicant.  Oral gavage administration of o-, 
m-, or p-cresol, separately, in rats did not produce selective reproductive toxicity; i.e., for each of 
the cresol isomers, in the absence of parental toxicity, there was no reproductive toxicity.  The 
NOEL for reproductive toxicity for each isomer was 175 mg/kg/day (Tyl 1989a, 1989b, 1989c).   
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VI. Derivation of Inhalation Chronic Reference Exposure Level 
 
Study U.S. EPA, 1987 
Study population Sprague-Dawley rats 
Exposure method Gavage at 0, 50, 175, 450, or 600 mg/kg-day 
Critical effects Decreased body weights and neurotoxicity (tremors, 

salivation, lacrimation, etc.) 
LOAEL 175 mg/kg-day 
NOAEL 50 mg/kg-day 
Exposure continuity Daily gavage 
Exposure duration 90 days 
LOAEL uncertainty factor 1 
Subchronic uncertainty factor 3 (90 day study) 
Interspecies uncertainty factor 10 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 300 
U.S. EPA Reference Dose (RfD) 0.17 mg/kg/day  
Route-to-route extrapolation factor 3500 μg/m3 per mg/kg/day 
Inhalation chronic REL 600 μg/m3 (100 ppb) 
 
An RfD of 0.05 mg/kg/day was derived by the USEPA for both o-cresol and m-cresol (USEPA 
1998a, 1998b; listed as 2-methylphenol and 3-methylphenol).  The RfD for p-cresol was 
withdrawn by the USEPA.  U.S EPA used a subchronic uncertainty factor of 10 for a 90 day 
study in rats.  In accordance with its approved methodology (OEHHA, 2000), OEHHA used a 
factor of 3.  
 
The available literature on the observed toxicity of cresol compounds and cresol mixtures to 
humans by inhalation indicates that at high concentrations these compounds are initially toxic 
due to their ability to cause chemical burns and are therefore of concern at the site of contact.  In 
humans occupationally exposed, inhalation exposure is reported to cause respiratory effects 
including the development of pneumonia, pulmonary edema, and hemorrhage (Clayton and 
Clayton, 1982).  Other case reports of cresol toxicity to humans are confounded by the presence 
of other compounds, such as phenol, formaldehyde, and ammonia (Corcos, 1939; NIOSH, 1974).  
The only quantitative information from inhalation exposures to humans, however, comes from 
acute exposure studies showing irritation at 6 mg cresol/m3 (Uzhdavini et al., 1972, as reported 
in ATSDR, 1992).  Toxic effects reported in animals include bone marrow and liver toxicity in 
rats from 4 month exposure to 9 mg cresol/m3 (Uzhdavini et al., 1972, as reported in U.S. EPA, 
1982).  Other animal studies have shown more systemic effects from inhalation exposure to 
cresols.  Uzhdavini et al., 1972 reported cardiac and nerve cell degeneration in mice exposed for 
2 hour/day for 1 month to 50 mg o-cresol/m3.  Kurliandskii et al. (1975) (as reported in HSDB, 
1995) observed decreased weight gain with histological changes in the liver and lungs of rats 
exposed for 3 months to 0.05 mg tricresol/m3.  Although this study reports adverse effects at 
levels below those observed in the Uzhdavini et al. (1972) study, limited experimental detail 
precludes the use of these data in the development of the chronic REL. 
 

Appendix D3 161 Cresol Mixtures 



Determination of Noncancer Chronic Reference Exposure Levels December 2000  

The only useful inhalation data for the development of a chronic REL are those showing 
hematological toxicity to the bone marrow of rats exposed for 4 months to o-cresol (Uzhdavini et 
al. (1972) as reported in U.S. EPA, 1982).  These authors report a LOAEL of 9 mg tricresol/m3.  
OEHHA staff decided not to use this study.  (1) A complete translation from the original Russian 
was not available so that only the interpretations of others were available. (2) Some endpoints 
tested are not commonly used in toxicology.  And (3) some of the results reported were unusual 
(e.g., elevation of white blood cells in male but not female rats). 
 
As noted above, the inhalation study conducted by Kurliandskii et al. (1975) suggests that 
adverse health effects occur in experimental animals at exposure levels considerably below those 
reported by Uzhdavini et al. (1972) (9 mg/m3 vs. 0.05 mg/m3).  The report from which the lower 
level is drawn has limitations.  Human subjects exposed briefly to levels below the LOAEL have 
reported respiratory irritation.   
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The strengths of the REL for cresols include the use of measured exposure data of animals 
exposed over a significant fraction of their lifetime.  Major areas of uncertainty are route-to-route 
extrapolation, the lack of chronic human data, and the paucity of reproductive and developmental 
toxicity studies.  Additional inhalation studies of cresols will be useful. 
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CHRONIC TOXICITY SUMMARY 
 

1,4-DICHLOROBENZENE 
 

(p-dichlorobenzene; di-chloricide; p-dichlorobenzol; Paradow; Paramoth; Parazene; p-
chlorophenyl chloride) 

 
CAS Registry Number: 106-46-7 

 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 800 µg/m3 (100 ppb) 
Critical effect(s) General effects (reduced body weights and food 

consumption) in rats 
CNS effects (tremors) in rats 
Respiratory/dermal effects (nasal and ocular 

discharge) in rats 
Liver effects (increased liver weight) in rats, and 
Kidney effects (increased kidney weight) in rats. 

Hazard index target(s) Nervous system; respiratory system; alimentary 
system; kidney 

 
 
II. Chemical Property Summary (HSDB, 1997; CRC, 1994) 
 

Description White crystals, monoclinic prisms 
Molecular formula C6H4Cl2
Molecular weight 147.01 g/mol 
Boiling point 174oC  
Melting point 52.7oC  
Vapor pressure 10 torr @ 54.8oC 
Solubility Soluble in chloroform, carbon disulfide, alcohol, 

ether, acetone, benzene 
Conversion factor 1 ppm = 6.0 mg/m3 at 25ºC 

 
 
III. Major Uses and Sources 
 
Commercial grade 1,4-dichlorobenzene (1,4-DCB) is available in the USA as a technical grade 
liquid, typically containing a small percentage (>0.1% by weight) of meta (1,3-DCB) and ortho 
(1,2-DCB) isomers; as a solution in solvent or oil suspension; or as crystalline material pressed 
into various forms (HSDB, 1997).  Besides its role as an intermediate in the synthesis of various 
organics, dyes and pharmaceuticals, 1,4-dichlorobenzene is used as a space or garbage 
deodorizer for odor control.  The insecticidal and germicidal properties of 1,4-dichlorobenzene 
are used to control fruit borers and ants, moths, blue mold in tobacco seed beds, and mildew and 
mold on leather or fabrics.  In 1996, the latest year tabulated, the statewide mean outdoor 
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monitored concentration of 1,4-DCB was approximately 0.15 ppb (CARB, 1999).  The annual 
statewide industrial emissions from facilities reporting under the Air Toxics Hot Spots Act in 
California based on the most recent inventory were estimated to be 30,577 pounds of 
dichlorobenzene (CARB, 2000). 
 
 
IV. Effects of Human Exposure 
 
Case reports of human exposure to 1,4-DCB include malaise, nausea, hepatic manifestations 
(yellow atrophy and cirrhosis), proteinuria, bilirubinuria, hematuria, and anemia.  A woman 
exposed to 1,4-DCB for 6 years developed central nervous system effects, including severe 
cerebellar ataxia, dysarthria, weakness in all limbs, and hyporeflexia (U.S. EPA, 1985). 
 
No epidemiologic studies of 1,4-DCB exposures were located. 
 
 
V. Effects of Animal Exposure 
 
Rats, rabbits and guinea pigs were exposed to 0, 96, 158, 341 or 798 ppm (0, 577, 950, 2050 or 
4800 mg/m3) 1,4-DCB by inhalation 7 hours/day, 5 days/week for 6-7 months (Hollingsworth et 
al., 1956).  High dose animals showed marked tremors, weakness, loss of weight, eye irritation 
and unconsciousness.  Liver and kidney changes included cloudy swelling and centrilobular 
cellular degeneration (liver).  In another inhalation study in rats animals were exposed to 0, 75 or 
500 ppm (0, 451 or 3006 mg/m3) for 5 hours/day, 5 days/week for 76 weeks (Riley et al., 1980).  
The authors found increased kidney and liver weights in the high dose group.  Thus 75 ppm was 
a NOAEL.  Studies with oral exposure to 1,4-DCB, including the NTP (1987) chronic bioassay 
study (maximum dose of 300 mg/kg-day), have also found an increased incidence of renal and 
hepatic lesions (cellular degeneration and focal necrosis). 
 
Three inhalation reproductive studies, one in rabbits (Hayes et al., 1985), one in mice (Anderson 
and Hodge, 1976), and one in rats (Chlorobenzene Producers Assn., 1986), found minimal 
reproductive effects.  In rabbits exposed on days 6-18 of gestation to 100, 300, and 800 ppm 1,4-
DCB, only the differences in percentage of implantations resorbed and in percentage of litters 
with resorptions were significantly increased and only in the 300 ppm group (Hayes et al., 1985).  
No reduction in reproductive performance was observed in mice exposed to 0, 75, 225, or 450 
ppm 1,4-DCB for 6 hours/day for 5 days (Anderson and Hodge, 1976).   
 
In a two-generation reproductive study (Chlorobenzene Producers Association, 1986), Sprague-
Dawley rats P1 (28/sex/group) were exposed to 0, 50, 150 or 450 ppm (0, 301, 902, or 2705 
mg/m3) of 1,4-DCB vapor, 6 hours/day, 7 days/week for 10 weeks, and then mated for 3 weeks.  
The second generation F1 weanlings were exposed to 1,4-DCB for 11 weeks and then mated.  
No developmental abnormalities were observed in pups examined.  At 450 ppm significant 
decreases in live births, pup weights, and pup survival were seen in both the F1 and F2 
generations.  Non-reproductive effects observed in the parental males in the 150 and 450 ppm 
groups included significantly increased liver and kidney weights.  All dose levels caused hyaline 
droplet nephrosis in post-pubescent males; but this change was associated with the formation of 
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alpha-2u-globulin, an abnormality considered specific for male rats with no relative human 
significance (U.S. EPA, 1991).  The Chlorobenzene Producers Association reproductive study 
was chosen by the U.S. EPA to derive the RfC. 
 
 
VI. Derivation of Chronic Reference Exposure Level 
 

Study Chlorobenzene Producers Association, 1986  
Study population Sprague-Dawley rats (28 rats/sex/group) 
Exposure method Discontinuous whole-body inhalation exposures 

(0, 50, 150 or 450 ppm) 
Critical effects Reduced body weights and food consumption; 

tremors; nasal and ocular discharge; increased 
liver and kidney weights 

LOAEL 150 ppm 
NOAEL 50 ppm  
Exposure continuity 6 hr/day for 7 days/week 
Average experimental exposure 13 ppm for NOAEL group (50 x 6/24) 
Human equivalent concentration 13 ppm for NOAEL group (gas with systemic 

effects, based on RGDR = 1.0 using default  
assumption that lambda (a) = lambda (h)) 

Exposure duration 10 weeks  
LOAEL uncertainty factor 1 
Subchronic uncertainty factor 3 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 100 
Inhalation reference exposure level 0.1 ppm (100 ppb, 0.8 mg/m3, 800 µg/m3) 

 
The chronic REL for 1,4-dichlorochlorobenzene is also the U.S. EPA RfC.  OEHHA agrees with 
the U.S.EPA analysis.  A 3-fold subchronic uncertainty factor (instead of 10) was used by U.S. 
EPA because of data suggesting limited progression of hepatic lesions (Riley et al., 1980).  Ten 
weeks are also greater than 8% of a rat's two-year lifetime and thus in accord with OEHHA’s use 
of a subchronic UF of 3 (OEHHA, 2000).   
 
For comparison, Riley et al. (1980) found a chronic NOAEL of 75 ppm for kidney and liver 
effects in rats, which is equivalent to 11.2 ppm continuous exposure.  Use of an RGDR of 1 and 
a total UF of 30 (3 for interspecies and 10 for intraspecies) results in a REL estimate of 0.4 ppm. 
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The major strengths of the REL for 1,4-dichlorochlorobenzene are the observation of a NOAEL 
and the demonstration of a dose-response relationship.  The major uncertainties are the lack of 
human data and the lack of chronic, multiple-species health effects data.  
 

Appendix D3 167 Dichlorobenzene 



Determination of Noncancer Chronic Reference Exposure Levels  December 2000 

 
VIII. References 
 
Anderson D, and Hodge MCE. 1976. Paradichlorobenzene: Dominant lethal study in the mouse. 
ICI Report No. CTL/P/296. November. 
 
CARB. 1999. California Air Resources Board. Toxics Air Quality Data. Substance Chooser. 
Para-Dichlorobenzene. Available online at http://www.arb.ca.gov/aqd/toxics.htm  
 
CARB. 2000. California Air Resources Board. California Emissions Inventory Development and 
Reporting System (CEIDARS). Data from Data Base Year 1998. February 12, 2000. 
 
CRC. 1994. CRC Handbook of Chemistry and Physics, 75th edition. Lide DR, ed. Boca Raton, 
FL: CRC Press Inc. 
 
Chlorobenzene Producers Association. 1986. Parachlorobenzene: Two-generation reproduction 
study in Sprague-Dawley rats. Study 86-81-90605. MRID No. 411088-1. 
 
Hayes WC, Hanley TR, Gushow TS, Johnson KA, and John JA. 1985. Teratogenic potential of 
inhaled dichlorobenzenes in rats and rabbits. Fundam. Appl. Toxicol. 5(1): 190-202. 
 
HSDB. 1997. Hazardous Substances Data Bank. TOMES® Vol. 33. Denver, CO: Micromedex, 
Inc. (edition expires 7/31/97) 
 
Hollingsworth RL, Rowe VK, Oyen F, Hoyle HR, and Spencer HC. 1956. Toxicity of 
paradichlorobenzene: Determinations of experimental animals and human subjects. AMA Arch. 
Ind. Health. 14: 138-147. 
 
NTP. 1987. National Toxicology Program. Toxicology and carcinogenesis studies of 1,4-
dichlorobenzene in F344/N rats and B6C3F1 mice (gavage studies). NTP TR 319. NIH Publ. No. 
87-2575. 
 
OEHHA. 2000. Office of Environmental Health Hazard Assessment. Air Toxics Hot Spots 
Program Risk Assessment Guidelines. Part III. Technical Support Document for the 
Determination of Noncancer Chronic Reference Exposure Levels.  Available on-line at 
http://www.oehha.ca.gov 
 
Riley RA, Chart IS, Doss A, Gore CW, Patton D, and Weight TM. 1980. Para-dichlorobenzene: 
Long-term inhalation study in the rat. ICI Report No. CTL/P/447. August, 1980. 
 
U.S. EPA. 1985. U.S. Environmental Protection Agency. Health Assessment Document for 
Chlorinated Benzenes. EPA/600/8-84/015F. Prepared by the Office of Health and Environmental 
Assessment, Environmental Criteria and Assessment Office. Cincinnati, OH: U.S. EPA.  
 
U.S. EPA. 1991. U.S. Environmental Protection Agency. Alpha-2u-Globulin: Association with 
Chemically Induced Renal Toxicity and Neoplasia in the Male Rat. EPA/625/3-91/019F. 

Appendix D3 168 Dichlorobenzene 



Determination of Noncancer Chronic Reference Exposure Levels  December 2000 

Prepared for the Risk Assessment Forum, U.S. EPA, Washington, DC 20460. [as cited in U.S. 
EPA, 1994.] 
 
U.S.EPA. 1994. U.S. Environmental Protection Agency. 1994. Integrated Risk Information 
System (IRIS) Database. Reference concentration (RfC) for 1,4-Dichlorobenzene. Available 
online at http://www.epa.gov/ngispgm3/iris
 
 

Appendix D3 169 Dichlorobenzene 

http://www.epa.gov/ngispgm3/iris


Determination of Noncancer Chronic Reference Exposure Levels  December 2000 

CHRONIC TOXICITY SUMMARY 
 

1,1-DICHLOROETHYLENE 
 

(DCE; 1,1-dichloroethene; VDC; vinylidene chloride) 
 

CAS Registry Number: 73-35-4 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 70 μg/m3 (20 ppb) 
Critical effect(s) Increased mortality; hepatic effects (mottled 

livers and increases in liver enzymes) in 
guinea pigs 

Hazard index target(s) Alimentary system 
 
 
II. Physical and Chemical Properties (HSDB, 1994; CRC, 1994) 
 

Description Colorless liquid 
Molecular formula C2H2Cl2
Molecular weight 96.95 g/mol 
Boiling point 31.7oC  
Melting point −122.5oC 
Vapor pressure 500 torr @ 20oC 
Solubility Soluble in water (2.5 g/L); miscible in organic 

solvents 
Conversion factor 3.97 µg/m3 per ppb at 25 oC 

 
 
III. Major Uses and Sources 
 
1,1-Dichloroethylene (1,1-DCE) is used in the production of polyvinylidene chloride copolymers 
(HSDB, 1994).  1,1-DCE containing copolymers include other compounds such as acrylonitrile, 
vinyl chloride, methacrylonitrile, and methacrylate.  These copolymers are used in flexible 
packaging materials; as flame retardant coatings for fiber, carpet backing, and piping; as coating 
for steel pipes; and in adhesive applications.  Flexible films for food packaging, such as SARAN 
and VELON wraps, use such polyvinylidene chloride copolymers. The annual statewide 
industrial emissions from facilities reporting under the Air Toxics Hot Spots Act in California 
based on the most recent inventory were estimated to be 2458 pounds of vinylidene chloride 
(CARB, 2000). 
 
 
IV. Effects of Human Exposure 
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Limited information exists regarding the human health effects following exposure to 1,1-DCE.  
A few case reports and mortality studies have reported hepatotoxicity and nephrotoxicity after 
repeated, low-level exposures (USEPA, 1976; Ott et al., 1976).  However, these investigations 
were conducted in industrial settings with the possibility of mixed chemical exposures.  In 
preliminary clinical findings reported by the EPA (1976), workers exposed to 1,1-DCE for 6 
years or less had a high incidence of hepatotoxicity, with liver scans and measurements of liver 
enzymes revealing 50% or greater loss in liver function in 27 of 46 exposed workers.  
Unfortunately, no follow-up study was reported. 
 
V. Effects of Animal Exposure 
 
Several studies have reported on the subchronic or chronic toxicity of 1,1-DCE in laboratory 
animals exposed either via oral or inhalation routes.  The liver is the primary target organ of 1,1-
DCE toxicity following acute or chronic inhalation exposure.  Such exposure is marked by both 
biochemical changes (alterations in serum enzyme levels) and histological changes (e.g., 
midzonal and centrilobular swelling, degeneration, and necrosis) (Gage, 1970; Lee et al., 1977; 
Plummer et al., 1990; Quast, 1976; Quast et al., 1986).  Unfortunately, these longer-term studies 
used only one or two doses or a limited number of animals.   
 
Male and female rats exposed intermittently (6 hours/day, 5 days/week) to 125 or 200 ppm 1,1-
DCE over 30 days exhibited centrilobular fatty degeneration or hepatocellular necrosis (Quast 
1976, as cited by USDHHS, 1994).  Two other studies identified hepatic changes in rats at lower 
concentrations of 1,1-DCE (6 hours/day, 5 days/week): cytoplasmic vacuolation after 30- or 90-
day exposure to 25 or 75 ppm 1,1-DCE (Balmer et al., 1976, as cited by USDHHS, 1994), and 
fatty changes after 6 months at 25 ppm 1,1-DCE (Quast et al., 1986). 
 
Laboratory animals appear less tolerant of continuous exposure (23-24 hours per day) than 
intermittent exposure.  Beagle dogs exposed to 100 ppm 1,1-DCE for 8 hours/day, 5 days/week 
for 42 days had no evidence of hepatotoxicity, but continuous exposure to 48 ppm for 90 days 
caused liver changes (Prendergast et al., 1967).  Similarly, monkeys continuously exposed to 48 
ppm for 90 days exhibited focal necrosis and hemosiderin deposition, while no liver toxicity was 
apparent following 42 days of intermittent exposure to 100 ppm 1,1-DCE (Prendergast et al., 
1967).  Guinea pigs exposed to 1,1-DCE for 24 hours per day for 90 days (0, 5, 15, 25, or 48 
ppm) displayed mottled livers at 15 ppm, and increased liver enzyme levels (serum glutamic-
pyruvic transaminase (SGPT) and alkaline phosphatase (AP)) at 48 ppm.  A NOAEL of 5 ppm 
based on liver changes (Prendergast et al., 1967) is indicated by the results. 
 
Data on continuously exposed guinea pigs from Prendergast et al. (1967) 
 
ppm 1,1-DCE (mg/m3) 

 
Survival 

Body weight 
change 

 
Liver AP 

 
SGPT 

   0  312/314 +69.0% 0.08±0.03 10±5 
   5 (20) 43/45 +58.6% 0.08±0.03 11±3 
   15 (61) 12/15 +55.3% Not reported Not reported 
   25 (101) 12/15 +74.0% Not reported Not reported 
   48 (191) 8/15 +50.3% 0.19±0.04 >70 
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Additional adverse effects observed to a lesser extent in laboratory animals include respiratory 
and renal toxicity.  Nephrotoxicity observed following chronic 1,1-DCE exposure included gross 
organ (increases in kidney weight) (Klimisch et al., 1979; Quast et al., 1986) and histological 
changes (tubular swelling, degeneration, and necrosis) (Klimisch et al., 1979; Lee et al., 1977; 
Prendergast et al., 1967).  Continuous exposure of rats to 48 ppm 1,1-DCE for 90 days caused 
nuclear hypertrophy of the renal tubular epithelium (Prendergast et al., 1976).  Mice exposed to 
25 ppm 1,1-DCE 4 hours/day, 4 or 5 days/week, for 52 weeks displayed severe tubular 
nephrotoxicity (Maltoni et al., 1985 as cited by USDHHS, 1994).  Nasal irritation was observed 
in rats exposed to 200 ppm for 4 weeks (Gage 1970).  But no respiratory effects were attributed 
to 1,1-DCE exposure in rats, monkeys, dogs, rabbits, or guinea pigs exposed to 100 ppm 
intermittently for 6 weeks (Prendergast et al., 1967) or in rats exposed to 75 ppm for 18 months 
(Quast et al., 1986). 
 
Toxicokinetic studies in laboratory animals have demonstrated that 1,1-DCE is readily absorbed 
and rapidly distributed following inhalation exposure (Dallas et al., 1983; McKenna et al., 
1978b).  Following inhalation exposure to radioactively labeled 1,1-DCE, rats preferentially 
accumulate radioactivity in the kidney and liver (McKenna et al., 1978b; Jaeger et al., 1977).  
Glutathione (GSH) conjugation appears to be the major detoxification route for 1,1-DCE 
intermediates, and GSH-depleting experimental states, such as drugs and fasting, may tend to 
increase 1,1-DCE toxicity (Jaeger et al., 1977; McKenna et al., 1978; Reichert et al., 1978).  One 
study greatly increased 1,1-DCE induced lethality and hepatotoxicity in rats by pretreatment with 
acetaminophen (Wright and Moore, 1991). 
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VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Prendergast et al. (1967) 
Study population Guinea pigs (15 per group, except 45 animals in 20 

mg/m3 group) 
Exposure method Continuous whole body inhalation (0, 20, 61, 101, 

or 189 mg/m3) 
Critical effects Increased mortality at 61, 101, and 189 mg/m3; 

hepatic effects (mottled livers and increases in 
SGPT and AP enzymes) noted at 189 mg/m3

LOAEL 61 mg/m3 (15 ppm) 
NOAEL 20 mg/m3 (5 ppm) 
Exposure continuity  Continuous  
Exposure duration 90 days 
Average experimental exposure 20 mg/m3 for NOAEL group 
Human equivalent concentration 20 mg/m3 for NOAEL group (gas with systemic 

effects, based on default assumption that RGDR 
= 1 using default assumption that lambda (a) = 
lambda (h)) 

LOAEL uncertainty factor 1 
Subchronic uncertainty factor 10 (since guinea pig life-span is approx. 6 years) 
Interspecies uncertainty factor 3  
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 300 
Inhalation reference exposure level 0.07 mg/m3 (70 μg/m3; 0.02 ppm; 20 ppb) 

The principal study (Prendergast et al., 1967) identified adverse hepatic and/or renal effects in 
rats (15 or 45/group), guinea pigs (15 or 45/group), dogs (2 or 6/group), and monkeys (3, 9, or 
21/group) exposed to inhaled 1,1-DCE.  Continuous exposure to 1,1-DCE, 24 hours/day over 90 
days, demonstrated more severe effects than intermittent exposure, 6 hours/day, 5 days/week for 
6 weeks, in the species tested.  Unlike the other available subchronic and chronic studies, this 
principal study included multiple exposure levels of 0, 5, 15, 25 and 48 ppm (0, 20, 61, 101, and 
189 mg/m3).  Mortality, hematologic and body weight data were well tabulated and presented in 
this study.  Histopathologic evaluation was conducted on the heart, lung, liver, spleen and 
kidneys.  Following continuous exposure, adverse hepatic effects included focal necrosis in 
monkeys (LOAEL = 189 mg/m3, NOAEL = 101 mg/m3), in dogs (LOAEL = 189 mg/m3, 
NOAEL = 101 mg/m3), and in rats (LOAEL = 189 mg/m3, NOAEL = 101 mg/m3); and altered 
lipid content and increases in SGPT and alkaline phosphatase in guinea pigs (LOAEL = 189 
mg/m3, NOAEL = 20 mg/m3).  Additionally, renal alterations were observed in rats as nuclear 
hypertrophy in the tubular epithelium (LOAEL = 189 mg/m3, NOAEL = 61 mg/m3).  Monkeys 
exposed to 1,1-DCE also displayed a greater than 25% decrease in body weight (LOAEL 189 
mg/m3, NOAEL 20 mg/m3).  The subchronic study by Prendergast et al. (1967) was chosen over 
the chronic studies because of its better design, its use of continuous exposure, and its exhibition 
of toxic effects below the LOAELs reported in the other studies. 
 
Although limited in number, the other chronic and subchronic studies available consistently 
demonstrate adverse hepatic effects following 1,1-DCE exposure (Lee et al., 1977; Maltoni et 
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al., 1985; Plummer et al., 1990; Quast et al., 1986).  Hepatocellular fatty change was observed in 
rats exposed to 25 ppm or 75 ppm 1,1-DCE intermittently (6 hrs/d, 5 d/wk) for 18 months.  This 
mid-zonal fatty change was also observed at the 12-month interim sacrifice, but did not appear to 
progress in severity or incidence over time (Quast et al., 1986).  A more severe hepatocellular 
necrosis and renal tubular necrosis were observed in mice exposed to 55 ppm 1,1-DCE 6 hr/d, 5 
d/week for 1 year (Lee et al., 1977). 
 
For comparison, Quast et al. (1986) determined a LOAEL of 25 ppm for liver effects of minimal 
severity in rats after 18 months exposure.  Use of continuous time adjustment to 4.5 ppm, 
multiplication by an RGDR of 1, and division by a total UF of 100 (3 for LOAEL to NOAEL, 3 
for interspecies, and 10 for intraspecies) results in an estimate of 45 ppb (200 μg/m3). 
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
Uncertainty factors are appropriate due to the limited number of subchronic and chronic 
inhalation studies (greater than 1 year duration) in laboratory animals.  In addition, few industrial 
surveys and epidemiological studies are available on the adverse effects of 1,1-DCE in humans; 
these are limited by small sample size, short follow-up, and/or brief exposure periods.  But this 
limited evidence does suggest an association between repeated exposure to 1,1-DCE and liver 
damage in humans (EPA, 1976), and the key study is an animal study which found adverse 
hepatic effects.  No toxicokinetic data regarding the absorption, distribution, metabolism or 
excretion of 1,1-DCE in humans are available. 
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CHRONIC TOXICITY SUMMARY 
 

DIETHANOLAMINE 
 

(DEA; 2,2’-iminodiethanol; 2,2’-iminobisethanol; diethylolamine; 2,2’-aminodiethanol; 2,2’-
dihydroxydiethylamine) 

 
CAS Registry Number: 111-42-2 

 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 3 μg/m3 ( 0.6 ppb) 
Critical effect(s) Laryngeal lesions in rats 
Hazard index target(s) Respiratory system; cardiovascular system 

 
 
II. Physical and Chemical Properties (Melnick and Thomaszewski, 1990; Dow, 1980;  

CRC, 1994) 
 

Description Colorless crystals 
Molecular formula C4H11NO2
Molecular weight 105.14 g/mol 
Density 1.097 g/cm3 @ 20°C 
Boiling point 268.8°C 
Melting point 28°C 
Vapor pressure 0.00014 torr @ 25°C 
Solubility Soluble in alcohol, water, acetone 
Conversion factor 1 ppm = 4.3 mg/m3 @ 25°C 

 
 
III. Major Uses and Sources 
 
Diethanolamine is used in the formation of soaps, emulsifiers, thickeners, wetting agents, and 
detergents in cosmetic formulations (Melnick and Thomaszewski, 1990; Knaak et al., 1997).  It 
is used as a dispersing agent in some agricultural chemicals, as an absorbent for acidic gases, as a 
humectant, as an intermediate in the synthesis of morpholine, as a corrosion inhibitor, and as a 
component in textile specialty agents (Beyer et al., 1983).  Diethanolamine is permitted in 
articles intended for use in production, processing, or packaging of food (CFR, 1981; cited in 
Melnick and Thomaszewski, 1990).  It is also found in adhesives, sealants, and cutting fluids 
(Melnick and Thomaszewski, 1990).  The annual statewide industrial emissions from facilities 
reporting under the Air Toxics Hot Spots Act in California based on the most recent inventory 
were estimated to be 1520 pounds of diethanolamine (CARB, 2000). 
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IV. Effects of Chronic Exposures to Humans 
 
There have been no controlled or epidemiological studies of chronic diethanolamine exposure in 
humans.  There is a single case report of occupational asthma determined to be due to the 
patient’s handling of a cutting fluid containing diethanolamine (Piipari et al., 1998).  Specific 
bronchial provocation tests were done with the cutting fluid containing DEA and with DEA 
aerosol at two concentrations (0.75 mg/m3 and 1.0 mg/m3) below the occupational limit of 2.0 
mg/m3.  DEA caused asthmatic airway obstruction at both concentrations, but IgE-antibodies 
specific for DEA were not found. 
 
 
V. Effects of Exposures in Animals 
 
Diethanolamine replaces choline in phospholipids (Blum et al., 1972).  DEA also reversibly 
inhibits phosphatidylcholine synthesis by blocking choline uptake and competing for utilization 
in the CDP-choline pathway (Lehman-McKeeman and Gamsky, 1999).  Systemic toxicity occurs 
in many tissue types including the nervous system, liver, kidney, and blood system.   
 
Gamer et al. (1996) exposed groups of 26 Wistar rats (13 male and 13 female) head-nose to a 
liquid aerosol of DEA for six hours per working day for 90 days at target concentrations of 15, 
150, and 400 mg/m3.  Three of each sex were used for whole animal perfusion studies and the 
remaining 20 animals were examined for pathology.  The study found no functional or 
morphological evidence of neurotoxicity.  Retardation of body weight increase was observed in 
animals exposed to high concentrations.  No systemic effects occurred at the low dose, but 
systemic effects in the liver, kidney, male reproductive system, and red blood cell occurred in the 
high concentration dose group.  In the mid-dose group, mild liver and kidney effects were 
present.  Local irritation of the larynx and trachea was found in the high and mid dose groups; 
irritating laryngeal effects were also detected in the low dose group.  Based on this study 15 
mg/m3 is a NOAEL for liver and kidney effects and a LOAEL for irritation of the larynx.  The 
equivalent continuous exposure at the LOAEL is 2.7 mg/m3 (15 x 6/24 x 5/7).   
 
                           Incidence of laryngeal lesions (Gamer et al., 1996) 
 
 
Aerosolized 
diethanolamine 

 
Chronic 
inflammation of the 
larynx 

 
 
Squamous 
hyperplasia 

Focal squamous 
metaplasia of 
laryngeal epithelium at 
base of the epiglottis 

0 None* None None 
15 mg/m3  4/20  0/20 20/20 
150 mg/m3 20/20 13/20 20/20 
400 mg/m3 20/20 17/20 20/20 
* The report does not give control incidences.  Assumed 0/20. 
 
In an abstract Hartung et al. (1970) reported that inhalation by male rats of 6 ppm (25.8 mg/m3) 
DEA vapor 8 hours/day, 5 days/week for 13 weeks resulted in depressed growth rates, increased 
lung and kidney weights, and even some mortality.  Rats exposed continuously for 216 hours 
(nine days) to 25 ppm (108 mg/m3) DEA showed increased liver and kidney weights, elevated 
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blood urea nitrogen (BUN), and increased serum glutamate oxaloacetate transferase (SGOT), an 
indicator of liver damage (Hartung et al., 1970).  In studies at lower DEA levels, Eastman Kodak 
(1967) exposed dogs, weanling and adult rats, and guinea pigs to 0.26 ppm (1.1 mg/m3) DEA for 
90 days and found no pathology attributable to DEA.  In a 45-day study with 0.5 ppm (2.2 
mg/m3) DEA they also found no pathology attributable to DEA except for a possible slight 
retardation in rat growth rate. 
 
Gamer et al. (1993) exposed groups of 25 pregnant Wistar rats on gestation days 6-15 to a (nose-
only) liquid aerosol of DEA at 10, 50 and 200 mg/m3.  Maternal toxicity, indicated by vaginal 
hemorrhage in 8 of the dams on gestation day 14, and fetotoxicity, evidenced by a statistically 
significant (p<0.05) increased incidence of total fetal skeletal variations, were observed at 200 
mg/m3.  No teratogenic effects were seen at any level.  Thus 50 mg/m3 was a NOAEL for 
maternal toxicity and for embryo-fetal effects. 
 
A 13-week drinking water study in rats (10 per sex per group) showed significant dose-
dependent hematological changes following exposure to DEA at all concentrations tested: 320, 
630, 1250, 2500, and 5000 ppm in males, and 160, 320, 630, 1250, and 2500 ppm in females.  
Hematological effects included decreased hemoglobin and mean corpuscular volume (Melnick et 
al., 1994a).  Similar hematological changes were observed following daily topical treatment.  In 
addition to the hematological effects, female rats also showed dose-dependent spinal cord and 
medullary demyelination beginning at a drinking water concentration of 1250 ppm DEA.  Male 
rats displayed demyelination beginning at 2500 ppm.  Female rats gained significantly less 
weight than controls beginning at 63 mg/kg/day topical treatment.  In a companion drinking 
water study (Melnick et al., 1994b), mice (10 per sex per group) were exposed to concentrations 
of 0, 630, 1250, 2500, 5000, and 10,000 ppm DEA and displayed dose-dependent hepatotoxicity, 
nephrotoxicity, and cardiac toxicity.  Daily topical treatment in a separate study resulted in skin 
lesions in mice.  Significant hepatic toxicity was observed at all drinking water concentrations, 
and skin lesions were observed at all topical doses. 

 
Data from female rats exposed to diethanolamine by Melnick et al. (1994) 

 
 
Dose (ppm) 

mg/kg/day 
DEA 
consumed 

 
 
Survival 

 
Mean bw 
change (g) 

 
 
Hgb (g/dL) 

 
Mean cell 
volume 

 
Mean cell 
Hgb (pg) 

      0     0 10/10 120±6a 15.1±0.3 56±0.2 17.9±0.2 
  160   14   9/10 106±3 15.2±0.1 55±0.2** 17.8±0.1* 
  320   32 10/10   98±3** 13.8±0.1** 54±0.2** 17.7±0.1** 
  630   57 10/10   95±4** 13.0±0.1** 53±0.3** 17.2±0.1** 
1250 124 10/10   85±4** 11.3±0.2** 51±0.3** 16.7±0.1** 
2500 242 10/10   63±4** 10.50±.2** 49±0.2** 16.30±.1** 
a Values are means±SEM; * p<0.05 or ** p<0.01 versus control group 
 
Barbee and Hartung (1979a) found that repeated treatment of rats with 330 mg DEA/kg/day 
significantly inhibited formation of phosphatidyl choline and phosphatidyl ethanolamine in the 
liver as compared with control rats.  In a subsequent study, Barbee and Hartung (1979b) noted 
changes in liver mitochondrial activity in rats (4 per group) following exposure to DEA in 
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drinking water for up to 5 weeks.  Mitochondrial changes were observed at 42 mg/kg/day after 2 
weeks.   
 
Daily oral treatment of male rats with 0, 250, 500, or 750 mg/kg/day for 5 days, or 
100 mg/kg/day for 14 days resulted in reduced activities of the liver enzymes microsomal 
hydroxylase and N-demethylase (Foster et al., 1971). 
 
In a developmental study Marty et al. (1999) administered DEA cutaneously to pregnant CD rats 
during gestation days 6-15 at doses of 0, 150, 500, and 1500 mg/kg/day.  Dams exhibited 
reduced body weight at the highest dose, skin irritation and increased kidney weights at both 500 
and 1500 mg/kg/day, and a slight microcytic anemia with abnormal red blood cell morphology at 
all 3 dose levels.  The blood results are consistent with the results of topical application of DEA 
by Melnick et al. (1994b).  Rat fetuses had increased incidences of six skeletal variations at 1500 
mg/kg/day.  Lower doses were without effect on the fetuses.  Marty et al. (1999) also 
administered DEA cutaneously to pregnant New Zealand White rabbits on days 6-18 of gestation 
at 0, 35, 100, and 350 mg/kg/day.  Dams administered the highest dose exhibited various skin 
lesions, reduced food consumption, and color changes in the kidneys, but no hematological 
changes.  Body weight gain was reduced at ≥ 100 mg/kg/day.  There was no evidence of 
maternal toxicity at 35 mg/kg/day and no evidence of developmental toxicity in rabbits at any 
dose.  Developmental toxicity was observed only in the rat and only at doses causing significant 
maternal toxicity, including hematological effects.  Due to a dose discrepancy, the authors 
adjusted the no observable effect level (NOEL) for DEA developmental toxicity to 380 
mg/kg/day for rats.  In rabbits, the embryonal/fetal NOEL was 350 mg/kg/day. 
 
 
VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Gamer et al. (1996) 
Study population  Wistar rats (male and female) 
Exposure method Inhalation 6 h/day, 5 d/wk 
Critical effects Chronic inflammation and squamous hyperplasia 

and metaplasia of the larynx  
LOAEL 15 mg/m3  
NOAEL Not observed 
Exposure duration 90 days 
Average experimental exposure 2700 μg/m3 for LOAEL group  

(15 mg/m3 x 6h/24h x 5d/7d x 1000 μg/mg) 
LOAEL uncertainty factor 3 (see below) 
Subchronic uncertainty factor 3 
Interspecies uncertainty factor 10 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 1000 
Inhalation reference exposure level 3 μg/m3 (0.6 ppb) 

 
No chronic inhalation studies with diethanolamine were located in the peer-reviewed literature.  
Thus the 90 day study by Gamer et al., which found a LOAEL of 15 mg/m3 for irritation of the 
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rat larynx, was used to derive the REL.  All 20 of the rats in the 15 mg/m3 exposure group 
showed focal squamous metaplasia of the laryngeal epithelium at the base of the epiglottis, and 4 
of the 20 had inflammatory cells present in the larynx.  The former lesion seemed to be very 
limited and did not justify use of the full LOAEL uncertainty factor of 10.   
 
For comparison, the BASF (1993) developmental study by the inhalation route found a LOAEL 
of 200 mg/m3 DEA and a NOAEL of 50 mg/m3 for fetotoxic effects.  The equivalent continuous 
exposure at the NOAEL is 12.5 mg/m3.  Multiplying by an RGDR of 1 and dividing by an 
interspecies uncertainty factor (UFA) of 3 and an intraspecies uncertainty factor (UFH) of 10 
results in a REL estimate of 40 μg/m3. 
 
As another comparison, the study by Melnick et al. (1994a) shows dose-dependent adverse 
hematological and CNS effects in rats exposed to DEA in drinking water.  Similar systemic 
effects were observed following dermal exposure.  The Melnick et al. subchronic study was of 
the longest duration and was the most comprehensive report of the systemic effects of DEA in 
the literature.  However, portal-of-entry effects of DEA have not been examined and should be 
addressed in future studies since this compound has irritant properties.  The data from female rats 
were used since females were more sensitive than males to the hematologic effects of DEA.  The 
LOAEL was 160 mg/L, or 14 mg/kg-day based on water consumption rates.  Dividing by a 
LOAEL UF of 3, a subchronic UF of 3, an interspecies UF of 10, and an intraspecies UF of 10 
(cumulative UF = 1000) results in a oral REL of 0.014 mg/kg-day.  Using route-to-route 
extrapolation and assuming that a 70 kg person inhales 20 m3 of air per day leads to an inhalation 
REL estimate of 50 μg/m3 (10 ppb) DEA.  
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The diethanolamine database is relatively weak.  Major areas of uncertainty are the lack of 
adequate human exposure data, the absence of a NOAEL in the major study, the lack of 
reproductive and developmental toxicity studies, and the lack of chronic inhalation, multiple-
species, health effects data. 
 
 
VIII. Potential for Differential Impacts on Children's Health 
 
Since the proposed chronic REL of 3 μg/m3 based on laryngeal effects is much lower than the 
comparison REL of 40 μg/m3 based on fetotoxic effects, the REL should adequately protect 
infants and children.  Diethanolamine is a respiratory irritant and thus might exacerbate asthma, 
which has a more severe impact on children than on adults.  The large uncertainty factor of 1000 
should protect against that potential hazard.  However, there is no direct evidence in the literature 
to demonstrate that DEA exacerbates asthma or to quantify a differential effect of 
diethanolamine on the larynx or on other organs in infants and children.   
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CHRONIC TOXICITY SUMMARY 
 

N,N-DIMETHYLFORMAMIDE 
 

(N-formyldimethylamine) 
 

CAS Registry Number: 68-12-2 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 80 µg/m3 (30 ppb) 
Critical effect(s) Liver dysfunction and respiratory irritation in 

humans 
Hazard index target(s) Alimentary system, respiratory system 

 
 
II. Chemical Property Summary (HSDB, 1994) 
  

Description Colorless to very slightly yellow liquid 
Molecular formula C3H7NO 
Molecular weight 73.09 g/mol 
Boiling point  153°C 
Melting point −61°C 
Vapor pressure 3.7 torr @ 25°C 
Solubility Soluble in alcohol, ether, acetone, benzene, 

and chloroform; miscible with water 
Conversion factor 2.99 µg/m3 per ppb at 25ºC 

 
 
III. Major Uses and Sources 
 
Dimethylformamide (DMF) is primarily used as a solvent in the production of polyurethane 
products and acrylic fibers.  It is also used in the pharmaceutical industry, in the formulation of 
pesticides, and in the manufacture of synthetic leathers, fibers, films, and surface coatings 
(Howard, 1993; Gescher, 1993; Redlich et al., 1988).  DMF may be emitted to the environment 
as a result of its use in a variety of petrochemical industries (Howard, 1993). The annual 
statewide industrial emissions from facilities reporting under the Air Toxics Hot Spots Act in 
California based on the most recent inventory were estimated to be 18,249 pounds of DMF 
(CARB, 2000). 
 
 
IV. Effects of Human Exposure 
 
Among 100 workers occupationally exposed to DMF for at least one year (mean exposure of 5 
years; range = 1-15 years), a statistically significant incidence of hepatic impairment, as 
indicated by elevated gamma-glutamyl transpeptidase levels and digestive disturbances, was 
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noted (Cirla et al., 1984).  Other changes, that were not statistically significant, included 
increased SGOT and SGPT and enlarged livers.  The mean time-weighted average concentration 
of DMF was 22 mg/m3 (range = 8-58 mg/m3).  Symptoms of irritation occurring only during 
work at statistically significantly higher incidences included watery eyes, dry throat, and 
coughing.  Also, the exposed workers reported a reduced sense of smell and dry coughs at home 
with a statistically significant difference as compared to controls.  Several of the DMF exposed 
workers also reported alcohol intolerance characterized by a disulfiram-type reaction (facial 
flushing and palpitations following alcohol ingestion).  Alcohol consumption, a potential 
confounder, was controlled for in the study design. 
 
A similar study was conducted on workers who had been employed in an acrylic acid fiber plant 
for more than 5 years (Cantenacci et al., 1984).  Concentrations to which the workers were 
exposed were characterized as either an 8-hour TWA of 18 mg/m3 or an 8-hour TWA of 3 
mg/m3.  Measures of liver function including SGOT, SGPT, gamma-glutamyl transferase, and 
alkaline phosphatase levels were not significantly different between exposed and unexposed 
workers.  However, the U.S. EPA cautions that because only 54 matched pairs of workers were 
examined, the power of this study was not high enough to reliably detect a difference in enzyme 
levels.   
 
Redlich et al. (1988) characterized a plant-wide outbreak of liver disease among workers in a 
factory coating fabric with polyurethane.  Fifty-eight of 66 (88%) workers participated and each 
had standard liver screening function tests done at least once.  At the work site DMF was being 
used in poorly ventilated areas without appropriate skin protection.  No other major known 
hepatotoxic exposure was identified.  Overall, 36 of 58 (62%) workers tested had elevations of 
either aspartate aminotransferase (AST) or alanine aminotransferase (ALT) levels.  Enzyme 
abnormalities occurred almost exclusively in production workers (35 out of 46 abnormal).  Only 
1 of 12 non-production workers showed elevations in enzyme levels (p < 0.0001).  Serologic 
tests excluded known infectious causes of hepatitis in all but 2 workers.  Changes, characteristic 
of liver injury, were confirmed by histologic examination of biopsy specimens from 4 workers.  
Improvement in liver enzyme abnormalities and symptoms in most patients were seen, after 
modification of work practices and removal of workers most severely affected from exposure.  
However, some patients showed persistent elevations of enzyme levels.  No measurements or 
estimates of DMF exposure levels were reported. 
 
Wang et al. (1991) investigated the prevalence of liver injury associated with DMF exposure in 
183 of 204 (76%) employees of a synthetic leather factory by performing medical examinations, 
liver function tests, and creatine phosphokinase (CPK) determinations.  Air concentrations were 
measured with personal samplers and gas chromatography.  The concentration of DMF in air to 
which each worker was exposed was categorized as high (DMF exposure index 2: 25-60 ppm; 
75-180 mg/m3), medium (index 1: 10-40 ppm), and low (index 0: <10 ppm).  High exposure 
concentrations were significantly associated with elevated alanine aminotransferase (ALT) levels 
(i.e., greater than or equal to 35 International Units/liter), a result that did not change after 
stratification by hepatitis B carrier status.  Logistic regression analysis indicated that exposure to 
high DMF levels was associated with elevated ALT (p = 0.01), whereas hepatitis B surface 
antigen (HBsAg) was slightly but independently associated with elevated ALT (p = .07).  
Workers with normal ALT values had significantly higher mean ALT and aspartate 
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aminotransferase (AST) activities, especially among those who were not HBsAg carriers.  A 
significant association existed between elevated CPK levels and exposure to DMF.  However, an 
analysis of the CPK isoenzyme among 143 workers did not reveal any specific damage to 
muscles.  Thus the authors ascribed the liver injury to DMF. 
 
U.S. EPA (1994) states that subjective evidence of liver toxicity, such as digestive impairment 
and alcohol intolerance, is often observed at exposures below those that cause clinical changes in 
liver enzymes.  Thus, the symptoms may be more sensitive indicators of hepatic impairment.   
 
Three unexplained cases of small-for-date third trimester intrauterine deaths were observed in a 
group of women working as quality control analysts in the pharmaceutical industry (Farquhason 
et al., 1983).  This represented a 30% stillbirth rate as compared with the average for the general 
population of about 0.26%.  While the authors concluded that the occurrence of stillbirth in these 
women was not likely due to chance, the effects cannot be solely attributed to DMF because the 
women were exposed to other agents in addition to DMF.   
 
 
V. Effects of Animal Exposure 
 
Malley et al. (1994) exposed male and female Crl:CD rats and mice to 0, 25, 100, or 400 ppm 
DMF for 6 hr/day, 5 days/week for 18 months (mice) or 2 years (rats).  No compound-related 
effects on clinical observations or survival were observed.  Body weights of rats exposed to 100 
(males only) and 400 ppm were reduced, while body weights were increased in 400 ppm mice.  
No hematologic changes were observed in either species.  Serum sorbitol dehydrogenase activity 
was increased in rats exposed to 100 or 400 ppm.  DMF-related morphological changes were 
observed only in liver.  Exposure of rats to 100 and 400 ppm produced increased relative liver 
weights, centrilobular hepatocellular hypertrophy, lipofuscin/hemosiderin accumulation in 
Kupffer cells, and centrilobular single cell necrosis (400 ppm only).  In mice, increased liver 
weights (100 ppm males, 400 ppm both sexes), centrilobular hepatocellular hypertrophy, 
accumulation of lipofuscin/hemosiderin in Kupffer cells, and centrilobular single cell necrosis 
were observed in all exposure groups.  These observations occurred in a dose-response fashion 
and were minimal at 25 ppm.  No increase in hepatic cell proliferation was seen in mice or 
female rats.  Slightly higher proliferation was seen in male rats exposed to 400 ppm at 2 weeks 
and 3 months but not at 12 months.  Thus 25 ppm was a chronic NOAEL for both rats and mice. 
 
A developmental toxicity study using three species (mice, rabbits, and rats) and four routes of 
administration (oral, inhalation, dermal, and intraperitoneal) identified the rabbit as the most 
sensitive of the three species.  Groups of 15 pregnant rabbits were exposed for 6 hours per day 
on days 8-20 of gestation to 50, 150, or 450 ppm (150, 449, or 1350 mg/m3) DMF (Hellwig et 
al., 1991).  Slight maternal toxicity, as indicated by non-statistically significant decreases in 
maternal body weight gain, was observed in the 450 ppm exposure group.  An increased number 
of total malformations per litter was observed in the 450 ppm exposure group.  Malformations 
observed at statistically higher incidences compared to controls included hernia umbilicalis, 
external variations, pseudoankylosis of the forelimbs, and skeletal variation and retardation.  The 
authors conclude that there was a clear teratogenic effect in rabbits following maternal exposure 
to 450 ppm DMF and a marginal effect following exposure to 150 ppm DMF.  A NOAEL of 
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50 ppm for fetal and maternal effects was reported.  Inhalation exposure to 150 ppm was 
calculated by the authors to approximate a daily dose of 45 mg/kg/day, which coincides with 
previous work on this compound in this species. 
 
 
VI. Derivation of Chronic Reference Exposure Level 
 

Study Cirla et al., 1984; Catenacci et al., 1984 
Study population Occupationally exposed workers 
Exposure method Discontinuous inhalation exposures 
Critical effects Digestive disturbances and slight hepatic 

changes 
LOAEL 22 mg/m3

NOAEL Not observed 
Exposure continuity 8 hr/day (10 m3/day), 5 days/week (assumed) 
Average occupational exposure 7.9 mg/m3 for LOAEL group (22 x 10/20 x 5/7) 
Human equivalent concentration 7.9 mg/m3

Exposure duration 5 years (mean exposure duration) 
LOAEL uncertainty factor 3 
Subchronic uncertainty factor 3 
Interspecies uncertainty factor 1 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 100 
Inhalation reference exposure level 0.08 mg/m3  (80 µg/m3, 0.03 ppm, 30 ppb) 

 
The U.S. EPA (1994) based its RfC of 30 μg/m3 on the same study but included a Modifying 
Factor (MF) of 3 due to lack of reproductive toxicity data in the DMF database.  The criteria for 
use of modifying factors are not well specified by U.S. EPA.  Such modifying factors were not 
used by OEHHA.  Intermediate uncertainty factors were used for LOAEL to NOAEL and 
subchronic to chronic extrapolation because of the mild nature of the effects observed and the 
less than chronic exposure duration. 
 
For comparison Hellwig et al. (1991) found a developmental NOAEL of 50 ppm in rabbits 
exposed 6 hours per day on gestation days 8-20, equivalent to continuous exposure of 12.5 ppm.  
Multiplication by an RGDR of 1 and division by a UF of 30 (3 for interspecies and 10 for 
intraspecies) results in a REL estimate of 400 ppb.  The NOAEL of 25 ppm for rats and mice in 
the chronic study of Malley et al. (1994) leads to a REL estimate of 150 ppb. 
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The major strength of the REL for N,N-dimethylformamide is the availability of human health 
effects data over several years of exposure.  The major uncertainties are the difficulty in 
estimating exposure patterns and magnitude, the lack of a NOAEL observation, and the lack of 
complete reproductive and developmental toxicity data. 
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CHRONIC TOXICITY SUMMARY 
 

1,4-DIOXANE 
 

(Synonym: dihydro-p-dioxin, diethylene dioxide, p-dioxane, glycolethylene ether) 
 

CAS Registry Number:  123-91-1 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 3,000 μg/m3  (800 ppb) 
Critical effects Liver, kidney, hematologic changes in rats 
Hazard index target(s) Alimentary system; kidney; circulatory system 

 
 
II. Chemical Property Summary  (HSDB, 1995; 1999; CRC, 1994) 
 

Description Colorless liquid with a faint, pleasant odor 
Molecular formula C4H8O2
Molecular weight 88.10 g/mol 
Boiling point 101.5 oC 
Melting point 11.8oC 
Vapor pressure 37 torr @ 25oC 
Solubility Miscible with water, aromatic solvents, and oils 
Kow 0.537 
Conversion factor 3.60 μg/m3 per ppb at 25oC 

 
 
III. Major Uses and Sources 
 
1,4-Dioxane (dioxane), a cyclic ether, is used as a degreasing agent, as a component of paint and 
varnish removers, and as a wetting and dispersion agent in the textile industry.   Dioxane is used 
as a solvent in chemical synthesis, as a fluid for scintillation counting, and as a dehydrating agent 
in the preparation of tissue sections for histology (Grant and Grant, 1987; HSDB, 1995).  The 
annual statewide emissions from facilities reporting under the Air Toxics Hot Spots Act in 
California based on the most recent inventory were estimated to be 155,549 pounds of 1,4-
dioxane (CARB, 1999). 
 
 
IV. Effects of Human Exposure 
 
Dioxane is absorbed by all routes of administration (HSDB, 1995).  In humans, the major 
metabolite of dioxane is β-hydroxyethoxyacetic acid (HEAA) and the kidney is the major route 
of excretion (Young et al., 1976).  The enzyme(s) responsible for HEAA formation has not been 
studied, but data from Young et al. (1977) indicate saturation does not occur up to an inhalation 
exposure of 50 ppm for 6 hours.  Under these conditions the half-life for dioxane elimination is 
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59 min (plasma) and 48 min (urine).  Although physiologically based pharmacokinetic (PBPK) 
modeling suggests HEAA is the ultimate toxicant in rodents exposed to dioxane by ingestion, the 
same modeling procedure does not permit such a distinction for humans exposed by inhalation 
(Reitz et al., 1990). 
 
Several anecdotal reports have appeared in which adverse health effects due to chronic dioxane 
exposure are described.  Barber (1934) described dioxane exposed factory workers, some of 
whom exhibited signs of liver changes, increased urinary protein and increased white blood cell 
counts, and some of whom died from apparent acute exposures.  Although the kidney and liver 
lesions were considered manifestations of acute exposure, the author suggested a chronic 
component that was manifested by increased white blood cells.  A case was reported in which a 
worker, who died following exposure by inhalation and direct skin contact to high (unspecified) 
dioxane levels, exhibited lesions in the liver, kidneys, brain and respiratory system, but the 
effects could not be easily separated from the effects due to high intake of alcohol (Johnstone, 
1959). 
 
In a German study (Thiess et al., 1976 / in German, described in NIOSH, 1977) 74 workers 
exposed to dioxane in a dioxane-manufacturing plant (average potential exposure duration - 25 
years) underwent evaluation for adverse health effects.  Air measurements indicated dioxane 
levels varied from 0.01 to 13 ppm.  Clinical evaluations were applied to 24 current and 23 
previous workers.  Evidence of increased (i.e., abnormal) aspartate transaminase (also known as 
serum glutamate-oxalacetic transaminase or SGOT), alanine transaminase (serum glutamate 
pyruvate transaminase or SGPT), alkaline phosphatase, and gamma glutamyltransferase 
activities (liver function) was noted in these workers, but not in those who had retired.  The 
indicators of liver dysfunction, however, could not be separated from alcohol consumption or 
exposure to ethylene chlorohydrin and/or dichloroethane. 
 
A follow-up mortality study was conducted on 165 chemical plant manufacturing and processing 
workers who were exposed to dioxane levels ranging from less than 25 to greater than 75 ppm 
between 1954 and 1975 (Buffler et al., 1978).  Total deaths due to all causes, including cancer, 
did not differ from the statewide control group, but the data were not reanalyzed after removing 
the deaths due to malignant neoplasms.  The study is limited by the small number of deaths and 
by the small sample number.  The study did not assess hematologic or clinical parameters that 
could indicate adverse health effects in the absence of mortality. 
 
Yaqoob and Bell (1994) reviewed human studies on the relationship between exposure to 
hydrocarbon solvents - including dioxane - and renal failure, in particular rare 
glomerulonephritis.  The results of their analysis suggest that such solvents may play a role in 
renal failure, but dioxane was not specifically discussed.  Of interest to the discussion on chronic 
exposure to dioxane is the suggestion that the mechanism of the disease process involves local 
autoimmunity with decreased circulating white blood cells (see below). 
 
V. Effects of Animal Exposure 
 
In rats, the major metabolite of dioxane is HEAA, which is excreted through the kidneys (Braun 
and Young, 1977).  Exposure to dioxane by ingestion results in saturation of metabolism above 
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100 mg/kg given in single dose.  Saturation of metabolism was also observed as low as 10 mg/kg 
if dioxane was administered in multiple doses.  Dioxane itself is not cleared through the kidney.  
A decrease in metabolic clearance with increasing dose (iv) has been interpreted as the saturation 
of metabolism at the higher doses (Young et al., 1978). 
 
For Sprague-Dawley rats, the metabolic fate of inhaled dioxane (head only exposure) was based 
on one air concentration (50 ppm).  At this level, nearly all the dioxane was metabolized to 
HEAA since HEAA represented 99 percent of the total dioxane + HEAA measured.  The plasma 
half-life for dioxane under these conditions was 1.1 hours.  The absorption of dioxane through 
the inhalation pathway could not be exactly determined, because of a high inhalation rate (0.24 
liters/min), calculated on the basis of complete absorption (Young et al., 1978; U.S. EPA, 1988).  
Although the high inhalation rate could be dioxane-related, another explanation may be the stress 
incurred when the jugular veins were cannulated as part of the experiment.  Extensive absorption 
by inhalation is also inferred from the high tissue/air partition coefficients (Reitz et al., 1990). 
 
Although the PBPK modeling suggests that in rat the parent dioxane is a better dose surrogate 
than HEAA for exposure by ingestion, the inhalation modeling did not use more than one 
inhalation dose.  No studies were located on the biological or biochemical properties of HEAA 
or the properties of the enzyme(s) that are responsible for the transformation of dioxane into 
HEAA. 
 
Rats (Wistar) were exposed by inhalation to dioxane (111 ppm; 7 hours/day, 5 days/week) for 2 
years (Torkelson et al., 1974).  Increased mortality and decreased body weight gains, compared 
to unexposed control rats, were not observed.  Among the male rats, decreased blood urea 
nitrogen (kidney function), decreased alkaline phosphatase (cholestatic liver function), increased 
red blood cells, and decreased white blood cells were observed.  According to the authors, 
exposure-related, non-cancerous tissue lesions were not observed during the 2-year period. 
 
In another inhalation study, rats were exposed to dioxane at levels of 0.15, 1.3, and 5.7 ppm 
(Pilipyuk et al., 1978).  Frequency was not specified, but the duration is given as “90 successive 
days”.  At the end of the 3-month exposure, increased SGOT activity at the two highest doses 
and increased SGPT activity at all doses were measured in the sera of the exposed rats.  Rats 
exposed to the highest dose also exhibited increased urinary protein and chloride levels, each of 
which returned to control levels during an unspecified recovery period.  Pilipyuk et al. (1978) 
also report changes in the minimum time (ms) required for an electric stimulus to result in 
excitation of extensor and flexor muscles.  Although Pilipyuk et al. (1978) consider the changes 
to be a reflection of adverse effects due to exposure to dioxane, Torkelson et al. (1974) do not 
consider the hematologic and clinical changes of toxicologic importance.  In particular, toxic 
manifestations are usually associated with increased blood urea nitrogen and alkaline 
phosphatase levels, whereas these levels decreased in the Torkelson et al. (1974) investigation.  
The reason for the discrepancies between the two studies, in particular the extremely low 
dioxane exposure levels in the Pilipyuk et al. (1978) study, is unknown.  One explanation could 
be the purity of the dioxane used, which was not described in the latter study, although such 
contamination would be unlikely to account for the large difference in exposure levels.   
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Kociba et al. (1974) exposed rats (Sherman) to dioxane by ingestion of drinking water for up to 
2-years.  The drinking water levels were 0, 0.01, 0.1, and 1.0 percent, which were converted to 
daily intake according to measured rates of water consumption during exposure.  Exposure to the 
highest level resulted in decreased body weight gain and increased deaths.  According to the 
authors, exposure related hematologic changes did not occur.  Histopathologic examination 
revealed evidence of regeneration of hepatic and kidney tissues in rats exposed to 1.0 or 0.1 
percent, but not in rats exposed to 0.01 percent dioxane.  On the assumption of total absorption 
of dioxane from the gastrointestinal tract, the exposure levels in female and male rats is as 
follows: 0.01%-18 ppm/F, 9.3 ppm/M; 0.1% -144 ppm/F, 91 ppm/M. 
 
The teratogenic potential of dioxane was studied in rats (Giavini et al., 1985).  Dioxane was 
administered by gavage at doses of 0, 0.25, 0.5, and 1.0 ml/kg-day, on gestation days 6-15, and 
observations continued through day 21.  Dams exposed to the highest dose exhibited 
nonsignificant weight loss and a significant decrease in food consumption during the first 16 
days.  During the remaining 5 days, food consumption increased, but the weight gain reduction 
in the presence of dioxane continued.  At the 1.0 ml/kg-day dose, mean fetal weight and ossified 
sternebrae were also reduced.  The inability to separate the developmental toxicity from maternal 
or embryotoxicity renders these data inconclusive as to the developmental toxicity of dioxane.  If 
toxicity to the dam and/or embryo exists, the NOAEL for dioxane (based on density = 1.03 
gm/ml) is 517 mg/kg-day. 
 
VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Torkelson et al. (1974) 
Study populations Rats 
Exposure method Discontinuous inhalation 
Critical effects No effects on liver, kidney, or hematologic 

function were noted in this study.  Such 
dysfunctions, however, were observed in rats 
exposed to dioxane by ingestion (Kociba et al. 
1974) and humans (Thiess, et al., 1976, 
described by NIOSH, 1977). 

LOAEL Not observed in inhalation studies 
NOAEL 111 ppm 
Exposure continuity 7 h/d x 5 days/wk 
Average experimental exposure 23 ppm (111 x 7/24 x 5/7) 
Human equivalent concentration 23 ppm (gas with systemic effects, based on 

RGDR = 1.0 using default  assumption that 
lambda (a) = lambda (h)) 

Exposure duration 2 years  
LOAEL uncertainty factor 1 
Subchronic exposure 1 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 30 
Inhalation reference exposure level 0.8 ppm (800 ppb; 2.8 mg/m3; 3000 µg/m3) 

Appendix D3 192 Dimethylformamide 



Determination of Noncancer Chronic Reference Exposure Levels  December 2000 

The lifetime rat inhalation study of Torkelson et al. (1974) is the only detailed inhalation study 
available in the literature.  The Pilipyuk et al. (1977) study contains useful and consistent data, 
but the absence of necessary details prevents the use of these results for the determination of a 
chronic reference exposure level (REL).  Although the ingestion study (Kociba et al., 1974) 
shows unequivocal toxic responses (liver and kidney) of the rat to dioxane by ingestion, 
exposure to 111 ppm by inhalation leads to equivocal results (Torkelson et al., 1974).  In 
particular, serum markers for liver and kidney dysfunction decrease in value, whereas toxic 
responses are associated with increased levels.  The lack of toxic hematologic endpoints 
observed in the ingestion study suggests that toxicity of dioxane may be route-of-exposure 
specific.  Hematologic changes were also observed in the early worker study wherein changes in 
white blood cell count occurred (Barber, 1934), but the directions are different.  The studies on 
humans and rodents therefore suggest inhalation of dioxane may lead to adverse biologic effects, 
but good dose-response data are not available.  A partial explanation may lie in the dose-
response characteristic of the metabolism of dioxane, wherein toxicity may be a function of the 
saturation of metabolism.  For inhalation, neither the point of saturation nor the mechanism has 
been established.  Importantly, the end-point for dioxane chronic exposure may not be 
established. 
 
VII. Data Strengths and Limitations for Development of the REL 
 
Although a free-standing NOAEL is not a desirable parameter to use for the development of a 
chronic REL, other studies support the conclusion that exposure to dioxane leads to adverse 
health effects.  These observations have been documented among experimental animals (Kociba 
et al., 1974; Pilipyuk et al., 1977) and humans (Thiess et al., 1976, described in NIOSH, 1977).  
Until additional data from inhalation dose-response studies become available, a chronic REL 
based on the free-standing NOAEL is considered the best available. 
 
The strength of the REL for 1,4-dioxane is that it is based on a full lifetime study, with a large 
number of toxic endpoints and a good sample size.  The weaknesses include use of a free 
standing NOAEL, the limited human data, and the lack of developmental studies. 
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CHRONIC TOXICITY SUMMARY  
 

CHRONIC TOXICITY SUMMARY  
 

EPICHLOROHYDRIN 
(1-chloro-2,3-epoxy-propane) 

 
CAS Registry Number: 106-89-8 

 
I.  Chronic Toxicity Summary 
 

Inhalation reference exposure level 3 μg/m3 (0.8 ppb) 
Critical effects Histological changes in nasal turbinates in rats 
Hazard index target(s) Respiratory system; eyes 

 
 
II. Physical and Chemical Properties (HSDB, 1997; CRC, 1994) 
 

Description Colorless liquid 
Molecular formula C3H5ClO 
Molecular weight 92.52 g/mol 
Density 1.181 g/cm3 @ 20° C 
Boiling point 117° C 
Melting point −26°C 
Vapor pressure 13 torr @ 20° C 
Solubility Slightly soluble in water, soluble in most organic 

solvents 
Conversion factor 1 ppm = 3.78 mg/m3 @ 25° C 

 
 
III. Major Uses and Sources 
 
Epichlorohydrin is a major raw material used in the manufacture of epoxy and phenoxy resins.  It 
is also used as a solvent and in the synthesis of glycerol.  Other uses include that of insect 
fumigation and as a chemical intermediate for the formation of glycidyl acrylate derivatives such 
as those used in the formation of eyeglass lenses (HSDB, 1994). The annual statewide industrial 
emissions from facilities reporting under the Air Toxics Hot Spots Act in California based on the 
most recent inventory were estimated to be 4841 pounds of epichlorohydrin (CARB, 2000). 
 
 
IV. Effects of Exposures to Humans 
 
Studies of male reproductive function have shown no evidence of decreased sperm counts in 
populations occupationally exposed to epichlorohydrin (Milby et al., 1981). 
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V. Effects of Exposures in Animals 
 
Rats were exposed for 136 weeks (6 hours/day, 5 days/week) to 0, 10, 30, or 100 ppm (0, 38, 
113, or 380 mg/m3) epichlorohydrin (Laskin et al., 1980).  Kidney damage in the form of renal 
tubular degeneration and dilatation was observed in rats exposed to 30 ppm or greater.  The 
observation of severe inflammation in the nasal passages of 90% of the control animals, as well 
as in the treated animals, prevented comparison of this effect between the two groups. 
 
A subchronic exposure of rats to 9, 17, 27, 56, or 120 ppm (34, 64, 102, 212, or 454 mg/m3) for 6 
hours/day, 5 days/week for 11-19 exposures showed evidence of extrarespiratory effects.  These 
included liver congestion and necrosis and tubular atrophy in the kidneys at the highest 
concentration (Gage, 1959).  Lethargy and weight loss were observed at 56 ppm. 
 
A study on the effects of epichlorohydrin exposure for 10 weeks (6 hours/day, 5 days/week) on 
male and female fertility in rats and rabbits showed that male rats, exposed to 50 ppm (189 
mg/m3), were significantly less fertile than controls, as measured by successful matings to 
unexposed females (John et al., 1979; 1983a).  No histological changes were observed in the 
testes of the male rats at the end of exposure.  No significant effects on fertility occurred in the 
exposed female rats.  Degenerative changes in the nasal epithelium were observed in the female 
rats exposed to 25 ppm (94.5 mg/m3), and in both sexes at 50 ppm.  
 
A teratology study was carried out in rats and rabbits exposed to 0, 2.5, or 25 ppm (0, 9.5, or 95 
mg/m3) epichlorohydrin 7 hours/day during the critical days of gestation.  There were no 
significant differences between controls and treated animals in the incidence of developmental 
defects, in maternal toxicity, or in histopathology of the lungs, nasal turbinates, or trachea (John 
et al., 1983b). 
 
Mice and rats (10/sex/concentration/strain) were exposed to 0, 5, 25, or 50 ppm (0, 19, 95, or 190 
mg/m3) epichlorohydrin for 6 hours/day, 5 days/week for 90 days (Quast et al., 1979).  Animals 
were observed for clinical signs of toxicity and were measured biweekly for body weight 
changes.  Body weight measurements, clinical chemistry, hematology, and urinalysis were 
conducted.  Gross and histopathological examinations were performed at the end of the 
experiment.  Exposures of rats to 25 and 50 ppm epichlorohydrin resulted in inflammation, focal 
erosions, hyperplasia, and metaplasia in the nasal turbinates.  No adverse effects were observed 
in rats exposed to 5 ppm (19 mg/m3).  Mice similarly showed focal erosion, hyperplasia and 
metaplasia in the epithelium of the nasal turbinates when exposed to 25 ppm epichlorohydrin or 
greater. 
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VI. Derivation of Chronic Reference Exposure Level  
 

Study Quast et al. (1979) 
Study population  Rats and mice (10 per sex per concentration) 
Exposure method Discontinuous whole-body inhalation  
Critical effects Inflammation, focal erosions, hyperplasia, and 

metaplasia in the nasal turbinates 
LOAEL 25 ppm (94.5 mg/m3) 
NOAEL 5 ppm (19 mg/m3) 
Exposure continuity 6 hours/day, 5 days/week 
Exposure duration 90 days 
Average experimental exposure 0.89 ppm (5 x 6/24 x 5/7) 
Human equivalent concentration  0.083 ppm (gas with extrathoracic respiratory 

effects, RGDR = 0.093, based on MVa = 0.14 
m3/day , MVh = 20 m3/day, SAa(ET) = 15 cm2), 
SAh(ET) = 200 cm2

LOAEL uncertainty factor 1 
Subchronic uncertainty factor 3 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 100 
Inhalation reference exposure level 0.0008 ppm (0.8 ppb; 0.003 mg/m3; 3 μg/m3) 

 
The U.S. EPA (1994) based its RfC of 1 μg/m3 on the same study but used a subchronic UF of 
10 for a 90 day study instead of 3 (OEHHA, 2000). 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The strengths of the inhalation REL for epichlorohydrin include the availability of controlled 
exposure inhalation studies in multiple species at multiple exposure concentrations and with 
adequate histopathogical analysis and the observation of a NOAEL.  Major areas of uncertainty 
are the lack of adequate human exposure data, the lack of chronic inhalation exposure studies, 
the limited reproductive toxicity data, and the small groups tested in the study. 
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CHRONIC TOXICITY SUMMARY 
 

1,2-EPOXYBUTANE 
 

(1-butene oxide; 1,2-butene oxide; 1,2-butylene oxide; 1,2-epoxybutane; 2-ethyloxirane; 
ethylethylene oxide; NCI-C55527) 

 
CAS Registry Number: 106-88-7 

 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 20 μg/m3 (6 ppb) 
Critical effect(s) Degenerative lesions of the nasal cavity in mice 
Hazard index target(s) Respiratory system;  cardiovascular system 

 
 
II. Physical and Chemical Properties (HSDB, 1997) 
 

Description Colorless liquid with disagreeable odor 
Molecular formula C4H8O 
Molecular weight 72.12 g/mol 
Density 0.837 g/cm3 @ 17°C 
Boiling point 63.3°C 
Melting point Not available (CRC, 1994) 
Vapor pressure 176 torr @ 25°C 
Solubility Soluble in ethanol, ether, acetone, water 
Odor threshold Unknown 
Conversion factor 1 ppm = 2.95 mg/m3

 
 
III. Major Uses or Sources 
 
1,2-Epoxybutane is used as a chemical intermediate, acid scavenger, and stabilizer for 
chlorinated solvents (Reprotext, 1994).  It is highly reactive, flammable, and undergoes 
exothermic polymerization reactions in the presence of acids, bases, and some salts.  It is less 
volatile than ethylene oxide or propylene oxide (Reprotext, 1994). The annual statewide 
industrial emissions from facilities reporting under the Air Toxics Hot Spots Act in California 
based on the most recent inventory were estimated to be 6105 pounds of 1,2-epoxybutane 
(CARB, 2000). 
 
 
IV. Effects of Human Exposure 
 
No human toxicological data were found for 1,2-epoxybutane. 
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V. Effects of Animal Exposure 
 
F344/N rats (50/sex) were exposed to 0, 200, or 400 ppm EBU for 6 hours/day, 5 days/week for 
2 years (NTP, 1988).  Survival was impaired and concentration-related increases of 
inflammation, respiratory epithelial hyperplasia, olfactory sensory epithelial atrophy, and 
hyperostosis of the nasal turbinate bone cavity were observed in male and female rats exposed to 
either concentration. 
 
B6C3F1 mice (50/sex) were exposed to 0, 50, or 100 ppm EBU for 6 hours/day, 5 days/week for 
2 years (NTP, 1988).  Survival and body weight gain were reduced significantly at 100 ppm in 
both sexes.  Significant concentration-related increases in incidence of chronic inflammation, 
epithelial hyperplasia, and erosion of the nasal cavity were noted in both sexes at either 
concentration.  Increases in granulocytic hyperplasia and splenic hematopoiesis were noted at 
both concentrations in female mice. 
 
Number of mice with lesions in the nasal cavity and olfactory sensory epithelium (NTP, 1988) 
Sex  Males   Females  
EBU concentration 0 ppm 50 ppm 100 ppm 0 ppm 50 ppm 100 ppm 
Number of mice studied 49 49 50 50 50 48 
Nasal cavity       
  Chronic inflammation 0 33 40 0 39 44 
  Erosion 0 7 17 0 16 24 
  Regeneration 0 15 17 0 14 15 
  Epithelial hyperplasia 0 32 45 1 34 35 
  Squamous metaplasia 1 24 41 0 34 41 
  Squam. cell papilloma 0 0 1 0 0 0 
Olfactory sensory 
  epithelium – atrophy 

 
0 

 
13 

 
32 

 
0 

 
25 

 
35 

 
 
Male and female mice exposed to 800 ppm (2360 mg/m3) EBU for 6 hours/day, 5 days/week, for 
13 weeks were listless after the first exposure (NTP, 1988).  Animals from this group all died by 
the end of the 13-week exposure.  Renal tubular necrosis, and thymic and splenic atrophy were 
seen in mice exposed to 800 ppm; decreased liver weights were observed following exposure of 
mice to 400 ppm (1180 mg/m3) or more.  Inflammation of the nasal turbinates was seen in 
female mice exposed to 100 ppm (295 mg/m3) or more.  No inflammation was observed in 
controls. 
 
Miller et al. (1981) exposed rats and mice of either sex to 0, 75, 150, or 600 ppm (0, 221, 442, or 
1770 mg/m3) EBU 6 hours/day, 5 days/week, for 13 weeks.  In this study, no treatment-related 
effects were noted except for histological lesions in the nasal mucosal epithelium and reduced 
specific gravity in the urine of rats treated with 600 ppm.  
 
Wolf (1961) observed increased lung weights in rats exposed to 800 ppm of a mixture of 
epoxybutane isomers.  No increase in lung weight was seen at 400 ppm. 
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Sikov et al. (1981) conducted experiments to determine the reproductive toxicity of EBU in rats 
and rabbits.  Rats were exposed to 0, 250, or 1000 ppm (0, 738, or 2950 mg/m3) 1,2-epoxybutane 
for 7 hours/day, 5 days/week for 3 weeks prior to gestation, or for 7 hours/day on days 1-19 of 
gestation.  Maternal toxicity in the form of 10% weight loss was observed in rats exposed to 
1000 ppm.  One death out of 42 occurred in the dams exposed to 1000 ppm.  No adverse 
histological, reproductive, or developmental effects were seen at any concentration.  Exposure of 
rabbits on days 1-24 of gestation to the same concentrations as in the rat experiment showed 
more severe effects at lower concentrations than those observed in rats.  In the rabbits, 6 out of 
48 dams died during exposure to 250 ppm, and 14 out of 24 died at 1000 ppm.  Extensive 
maternal mortality in this study prevented evaluation of the reproductive and developmental 
effects. 
 
 
VI. Derivation of Chronic Reference Exposure Level  
 

Study National Toxicology Program (NTP, 1988) 
Study population  Rats and mice 
Exposure method Discontinuous inhalation to 0, 50, or 100 ppm 

EBU 
Critical effects Damage to the upper respiratory epithelium was 

observed in both species at all concentrations.  
Mice also showed an increased incidence of 
granulocytic hyperplasia and splenic 
hematopoiesis at both concentrations, possibly 
due to inflammation in the upper respiratory 
tract. 

LOAEL 50 ppm (mice) 
NOAEL Not observed 
Exposure continuity 6 hours/day, 5 days/week 
Exposure duration 2 years 
Average experimental exposure  8.9 ppm for LOAEL group (50 x 6/24 x 5/7) 
Human equivalent concentration 1.8 ppm for LOAEL group (gas with extrathoracic 

respiratory effects, RGDR = 0.20, based on 
MVa = 0.06 m3/day, MVh = 20 m3/day, 
SAa(ET) = 3.0 cm2, SAh(ET) = 200 cm2) 

LOAEL uncertainty factor 10 (high incidence of adverse effects) 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 300 
Inhalation reference exposure level 0.006 ppm (6 ppb; 0.02 mg/m3; 20 µg/m3) 

 
The chronic REL is also the U.S. EPA RfC (U.S. EPA, 1994).  OEHHA staff reviewed and 
agreed with U.S. EPA’s analysis of the data. 
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VII. Data Strengths and Limitations for Development of the REL 
 
The strengths of the inhalation REL for 1,2-epoxybutane include the availability of controlled 
exposure inhalation studies in multiple species at multiple exposure concentrations and with 
adequate histopathological analysis.  Major areas of uncertainty are the lack of adequate human 
exposure data and the lack of observation of a NOAEL in the key study. 
 
 
VIII. References 
 
CARB. 2000. California Air Resources Board. California Emissions Inventory Development and 
Reporting System (CEIDARS). Data from Data Base Year 1998. February 12, 2000. 
 
CRC. 1994. CRC Handbook of Chemistry and Physics, 75th edition. Lide DR, ed. Boca Raton, 
FL: CRC Press Inc. 
 
HSDB. 1997. Hazardous Substances Data Bank. National Library of Medicine, Bethesda, MD 
(TOMES® CD-ROM version). Denver, CO: Micromedex, Inc. (edition expires 7/31/97). 
 
Miller RR, Quast JF, Ayres JA, and McKenna MJ. 1981. Inhalation toxicity of butylene oxide. 
Fundam. Appl. Toxicol. 1(4):319-324. [as cited in: Integrated Risk Information System (IRIS). 
U.S. Environmental Protection Agency, Washington, DC. (CD-ROM version). Denver, CO: 
Micromedex, Inc. (Edition expires 10/31/94).] 
 
NTP. 1988. National Toxicology Program. Technical Report Series No. 329. Toxicology and 
Carcinogenesis Studies of 1,2-Epoxybutane (CAS No. 106-88-7) in F344 Rats and B6C3Fl 
Mice. U.S. Department of Health and Human Services, Public Health Service, National Institutes 
of Health. Research Triangle Park, NC: NTP.  
 
REPROTOX. 1994. The REPROTOX(R) System: Reproductive Reviews of Drugs, Chemicals, 
Physical and Biological Agents. (TOMES® CD-ROM Version). Denver, CO: Micromedex, Inc.  
 
Sikov MR, Cannon WC, Carr DB, Miller RA, Montgomery LF, and Phelps DW. 1981. 
Teratologic assessment of butylene oxide, styrene oxide, and methyl bromide. Division of 
Biomedical and Behavioral Science, NIOSH. NIOSH/000993 14. NIOSH Technical Report No. 
81-124. 
 
U.S. EPA. 1994. U.S. Environmental Protection Agency. Integrated Risk Information System 
(IRIS) database. Reference concentration (RfC) for 1,2-epoxybutane. Available online at 
http://www.epa.gov/ngispgm3/iris 
 
Wolf MA. 1961. Results of repeated exposures of laboratory animals to the vapors of butylene 
oxide(s) (Mixed isomers). Dow Chemical Biochemical Research Department. EPA/OTS 
Document No. 878211232. [as cited in: Integrated Risk Information System (IRIS). U.S. 
Environmental Protection Agency, Washington, D.C. (CD ROM version). Denver, CO: 
Micromedex, Inc. (Edition expires 10/31/94] 

Appendix D3 203 Epoxybutane 



Determination of Noncancer Chronic Reference Exposure Levels  April 2000  

CHRONIC TOXICITY SUMMARY 
 

ETHYL CHLORIDE 
 

(Chloroethane; monochloroethane; ether hydrochloric) 
 

CAS Registry Number:  75-00-3 
 
 
I. Chronic Toxicity Summary  
 

Inhalation reference exposure level   30,000 µg/m3 (10,000 ppb)  
 

Critical effect(s) Delayed fetal ossification in mice 
Hazard index target(s) Teratogenicity; alimentary system 

 
 
II.  Physical and Chemical Properties (HSDB, 1995; 1999) 
 

Description Colorless gas 
Molecular formula C2H5Cl 
Molecular weight 64.52 
Density  0.9214 g/cm3 @ 0°C 
Boiling point 12.3 °C 
Melting point -138.7 °C 
Vapor pressure 1000 torr @ 20 °C 
Conversion factor 1 ppm = 2.64 mg/m3 @ 25°C 

 
 
III. Major Uses or Sources 
 
Ethyl chloride has been used as a starting point in the production of tetraethyl lead and as a 
refrigerant, solvent and alkylating agent (HSDB, 1995).  It is also used as a topical anesthetic 
(Clayton and Clayton, 1994).  The annual statewide industrial emissions from facilities reporting 
under the Air Toxics Hot Spots Act in California based on the most recent inventory were 
estimated to be 291,300 pounds of ethyl chloride (CARB, 1999). 
 
 
IV. Effects of Human Exposure 
 
Neurological symptoms have been observed in human case studies in instances of ethyl chloride 
abuse.  Cerebellar-related symptoms including ataxia, tremors, speech difficulties, and 
hallucinations were observed in a 28-year old female who had sniffed 200-300 ml ethyl chloride 
off her sleeve daily for 4 months (Hes et al. 1979).  The patient’s liver was enlarged and tender.  
Four weeks following cessation of exposure, all symptoms were absent. 
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V. Effects of Animal Exposure 
 
Pregnant mice were exposed to 1300, 4000, or 13000 mg/m3 ethyl chloride in air for 6 hours per 
day on days 6-15 of gestation (Scortichini et al., 1986).  No effects on fetal resorption rates, litter 
size, body weight or maternal health were observed.  A statistically significant increase in the 
incidence of delayed ossification of the skull bones was observed in fetuses from the 
13,000 mg/m3 (4900 ppm) ethyl chloride exposed group.  This skull effect was accompanied by 
a non-significant increased incidence of cervical ribs (a supernumerary rib is considered to be a 
malformation).  No significant adverse effects were observed in fetuses from the 4000 mg/m3 
(1500 ppm) exposure group.   
 
No significant adverse effects were observed in rats and mice exposed to 0 or 15,000 ppm ethyl 
chloride for 6 hours per day, 5 days per week for 102 weeks (rats) or 100 weeks (mice) (NTP, 
1989).  At necropsy, a complete histopathologic examination (approximately 35 tissues) failed to 
identify evidence of non-cancer toxicity.  The same study also exposed rats and mice to 2500, 
5000, 10,000 or 19,000 ppm ethyl chloride 6 hours per day, 5 days per week for 13 weeks.  No 
exposure-related clinical signs of toxicity or histological changes were observed in exposed 
animals.  Thus the subchronic NOAEL for mice and rats is 19,000 ppm, which is equivalent to a 
continuous exposure of 3400 ppm, and a free-standing chronic NOAEL is 15,000 ppm, which is 
equivalent to a continuous exposure of 2700 ppm (7100 mg/m3). 
 
Increased relative liver weights and a slight increase in hepatocellular vacuolation were observed 
in mice exposed to 5000 ppm ethyl chloride 23 hours per day for 11 days (Landry et al., 1989).  
No effects were observed in mice exposed to 0, 250, or 1250 ppm ethyl chloride for the same 
period.   
 
Following acclimatization to an inhalation chamber, two groups of 10 female mice were exposed 
to 0 or 15,000 ppm (40,000 mg/m3) ethyl chloride 6 hours per day for 2 weeks (Breslin et al., 
1988).  Groups of five male mice were housed in each inhalation chamber to synchronize and 
promote regular cyclicity.  The mean length of the estrous cycle in control mice remained 
constant at 4.5 days during both pre-exposure and exposure periods.  Mice in the 15,000 ppm 
exposure group showed a 0.6 day increase in the mean cycle length during exposure (5.6 days) 
when compared to the pre-exposure period (5.0 days).  The authors attribute this increase in 
estrous cycle length to a general stress response although they note that it does not preclude 
direct effects on neuroendocrine function.   
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VI. Derivation of Reference Exposure Level  
 

Study Scortichini et al., 1986 
Study population Mice 
Exposure method Discontinuous whole-body inhalation (on days 

6-15 of gestation) 
Critical effects Delayed ossification of skull foramina 
LOAEL 13,000 mg/m3

NOAEL 4,000 mg/m3

Exposure continuity 6 hours per day 
Exposure duration Days 6-15 of gestation 
Average experimental exposure  1,000 mg/m3 for NOAEL group (4000 x 6/24) 
Human equivalent concentration  1,000 mg/m3 for NOAEL group (gas with 

systemic effects, based on RGDR = 1.0 using 
default  assumption that lambda (a) = lambda 
(h)) 

LOAEL uncertainty factor 1 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 30   
Inhalation reference exposure level  30 mg/m3 ( 30,000 µg/m3; 10  ppm;  10,000 

ppb) 
 
To develop the chronic REL OEHHA used the same study on which U.S. EPA based its RfC of 
10,000 µg/m3.  The REL is based on a developmental toxicity study.  In accordance with U.S. 
EPA methodology, a time-weighted average concentration for the discontinuous exposure 
experiment  is not used by U.S. EPA when the key effect  is developmental toxicity.  However, 
OEHHA prefers to make a time adjustment to equivalent continuous exposure because the 
chronic REL assumes continuous exposure.  U.S. EPA also used a Modifying Factor (MF).  The 
database deficiencies leading U.S. EPA to employ a modifying factor include the lack of a 
multigenerational reproductive study.  The criteria for use of such modifying factors are not well 
described.  Such MFs were not used by OEHHA. 
 
As a comparison to the proposed REL of 10 ppm, NTP (1989) found a free-standing NOAEL of 
15,000 ppm in rats and mice exposed to ethyl chloride for 6 hours per day, 5 days per week for 2 
years.  Time adjusting to continuous exposure results in an adjusted NOAEL of 2679 ppm.  
Applying an RGDR of 1, a UFA of 3 and a UFH of 10 results in an estimated REL of 90 ppm. 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The strengths of the inhalation REL for ethyl chloride include the availability of controlled 
exposure inhalation studies in multiple species at multiple exposure concentrations and with 
adequate histopathogical analysis, and the observation of a NOAEL.  Major areas of uncertainty 
are the lack of adequate human exposure data, and the lack of a multigenerational reproductive 
study. 
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CHRONIC TOXICITY SUMMARY 
 

ETHYLBENZENE 
 

(Phenylethane; NCI-C56393) 
 

CAS Registry Number:  100-41-4 
 
I. Chronic Toxicity Summary  
 

Inhalation reference exposure level 2000 µg/m3 (400 ppb)  
Critical effect(s) Liver, kidney, pituitary gland in mice and rats 
Hazard index target(s) Alimentary system (liver); kidney; endocrine 

system 
 
 
II. Physical and Chemical Properties (HSDB, 1994) 
 

Description colorless liquid 
Molecular formula C8H10
Molecular weight 106.16 g/mol 
Boiling point 136.2°C 
Melting point -95°C 
Vapor pressure 10 torr @ 25.9°C 
Density 0.867 g/cm3 @ 20°C 
Solubility Soluble in ethanol and ether, low solubility in 

water (0.014 g/100 ml at 15°C) 
Conversion factor 1 ppm = 4.35 mg/m3

 
 
III.  Major Uses or Sources 
 
Ethylbenzene is used as a precursor in the manufacture of styrene (HSDB, 1994).  It is also used 
in the production of synthetic rubber, and is present in automobile and aviation fuels.  It is found 
in commercial xylene (Reprotext, 1994).  In 1996, the latest year tabulated, the statewide mean 
outdoor monitored concentration of ethylbenzene was approximately 0.4 ppb (CARB, 1999a).  
The latest annual statewide emissions from facilities reporting under the Air Toxics Hot Spots 
Act in California, based on the most recent inventory, were estimated to be 161,846 pounds of 
ethylbenzene (CARB, 1999b). 
 
 
IV. Effects of Human Exposure 
 
Studies on the effects of workplace exposures to ethylbenzene have been complicated by 
concurrent exposures to other chemicals, such as xylenes (Angerer and Wulf, 1985).  Bardodej 
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and Cirek (1988) reported no significant hematological or liver function changes in 200 
ethylbenzene production workers over a 20-year period. 
V. Effects of Animal Exposure 
 
Rats and mice (10/sex/group) were exposed to 0, 100, 250, 500, 750, and 1000 ppm (0, 434, 
1086, 2171, 3257, and 4343 mg/m3) ethylbenzene 6 hours/day, 5 days/week for 90 days (NTP, 
1988; 1989; 1990).  Rats displayed significantly lower serum alkaline phosphatase in groups 
exposed to 500 ppm or higher.  Dose-dependent increases in liver weights were observed in male 
rats beginning at 250 ppm, while this effect was not seen until 500 ppm in the females.  An 
increase in relative kidney weights was seen in the 3 highest concentrations in both sexes.  
Minimal lung inflammation was observed in several of the treatment groups, but this 
phenomenon was attributed to the presence of an infectious agent rather than to ethylbenzene 
exposure.  The mice in this study did not show any treatment-related effects except for elevated 
liver and kidney weights at 750 and 1000 ppm, respectively. 
 
Rats and mice were exposed to ethylbenzene (greater than 99% pure) by inhalation for 2 years 
(NTP, 1999; Chan et al., 1998).  Groups of 50 male and 50 female F344/N rats were exposed to 
0, 75, 250, or 750 ppm, 6 hours per day, 5 days per week, for 104 weeks.  Survival of male rats 
in the 750 ppm group was significantly less than that of the chamber controls.  Mean body 
weights of 250 and 750 ppm males were generally less than those of the chamber controls 
beginning at week 20.  Mean body weights of exposed groups of females were generally less 
than those of chamber controls during the second year of the study.  In addition to renal tumors, 
the incidence of renal tubule hyperplasia in 750 ppm males was significantly greater than that in 
the chamber controls.  The severity of nephropathy in 750 ppm male rats was significantly 
increased relative to the chamber controls.  Some increases in incidence and severity of 
nephropathy were noted in all exposed female rats, but these were statistically significant only at 
750 ppm.   
 
Groups of 50 male and 50 female B6C3F1 mice were exposed to 0, 75, 250, or 750 ppm 
ethylbenzene by inhalation, 6 hours per day, 5 days per week, for 103 weeks.  Survival of 
exposed mice was similar to controls.  Mean body weights of females exposed to 75 ppm were 
greater than those of the chamber controls from week 72 until the end of the study.  In addition to 
lung and liver tumors, the incidence of eosinophilic liver foci in 750 ppm females was 
significantly increased compared to that in the chamber controls.  There was a spectrum of 
nonneoplastic liver changes related to ethylbenzene exposure in male mice, including syncytial 
alteration of hepatocytes, hepatocellular hypertrophy, and hepatocyte necrosis.  The incidences 
of hyperplasia of the pituitary gland pars distalis in 250 and 750 ppm females and the incidences 
of thyroid gland follicular cell hyperplasia in 750 ppm males and females were significantly 
increased compared to those in the chamber control groups.  Based on an evaluation of all the 
non-cancer data in mice and rats OEHHA staff selected 75 ppm as the NOAEL for the NTP 
(1999) study. 
 
Rats (17-20 per group) were exposed to 0, 600, 1200, or 2400 mg/m3 for 24 hours/day on days 7 
to 15 of gestation (Ungvary and Tatrai, 1985).  Developmental malformations in the form of 
“anomalies of the uropoietic apparatus” were observed at the 2400 mg/m3 concentration.  
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Skeletal retardation was observed in all exposed groups compared with controls.  The incidence 
of skeletal abnormalities increased with higher concentrations of ethylbenzene. 
 
Rabbits exposed by these investigators to the same concentrations as the rats on days 7 to 15 of 
gestation, exhibited maternal weight loss with exposure to 1000 mg/m3 ethylbenzene.  There 
were no live fetuses in this group for which abnormalities could be evaluated.  No developmental 
defects were observed in the lower exposure groups. 
 
Rats (78-107 per group) and rabbits (29-30 per group) were exposed for 6 or 7 hours/day, 7 
days/week, during days 1-l9 and 1-24 of gestation, respectively, to 0, 100, or 1000 ppm (0, 434, 
or 4342 mg/m3) ethylbenzene (Andrew et al., 1981; Hardin et al., 1981).  No effects were 
observed in the rabbits for maternal toxicity during exposure or at time of necropsy.  Similarly, 
no effects were seen in the fetuses of the rabbits.  The only significant effect of ethylbenzene 
exposure in the rabbits was a reduced number of live kits in the 1000 ppm group.  A greater 
number and severity of effects were seen in rats exposed to 1000 ppm ethylbenzene.  Maternal 
rats exposed to 1000 ppm exhibited significantly increased liver, kidney, and spleen weights 
compared with controls.  Fetal rats showed an increase in skeletal variations at the 1000 ppm 
concentration, but the results of the 100 ppm exposure were not conclusive. 
 
Clark (1983) found no significant effects on body weight, food intake, hematology, urinalysis, 
organ weights or histopathology in rats (18 per group) exposed to 100 ppm (434 mg/m3) 
ethylbenzene for 6 hours/day, 5 days/week, for 12 weeks. 
 
Degeneration of the testicular epithelium was noted in guinea pigs and a rhesus monkey exposed 
to 600 ppm (2604 mg/m3) for 6 months (Wolf et al., 1956).  No effects were reported for female 
monkeys exposed to the same conditions. 
 
Cragg et al. (1989) exposed mice and rats (5/sex/group) to 0, 99, 382, and 782 ppm (0, 430, 
1659, and 3396 mg/m3) 6 hours/day, 5 days/week for 4 weeks.  Some evidence of increased 
salivation and lacrimation was seen in the rats exposed to 382 ppm.  No other gross signs of 
toxicity were observed.  Both male and female rats had significantly enlarged livers following 
exposure to 782 ppm.  Female mice also showed a significant increase in liver weight at this 
concentration.  No histopathological lesions were seen in the livers of these mice. 
 
Dose-dependent induction of liver cytochrome P450 enzymes in rats by ethylbenzene was 
observed by Elovaara et al. (1985).  Rats (5 per group) were exposed to 0, 50, 300, or 600 ppm 
(0, 217, 1302, or 2604 mg/m3) ethylbenzene for 6 hours/day, 5 days/week for 2, 5, 9, or 16 
weeks.  Cytochrome P450 enzyme induction, and microscopic changes in endoplasmic reticulum 
and cellular ultrastructure were evident at all ethylbenzene concentrations by week 2, and 
persisted throughout the exposure.  Liver weights were not elevated in these studies. 
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VI. Derivation of the Chronic Reference Exposure Level  
 

Study NTP, 1999; Chan et al., 1998 
Study population  Male and female rats and mice (50 per group) 
Exposure method Discontinuous inhalation 
Critical effects Nephrotoxicity, body weight reduction (rats) 

hyperplasia of the pituitary gland; liver cellular 
alterations and necrosis (mice) 

LOAEL 250 ppm 
NOAEL 75 ppm 
Exposure continuity 6 hours/day, 5 days/week 
Exposure duration 103 weeks. 
Average experimental exposure 13  ppm for NOAEL group  
Human equivalent concentration 13  ppm for NOAEL group (gas with systemic 

effects, based on RGDR = 1.0 using default  
assumption that lambda (a) = lambda (h)) 

LOAEL uncertainty factor 1 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 30 
Inhalation reference exposure level 0.4 ppm (400 ppb; 2 mg/m3; 2,000 µg/m3) 

 
The REL is based on a lifetime toxicity/carcinogenesis study.  The NOAEL for non-neoplastic 
effects in the study was 75 ppm, and the LOAEL was 250 ppm.  Some shorter duration studies 
discussed above (e.g. NTP, 1988, 1989, 1990) identify higher concentrations as NOAELs, but 
the study used (NTP 1999) is the most recent available and is considered the most reliable for 
assessing chronic effects.   
 
U.S. EPA based its RfC on developmental toxicity studies in rats and rabbits (Andrew et al., 
1981; Hardin et al., 1981; U.S. EPA, 1994). The NOAEL in the studies was 100 ppm, and the 
LOAEL was 1000 ppm.  In accordance with its methodology, U.S. EPA did not use a time-
weighted average concentration for the discontinuous exposure experiment since the key effect 
was developmental toxicity.   If OEHHA methodology is followed (which includes the time-
weighted averaging of the exposure concentrations, and uncertainty factors of 3 (interspecies, 
with RGDR = 1) and 10 (intraspecies), this study would indicate a REL of 0.6 ppm (3 mg/m3).  
The study by Ungvary and Tatrai (1985) reported a NOAEL of 600 mg/m3 for developmental 
and maternal effects in several species.  However, the reporting and general quality of this paper 
create less confidence in its results. 
 
For comparison to the proposed REL of 0.4 ppm, Clark (1983) found no significant effects in 
rats exposed to 100 ppm ethylbenzene 6 h/day, 5 d/week, for 12 weeks.  This NOAEL can be 
time-adjusted to 18 ppm, then divided by a subchronic UF of 3, an interspecies UF of 3, and an 
intraspecies UF of 10 which results in a REL of 0.2 ppm. (The default value of 1 for RGDR was 
used).  It appears that the proposed REL provides a sufficient margin of safety to provide 
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protection against the reported developmental effects (Andrew et al., 1981; Hardin et al., 1981; 
Ungvary and Tatrai, 1985) 
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The strengths of the inhalation REL for ethylbenzene include the availability of controlled 
exposure inhalation studies in multiple species at multiple exposure concentrations and with 
adequate histopathogical analysis, and the observation of a NOAEL in lifetime chronic 
inhalation exposure studies.  The major area of uncertainty is the lack of adequate human 
exposure data. 
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CHRONIC TOXICITY SUMMARY 
 

ETHYLENE DIBROMIDE 
 

(1,2-dibromoethane; dibromoethane; alpha, beta-dibromoethane; EDB; ethylene bromide; 
glycol bromide) 

 
CAS Registry Number: 106-93-4 

 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 0.8 μg/m3 (0.1 ppb) 
Critical effect(s) Decreased sperm count/ejaculate, decreased 

percentage of viable and motile sperm, 
increased semen pH, and increased 
proportion of sperm with specific 
morphological abnormalities in human 
males 

Hazard index target(s) Reproductive system 
 
 
II. Chemical Property Summary (HSDB, 1995; CRC, 1994) 
 

Description Colorless, heavy, nonflammable liquid with a 
mildly sweet, chloroform-like odor. 

Molecular formula C2H4Br2
Molecular weight 187.88 g/mol 
Boiling point 131-132°C  
Melting point 9.9°C 
Vapor pressure 0.11 torr at 20°C 
Solubility Slightly soluble in water (3400 mg/L water at 

20°C).  Miscible with most organic solvents. 
Conversion factor 7.68 μg/m3 per ppb at 25°C 

 
 
III. Major Uses and Sources 
 
Ethylene dibromide (EDB) is used as a solvent for resins, gums, and waxes, and as a chemical 
intermediate in the synthesis of dyes and pharmaceuticals (HSDB, 1995).  EDB was once widely 
used as a fumigant for the control of pests in the U.S.  Because of concerns regarding its 
carcinogenicity, the agricultural uses of EDB were banned in 1983 (RECT, 1988).  EDB was 
also commonly used as a gasoline additive to scavenge inorganic lead compounds.  The 
transition to the use of lead-free gasoline has drastically curtailed the use of EDB in this country 
(REPROTOX, 1995).  EDB is now used mainly in industry.  EDB may be formed naturally in 
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the ocean as a result of macro algae growth.  Exposure to the general population, via inhalation, 
may occur in the vicinity of industries and in industrial settings where this compound is 
manufactured and used.  The annual statewide industrial emissions from facilities reporting 
under the Air Toxics Hot Spots Act in California based on the most recent inventory were 
estimated to be 1179 pounds of EDB (CARB, 2000). 
 
 
IV. Effects of Human Exposures 
 
Pharmacokinetic studies of EDB in humans could not be found in the literature.  However, in 
vitro studies of EDB metabolism in human liver samples have been performed (Wiersma et al., 
1986).  These experiments have shown that the enzyme systems known to metabolize EDB in 
rodent liver also metabolize EDB in the human liver.  EDB was metabolized by human liver 
cytosolic glutathione S-transferases (GST), microsomal GST, and microsomal mixed function 
oxidases (MFO).  MFO activity resulted in adducts irreversibly bound to protein, while GST 
activity was mostly responsible for adducts irreversibly bound to DNA.  Rodent liver enzymes 
similarly activate EDB to metabolites that bind to cellular macromolecules.  In human fetal liver 
(16-18 weeks gestation) cytosolic GST was also found to metabolize EDB with high efficiency 
(Kulkarni et al., 1992).  Since detoxification via MFO activity may be limited at this stage of 
development, the results suggest that the human fetus and neonate may be at greater risk from 
EDB toxicity than adults. 
 
A study of mortality from cancer and respiratory diseases was conducted among 161 employees 
exposed to EDB in 2 production units operated from 1942 to 1969 and from the mid-1920s to 
1976, respectively (Ott et al., 1980).  No apparent connection was found between mortality due 
to respiratory diseases and exposure to EDB, when compared to U.S. white male mortality 
figures. 
 
Due to the structural similarity of EDB to dibromochloropropane (DBCP), a known toxic agent 
in human male reproductive organs, a number of epidemiological studies concerning male 
reproduction and spermatogenesis were conducted. 
 
In a study of 59 employees exposed to EDB at the Ethyl Corporation plant in Magnolia, 
Arkansas, the sperm counts of the exposed men were divided into 2 groups depending on 
estimated exposure (Ter Haar, 1980).  Twenty percent of the low exposure group (<0.5 ppm) had 
sperm counts below 40 million, whereas 42% of the high exposure group (0.5 to 5 ppm) had 
sperm counts below this figure.  The sperm counts were intermediate between counts reported 
for 2 types of U.S. samples (for normal men).  The observed births among the two exposure 
groups were found to be similar to the number of expected births.  The author determined that 
EDB had no effect on sterility or reproduction in the workers.  Weaknesses of this study include 
the small population of exposed workers and the lack of a concurrent unexposed control group.  
Taking these defects of the study into account, Dobbins (1987) concluded that the results provide 
evidence that EDB exposure between 0.5 and 5.0 ppm is associated with lower sperm counts. 
 
A comparison of observed marital fertility with expected fertility (based on U.S. fertility rates) 
was conducted among 297 men working at 4 U.S. plants that manufacture EDB (Wong et al., 
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1979).  Fertility was 20% below expected for the four plants combined.  This was largely due to 
one plant (plant D), which was 49% below the expected level.  After omitting the incidence of 
vasectomies and hysterectomies among married couples, observed fertility was still 39% below 
the expected figure for plant D but was now no longer statistically significant.  Exposure levels 
of EDB at plant D were not known but were estimated to be no more than 5 ppm.  Later review 
determined that expected (control) levels of fertility and the power of the study were too low, 
resulting in the inability to identify a possible adverse effect (Dobbins, 1987).  The lower fertility 
at plant D indicates that EDB has the potential to reduce fertility, but the extent of the reduction 
cannot be estimated from this study.  Further treatment of the data by a method that uses the 
proper statistical adjustments of reproductive experience in the U.S. population (used as the 
control) suggests borderline significance for reduced fertility among the combined workers at the 
four plants (Wong et al., 1985).  The fertility evaluation indicates that more in-depth 
epidemiologic or physiologic studies are needed. 
 
Semen analysis of 83 pineapple workers at two plantations was performed by Rogers and 
associates (1981).  EDB-exposed workers were removed from each group and placed in a 
separate group.  The remaining two groups of workers acted as control groups.  Sperm counts, 
motility, and morphology were similar among the three groups.  However, 43.8% of exposed 
workers had abnormally low counts (<40 million/ml), while abnormally low sperm counts of 
controls were 34.2% and 17.8%.  Of the four exposed workers that had fertility tests done, all 
tested in the infertile range.  Forty percent or less tested in the infertile range among the control 
groups.  The results suggest that workers exposed to EDB had reduced sperm counts, but 
exposure levels were not known. 
 
Semen analysis among 46 men employed in the papaya fumigation industry was conducted to 
determine if EDB affected semen quality (Ratcliff et al., 1987; Schrader et al., 1987).  Average 
duration of exposure was 5 years and the geometric mean breathing zone exposure to airborne 
EDB was 88 ppb (8 hr time weighted average) with peak exposures of up to 262 ppb.  The 
comparison group consisted of 43 unexposed men from a nearby sugar refinery.  Following 
consideration of confounding factors, statistically significant decreases in sperm count/ejaculate, 
the percentage of viable and motile sperm, and increases in the proportion of sperm with specific 
morphological abnormalities (tapered heads, absent heads, and abnormal tails) were observed 
among exposed men.  Semen pH was significantly more alkaline than that of unexposed workers.  
Other measured sperm quality parameters were unchanged.  This study suggests that EDB can 
result in reproductive impairment.  However, no measurement of male fertility was conducted. 
 
In a study that examined similar indices of semen quality, 6 week exposure of 10 forestry 
workers to EDB (60 ppb time weighted average, with peak exposures of up to 2165 ppb) resulted 
in decreased semen volume and slower sperm velocity (Schrader et al., 1988).  Six unexposed 
men were used as controls.  The researchers suggest that short-term exposure to EDB results in 
decreased sperm velocity, while long-term exposure, as in the previous study of EDB-exposed 
papaya workers, results in sperm immotility and cell death. 
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V. Effects of Animal Exposures 
 
EDB is readily and rapidly absorbed from the lung when breathed as a vapor, from the GI tract 
when taken orally, or through the skin when applied dermally (HSDB, 1995).  In rats, the rate of 
absorption of EDB from the respiratory tract reached a plateau within 10 to 20 minutes following 
exposure to 75 ppm EDB for up to 2 hours (Stott and McKenna, 1984).  About 58% of the EDB 
was absorbed.  Intraperitoneal injection of [14C]EDB into guinea pigs resulted in the highest 
concentrations in liver, kidneys, and adrenals (Plotnick and Conner, 1976).  Sixty-five percent of 
the dose was excreted as metabolites in urine, 3% in feces, and 12% excreted unchanged in 
expired air.  In rats, the highest concentrations of [14C]EDB label were found in liver, kidney and 
spleen following an oral dose of 15 mg/kg body wt (Plotnick et al., 1979).  Studies with rats have 
provided evidence that 2 pathways of metabolic bioactivation exist for EDB (RECT, 1988).  The 
oxidative pathway yields the metabolite 2-bromo-acetaldehyde, which is associated with cell 
macromolecule binding and liver damage.  The conjugative pathway principally yields 
glutathione products, such as S-(2-bromoethyl)-glutathione, which are mainly responsible for 
DNA binding and mutagenesis.  In rats, orally administered EDB is excreted primarily in the 
urine as mercapturic acid derivatives (Jones and Edwards, 1968).  The biologic half-life for 
elimination of [14C]EDB in rats is 5.1-5.6 hours (Watanabe et al., 1978) and less than 48 hours in 
mice and guinea pigs (HSDB, 1995).  Besides the small amount irreversibly bound to cell 
macromolecules and DNA, EDB shows little, if any, bioaccumulation in mammalian systems. 
 
In a subchronic toxicity study of experimental animals, rats and guinea pigs were given EDB by 
oral administration for about 4 months (Aman et al., 1946).  Body weights and mortality of 
animals at or below an average daily dose of 40-50 mg/kg body wt-day were unaffected.  
However, only one control animal/species was used, the dosing regimen was not well described, 
and pathologic examination was apparently not performed. 
 
Subchronic exposure of rats (20/sex/group) to 50 ppm EDB for as many as 63 seven-hour 
exposures in 91 days resulted in no significant change in body weights (Rowe et al., 1952).  
Liver and kidney weights were increased in both sexes while testis weights were decreased in 
males.  Also, lung weights in males were elevated and spleen weights in females were decreased.  
Histopathological examination revealed no changes.  Guinea pigs (8/sex/group) subjected to as 
many as 57 seven-hour exposures of 50 ppm EDB in 80 days exhibited reduced body weights.  
Organ weights were unchanged, but microscopic examination of the livers showed slight central 
fatty degeneration.  In kidneys, slight interstitial congestion and edema with slight 
parenchymatous degeneration of the tubular epithelium were observed.  Four rabbits exposed to 
59 seven-hour sessions at 50 ppm in 84 days showed no signs of adverse effects.  Clinical signs 
of monkeys exposed to 50 ppm EDB (49 seven-hour exposures in 70 days) included an ill, 
unkempt appearance and nervousness.  Slight central fatty degeneration in livers was observed, 
but pathology was not seen in other tissues.  Exposure of the same four species to 25 ppm EDB 
for up to 220 days (145 to 156 seven-hour exposures) showed no signs of adverse effects. 
 
In a 13-week inhalation study, 5 Fischer 344 albino rats/group/sex and 10 B6C3F1 
mice/group/sex were exposed to 0, 3, 15, or 75 ppm EDB for 6 hr/day, 5 days/week (Reznik et 
al., 1980).  At 75 ppm, rats and mice exhibited severe necrosis and atrophy of the olfactory 
epithelium in the nasal cavity.  Squamous metaplasia, hyperplasia and cytomegaly of the 
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epithelium were also seen in nasal turbinates, larynx, trachea, bronchi, and bronchioles.  Minor 
alterations were seen in the nasal cavity of only a few male and female rats at 15 ppm.  No 
compound-related lesions were observed in the olfactory and respiratory epithelium at 3 ppm.  
No lesions were seen in other tissues at any dose. 
 
In another 13-week inhalation study, 40 male and 20 female CDF(F344) rats/group were exposed 
to 0, 3, 10, or 40 ppm EDB 6 hr/day, 5 days/week (Nitschke et al., 1981).  Male rats in the 40 
ppm group exhibited decreased weight gain throughout most of the exposure period.  However, 
reduced weight gain was never more than 6-8% below control levels.  With the exception of 
decreased specific gravity of urine in females of the 40 ppm group, no treatment-related changes 
were observed in any rat group with respect to urinalysis, hematology, and clinical chemistry.  At 
the end of 13 weeks, relative liver and kidney weights of males exposed to 40 ppm EDB were 
significantly elevated, while relative liver weights of females in the two highest exposure groups 
were significantly elevated.  Absolute liver weight of females in the 40 ppm group was also 
significantly elevated.  Histopathological examination revealed lesions primarily confined to the 
anterior sections of the nasal turbinates.  Hyperplasia and nonkeratinizing squamous metaplasia 
of the respiratory epithelium were observed in nasal turbinates of rats exposed to 40 ppm EDB.  
Only slight epithelial hyperplasia of nasal turbinates was noted at 10 ppm.  No treatment related 
effects were seen at 3 ppm.  Livers of females in the 40 ppm group showed a slight increase in 
fat.  After an 88 day recovery period, there was a reversion to normal of the nasal turbinates in 
all but one rat. 
 
In what was originally scheduled to be a lifetime exposure study, 50 Osborne-Mendel 
rats/group/sex and 50 B6C3F1 mice/group/sex were administered EDB 5 days/week by gastric 
lavage over a substantial portion of their life-span (NCI, 1978).  Twenty untreated controls/sex 
and 20 vehicle controls/sex of each species were included in the study.  Rats received initial 
doses of 80 and 40 mg/kg body wt-day for the first 17 weeks.  Due to high mortality, dosing of 
high dose rats was discontinued for 13 weeks and resumed on week 30 at 40 mg/kg body wt-day.  
In week 42, all intubations of low and high dose rats ceased for 1 week followed by 4 weeks of 
dose administration.  All surviving, treated male rats were necropsied in week 49; all surviving, 
treated female rats were necropsied in week 61.  The resulting time-weighted average dose over 
the test period was 38 and 41 mg/kg body wt-day for low and high dose males, respectively, and 
37 and 39 mg/kg body wt-day for low and high dose females, respectively.  Mice received initial 
doses of 120 and 60 mg/kg body wt-day.  In weeks 11-13, high and low doses were increased to 
200 and 100 mg/kg body wt-day, respectively.  Original dose levels were resumed after week 13.  
At week 40, administration of EDB was decreased to 60 mg/kg body wt-day for high dose mice.  
EDB administration was discontinued at week 54 with necropsy occurring at week 78 for males 
and high dose females.  Low dose female mice were observed for 37 weeks after intubation 
ceased.  The resulting time-weighted average dose over the test period was 62 and 107 mg/kg 
body wt-day for low and high dose mice, respectively.  In rats, clinical signs by week 5 included 
reddened ears and hunched back in all treatment groups.  By week 10, all treated rats had 
reduced body weights (>10%).  Both female and male rats exhibited dose-dependent mortality.  
Many of the deaths occurred during or shortly after intubation, suggesting an acute toxic 
reaction.  Pathology revealed hyperkeratosis and acanthosis of the forestomach in high dose 
males and females and in one low dose female.  A small number of rats in both treatment groups 
showed adrenal cortex degeneration and peliosis of the liver (hepatitis).  Dosed males showed 
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early development of testicular atrophy.  In mice, dose-related body weight reduction and 
mortality were observed.  Clinical signs included alopecia, thin, hunched appearance, soft feces 
and body sores.  Hyperkeratosis and acanthosis of the forestomach were seen in high dose male 
and female mice.  One incidence each of hyperkeratosis (in a female) and acanthosis (in a male) 
was seen at the low dose.  Splenic changes were present in high dose mice and testicular atrophy 
was present in high dose males. 
 
In a long-term inhalation exposure study, F344 rats and B6C3F1 mice were exposed to 0, 10, or 
40 ppm EDB 6 hr/day, 5 days/week for up to 103 weeks (NTP, 1982).  In male and female rats, 
the high dose groups had reduced body weights and increased mortality that began at about week 
60.  The treatment-related non-neoplastic pathology included hepatic necrosis (both sexes), 
epithelial hyperplasia and suppurative inflammation throughout the respiratory system (both 
sexes), and nephropathy (males only).  Toxic nephropathy and mineralization were also seen in 
high dose female rats.  Testicular degeneration and atrophy occurred with greater frequency in 
exposed rats and may be related to observed testicular tumors.  Spermatic granulomas were also 
more frequently seen in high-dose males.  Degeneration of the adrenal cortex appeared to be 
dose-related in females, but only one incidence each was seen in low and high dose males.  
Increased incidence of retinal atrophy was observed in exposed females.  In mice, body weights 
were reduced at the high dose in both males and females.  Many of the high dose animals 
exhibited a progressive weakness of the limbs or body during the second year.  Increased 
mortality occurred in a dose-related manner in females and was significantly greater in low dose 
males.  Non-neoplastic pathology included epithelial hyperplasia throughout the respiratory 
system and serous and suppurative inflammation of the nasal cavity in exposed mice.  In all male 
mice, the principal cause of death was urinary bladder inflammation.  However, bladder 
epithelial hyperplasia was only seen in exposed animals.  An increased incidence of suppurative 
inflammation of the prostate was present but was also seen in controls.  Dose-related spleen 
hematopoiesis was observed in females. 
 
Another long-term inhalation study investigated the effects of 0 or 20 ppm EDB (7 hr/day, 5 
days/week) on 48 Sprague-Dawley rats/sex/group for 18 months (Wong et al., 1982).  
Significantly lower body weight gains (>10% difference from controls) occurred by the 15th 
month in males, and by the 18th month in females.  Significantly reduced food consumption was 
not apparent.  Increased mortality rates in both sexes occurred beginning in the 12th month of 
EDB exposure.  All hematological findings were within normal ranges.  The only recorded non-
neoplastic gross or microscopic finding was atrophy of the spleen in males, which may be related 
to tumor formation (hemangiosarcoma).  The nasal cavity was not examined. 
 
In a study of the effect of EDB on sperm production in bulls (Isreal-Friesian breed), 4 calves 
were fed 2 mg/kg body wt-day for 12 months (Amir and Volcani, 1965).  The bulls were then 
given EDB in gelatin capsules every other day for 2-4 months longer.  EDB did not appear to 
affect the growth, health, and libido of the bulls.  However, semen density and motility were 
significantly lower compared to untreated control bulls of the same age.  Many abnormal 
spermatozoa were also present in treated bulls.  A NOAEL for this effect was apparently not 
determined.  Cessation of EDB administration resulted in normal sperm within 10 days to 3 
months.  Further studies confirmed that EDB adversely affected sperm production without any 
other apparent effects on bulls (Amir and Volcani, 1967; Amir and Ben-David, 1973).  However, 
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feeding rams 2-5 mg/kg body wt-day for 120 days did not result in any effect on sperm or on the 
health of the animal (Amir, 1991). 
 
Female B6C3F1 mice (10/group) were given 31.25, 62.5, or 125 mg/kg EDB by gastric lavage 5 
days/week for 12 weeks (Ratajzak et al., 1995).  At the highest dose, EDB significantly 
prolonged intervals between estrus, decreased hemoglobin and hematocrit levels, and increased 
cholesterol, triglycerides, total protein, and albumin.  The highest dose also caused an 
immunosuppressive effect by lowering the in vitro splenic lymphocyte response to T- and B-cell 
mitogens. 
 
In a developmental toxicity study, 15-17 pregnant Charles River CD rats and 17-19 pregnant CD 
mice were exposed to 0, 20, 38, and 80 ppm EDB by inhalation 23 hr/day during days 6 to 16 of 
gestation (Short et al., 1978).  A significant increase in mortality occurred in adult rats exposed 
to 80 ppm EDB and in adult mice exposed to 38 and 80 ppm EDB.  Mice exposed to the highest 
dose experienced 100% mortality.  Reduced body weights and feed consumption occurred in 
both species at all doses tested.  Fetal mortality was increased in rats at the highest dose and in 
mice at 38 ppm.  Reduced fetal body weights occurred at 38 ppm in rats and at all exposure 
levels in mice.  No anomalies were seen in rat fetuses.  An increase in runts at 38 ppm and a 
dose-dependent increase in skeletal anomalies were observed among mouse fetuses.  However, 
these anomalies were characteristic of delayed development and occurred at doses that adversely 
affected maternal welfare.  Therefore, these effects are indicative of fetal toxicity rather than 
teratogenicity. 
 
Male reproductive toxicity of EDB has been evaluated in some other experimental animals.  New 
Zealand white rabbits, dosed subcutaneously with 0, 15, 30, or 45 mg/kg body wt-day, showed 
adverse effects at the highest dose (Williams et al., 1991).  Increased mortality, increased serum 
enzymes, and liver damage were observed at this dose level.  With respect to sperm quality, 
sperm velocity, motility, and motion parameters were reduced at the highest dose.  A dose 
related decrease in semen pH was also noted.  However, male fertility and fetal structural 
development were unaffected. 
 
A dominant lethal assay in mice was negative following a single intraperitoneal injection of 100 
mg EDB/kg body wt (Barnett et al., 1992).  Germ cell tests did not indicate that EDB was a germ 
cell mutagen in male mice. 
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VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Ratcliff et al., 1987 
Study population 46 exposed men, 43 unexposed men; 89 total 
Exposure method Variable workplace breathing zone airborne 

exposure (88 ppb geometric mean 8-hour time 
weighted average (TWA) exposure with peak 
exposures up to 262 ppb) 

Critical effects Reproductive toxicity; decreased sperm 
count/ejaculate, decreased percentage of viable 
and motile sperm, increased semen pH, and 
increased proportion of sperm with specific 
morphological abnormalities (tapered heads, 
absent heads, and abnormal tails) in human 
males 

LOAEL 88 ppb 
NOAEL Not observed 
Exposure continuity 8 hr/day (10 m3/day occupational inhalation 

exposure rate), 5 days/week 
Exposure duration Average, 4.9 years (with standard deviation of 3.6 

years) 
Average experimental exposure 31 ppb for LOAEL group (88 x 10/20 x 5/7) 
Human equivalent concentration 31 ppb 
LOAEL uncertainty factor 10 
Subchronic uncertainty factor 3 
Interspecies factor 1 
Intraspecies factor 10 
Cumulative uncertainty factor 300 
Inhalation reference exposure level 0.1 ppb (0.0008 mg/m3, 0.8 μg/m3) 

 
The primary study by Ratcliff and associates (1987) found significant changes in sperm quality 
indices of papaya workers exposed to EDB vapors for an average of nearly 5 years.  No other 
health effects were apparent.  A level of EDB at which no toxicity was observed (NOAEL) was 
not determined. 
 
In addition to the primary study of Ratcliff et al. (1987), several other epidemiological studies 
together strongly suggest a correlation between EDB exposure and male reproductive toxicity 
(Ter Haar, 1980; Wong et al., 1979; Wong et al., 1985; Rogers et al., 1981; Schrader et al., 
1988).  This lesion appears to occur in humans at concentrations at which other toxic effects are 
not seen.  EDB also shares some structural similarity to dibromochloropropane (DBCP), a 
known reproductive toxicant in human males.  The evidence for male reproductive toxicity of 
EDB is not as strong as that for DBCP, probably because EDB is not as potent as DBCP in 
producing this toxic effect.  However, animal studies demonstrate testicular toxicity and the 
number of studies indicating a connection between male reproductive toxicity and EDB exposure 
cannot be ignored for the development of the REL. 
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Chronic oral exposure of bulls to EDB results in similar toxic effects at low concentrations 
(equivalent to 0.9 ppm) without affecting the general health of the animal (Amir and Volcani, 
1965; Amir, 1991).  However, the small sample size and the lack of a dose-response effect and 
an observed NOAEL limits the usefulness of this study.  Long-term studies of EDB toxicity in 
other experimental animals also lack the determination of a NOAEL (NCI, 1978; NTP, 1982).  
Evidence of testicular atrophy was found in other long-term studies with experimental animals, 
but at concentrations that also produced toxic effects in other organ systems.  
 
For comparison with the proposed REL based on a human study, the NTP (1982) chronic 
inhalation study established a LOAEL (10 ppm) for liver, kidney, eyes, and the respiratory, male 
reproductive, and endocrine system in rats.  A LOAEL was established in mice for mortality, 
spleen changes in females, and respiratory system toxicity.  A NOAEL was not established for 
either species.  Use of a time adjustment (6/24 hr/day, 5/7 day/week), an RGDR of 1, and a total 
uncertainty factor of 300 (an interspecies UF of 3, a LOAEL to NOAEL UF of 10, and an 
intraspecies UF of 10) resulted in an estimated REL of 6 ppb (50 μg/m3). 
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The strengths of the inhalation REL for ethylene dibromide include the use of human exposure 
data from workers exposed over a period of years, and the presence of the toxic endpoint (male 
reproductive system) in several experimental animal species.  Major areas of uncertainty are the 
lack of observation of a NOAEL, the uncertainty in estimating occupational exposure, the 
potential variability in occupational exposure concentration, and the limited nature of the study 
(fertility was not actually tested).  The database for chronic toxicity of EDB in experimental 
animals would be enhanced if the proper doses were chosen to determine a NOAEL. 
 
 
VIII. Potential for Differential Impacts on Children's Health 
 
Little fetal toxicity was observed when pregnant rats and mice were exposed to 20 ppm EDB 
during gestation (Short et al., 1978).  Thus the REL of 0.1 ppb should adequately protect infants 
and children.  However, we do not know if adolescent boys would be more sensitive than men to 
this alkylating agent.  Differences in metabolic capability between infants and older children and 
adults may result in either more or less toxicity of EDB.  Both oxidative and conjugated 
metabolites are toxic.  Infants may produce proportionately more conjugate than oxidized 
metabolite relative to adults. 
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CHRONIC TOXICITY SUMMARY 
 

ETHYLENE DICHLORIDE 
 

(1,2-dichloroethane) 
 

CAS Registry Number: 107-06-2 
 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 400 µg/m3 (100 ppb) 
Critical effect(s) Hepatotoxicity; elevated liver enzyme levels in 

serum of rats. 
Hazard index target(s) Liver 

 
 
II. Physical and Chemical Properties (HSDB, 2000; CRC, 1994) 
 

Description Clear, colorless, oily liquid 
Molecular formula C2H4Cl2
Molecular weight 98.97 g/mol 
Density 1.2351 g/cm3 @ 20ºC 
Boiling point 57.4ºC 
Melting point −96.9ºC 
Vapor pressure 64 torr @ 20ºC 
Solubility Slightly soluble in water (0.869 g/100 ml at 

20ºC); miscible with alcohol; soluble in 
ordinary organic solvents 

Conversion factor 1 ppm = 4.05 mg/m3  
 
 
III. Major Uses or Sources 
 
Ethylene dichloride (EDC) is used primarily in the production of vinyl chloride monomer 
(HSDB, 2000).  It is also an intermediate in the manufacture of trichloroethane and 
fluorocarbons and is used as a solvent.  In California, EDC is also used as a reactant carrier in the 
production of solid fuel (CARB, 1997).  EDC was commonly used as a gasoline additive to 
scavenge inorganic lead compounds.  The transition to the use of lead-free gasoline has 
essentially eliminated the use of EDC as a fuel additive in this country.  EDC was also used as a 
soil fumigant but is no longer registered for this use on agricultural products in the United States.  
The annual statewide industrial emissions from facilities reporting under the Air Toxics Hot 
Spots Act in California based on the most recent inventory were estimated to be 24,935 pounds 
of ethylene dichloride (CARB, 2000). 
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IV. Effects of Human Exposure 
 
Toxicological data resulting solely from long-term exposure to EDC in humans are lacking.  
Nausea, vomiting, dizziness, and unspecified blood changes were reported in a study of workers 
exposed to levels of 10-37 ppm EDC (Brzozowski et al., 1954).  Kozik (1957) reported adverse 
central nervous system and liver effects in workers occupationally exposed to concentrations of 
16 ppm EDC and below.  Rosenbaum (1947) also reported nervous system effects in a study of 
100 Russian workers exposed for less than 5 years to concentrations of EDC less than 25 ppm. 
 
Immediately following a 30-minute exposure to an unknown concentration of EDC, a 
51 year-old male was somnolent and experienced vomiting (Nouchi et al., 1984).  Delirious and 
trembling, the worker was admitted to the hospital 20 hours post-exposure.  The liver was 
palpable, but serum liver enzymes were normal.  The patient lapsed into a coma 3.5 hours 
following admission to the hospital.  A marked elevation in serum liver enzymes was noted on 
the second day of hospitalization, 35 hours post-exposure.  Multiple organ failure occurred on 
the fourth day of hospitalization and the patient died of arrhythmia.  At autopsy, the lungs were 
congested and edematous.  Diffuse degenerative changes were observed in the myocardium.  
Extensive centrilobular necrosis was observed in the liver, and acute centrilobular necrosis was 
observed in the kidney.  Nerve cells in the brain, including Purkinje cells, appeared shrunken 
with pyknotic nuclei.  The latency period for hepatotoxicity of approximately 20 hours suggests 
that metabolism of the compound yields the reactive agent (see below).   
 
 
V. Effects of Animal Exposure 
 
As with humans, the absorption and distribution of EDC in rats following ingestion or inhalation 
is rapid and complete (IARC, 1999).  Metabolism in rats and mice is extensive with 85% of the 
metabolites appearing in urine.  Metabolism occurs predominantly via two pathways, one 
catalyzed by cytochrome P450 and one by glutathione S-transferase.  The direct conjugation with 
glutathione catalyzed by glutathione S-transferase may ultimately result in the putative alkyating 
agent (episulfonium ion) primarily responsible for toxicity and carcinogenicity.  Evidence for 
DNA-damaging metabolites resulting via the P450 pathway exists (IARC, 1999).  However, this 
pathway appears to be a minor route for toxic metabolite formation. 
 
Acute exposure in mice resulted in toxic effects similar to those seen in the human case study 
presented above, including liver and kidney damage (Francovitch et al., 1986).  Acute EDC 
exposure exhibits a steep dose-response curve with respect to mortality.  However, the long-term 
exposure studies were notable for the limited organ toxicity and mortality observed in 
comparison to acute studies (IARC, 1999). 
 
Male and female rats (50 per sex) were exposed to 50 ppm EDC 7 hours per day, 5 days per 
week for 2 years (Cheever et al., 1990).  Absolute and relative liver weights were not 
significantly different from controls.  Daily observations, gross pathology, and extensive 
histopathology revealed no differences from controls other than a slight increase in unspecified 
testicular lesions in the EDC group.  Additional rats were exposed to 50 ppm EDC with 0.05% 
disulfiram (a non-carcinogen used extensively in the rubber industry and as a treatment 
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(Antabuse) for alcoholism) in the diet.  Disulfiram treatment resulted in increased number of 
tumors, increased blood levels of EDC, and increased liver (primarily bile duct cysts) and kidney 
(chronic nephropathy) lesions.  It was concluded that some pathways responsible for metabolism 
of EDC were inhibited by disulfiram, resulting in increased EDC blood levels and bioactivation 
to toxic metabolites via other metabolic pathways. 
 
Rats (8-10 per sex per group) were exposed to 0, 5, 10, 50, and 150-250 ppm EDC 7 hours per 
day, 5 days per week for up to 18 months (Spreafico et al., 1980).  Serum chemistry 
measurements were taken after 3, 6, 12, and 18 months of exposure.  Rats to be examined after 3, 
6 and 18 months of exposure were 3 months of age at the beginning of the experiment, and rats 
to be examined after 12 months of exposure were 14 months of age at the beginning of the 
experiment.  Complete histological exams were conducted but non-cancer effects were not 
discussed.  No consistent treatment-related changes in serum chemistry parameters were 
observed at 3, 6, or 18 months of exposure.  However, rats exposed to higher levels of EDC for 
12 months exhibited changes in serum chemistry indicative of chronic liver damage, primarily 
increased alanine aminotransferase (ALT) levels at the two highest exposures.  Lactate 
dehydrogenase (LDH) and aspartate aminotransferase (AST) levels were significantly decreased, 
but did not appear to be dose-related.  γ-Glutamyl transpeptidase levels were elevated but at non-
significant levels.  Indicators of kidney toxicity included increased blood urea nitrogen levels in 
the 150 ppm group and increased uric acid levels at the two highest exposures.  However, the 
control values for both of these parameters were significantly lower than that seen in rats tested 
at other times in this study.  Thus, the toxicological significance is questionable.  Cholesterol was 
reduced significantly at the higher exposure levels but the toxicological significance of this 
finding was unknown.  The marked difference between serum chemistry parameters following 
12 months of exposure, compared to those following 3, 6, and 18 months of exposure, may be 
due to the considerable difference in the age of the rats at the start of exposure.  This study 
identifies a 12-month LOAEL of 50 ppm and a NOAEL of 10 ppm in rats.   
 
A study examining the interaction between 1,2-dichloroethane and disulfiram (DSF) exposed rats 
to EDC concentrations of 150, 300, or 450 ppm 5 days per week for 30 days (Igwe et al., 1986a; 
Igwe et al., 1986b).  Increased liver weights and increased 5-nucleotidase (5-NT) activity were 
observed in rats following exposure to 450 ppm EDC (the LOAEL for this study).  This study 
also determined that the interaction between DSF and EDC greatly increased the toxicity of EDC 
(i.e., increased serum activities of SDH, APT, and 5-NT, bilateral testicular atrophy, periportal 
necrosis and cytoplasmic swelling of hepatocytes, and bile duct proliferation).  Therefore, any 
person exposed to DSF either occupationally or therapeutically is likely to be more susceptible to 
the effects of EDC toxicity.   
 
Rats, rabbits, guinea pigs, dogs, cats, and monkeys were used in exposures ranging from 
approximately 100 to 1000 ppm EDC (Heppel et al., 1946).  At the highest experimental 
concentration of 963 ppm, high mortality was observed in rats, rabbits, and guinea pigs 
following exposure 7 hours per day, 5 days per week for two weeks or less.  At 963 ppm guinea 
pigs exhibited lacrimation and inactivity during exposure; pulmonary congestion was noted at 
autopsy.  Rats exposed to this concentration exhibited degenerative proliferative changes in the 
renal tubular epithelium and splenitis.  Pulmonary congestion and focal hemorrhage were also 
noted in 2 of 4 rats examined.  While 4 of 6 cats exposed to this concentration survived until 

Appendix D3 228 Ethylene dichloride 



Determination of Noncancer Chronic Reference Exposure Levels  December 2000 

sacrifice 11 weeks following termination of exposure, congestion and fatty infiltration of the 
liver were observed at necropsy.  Due to high mortality in the rodents at the higher concentration, 
a subsequent experiment exposed rats and guinea pigs 7 hours per day, 5 days per week to 
100 ppm EDC for four months.  No increase in mortality or effects on growth was observed in 
rats exposed to this concentration.  The rats were successfully bred and their pups were exposed 
with the dams.  No significant findings were observed upon gross and histological examinations 
of 10/39 exposed and 10 control rats.   This study is severely limited by the methods used to 
determine the exposure concentration and by the lack of quantitative measurements of toxicity 
other than death.  This study does, however, indicate that fatty infiltration of the liver is one 
indication of toxicity following multiple exposures to EDC.   
 
In developmental toxicity studies summarized by Zhao et al. (1997), rats were exposed to 0, 
24.8, and 207.6 mg/m3 (equivalent to 0, 6, and 51 ppm) EDC for 6 hr/day from two weeks before 
mating and throughout gestation.  Statistically significant increases in pre-implantation loss and 
decreased male pup weights were observed at the highest dose.  Gross skeletal and visceral 
malformations were not found. 
 
In a developmental study by Payan et al. (1995), Sprague-Dawley rats were exposed to 150, 200, 
250, or 300 ppm EDC for 6 hrs/day from day 6 to 20 of gestation.  Maternal toxicity (reduced 
body weight gain; death of two females) was observed at the highest exposure.  Statistically 
significant evidence of altered growth and teratogenic effects were not observed at any 
concentration. 
 
Rao et al. (1980) exposed rats and rabbits to 100 or 300 ppm EDC for 7 hr/day on days 6 through 
15 (rats) or 6 through 18 (rabbits) of gestation.  Maternal toxicity (mortality) was observed in 
rabbits at 100 ppm, and both species at 300 ppm.  One rat exhibited resorption of all 
implantations at the maternally-toxic dose.  Otherwise, no fetotoxic or teratogenic effects were 
observed in either species.  In a reproduction study, rats were exposed to 25, 75, or 150 ppm 
EDC 6 hr/day, 5 days/week for 60 days before breeding.  Exposure following this period was 6 
hr/day, 7 days/week.  Maternal animals were not exposed to EDC from gestational day 21 
through day 4 postpartum.  EDC had no effect on reproduction over one generation within two 
litters. 
 
In a two-generation study conducted by Lane et al. (1982), ICR Swiss mice were administered 
30, 90, or 290 mg/L EDC in drinking water (equivalent to about 5, 15, or 50 mg/kg bw/day) 
starting five weeks before mating of the F0 generation.  No treatment-related effects on fertility, 
gestation, viability, weight gain, or lactation indices were noted.  EDC exposure did not result in 
teratogenic or dominant lethal effects. 
 
No gross or histopathological indications of hepato- or nephrotoxicity were observed in Osborn-
Mendel rats (47 or 95 mg/kg bw/day, 5 days/week for both sexes) or B6C3F1 mice (97 or 195 
mg/kg bw/day, 5 days/week for males; 149 or 299 mg/kg bw/day, 5 days/week for females), 
which were given EDC via gavage for 78 weeks (NCI, 1978).  However, rats of each sex and 
female mice had significantly reduced survival at the highest dose. 
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In a comparative study of the toxicity of EDC, Morgan et al. (1990) administered 0, 500, 1000, 
2000, 4000, and 8000 ppm in drinking water to several species of rats for 13 weeks.  A 
statistically significant increase in kidney weight was observed in male and female Fischer 
344/N rats administered 1000 ppm or greater in drinking water.  However, minimal histological 
damage was observed only in the kidney of female Fischer 344/N rats.  A statistically significant 
decrease in body weight was observed in rats administered 8000 ppm.  Significant decreases in 
absolute and relative kidney weight were observed in male and female rats administered 
concentrations of 1000 ppm EDC.  A significant increase in relative liver weight was observed in 
male rats administered 2000 ppm EDC and greater and female rats administered 4000 ppm EDC 
and greater.  Similar but less marked toxicity was observed in the Sprague-Dawley and Osborne-
Mendel rats administered 1000 ppm.  Additionally, rats were administered EDC in corn oil by 
gavage at doses of 0, 30, 60, 120, 240, and 480 mg/kg for 13 weeks (Morgan et al., 1990).  Rats 
administered EDC by gavage exhibited high mortality in the higher dose groups.  Statistically 
significant increases in kidney weights were observed in surviving male rats administered EDC 
and in female rats administered 120 or 240 mg/kg.  However, no histological damage to the liver 
or kidney was observed. 
 
 
VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Spreafico et al., 1980. 
Study population Rats (8-10 per sex/group) 
Exposure method Discontinuous whole-body inhalation exposures 

(0, 5, 10, 50, or 150-250 ppm) 
Critical effects Significant elevation in liver enzymes 
Exposure duration 12 months 
Exposure continuity 7 hours/day, 5 days/week 
LOAEL 50 ppm 
NOAEL 10 ppm 
Average experimental exposure 2.1 ppm for NOAEL group ( 10 x 7/24 x 5/7) 
Human equivalent concentration 3.2 ppm for NOAEL group (gas with systemic 

effects, based on RGDR = 1.5 for lambda (a) : 
lambda (h)) (Gargas et al., 1989) 

LOAEL uncertainty factor 1 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor  3 
Intraspecies uncertainty factor  10 
Cumulative uncertainty factor 30 
Inhalation reference exposure level  0.1 ppm (100 ppb; 0.4 mg/m3; 400 μg/m3) 

 
Cheever et al. (1990) and Spreafico et al. (1980) were the only chronic inhalation exposure 
studies found in the literature that presented non-cancer effects.  No reproductive and 
developmental effects were observed in studies published in peer-reviewed journals.  The study 
by Spreafico et al. (1980) was chosen for REL development based on the utilization of multiple 
exposure levels and the observation of a NOAEL and a LOAEL for liver effects.   
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The Agency for Toxic Substances and Disease Registry (ATSDR) calculated a chronic inhalation 
minimal risk level (MRL) for EDC of 0.2 ppm (ATSDR, 1994).  The calculation was based on 
the study by Cheever et al. (1990), which determined a free-standing NOAEL of 50 ppm for lack 
of liver effects.  A LOAEL was not determined.  To derive the MRL, the ATSDR applied 
uncertainty factors (UFs) of 10 each for intraspecies and interspecies variability, and a modifying 
factor of 3 to account for database deficiencies, to the NOAEL of 50 ppm.  The criteria for use of 
modifying factors are not well specified by ATSDR.  Such modifying factors were not used by 
OEHHA.  A continuity correction for discontinuous exposure was not applied.  The resulting 
MRL was 0.2 ppm (0.7 mg/m3).   
 
For comparison to the proposed REL, a REL developed by OEHHA based on the free-standing 
NOAEL of 50 ppm determined in rats by Cheever et al. (1990) would include a continuity 
correction (50 ppm x 7/24 x 5/7) resulting in an equivalent continuous level of 10.42 ppm..  
Application of an RGDR = 1.5 and UFs of 3 for interspecies and 10 for intraspecies differences 
result in a REL of 0.5 ppm (2 mg/m3).   
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The strengths of the inhalation REL for ethylene dichloride include the availability of chronic 
inhalation exposure data, the relatively large number of exposure levels at lower concentrations 
(allowing for better elucidation of the dose-response relationship for hepatotoxicity), and the 
observation of a NOAEL.  Major areas of uncertainty are the lack of adequate human exposure 
data, the small groups tested in the key study, and the lack of health effects data from multiple 
species. 
 
The small number of animals per group and the relatively modest clinical chemistry findings 
observed in the Spreafico et al. (1980) study may have resulted in false-positives, false-
negatives, and lack of clear dose-response relationships.  Repeating the study in one or more 
experimental animal species with full histopathological examination of organs and a greater 
number of animals/dose would significantly enhance the chronic toxicity database for EDC. 
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CHRONIC TOXICOLOGY SUMMARY  
 

ETHYLENE GLYCOL 
 

(1,2-dihydroxyethane; 1,2-ethanediol) 
 

CAS Registry Number:  107-21-1 
 
I. Chronic Toxicity Summary 
 

Chronic reference exposure level 400 μg/m3 (200 ppb) 
Critical effects Respiratory irritation in human volunteers 
Hazard index target(s) Respiratory system; kidney; teratogenicity  

 
 
II. Physical and Chemical Properties (HSDB, 1996; 1999) 
 

Description Clear, colorless, odorless liquid 
Molecular formula C2H6O2
Molecular weight 62.07 g/mol 
Density 1.1088-1.1135 g/cm3 @ 20° C 
Boiling point 197.6° C 
Melting point −13° C (CRC, 1994) 
Vapor pressure 0.06 torr @ 20°C; 0.092 torr @ 25°C 
Solubility Soluble in water and ethanol; slightly soluble in 

ether.  Insoluble in benzene and petroleum 
ether. 

Conversion factor 1 ppm =  2.5 mg/m3 @ 25° C 
 
 
III. Major Uses and Sources 
 
Ethylene glycol is used as an antifreeze agent in cooling and heating systems (HSDB, 1996).  It 
is used in hydraulic brake systems; as an ingredient in electrolytic condensers; as a solvent in the 
paint and plastics industries; and in inks for ball-point pens and printer’s inks.  It is used in the 
manufacture of some synthetic fibers (Terylene and Dacron), and in synthetic waxes. It is used in 
some skin lotions and flavoring essences.  Also, it is used in asphalt emulsion plants, in wood 
stains and adhesives, and in leather dyeing.  It has been used as a de-icing fluid for airport 
runways.  The annual statewide emissions from facilities reporting under the Air Toxics Hot 
Spots Act in California based on the most recent inventory were estimated to be 66,636 pounds 
of ethylene glycol (CARB, 1999). 
 

Appendix D3 234 Ethylene Glycol 



Determination of Noncancer Chronic Reference Exposure Levels April 2000  

IV. Effects of Human Exposure 
 
Laitinen et al. (1995) found that 10 motor servicing workers had significantly higher urinary 
levels of ethylene glycol and ammonia, and decreased urinary glycosaminoglycan levels, 
compared with 10 controls.  The ethylene glycol levels in air were undetectable in the workers’ 
breathing zones (i.e. below 1.9 ppm), therefore dermal absorption appeared to be the primary 
route of exposure.  Because the dermal absorption rate is high, airborne ethylene glycol 
concentrations in workplaces likely underestimate the total exposure. 
 
In a study of 20 volunteer male prisoners in Alabama, 20 hour/day exposure to aerosolized 
ethylene glycol concentrations varying up to a mean of 20 ppm (49 mg/m3) for 30 days was 
without effect (Wills et al., 1974).  The actual concentrations measured in the exposure chamber 
were: 
 

Concentration of ethylene glycol in air, mg/m3

Days  Low  Higha  Mean 
------------------------------------------------------------- 

  1-7    3.6  75.0  37 
  8-14  18.8  44.8  29 
15-21    0.8  41.6  17 

22-28    3.5  49.2  23 
29-35  20.6  66.8  49 

36-37  14.4  39.0  31 
------------------------------------------------------------- 

a does not include the very high concentrations maintained for comparatively brief periods. 
 
Respiratory irritation was noted after 15 minutes at an exposure concentration of 75 ppm (188 
mg/m3), and became quickly intolerable at 123 ppm (308 mg/m3).  No effects were observed in 
normal clinical chemistry, clinical serum enzyme levels for liver and kidney toxicity (including 
SGOT and serum alkaline phosphatase), hematotoxicity (including % hematocrit and gm 
hemogloin per 100 ml blood), or psychological responses (including simple reaction time, weight 
discrimination, and depth perception).  The respiratory irritation at 75 ppm resolved soon after 
exposure with no long term effects noted after a 6-week follow-up period.  
 
 
V. Effects of Animal Exposure 
 
A chronic feeding study in rats and mice was conducted by DePass et al. (1986a).  In this study, 
rats (130 per sex per group) and mice (80 per sex per group) were exposed to 0, 0.04, 0.2, or 1 
g/kg/day for up to 2 years.  All male rats in the high dose group died by 475 days.  A large 
number of effects were observed in this group, including: reduced body weight, increased water 
intake, increased blood urea nitrogen and creatinine, reduced erythrocyte counts, reduced 
hematocrit and hemoglobin, increased neutrophil count, and increased urine volume.  Heart, 
kidney, lung, parathyroid, stomach, and other vascular mineralization and hyperplasia were 
observed histologically in the high dose group of the male rats.  Female rats exhibited fatty 
changes and granulomas in the liver at the high dose.  Liver effects were not reported for the 
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males.  The NOAEL in rats for chronic oral ethylene glycol toxicity was 200 mg/kg/day.  No 
effects were observed in mice.  Therefore, the NOAEL for mice was 40 mg/kg/day. 
 
Coon et al. (1970) exposed groups of rats (as well as guinea pigs, rabbits, dogs, and monkeys) to 
ethylene glycol intermittently 8 hours/day, 5 days per week for 6 weeks (30 exposures) to 10 or 
57 mg/m3 or continuously to 12 mg/m3 for 90 days.  At 10 mg/m3 2 rabbits had conjunctivitis 
and liver changes were noted in a few animals of the other species.  At 57 mg/m3 no signs of 
toxicity were seen during the exposure.  Nonspecific inflammatory changes were noted in some 
lungs and hearts of all species.  A few livers also showed necrotic areas.  Continuous exposure to 
12 mg/m3 led to moderate to severe eye irritation in rats and rabbits.  Edema in the rabbits led to 
eye closure.  Two rats developed corneal opacities.  All hematologic parameters and various 
enzymes assayed were within normal limits.  At necropsy organs appeared normal.  
Histopathological analysis revealed inflammatory changes in the lungs of all species, but the 
controls also showed a lesser degree of inflammation.  Several guinea pigs showed foci of 
inflammatory cells in the kidney.   
 

Mortality in Coon et al. (1970) Number died/number exposed 
Ethylene 
 glycol 
mg/m3

 
Exposure 
duration 

Equivalent 
continuous 
concentration 

 
 
Rat 

 
 
Guinea pig 

 
 
Rabbit

 
 
Dog 

 
 
Monkey 

0 (control) 90 days 0 4/123 0/73 0/12 0/12 0/8 
10±1 6 wk 2.4 0/15 0/15 0/3 0/2 0/2 
57±14 6 wk 13.6 0/15 0/15 0/3 0/2 0/2 
12±2 90 days 12.0 1/15 3/15 1/3 0/2 0/3 
 
 
Studies on the effects of inhaled ethylene glycol on reproduction and development of rats and 
mice were conducted by Tyl et al. (1995a, 1995b).  In a study using whole-body exposure of rats 
and mice to ethylene glycol at analyzed concentrations of 0, 119, 888, or 2090 mg/m3 for 6 
hours/day on days 6-15 of gestation, mice were found to be the more sensitive species.  Maternal 
toxicity in rats included a significant increase in absolute and relative liver weight at 2090 
mg/m3.  No effects on weight gain, organ weights other than liver, fecundity, live fetuses per 
litter, or pre- or post-implantation loss were observed in rats.  In addition, terata were not 
observed at any concentration.  Reduced ossification in the humerus, zygomatic arch, and the 
metatarsals and proximal phalanges of the hindlimb was present in fetuses exposed to 888 or 
2090 mg/m3.  The NOAEL for maternal toxicity in rats was 888 mg/m3, while the NOAEL for 
fetotoxicity was 119 mg/m3. 
 
In mice, reduced body weight and gravid uterine weight during and after the exposure were 
observed at the 888 and 2090 mg/m3 concentrations.  Increased nonviable implants per litter and 
reduced fetal body weights were also observed in groups exposed to 888 or 2090 mg/m3.  
External, visceral, skeletal, and total malformations were increased in the 888 and 2090 mg/m3 
groups.  The NOAEL for these effects in mice was 119 mg/m3. 
 
A similar experiment in mice using nose-only exposures was conducted by these researchers  
(Tyl et al., 1995a) to determine the role of dermal absorption and/or ingestion on the effects 
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observed with the whole-body exposure.  Nose-only exposures to ethylene glycol were for 6 
hours/day, on gestational days 6 through 15 at concentrations of 0, 500, 1000, and 2000 mg/m3.  
The NOAEL for maternal effects (increased kidney weight) was 500 mg/m3, and the NOAEL for 
fetal toxicity (skeletal variations and fused ribs) was 1000 mg/m3.  Thus, secondary dermal 
and/or oral exposures appear to have contributed significantly to the developmental and maternal 
toxicity in mice exposed to ethylene glycol aerosol.  The nose-only inhalation exposure study by 
Tyl et al. (1995a) was conducted in addition to the whole-body inhalation study since extensive 
adsorption of ethylene glycol onto the fur of the animals was demonstrated in the whole-body 
experiment.  Normal grooming behavior would have resulted in significantly larger doses of 
ethylene glycol than that expected by inhalation only. 
 
A 3-generation study on the effects of ethylene glycol on reproductive performance and gross 
health of offspring in rats was conducted by DePass et al. (1986b).  Rats were exposed orally to 
40, 200, or 1000 mg/kg/day ad libitum in the feed through 3 generations.  No effects on pup 
survivability or pup body weight were observed.  Total and viable implants were also not 
affected.  Teratogenic effects were not examined in this study. 
 
Tyl et al. (1993) studied the reproductive and developmental effects of ethylene glycol in rabbits 
exposed by gavage on days 6 to 19 of gestation.  Dams were exposed to 0, 100, 500, 1000, or 
2000 mg/kg/day.  Exposure to 2000 mg/kg/day resulted in 42% mortality, and abortion or early 
delivery in 4 does.  No evidence of embryotoxicity or teratogenicity was observed in the groups 
exposed to 1000 mg/kg/day or less.  The NOAEL for maternal toxicity was determined to be 
1000 mg/kg/day. 
 
VI. Derivation of Chronic Reference Exposure Level 
 

Study Wills et al. (1974) 
Study population  Human volunteer prisoners 
Exposure method Discontinuous whole-body inhalation 
Critical effects Respiratory tract irritation 
LOAEL 75 ppm 
NOAEL 20 ppm  
Exposure continuity 20 hours/day 
Exposure duration 30 days 
Average exposure 16.7 ppm for NOAEL group (20 x 20/24) 
Human equivalent concentration 16.7 ppm 
LOAEL uncertainty factor 1 
Subchronic uncertainty factor 10 
Interspecies factor 1 
Intraspecies factor 10 
Cumulative uncertainty factor 100 
Inhalation reference exposure level 0.2 ppm (200 ppb; 0.4 mg/m3; 400 μg/m3) 

 
The subchronic study by Wills et al. (1974) represents the only human inhalation data for 
ethylene glycol toxicity.  The experiment showed a concentration-response relationship, with 
onset of irritation occurring at 188 mg/m3 and intense and intolerable irritation occurring at 308 
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mg/m3.  The volunteers were followed for 6 weeks without any apparent long-term effects from 
the exposures.  Although the irritation experienced in the human subjects appears to be an acute 
phenomenon and not a cumulative lasting effect, the subchronic uncertainty factor of 10 was 
retained to protect against other systemic effects associated with ethylene glycol such as kidney 
damage which may occur over a long-term exposure. 
 
The chronic feeding study in rats by DePass et al. (1986a) showed significant chronic effects 
including reduced body weight, increased water intake, increased blood urea nitrogen and 
creatinine, reduced erythrocyte counts, reduced hematocrit and hemoglobin, increased neutrophil 
counts, increased urine volume, and reduced urine specific gravity and pH in rats exposed to a 
concentration of 1000 mg/kg/day.  However, no effects were reported in mice.  In contrast, 
reproductive and developmental toxicity studies in mice, rats, and rabbits have shown the mouse 
to be the most sensitive species for both terata and maternal toxicity endpoints (Tyl et al., 1995a; 
Tyl et al., 1993; Neeper-Bradley et al., 1995).  In addition, the 3-generation reproductive toxicity 
study by DePass et al. (1986b) showed no significant effects on rat pup survival or body weight 
at concentrations up to 1000 mg/kg/day.  However, developmental endpoints were not reported 
in this study.  From the available data, the toxicity of ethylene glycol is apparently greatest in the 
maternal mouse.  The estimated equivalent air concentrations (assuming a 70 kg human inhales 
20 m3/day) from the feed in the 3-generation study by DePass et al. (1986b) are 700 mg/m3 and 
3500 mg/m3 for the NOAEL and LOAEL, respectively.   
 
For comparison with the proposed REL of 400 μg/m3 based on a one month human study, the 
inhalation NOAEL of 48 ppm, obtained by Tyl et al. (1995) in mice discontinuously exposed for 
10 days on gestation days 6-15, was used to estimate a REL based on animal data.  Use of a time 
adjustment from 6 to 24 hours/day, an RGDR of 1, an interspecies UF of 3, and an intraspecies 
UF of 10 resulted in an estimated REL of 0.4 ppm (1000 μg/m3) for ethylene glycol.   
 
VII. Data Strengths and Limitations for Development of the REL  
 
The strengths of the inhalation REL for ethylene glycol include the use of human exposure data, 
the use of controlled, nearly continuous inhalation exposures, the observation of a NOAEL, and 
the similar REL value estimated from an animal study.  Major areas of uncertainty are the short 
length of the key study and the lack of chronic inhalation exposure studies in both animals and 
man (LaKind et al., 1999). 
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CHRONIC TOXICITY SUMMARY 
 

ETHYLENE GLYCOL MONOETHYL ETHER 
 

(2-ethoxyethanol; EGEE) 
 

CAS Registry Number:  110-80-5 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 70 µg/m3 (20 ppb)  
Critical effect(s) Testicular degeneration and decreased 

hemoglobin in rabbits  
Hazard index target(s) Reproductive system; hematopoietic system 

 
 
II. Chemical Property Summary (from HSDB, 1996; 1999) 
  

Description Colorless liquid; sweet, pleasant, ether-like odor 
Molecular formula C4H10O2
Molecular weight 90.12 
Boiling point 135°C 
Vapor pressure 3.8 torr @ 20°C; 5.31 torr at 25°C 
Solubility Miscible with water and organic solvents 
Conversion factor 3.69 µg/m3 per ppb at 25ºC 

 
 
III. Major Uses and Sources 
 
Ethylene glycol monoethyl ether (EGEE) is a widely used solvent for nitrocellulose, dyes, inks, 
resins, lacquers, paints, and varnishes (HSDB, 1996).  It is also a component of many cleaning 
agents, epoxy coatings, paints, hydraulic fluid, and is an anti-icing fuel additive in aviation.  
EGEE is also a chemical intermediate in the production of another solvent, ethylene glycol 
monoethyl ether acetate.  The specific annual statewide industrial emissions of EGEE from 
facilities reporting under the Air Toxics Hot Spots Act in California based on the most recent 
inventory were estimated to be 443,748 pounds (CARB, 1999).  (Many industries did not report 
emissions of specific glycol ethers.  Thus there were also emitted 2,922,744 pounds of the 
general category glycol ethers, which can include EGEE.)  
 
 
IV. Effects of Human Exposure 
 
Sperm quality was examined in 37 workers exposed to EGEE by skin contact and/or inhalation 
in two buildings (Clapp et al., 1987; Ratcliffe et al., 1989).  Exposure levels ranged from 
undetectable to 24 ppm with an average exposure level of 6 ppm in one building and 11 ppm in 
the other.  A statistically significant difference in mean sperm count was observed between the 
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37 exposed male workers and 39 unexposed male workers.  Semen volume and pH, viability, 
motility, velocity, and morphology were not significantly different between the two groups.  The 
primary metabolite of EGEE, ethoxyacetic acid, was identified in the urine of exposed but not 
control workers.  Both exposed and control subjects had significantly lower sperm counts than 
historical controls.  Furthermore, members of both groups may have been exposed to other 
compounds including metals, solvents, heat, and vibration. 
 
Welch and Cullen (1988) evaluated shipyard painters exposed to ethylene glycol ethers (EGEE 
and EGME).  Air concentrations at the workplace were estimated based on 102 samples over six 
shifts in Sparer et al. (1988).  Time –weighted average (TWA) exposures to EGEE ranged from 
0 to 80.5 mg/m3 with a mean of 9.9 mg/m3.  TWA exposures to EGME ranged from 0 to 17.7 
mg/m3 (mean = 2.6 mg/m3).  The authors note that during the time period of measurement, 
painting activities were unusually low and previous NIOSH analyses indicated considerably 
higher exposures.  Ninety-four painters and 55 controls answered a medical and environmental 
exposure questionnaire including work history and provided blood, urine, and in some cases 
semen samples.  Mean hemoglobin levels, total cell counts and differential counts did not differ 
between exposed and control.  However, the authors found that the lowest quartile of 
hemoglobin was mostly painters and the lowest polymorphonuclear leukocyte counts were in 
painters.  Nine painters were considered anemic and five were considered granulocytopenic.  The 
authors note that the absence of a significant difference in the group as a whole and the inability 
to detect a dose-response pattern in the exposed group make a strong conclusion unwarranted. 
 
Welch et al. (1988) evaluated the semen samples from the workers in the cohort from Welch and 
Cullen (1988).  Sperm concentration, velocity, motility, morphology, morphometry, and viability 
were measured.  Although not statistically significant, the measures of sperm count tended to be 
lower in the painters with a p = 0.10 for density and p = 0.11 for count.  When nonsmokers were 
analyzed separately from smokers, the number of oligospermic painters was larger than that in 
controls at p = 0.05. There was no difference between controls and exposed men who were 
smokers. The authors state that although mean values of sperm count did not differ significantly 
between controls and exposed groups, biologically important differences were seen when the 
proportion of men with oligospermia was examined.  The proportion of painters with 
azoospermia was 5% with only 1% expected based on other population surveys.    The authors 
note that to create a dose-response model for an effect of glycol ethers on semen parameters 
would require description of the exposure of each individual 3 to 6 months prior to sampling.  
The painters moved frequently from one exposure area to the next, making exposure assessment 
particularly difficult in this cohort. 
 
Cullen et al. (1992) conducted a histopathologic analysis of the bone marrow and circulating 
blood cells in the workers previously examined in Welch et al. (1988).  The objects of the study 
included : 1) to exclude other causes for granulocytopenia and depressed hemoglobin levels 
noted in some painters exposed to ethylene glycol ethers, 2) to determine if subclinical evidence 
of hematologic damage is present in healthy coworkers, and 3) to identify host or exogenous 
factors which may increase the risk of hematologic damage in  glycol ether exposed painters.  
Workers were grouped as follows: Group I consisted of those painters that had anemia or 
granulocytopenia in the Welch and Cullen (1988) study; Group II consisted of exposed painters 
with normal hematology; Group III consisted of unexposed controls. A battery of hematologic 
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and biochemical parameters were measured and a questionnaire was completed to determine 
occupational exposure status, health status and drug and alcohol consumption.   All hematologic 
parameters were normal in all groups.  Tests of liver, renal, and thyroid function were normal in 
all groups.  Bone marrow histology showed no differences between groups.  One biochemical 
parameter, pyruvate kinase activity, was lower in Group I than Groups II and III (p = 0.05).  
Depression of red cell pyruvate kinase did not vary by race and was lower in every subject in 
Group I by more than one standard deviation.  Low pyruvate kinase is the most consistent red 
cell enzyme defect noted in acquired hematologic disorders. 
 
 
V. Effects of Animal Exposure 
 
Sprague-Dawley rats (15/sex/group) and New Zealand white rabbits (10/sex/group) were 
exposed to 0, 25, 103, or 403 ppm EGEE by inhalation for 6 hours/days, 5 days/week, for 13 
weeks (Barbee et al., 1984).  Animals were physically examined weekly and, at the end of the 
study, hematology, clinical chemistry, and histopathological examination were performed.  No 
histopathological changes in the respiratory tract were found.  Among rabbits, body weight was 
reduced in the high-dose group males and females.  In the 25 ppm dose group, adrenal weight 
was reduced significantly among males, although this effect was not found to be dose-related.  
Among males in the high-dose group, testes weights were significantly reduced with a 
corresponding degenerative change to the seminiferous tubule epithelium.  No effect on 
spermatogenic activity was found, however.  Significant hematological effects observed at the 
high-dose included decreased hemoglobin, hematocrit, and erythrocyte count. 
 
Teratologic effects in pregnant rats from the inhalation of EGEE were reported (Tinston et al., 
1983a).  The results of this study were presented in summary form (Doe, 1984).  Wistar rats 
(24/group) were exposed to target concentrations of 0, 10, 50, or 250 ppm EGEE for 6 hours/day 
during gestational days 6-15 and the animals were sacrificed on day 21.  Maternal toxicity was 
observed in the high-dose group with decreased hemoglobin, hematocrit, and mean corpuscular 
volume.  Significant increases in preimplantation loss occurred in the 10 and 50 ppm dose 
groups, however the absence of this effect at 250 ppm indicated a poor dose-response, and 
because implantation occurred on the first day of exposure, the relatedness of the effect to 
exposure is in question.  Post-implantation loss was also increased in the mid-dose group, 
however, no corresponding decrease in intrauterine death was observed in this group.  Minor 
skeletal defects, particularly delayed ossification, were widely observed in the fetuses of mothers 
exposed to 250 ppm EGEE.  Delayed ossification of the cervical vertebrae and sternebrae and the 
presence of extra ribs was significantly increased in both the 50 and 250 ppm dose groups. 
 
Teratologic effects on pregnant rabbits from inhalation exposure to EGEE were also reported 
(Tinston et al., 1983b; also summarized by Doe, 1984).  Dutch rabbits (24/group) were exposed 
to 0, 10, 50, or 175 ppm EGEE for 6 hours/day during gestational days 6-18, with sacrifice 
occurring on gestational day 29.  There were no indications of maternal toxicity or litter effects.  
A statistically significant increase in minor defects and skeletal variants was found in fetuses in 
the 175 ppm dose group.  Other slightly increased incidences of defects in the lower dose groups 
alone, including extra ribs and partial ossification of the vertebrae, were not considered 
treatment-related. 
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Behavioral teratogenic effects were examined in pregnant Sprague-Dawley rats (14 or 15/dose 
group) exposed to 0 or 100 ppm EGEE for 7 hours/day through gestational days 7-13 (early) or 
days 14-20 (late) (Nelson et al., 1981).  No maternal toxicity was observed and fetal weights 
were unchanged, although mean gestational length was increased in rats exposed on gestational 
days 14-20.  Six tests (ascent, rotorod, open field, activity wheel, avoidance conditioning, and 
operant conditioning) were selected to measure motor, sensory, and cognitive function at several 
stages of development.  The offspring of the rats exposed during days 7-13 exhibited impaired 
performance on the rotorod test (a test of neuromuscular ability) and increased latency in an open 
field test (a test of exploratory activity) as compared to controls.  The offspring of rats exposed 
during days 14-20 of gestation exhibited decreased activity on an activity wheel (a test of 
circadian activity).  Also, avoidance conditioning revealed that these pups received shocks of a 
greater number and duration than controls.  Neurochemical differences between the prenatally 
exposed and control pups were measured in newborns and in pups 21 days of age.  In newborns 
from both EGEE-exposed groups, total brain norepinephrine was decreased.  In 21-day old pups 
of both groups, norepinephrine and dopamine levels in the cerebrum were increased.  Serotonin 
level was increased in the cerebrum of the late exposure group only.  The authors concluded that 
there were behavioral and neurochemical alterations in offspring of rats following prenatal 
exposure to 100 ppm EGEE, however the study design was inadequate to detect gross teratologic 
anomalies.  In a dose range-finding study, two sets of pregnant rats (3-4/group) were exposed 
during the gestational days 7-13 or 14-20 to 0, 200 (late group only), 300, 600, 900, or 1200 ppm 
EGEE for 7 hours/day.  Increased fetal and pup mortality was observed in all groups exposed to 
EGEE.   
 
Behavioral and neurochemical effects on the offspring of pregnant S-D rats exposed to 0 or 200 
ppm EGEE on gestational days 7-13 were reported (Nelson et al., 1982a; Nelson et al., 1982b).  
Pregnancy duration was significantly increased in exposed dams.  Significantly increased levels 
of norepinephrine and dopamine were observed in the 21-day old offspring of EGEE-exposed 
animals.  Behavioral changes in pups of treated dams included decreased neuromotor ability and 
decreased activity. 
 
An investigation into teratologic effects of EGEE was conducted by exposing pregnant rats and 
rabbits to EGEE by inhalation on gestational days 0-19 (Andrew et al., 1981).  Rats (37/group) 
were exposed to 0, 202, or 767 ppm EGEE for 7 hours/day.  All fetuses were resorbed and 
maternal weight gain was reduced in the high-dose group.  In the mid-dose group, a decrease in 
fetal weight and size (crown-rump length) was observed.  Minor skeletal defects and variants and 
cardiovascular defects were increased in the mid-dose group.  Rabbits (29/group) were exposed 
to 0, 16, or 617 ppm EGEE for 4 hours/day. Maternal weight gain and food intake were 
decreased in exposed animals.  The incidence of fetal resorptions was increased in both the mid- 
and high-dose group animals.  Major cardiovascular defects and minor skeletal defects (extra 
ribs, delayed ossification) were significantly increased in the mid-dose group.  Andrew et al. 
(1981) also examined reproductive effects by exposing female Wistar rats (37/group) to 1, 150, 
or 649 ppm EGEE 7 hours/day, 5 days/week for 3 weeks before mating with untreated males.  
No significant effects were observed. 
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VI. Derivation of Reference Exposure Level  
 

Study Barbee et al., 1984 
Study population Rabbits 
Exposure method Discontinuous inhalation 
Critical effects Testicular degeneration and decreased  

  hemoglobin levels 
LOAEL 403 ppm 
NOAEL 103 ppm 
Exposure continuity 6 hr/day, 5 days/week 
Exposure duration 13 weeks 
Average experimental exposure 18.4 ppm (68 mg/m3) for the NOAEL group 
Human equivalent concentration 18.4 ppm (68 mg/m3) for the NOAEL group  

  (gas with systemic effects, based on RGDR =  
  1.0 using default  assumption that lambda (a) = 
  lambda (h)) 

Subchronic uncertainty factor 10 
LOAEL uncertainty factor 1 
Interspecies factor 10 (see explanation below) 
Intraspecies factor 10 
Cumulative uncertainty factor 1000 
Inhalation reference exposure level 0.02 ppm (20 ppb, 0.07 mg/m3 , 70 µg/m3) 

 
The reproductive effects observed in the subchronic inhalation study of Barbee et al. (1984) were 
determined by the US EPA (U.S. EPA, 1990) to be the most sensitive endpoints due to EGEE 
exposure and resulted in a reference concentration (RfC) of 0.2 mg/m3 (0.06 ppm).  OEHHA 
staff concurred regarding the basis of the U.S. EPA RfC but differed in the application of the 
interspecies uncertainty factor.  Reduced testes weight and testicular degeneration were found in 
rabbits exposed to EGEE at 403 ppm for 13 weeks.  Changes in hematological parameters 
including decreased hemoglobin, hematocrit, and erythrocyte count were also observed at this 
dose.  A gas:extrarespiratory effect ratio of 1.0 was used to calculate a human equivalency 
concentration (HEC) in the absence of information relating the effect in rabbits relative to 
humans. 
 
For a comparison with the proposed REL of 60 ppb (200 μg/m3) based on testicular 
degeneration, a REL can be calculated from the LOAEL of 202 ppm observed in the teratology 
study of Andrew et al. (1981).  The 7 h exposure to 202 ppm is time-adjusted to a continuous 
exposure of 59 ppm.  Using a RGDR of 1 for a systemic effect, a UFL of 10, a UFA of 3 and a 
UFH of 10 results in an estimated REL of 200 ppb (700 μg/m3).  Nelson et al. (1981) found a 
LOAEL of 100 ppm for neurobehavioral developmental toxicity in rats exposed 7 hours per day 
on days 7 to 13 of gestation.  The equivalent continuous exposure is 29 ppm.  Using an RGDR of 
1, a LOAEL UF of 10, an interspecies UF of 3, and an intraspecies UF of 10 results in a REL of 
100 ppb (400 μg/m3). 
 
Although reproductive toxicity has been reported in male workers occupationally exposed to 
EGEE (Clapp et al., 1987; Ratcliffe et al., 1989), potential confounding factors, particularly 
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exposure to other compounds, make the study inadequate for the development of the reference 
exposure level.  However, for another comparison with the proposed REL of 60 ppb, if only 
EGEE caused the adverse reproductive effect, use of a mean concentration between the 2 
buildings of 8 ppm for workplace exposure, extrapolation to an equivalent continuous exposure 
of 3 ppm, and division by 10 for a LOAEL (serious effect) and 10 for intraspecies variability 
result in a REL of 30 ppb (100 μg/m3). 
 
Another comparison with the proposed REL of 60 ppb can be made using the study of Welch et 
al. (1988), who studied shipyard painters exposed to both EGEE and EGME.  The authors 
examined the semen of 73 painters and 40 non-exposed shipyard employees.  The men supplied 
demographic characteristics, medical conditions, personal habits, and reproductive history; 
underwent a physical examination; and provided a semen sample.  An industrial hygiene survey 
showed that the painters were exposed to EGEE at a time-weighted average (TWA) 
concentration varying from 0 to 80.5 mg/m3 (mean = 9.9 mg/m3, and to EGME at a TWA 
concentration varying from 0 to 17.7 mg/m3 (mean = 2.6 mg/m3).  The painters had an increased 
prevalence of oligospermia and azoospermia and an increased odds ratio for a lower sperm count 
per ejaculate.  (The results were controlled for smoking.)  Adding the mean levels together 
results in a total glycol ether concentration of 12.5 mg/m3, which is equivalent to a continuous 
exposure of 4.5 mg/m3.  Division by a UF of 10 for a LOAEL and by another of 10 for 
intraspecies variability results in a REL of 40 μg/m3 (10 ppb).  A similar REL would be 
calculated using the report by Cullen et al. (1992) of depression in red cell pyruvate kinase 
among anemic and granulocytopenic painters.  Since exposure in these studies was to both 
EGEE and EGME, and exposure assessment was made difficult by frequent job movement and 
other factors,  these studies were not deemed suitable for developing a REL. However, the 
possibility that humans are more susceptible to EGEE toxicity is raised by the series of studies 
by Welch et al. (1988) and Welch and Cullen (1988) such that we have deviated from the RfC 
and opted to use an interspecies uncertainty factor of 10 rather than 3 as would usually be the 
case with an HEC adjustment. 
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The strengths of the inhalation REL for EGEE include the availability of subchronic inhalation 
exposure data from a well-conducted study with histopathological analysis, and the observation 
of a NOAEL.  The observation in several studies noted above of both hematological 
abnormalities and sperm abnormalities in exposed workers, although difficult to use in a 
quantitative risk assessment, provide support for the REL developed from animals.  In addition, 
several comparative calculations indicate that RELs based on other studies are generally in 
agreement with that based on Barbee et al. (1984).  Major areas of uncertainty are the lack of 
adequate human exposure data and the lack of chronic inhalation exposure studies. 
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CHRONIC TOXICITY SUMMARY 
 

ETHYLENE GLYCOL MONOETHYL ETHER 
ACETATE 

 
(EGEEA; 1-acetoxy-2-ethoxyethane; 2-ethoxyethanol acetate; 2-ethoxyethyl acetate; acetic acid, 

2-ethoxyethyl ester; beta-ethoxyethyl acetate; Cellosolve® acetate; ethoxy acetate; ethyl 
Cellosolve® acetate; Poly-solv® EE acetate; ethyl glycol acetate;  oxitol acetate) 

 
CAS Registry Number:  111-15-9 

 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 300 µg/m3 (60 ppb) 
Critical effect(s) Teratogenicity and fetotoxicity in rabbits 
Hazard index target(s) Development 

 
 
II. Chemical Property Summary (HSDB, 1996) 
 

Description Colorless liquid  
Molecular formula C6H12O3 
Molecular weight 132.16 g/mol 
Boiling point 156°C 
Vapor pressure 2 torr @ 20°C 
Solubility Soluble in water (229 g/l at 20°C); sol. in alcohol, 

ether, acetone; miscible with olive oil, aromatic 
hydrocarbons 

Conversion factor 5.41 µg/m3 per ppb at 25ºC 
 
 
III. Major Uses and Sources 
 
Ethylene glycol monoethyl ether acetate (EGEEA) is used in automobile lacquers where it 
retards “blushing” and evaporation and imparts a high gloss (HSDB, 1996).  It is also used as a 
solvent for nitrocellulose, oils, and resins and as a component of varnish removers and wood 
stains.  EGEEA is also used in the treatment of textiles and leather.  The annual specific 
statewide industrial emissions of EGEEA from facilities reporting under the Air Toxics Hot 
Spots Act in California based on the most recent inventory were estimated to be 66,851 pounds 
(CARB, 1999). 
 
 
IV. Effects of Human Exposure 
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No studies relating exposure to EGEEA to adverse health effects in humans were located in the 
literature. 
 
Ten male volunteers were exposed to EGEEA by inhalation.  Five were exposed to 14, 28, and 
50 mg EGEEA/m3 and five to 28 mg/m3 for 4 hours (Groeseneken et al., 1987a).  Twenty-two 
percent of the absorbed dose was eliminated in the urine as ethoxyacetic acid within 42 hours.  In 
another study, male volunteers exposed to EGEEA by inhalation under various conditions were 
found to eliminate some in the form of ethylene glycol monoethyl ether (EGEE) (Groeseneken et 
al., 1987b). 
 
 
V. Effects of Animal Exposure 
 
Pregnant rabbits (24 or 25/group) were exposed to 0, 25, 100, or 400 ppm EGEEA by inhalation 
for 6 hours/day on gestational days 6-18 (Tinston et al., 1983; reviewed in Doe, 1984).  The 
animals were killed on gestational day 29.  Maternal effects (decreased weight gain, decreased 
food consumption, decreased hemoglobin) were observed in the high-dose group.  The number 
of rabbits with total fetal resorptions was increased in the 400 ppm dose group, accompanied by 
a decrease in weight in surviving fetuses.  A reduction in average fetal weight was also observed 
at 100 ppm EGEEA, but this effect may relate to the increased litter size among dams in this 
dose group.  Evidence of teratogenicity was observed in the 400 ppm dose group, with increased 
major malformations of the vertebral column.  Both 400 and 100 ppm EGEEA were found to be 
fetotoxic as indicated by retarded ossification.  No statistically significant effects were observed 
in the 25 ppm dose group, although a single case of a major defect (kidney agenesis) was 
observed in both the 25 and 400 ppm EGEEA dose groups. 
 
Rats (10/sex/dose) and rabbits (2/sex/dose) were exposed for 4 hours/day, 5 days/week for 10 
months to 0 or 200 ppm EGEEA (Truhaut et al., 1979).  Observation of body weight gain, 
hematology, clinical chemistry, and gross pathology revealed no toxic effects among treated 
animals.  Among male rats and rabbits, “discrete lesions of tubular nephritis with clear 
degeneration of the epithelium with hyaline and granular tubular casts” were observed.  Four 
hour exposure to 2000 ppm EGEEA resulted in transient hemoglobinuria and hematuria in 
rabbits (2/sex/dose), but not rats (10/sex/dose).  No pathological lesions were observed following 
a 2 week observation period. 
 
Dogs were exposed to 600 ppm EGEEA for 7 hours/day for 120 days (Carpenter et al., 1956; 
Gingell et al., 1982).  Hematological, clinical chemistry, and histopathological examination 
revealed no adverse effects. 
 
Pregnant rats and rabbits (24/group) were exposed to nominal concentrations of 0, 50, 100, 200 
or 300 ppm EGEEA by inhalation during gestational days 6-15 and sacrificed on gestational day 
21 (Union Carbide Corporation, 1984).  Maternal effects in rats included increased absolute liver 
weights (all treated groups); increased relative liver weights, and decreased RBC count, 
hemoglobin, hematocrit, and RBC size (all but low-dose group); decreased food consumption, 
increased white blood cell count, and decreased platelet count (200 and 300 ppm groups).  An 
increase in the number of non-viable implantations per litter was observed at 300 ppm and 
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decreased average fetal body weight per litter was observed at 200 and 300 ppm EGEEA.  
Visceral and skeletal malformations were widely observed at both 200 and 300 ppm EGEEA.  
Among rabbits, maternal effects included decreased platelets (100, 200, and 300 ppm); decreased 
weight gain, decreased gravid uterine weight, increased number of dams with non-viable 
implants, and increased number of non-viable implants per litter (200 and 300 ppm); increased 
occult blood, increased mean corpuscular volume, decreased corpora lutea/litter and increased 
early resorptions/litter (300 ppm).  Visceral and skeletal malformations were observed in the 
100, 200, and 300 ppm EGEEA dose groups. 
 
Pregnant rats were exposed to 0, 130, 390, or 600 ppm EGEEA for 7 hours/day on gestational 
days 7-15 (Nelson et al., 1984).  Dams were sacrificed on day 20.  Complete resorption of litters 
was observed at 600 ppm.  Skeletal and cardiovascular defects and decreased fetal weight and 
fetal resorptions were observed at 390 ppm EGEEA.  Reduced fetal weights were also observed 
at 130 ppm EGEEA. 
 
Ethylene glycol monoethyl ether acetate (0.35 ml = 2.6 mmole/treatment) or water was applied 
to the shaved skin of pregnant rats four times daily on days 7 to 16 gestation (Hardin et al., 
1984).  EGEEA treated rats showed reduced body weight (from litter resorption) and 
significantly fewer live fetuses per litter.  Litters from treated dams also showed significantly 
increased visceral malformations and  skeletal variations. 
 
 
VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Tinston et al., 1983 
Study population Rabbits 
Exposure method Discontinuous inhalation exposure 
Critical effects Fetotoxicity 
LOAEL 100 ppm 
NOAEL 25 ppm 
Exposure continuity 6 hours/day, 7 days/week 
Exposure duration 13 days 
Average experimental exposure 6.2 ppm for NOAEL group (25 x 6/24) 
LOAEL uncertainty factor 1 
Subchronic uncertainty factor 1  
Interspecies factor 10 
Intraspecies factor 10 
Cumulative uncertainty factor 100 
Inhalation reference exposure level 0.06 ppm (60 ppb, 0.03 mg/m3, 300 µg/m3) 

 
A review of the literature on the toxicity of EGEEA indicates that the most sensitive endpoint of 
toxicity is that seen in experimental animals showing developmental effects from inhalation 
exposure during pregnancy.  There are no adequate data associating exposures in humans with 
toxic effects for the development of a chronic reference exposure level.  Separate studies in 
animals have demonstrated developmental toxicity.  Reduced fetal weights were observed in rats 
exposed to 130 ppm EGEEA on gestational days 7-15 (Nelson et al., 1984).  Skeletal and 
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cardiovascular defects were observed at the next higher dose of 390 ppm EGEEA, and all litters 
were resorbed in the high-dose group.   Visceral and skeletal defects were observed in all but the 
low-dose group (50 ppm EGEEA) in the litters of rabbit dams exposed to EGEEA on gestational 
days 6-15 (Union Carbide Corporation, 1984).  Fetotoxicity, as indicated by retarded bone 
development, was observed in all but the low-dose group (25 ppm EGEEA) in the litters of 
rabbit dams exposed on gestational days 6-18 (Tinston et al., 1983).  The lowest dose levels  
showing developmental toxicity are those reported by Union Carbide Corporation (1984) and 
Tinston et al. (1983), with 100 ppm EGEEA showing developmental defects in the offspring of 
exposed dams.  Since only the Tinston et al. (1983) study also showed an exposure level without 
effect (a NOAEL), this study has been selected for the development of the chronic REL. 
 
VII. Data Strengths and Limitations for Development of the REL 
 
Strengths of the database for EGEEA include the large number of animal studies available.  
Limitations include the lack of any human data for exposures longer than 4 hours and the lack of 
sperm count studies, a critical effect for the related compounds, EGEE and EGME.  However, 
the REL calculated is similar to that for EGEE which is based on testicular degeneration. 
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CHRONIC TOXICITY SUMMARY 
 

ETHYLENE GLYCOL MONOMETHYL ETHER 
 

(EGME; 2-methoxyethanol; 1-hydroxy-2-methoxyethane; methyl cellosolve) 
 

CAS Registry Number:  109-86-4 
 
I. Chronic Toxicity Summary  
 

Inhalation reference exposure level  60 µg/m3 ( 20 ppb)  
Critical effect(s) Testicular toxicity in rabbits 
Hazard index target(s) Reproductive system 

 
II. Physical and Chemical Properties (HSDB, 1995) 
 

Description Colorless liquid 
Molecular formula C3H8O2
Molecular weight 76.09 
Density 0.965 g/cm3 @ 20° C 
Boiling point 125°C 
Melting point -85.1°C 
Vapor pressure 6.2 torr @ 20°C 
Solubility Miscible with water, alcohol, benzene, 

  ether, acetone 
Conversion factor 1 ppm = 3.1 mg/m3 @ 25°C 

 
III. Major Uses and Sources 
 
Ethylene glycol monomethyl ether (EGME) is used as a solvent for cellulose acetate and resins 
(HSDB, 1995) as well as a solvent in the semiconductor industry.  It is also used in dyeing 
leather and in the manufacture of photographic film.  EGME is used as an anti-freeze in jet fuels.  
Quick drying varnishes, enamels, nail polishes, and wood stains may also contain EGME.  The 
specific annual statewide industrial emissions of EGME from facilities reporting under the Air 
Toxics Hot Spots Act in California based on the most recent inventory were estimated to be 7398 
pounds (CARB, 1999).  (Many industries did not report emissions of specific glycol ethers.  
Thus there were also emitted 2,922,744 pounds of the general category glycol ethers, which can 
include EGME.) 
 
 
IV. Effects of Human Exposure 
 
Human exposures to ethylene glycol monomethyl ether have been associated with hematological 
and neurological abnormalities.  To determine whether employees potentially exposed to 
ethylene glycol monomethyl ether during manufacturing and packaging had a higher prevalence 
of anemia, leukopenia, or sterility than an in-plant comparison group, a cross-sectional study was 
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conducted.  Blood samples on 65 of 97 potentially exposed and control white males, and semen 
samples from a subset of 15 were analyzed.  No gross abnormalities or clinically meaningful 
differences in hematological or fertility indices were noted.  Decreased testicular size was 
reported in workers (who were exposed to an 8-hour TWA concentration of 0.42 ppm EGME or 
less) but it was not statistically significant (Cook et al., 1982). 
 
Cullen et al. (1983) studied possible bone marrow toxicity of workplace substances including 
dipropylene glycol monomethyl ether, EGME, and various aliphatic, aromatic and halogenated 
hydrocarbons used for offset and ultraviolet cured multicolor printing.  Evaluation of seven co-
workers of a printer with aplastic anemia indicated normal peripheral blood, but bone marrow 
specimens demonstrated clear patterns of injury in three while the others had nonspecific signs of 
marrow effect.  The authors could not assign the changes to known risk factors and concluded 
that further evaluation of possible bone marrow toxicity resulting from exposure to glycol ethers 
and ultraviolet curing printing processes was warranted.  This was done to some extent in their 
studies on shipyard painters below. 
 
 
Welch and Cullen (1988) evaluated shipyard painters exposed to ethylene glycol ethers (EGEE 
and EGME).  Air concentrations at the workplace were estimated based on 102 samples over six 
shifts in Sparer et al. (1988). Time –weighted average (TWA) exposures to EGEE ranged from 0 
to 80.5 mg/m3 with a mean of 9.9 mg/m3. TWA exposures to EGME ranged from 0 to 17.7 
mg/m3 (mean = 2.6 mg/m3).  The authors note that during the time period of measurement, 
painting activities were unusually low and previous NIOSH analyses indicated considerably 
higher exposures.  Ninety-four painters and 55 controls answered a medical and environmental 
exposure questionnaire including work history and provided blood, urine, and in some cases 
semen samples.  Mean hemoglobin levels, total cell counts and differential counts did not differ 
between exposed and control.  However, the authors found that the lowest quartile of 
hemoglobin was mostly painters and the lowest polymorphonuclear leukocyte counts were in 
painters.  Nine painters were considered anemic and five were considered granulocytopenic.  The 
authors note that the absence of a significant difference in the group as a whole and the inability 
to detect a dose-response pattern in the exposed group makes a strong conclusion unwarranted. 
 
Welch et al. (1988) evaluated the semen samples from the workers in the cohort from Welch and 
Cullen (1988).  Sperm concentration, velocity, motility, morphology, morphometry, and viability 
were measured.  Although not statistically significant, the measures of sperm count tended to be 
lower in the painters with a p = 0.10 for density and p = 0.11 for count.  When nonsmokers were 
analyzed separately from smokers, the number of oligospermic painters was larger than that in 
controls at p = 0.05. There was no difference between controls and exposed men who were 
smokers. The authors state that although mean values of sperm count did not differ significantly 
between controls and exposed groups, biologically important differences were seen when the 
proportion of men with oligospermia was examined.  The proportion of painters with 
azoospermia was 5% with only 1% expected based on other population surveys.    The authors 
note that to create a dose-response model for an effect of glycol ethers on semen parameters 
would require description of the exposure of each individual 3 to 6 months prior to sampling.  
The painters moved frequently from one exposure area to the next, making exposure assessment 
particularly difficult in this cohort. 
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Cullen et al. (1992) conducted a histopathologic analysis of the bone marrow and circulating 
blood cells in the workers previously examined in Welch et al. (1988).  The objects of the study 
included : 1) to exclude other causes for granulocytopenia and depressed hemoglobin levels 
noted in some painters exposed to ethylene glycol ethers, 2) to determine if subclinical evidence 
of hematologic damage is present in healthy coworkers, and 3) to identify host or exogenous 
factors which may increase the risk of hematologic damage in  glycol ether exposed painters.  
Workers were grouped as follows: Group I consisted of those painters that had anemia or 
granulocytopenia in the Welch and Cullen (1988) study; Group II consisted of exposed painters 
with normal hematology; Group III consisted of unexposed controls. A battery of hematologic 
and biochemical parameters were measured and a questionnaire was completed to determine 
occupational exposure status, health status and drug and alcohol consumption.   All hematologic 
parameters were normal in all groups.  Tests of liver, renal, and thyroid function were normal in 
all groups.  Bone marrow histology showed no differences between groups.  One biochemical 
parameter, pyruvate kinase activity, was lower in Group I than Groups II and III (p = 0.05).  
Depression of red cell pyruvate kinase did not vary by race and was lower in every subject in 
Group I by more than one standard deviation.  Low pyruvate kinase is the most consistent red 
cell enzyme defect noted in acquired hematologic disorders. 
 
Reversible neurological symptoms (apathy, fatigue, decreased appetite) and macrocytic anemia 
were observed in a worker following occupational dermal and inhalation exposure to an average 
concentration of 35 ppm EGME for 1-1.5 years (Cohen, 1984).  The worker was also exposed to 
methyl ethyl ketone and propylene glycol monomethyl ether at concentrations of 1-5 ppm and 
4.2-12.8 ppm, respectively.   
 
Hematologic effects were also reported in three women employed in a factory working with glue 
consisting of 70% acetone and 30% EGME (Larese et al., 1992).  The women exhibited 
abnormally low white blood cell counts, relative lymphocytosis and macrocytosis.  These 
hematological parameters returned to normal following cessation of exposure.   
 
Older case reports support findings of neurological and hematological toxicity following 
occupational exposure to EGME (Greenburg et al., 1938; Zavon, 1963; Parsons and Parsons, 
1938). 
 
 
V. Effects of Animal Exposure 
 
A concentration dependent decrease in testes weight was observed in male rabbits exposed to 30, 
100, or 300 ppm EGME 6 hours per day, 5 days per week for 13 weeks (Miller et al., 1983).  
Degenerative changes in the germinal epithelium were observed in male rabbits of all exposed 
groups, but were not statistically significant at 30 ppm.  Two of five male rabbits exposed to 300 
ppm EGME died during the course of the study.  Female rabbits were also exposed; two of five 
female rabbits exposed to 100 or 300 ppm EGME died during the course of the study.  The 
animals died at different times of different causes and thus the authors were uncertain if the 
deaths were treatment related.  Reduced body weight gain, pancytopenia (abnormal depression of 
all the cellular elements of the blood), and thymic atrophy were observed in rabbits of both sexes 
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exposed to 300 ppm EGME.  No effects on the reproductive organs of the female rabbits were 
observed.   
 
In the same study (Miller et al., 1983) male and female rats were exposed to 30, 100, or 300 ppm 
EGME 6 hours per day, 5 days per week for 13 weeks.  Moderate to severe degeneration of the 
germinal epithelium and seminiferous tubules was observed in male rats exposed to 300 ppm 
EGME.  A significant decrease in body weight was observed in male rats exposed to 300 ppm 
and in female rats exposed to concentrations of EGME of 100 ppm or greater.  Pancytopenia, 
lymphoid tissue atrophy, and decreased liver weights were observed in animals of both sexes 
exposed to the highest concentration.  Also in the highest exposure group, mean values for total 
serum protein, albumin and globulins were lower than control values. 
 
Doe et al. (1983) designed a two-part study to provide a rapid assessment of the effect of glycol 
ethers on some aspects of reproduction in the rat.  Exposure to EGME was by inhalation at 100 
and 300 ppm for 6 hr/day.  First, pregnant females were exposed on Days 6 to 17 of gestation.  
Body weight gain was reduced in both groups.  No litters were delivered in the 300-ppm group 
and only 9/20 rats in the 100-ppm group produced litters; the number, weight, and viability of the 
pups were reduced, but the pups appeared normal externally.  Second, male rats were exposed 
for 10 days.  There was a reduction in testicular weight accompanied by seminiferous tubular 
atrophy in the 300-ppm group.  There were no effects at 100 ppm.  Exposure at 300 ppm EGME 
caused significant reductions in white blood cell count, red blood cell count, hemoglobin 
concentration, hematocrit, and mean cell hemoglobin. 
 
More recent data point to the immune system as a key endpoint of EGME toxicity.  A 
statistically significant dose-related decrease in thymus weight was observed both in male rats 
administered drinking water containing 2000 and 6000 ppm EGME (161 or 486 mg/kg/day) and 
in female rats administered drinking water containing 1600 and 4800 ppm EGME (200 or 
531 mg/kg/day) for 21 days (Exon et al., 1991).  Histopathological examination revealed thymic 
atrophy and loss of demarcation between the cortex and medulla.  Decreased spleen cell numbers 
were observed in female rats at both dose levels and male rats at the high dose level.  Male rats 
in the high dose group exhibited a statistically significant decrease in body weight gain.  
Testicular effects were also observed in exposed male rats.   
 
Pregnant mice were exposed to 100, 150, or 200 mg/kg/day EGME on days 10-17 of gestation 
(Holladay et al., 1994).  Thymic atrophy and inhibition of fetal thymocyte maturation were 
observed in EGME-treated offspring examined on day 18 of gestation.  Also, the ability of the 
EGME-treated fetal mouse liver cells to repopulate the spleen of irradiated mice was 
significantly impaired as compared to that of control fetal mouse liver cells. 
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VI. Derivation of Reference Exposure Level 
 

Study Miller et al., 1983; U.S. EPA, 1995 
Study population Rats and rabbits 
Exposure method Inhalation (0, 30, 100, or 300 ppm) 
Critical effects Decreased testes weight and degenerative 

changes in the testicular germinal 
epithelium. 

LOAEL 100 ppm 
NOAEL 30 ppm 
Exposure continuity 6 hours/day, 5 days/week 
Average experimental exposure 5.4 ppm for NOAEL group 
Human equivalent concentration 5.4 ppm for NOAEL group (gas with 

systemic effects, based on RGDR = 1.0 
using default  assumption that lambda (a) 
= lambda (h)) 

Exposure duration 13 weeks 
LOAEL uncertainty factor  1 
Subchronic uncertainty factor 10 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factors 300 
Inhalation reference exposure level 0.02 ppm (20 ppb; 0.06 mg/m3; 60µg/m3) 

 
The REL is based on the same study on which U.S. EPA based its RfC.  However, OEHHA 
declined to use a modifying factor because the criteria for use of such factors are not well 
described by U.S. EPA.  However, since rabbits were the more sensitive species and live 6 years 
(312 weeks), a 13 week study in rabbits merits a subchronic UF of 10. 
 
A comparison with the proposed REL for EGME of 20 ppb (60 μg/m3) can be made using the 
occupational study of Welch et al. (1988) of the semen of shipyard painters exposed to both 
EGEE and EGME.  The men supplied demographic characteristics, medical conditions, personal 
habits, and reproductive history; underwent a physical examination; and provided a semen 
sample.  The painters were exposed to EGEE at a TWA concentration of 0 to 80.5 mg/m3 (mean 
= 9.9 mg/m3, and to EGME at a TWA concentration of 0 to 17.7 mg/m3 (mean = 2.6 mg/m3).  
The painters had an increased prevalence of oligospermia and azoospermia and an increased 
odds ratio for a lower sperm count per ejaculate compared to shipyard employees who were not 
painters.  (The results were controlled for smoking.)  Adding the mean exposure levels together 
results in a total glycol ether concentration (EGME + EGEE) of 12.5 mg/m3, equivalent to a 
continuous exposure of 4.5 mg/m3.  Division by a UF of 10 for a LOAEL and by another of 10 
for human intraspecies variability results in a REL of 40 μg/m3 (10 ppb), similar to the REL 
based on rabbits.  Since exposure was primarily to EGEE with co-exposure to  EGME, and 
exposure assessment ws difficult to quantify, this study was not deemed suitable for developing a 
REL.  Nonetheless, the REL developed using this study is close in value to the proposed REL of 
20 ppb. 
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VII. Data Strengths and Limitations for Development of the REL 
 
The strengths of the inhalation REL for EGME include the availability of subchronic inhalation 
exposure data from a well-conducted study with histopathological analysis and the observation 
of a NOAEL.  In addition, there are a number of human studies showing similar toxicological 
endpoints to those demonstrated in animal studies.  Major areas of uncertainty are the lack of 
adequate human exposure data, and the lack of chronic inhalation exposure studies. 
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CHRONIC TOXICITY SUMMARY 
 

ETHYLENE GLYCOL MONOMETHYL ETHER 
ACETATE 

 
(EGMEA; 2-methoxyethanol acetate; 2-methoxyethylester acetic acid; methyl glycol acetate; 

 methyl Cellosolve®  acetate) 
 

CAS Registry Number:  110-49-6 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level  90 μg/m3 ( 20 ppb) 
Critical effect(s) Reproductive (testicular) toxicity in rabbits 

(EGME) 
Hazard index target(s) Reproductive system 

 
 
II. Chemical Property Summary (HSDB, 1995) 
 

Description Colorless liquid 
Molecular formula C5H10O3
Molecular weight 118.3 g/mol 
Boiling point 144-145°C 
Vapor pressure 2 torr @ 20°C 
Solubility Miscible with water, organic solvents, oils 
Conversion factor 4.83 µg/m3 per ppb at 25ºC 

 
 
III. Major Uses and Sources 
 
Ethylene glycol monomethyl ether acetate (EGMEA) is used as a solvent for nitrocellulose, 
cellulose acetate, and various other gums, resins, waxes, and oils (HSDB, 1995).  It is also used 
in the semiconductor industry and in textile printing, photographic films, lacquers, and silk-
screening inks.  The annual specific statewide industrial emissions of EGMEA from facilities 
reporting under the Air Toxics Hot Spots Act in California based on the most recent inventory 
were estimated to be 3,060 pounds (CARB, 1999). 
 
 
IV. Effects of Human Exposure 
 
Developmental defects have been described in the offspring of a mother who was occupationally 
exposed to EGMEA during pregnancy (Bolt and Golka, 1990).  The mother was exposed during 
pregnancy by skin absorption and inhalation for approximately 1-4 hours/day to 1-2 liters of 
EGMEA.   Her first child was born with congenital hypospadia, chordee, micropenis, and 
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scrotum bifida and her second child (3 years later) was born with chordee, cryptorchidism, penile 
hypospadia and scrotum bifida.  Both children had normal karyotypes.  No estimates of exposure 
were made.   
 
A single case report described allergic dermatitis which may have developed from contact with 
EGMEA (Jordan and Dahl, 1971).  A 58-year-old woman developed dermatitis on the nose 
possibly from contact with EGMEA on her eyeglasses.  Ethylene glycol monoethyl ether acetate 
(EGEEA) was also present. 
 
 
V. Effects of Animal Exposure 
 
Cats, rabbits, guinea pigs, and mice were repeatedly exposed by inhalation for 8 hours daily to 
500 and 1000 ppm EGMEA (Gross, 1943; as described by Gingell et al., 1982).  This exposure 
regimen was fatal to cats at 500 ppm EGMEA.  Death occurred after the animals showed slight 
narcosis.  Similarly, exposure to 1000 ppm EGMEA produced deaths among rabbits, guinea 
pigs, and mice within a few days.  Kidney toxicity was observed in animals in both dose groups.  
Repeated 4- and 6-hour exposure of cats to 200 ppm EGMEA resulted in decreased “blood 
pigments” and red blood cell counts.   
 
The toxic effects of EGMEA were examined in male mice treated by gastric intubation 5 
days/week for 5 weeks with 0, 62.5, 125, 250, 500, 1000, or 2000 mg EGMEA/kg/day (Nagano 
et al., 1984).  Dose-related testicular atrophy was observed at doses above 250 mg 
EGMEA/kg/day.  Decreased white blood cell counts were observed in all EGMEA-exposed 
groups. 
 
EGMEA was readily converted in vitro to ethylene glycol monomethyl ether (EGME) by the 
nasal mucosal carboxylesterases of mice and rabbits (Stott and McKenna, 1985).  The enzyme 
activity in the nasal mucosa was equal to that of the liver and greater than that of the kidney and 
lung. 
 
A concentration dependent decrease in testes weight was observed in male rabbits exposed to 30, 
100, or 300 ppm ethylene glycol monomethyl ether (EGME) 6 hours/day, 5 days/week for 13 
weeks (Miller et al., 1983).  Degenerative changes in the germinal epithelium were observed in 
male rabbits of all exposed groups, but the changes were not statistically significant at 30 ppm.  
Two of five male rabbits exposed to 300 ppm EGME died during the course of the study.  
Female rabbits were also exposed; two of five female rabbits exposed to 100 or 300 ppm EGME 
died during the course of the study.  Reduced body weight gain, pancytopenia (abnormal 
depression of all the cellular elements of the blood), and thymic atrophy were observed in rabbits 
of both sexes exposed to 300 ppm EGME.  No effects on the reproductive organs of the female 
rabbits were observed.   
 
In the same study male and female rats were exposed to 30, 100, or 300 ppm EGME 6 hrs/day, 5 
days/week for 13 weeks.  Moderate to severe degeneration of the germinal epithelium and 
seminiferous tubules was observed in male rats exposed to 300 ppm EGME.  A significant 
decrease in body weight was observed in male rats exposed to 300 ppm and in female rats 
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exposed to concentrations of EGME of 100 ppm or greater.  Pancytopenia, lymphoid tissue 
atrophy, and decreased liver weights were observed in animals of both sexes exposed to the 
highest concentration.  Also in the highest exposure group, mean values for total serum protein, 
albumin and globulins were lower than control values. 
 
VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Miller et al., 1983 (see below) 
Study population Rabbits 
Exposure method Discontinuous inhalation exposure (0, 30, 

100, or 300 ppm EGME) 
Critical effects Testicular effects 
LOAEL 100 ppm EGME 
NOAEL 30 ppm EGME 
Exposure continuity 6 hr/day, 5 days/week 
Exposure duration 13 weeks 
Average experimental exposure 5.4 ppm EGME for NOAEL group  

(30 x 6/24 x 5/7) 
Human equivalent concentration 5.4 ppm EGME for NOAEL group (gas with 

systemic effects, based on RGDR = 1.0 
using default assumption that lambda (a) = 
lambda (h)) 

LOAEL uncertainty factor 1 
Subchronic uncertainty factor 10 
Interspecies factor 3 
Intraspecies factor 10 
Cumulative uncertainty factor 300 
Inhalation reference exposure level 0.02 ppm (20 ppb, 0.06 mg/m3, 60 µg/m3) 

EGME 
90 µg/m3 EGMEA (20 ppb) 
(60 x MWEGMEA / MWEGME) 

 
Data relating specific EGMEA exposure levels to toxicity in humans are not available for the 
development of a chronic REL.  Data from experimental animals indicate that EGMEA is toxic 
to the hematopoietic and reproductive systems (Gross, 1943; Nagano et al., 1984), however 
good, quantitative data relating chronic exposure to toxicity are lacking.  Because of evidence 
that EGMEA is readily converted to EGME by several organ systems (Stott and McKenna, 
1985) and since the scant data on EGMEA toxicity in animals indicate that the spectrum of 
toxicity of the two compounds is similar, the chronic REL was derived based upon the 
assumption of equimolar toxicity of EGMEA and EGME.   
 
VII. Data Strengths and Limitations for Development of the REL 
 
The strengths of the inhalation REL for EGMEA include the availability of subchronic inhalation 
exposure data from a well-conducted study of EGME as well as a number of supportive human 
studies on EGME showing the same toxicological endpoint, and the observation of a NOAEL.  
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Major areas of uncertainty are the assumption that EGMEA toxicity is comparable to that of 
EGME, the lack of adequate human exposure data, and the lack of chronic inhalation exposure 
studies. 
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CHRONIC TOXICITY SUMMARY 
 

ETHYLENE OXIDE 
 

(oxirane, dimethylene oxide, epoxyethane) 
 

CAS Registry Number: 75-21-8 
 
I. Chronic Toxicity Summary   
 

Inhalation reference exposure level 30 μg/m3 (18 ppb) 
Critical effect(s) Neurotoxicity in rats 
Hazard index target(s) Nervous system 

 
 
II. Physical and Chemical Properties (HSDB, 1995; CRC, 1994) 
 

Description Colorless gas 
Molecular formula C2H4O 
Molecular weight 44.06 g/mol 
Density 1.80 g/L @ 25ºC 
Boiling point 10.6ºC 
Melting point −111.6ºC 
Vapor pressure 1095 torr @ 20ºC 
Conversion factor 1 ppm = 1.80 mg/m3

 
 
III. Major Uses or Sources 
 
The majority of all ethylene oxide (EtO) produced is used as a chemical intermediate in the 
production of various compounds including ethylene glycol, glycol ethers, and non-ionic 
surfactants (ATSDR, 1990).  EtO is also used as a fumigant for food and cosmetics, and in 
hospital sterilization of surgical equipment and heat sensitive materials such as plastics. The 
annual statewide industrial emissions from facilities reporting under the Air Toxics Hot Spots 
Act in California based on the most recent inventory were estimated to be 43,972 pounds of 
ethylene oxide (CARB, 2000). 
 
 
IV. Effects of Human Exposure 
 
Ten hospital sterilizer workers were matched with controls and examined for physical and 
neuropsychological health (Estrin et al., 1990).  The workers had operated sterilizers using 12% 
EtO and 88% Freon for an average of 5 years (range 0.5-10 years).  Regular monitoring of 
workroom air had not been done.  Measurements at the time of the study indicated 
concentrations of 15 ppm EtO or less.  However, a second measurement showed an air 
concentration of 250 ppm EtO.  A significantly greater percent of exposed workers exhibited a 
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bilateral reflex reduction in the ankle compared to controls.  Nerve conduction tests did not 
identify significant differences between control and exposed workers, but a highly significant 
reduction (p = 0.009) in finger tapping speed was observed in exposed workers.  The exposed 
group also performed more poorly on tests of spatial and visual abilities, and on tests of visual 
motor function.  The results extended previous work by the same group (Estrin et al., 1987). 
 
Cognitive impairment and personality dysfunction were observed more frequently in hospital 
workers chronically exposed to EtO, compared to a control group (Klees et al., 1990).  A group 
of 22 hospital workers, who had been exposed to an 8-hour TWA of 4.7 ppm EtO for a mean of 
6.13 years (range 1-11 years), were matched with 24 control subjects.  Neuropsychological 
function in the workers was classified as either normal or impaired on the basis of the 
questionnaires and of neuropsychological tests by 2 clinical psychologists (who were unaware of 
exposure status).  (If the classification of the two clinicians did not agree, the subject was 
classified as “disagreement.”  Disagreement occurred in 7/23 (30%) of the controls and 10/22 
(45%) of the exposed.)  Exposed subjects were significantly more frequently classified as 
impaired (5/12) compared to controls (1/16) (χ2 = 6.0861; p<0.05).  The Klees et al. (1990) 
study cites several earlier case reports of EtO neurotoxicity. 
 
Recent studies have identified hemoglobin adducts, sister chromatid exchanges, and other 
hematological effects as indicators of ethylene oxide exposure (Ribeiro et al., 1994; Sarto et al., 
1991).  However, a recent study of 68 female workers from 9 hospitals in the U.S. and one in 
Mexico not only reports biological indicators of ethylene oxide exposure, but also provides a 
complete blood count with differential (Schulte et al., 1995).  The workers were classified as 
low- or high-exposure based on a mean 8-hour time weighted average of 0.08 or 0.17 ppm EtO.  
The mean length of employment for workers from U.S. hospitals was 5.5 and 10 years for low- 
and high-exposure workers, respectively.  The mean length of employment in low- and high-
exposure workers from the hospital in Mexico was 5.9 and 4.2 years, respectively.  In workers 
from U.S. hospitals only, statistically significant decreases in hematocrit and hemoglobin were 
observed in high-exposure workers compared to low-exposure workers.  Also, a statistically 
significant increase in lymphocytes and a significant decrease in neutrophils were observed in 
high-exposure workers compared to controls.  In the workers from the hospital in Mexico, a 
significant relationship of EtO exposure and elevated neutrophil count was observed using 
regression. 
 
At least 2 epidemiological reports indicate a possible association of EtO exposure and 
spontaneous abortion.  Hemminki et al. (1982) analyzed spontaneous abortions in Finnish 
hospital sterilizing staff using data from a postal questionnaire and from a hospital discharge 
register.  The study included all sterilizing staff employed in Finnish hospitals in 1980; the 
controls were nursing auxiliaries.  When the women were involved in sterilizing procedures 
during their pregnancies, the frequency of spontaneous abortion was 16.7% versus 5.6% for the 
non-exposed pregnancies.  The independent analysis of spontaneous abortions using the hospital 
discharge register confirmed the findings.  Thus two analyses suggested that EtO exposure may 
carry a risk of spontaneous abortion among sterilizing staff.   
 
More recently Rowland et al. (1996) sent questionnaires to 7,000 dental assistants (ages 18-39 
years) registered in California in 1987.  Of these, 4,856 responded (69%).  They analyzed 1,320 
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women whose most recent pregnancy was conceived while working full-time.  Thirty-two 
reported exposure to EtO; unexposed dental assistants comprised the comparison group.  Among 
exposed women, the age-adjusted relative risk (RR) of spontaneous abortion was 2.5 [95% (CI) 
= 1.0-6.3].  The RR for pre-term birth was 2.7 (95% CI = 0.8-8.8) and the RR for post-term birth 
was 2.1 (95% CI = 0.7-5.9).  The RR of any of these adverse outcomes among exposed women 
was estimated to be 2.5 (95% CI = 1.0-6.1).  These results also indicate a possible relationship of 
EtO and spontaneous abortion. 
 
V. Effects of Animal Exposure 
 
A 2 year inhalation bioassay exposed groups of 80 male rats to 0, 50, or 100 ppm EtO 7 hours 
per day, 5 days per week for 104 weeks (Lynch et al., 1984).  Mean body weights were 
significantly lower and mortality was significantly higher in both exposure groups.  
Inflammatory lesions of the lung, nasal cavity, trachea, and inner ear were observed more 
frequently in EtO exposed rats.  Skeletal muscle myopathy, consisting of atrophy and 
degeneration of skeletal muscle fibers, was observed more frequently in rats exposed to 100 ppm 
EtO compared to controls.  Neoplastic changes were also observed in EtO exposed rats.   
 
Mice (30 per sex) were exposed to 0, 10, 50, 100, or 250 ppm EtO for 6 hours per day, 5 days 
per week, for 10 weeks (males) or 11 weeks (females) (Snellings et al., 1984).  Neuromuscular 
screening was conducted, and samples of urine and blood were collected.  A significantly greater 
percent of exposed mice exhibited abnormal posture during gait and reduced locomotor activity.  
A dose-response was observed for these effects, with significant changes at 50 ppm and greater.  
An abnormal righting reflex was observed in a significantly greater percent of mice exposed to 
100 ppm and above.  Reduced or absent toe and tail pinch reflexes were observed in a 
significantly greater percent of mice exposed to 250 ppm EtO.  Hematological changes observed 
in mice exposed to 250 ppm include slight, yet significant, decreases in red blood cell count, 
packed cell volume, and hemoglobin concentration.  Absolute and relative spleen weights were 
significantly decreased in female mice exposed to 100 and 250 ppm and in male mice exposed to 
250 ppm EtO.  A significant increase in relative liver weight was observed in female mice 
exposed to 250 ppm EtO.  Male mice exhibited a significant decrease in body weight at 10, 50, 
and 250 ppm and a significant decrease in absolute testes weights at 50, 100, or 250 ppm EtO.  
This study indicates a subchronic NOAEL for neurological effects of 10 ppm EtO.   
 
In a study of the testicular effects of EtO, male rats were exposed to 500 ppm EtO 6 hours per 
day, 3 days per week for 2, 4, 6, or 13 weeks (Kaido et al., 1992).  An awkward gait was 
observed in rats after 6-9 weeks of exposure.  Although no significant changes in body weight 
were observed, a statistically significant dose-related decrease in testes weight was observed at 4, 
6, and 13 weeks of exposure.  Progressive degeneration and loss of germ cells were also 
observed during the 13 week exposure.  While severe loss of germ cells and marked 
morphological changes in remaining germ cells were observed at 6 weeks of exposure, some 
intact spermatids were observed at 13 weeks of exposure.  This suggests that recovery of 
spermatogenesis occurred.   
 
Saillenfait et al. (1996) studied the developmental toxicity of EtO in pregnant Sprague-Dawley 
rats using inhalation exposure during gestation days 6 to 15.  Two protocols were used: (1) 
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exposure for 0.5 hr once a day to 0, 400, 800, or 1200 ppm EtO; or (2) exposure for 0.5 hr three 
times a day to 0, 200, or 400 ppm EtO or to 0, 800, or 1200 ppm EtO.  The second protocol 
caused fetal toxicity as indicated by reduced fetal weight at 800 ppm (the LOAEL for this 
endpoint) and at 1200 ppm, and overt maternal toxicity manifested as reduced body weight gain 
at 1200 ppm.  No embryolethality or teratogenicity occurred in either exposure protocol.  
 
 
VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Snellings et al., 1984 
Study population Male and female B6C3F1 mice 
Exposure method Inhalation chamber exposure to 0, 10, 50, 100, 

or 250 ppm ethylene oxide 
Critical effects Impaired neurological function 
LOAEL 50 ppm 
NOAEL  10 ppm 
Exposure continuity 6-hours/day, 5 days/week 
Exposure duration 10 weeks (males), or 11 weeks (females) 
Average experimental exposure 1.79 ppm (10 x 8/24 x 5/7) 
Human equivalent concentration 1.79 ppm ((gas with systemic effects, based on 

RGDR = 1.0 using default  assumption that 
lambda (a) = lambda (h)) ) 

LOAEL uncertainty factor 1 
Subchronic uncertainty factor  3 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor  10 
Cumulative uncertainty factor 100 
Inhalation reference exposure level 18 ppb (30 μg/m3) 

 
Snellings et al. (1984) found a subchronic NOAEL of 10 ppm for neurological effects in mice.  
A neuromuscular screening test indicated that certain reflex responses and locomotor activities 
were altered in EtO-exposed animals.  Human studies have also indicated neurological 
impairment in ethylene oxide exposed workers. 
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The strengths of the inhalation REL for ethylene oxide include the use of an animal study with 
both a LOAEL and a NOAEL and the use of an endpoint seen in both animals and humans.   
 
Major areas of uncertainty are  the short time-frame of the key study, the lack of an appropriate 
human study, and the limited number of developmental toxicity studies.   
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CHRONIC TOXICITY SUMMARY 
 

FLUORIDES including  
HYDROGEN FLUORIDE 

 
(hydrofluoric acid (aqueous solution); hydrogen fluoride (as a gas); 

fluoride salts (particulates or in solution)) 
 

CAS Registry Number: 7664-39-3 
 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 14 μg HF/m3 (17 ppb); 13 μg F/m3

Oral reference exposure level 0.04 mg/kg-day 
Critical effect(s) Skeletal fluorosis 
Hazard index target(s) Bone and teeth; respiratory system 

 
 
II. Physical and Chemical Properties of HF (HSDB, 1995; CRC, 1994) 
 

Description Colorless gas (HF), or as particulates 
Molecular formula HF 
Molecular weight 20.0 g/mol 
Density 0.83 g/L @ 25°C  
Boiling point 19.54°C  
Melting point −83.1°C  
Vapor pressure 400 torr @ 2.5°C 
Solubility Soluble in water and alcohol 
Conversion factor 1 ppm = 0.83 mg/m3 @ 25°C 

 
 
III. Major Uses or Sources 
 
Hydrofluoric acid (HF) is a colorless, fuming liquid with a sharp, penetrating odor (Fairhall, 
1949).  This acid is used in the glass etching, electronic, microelectronic, and petroleum refining 
and chemical industries (Bertolini, 1992).  These industries use HF in the manufacture of such 
things as computer chips (an important industry in California), phosphate fertilizer, metal cans, 
plastics, refrigerant chemicals (fluorocarbons), inorganic chemicals, soaps and detergents, high-
octane gasoline, and aircraft parts (Wohlslagel et al., 1976; Wing et al., 1991).  HF is also used 
in commercial rust removal products.  Another high profile use of HF in California has been as a 
catalyst in petroleum alkylation to make high-octane gasoline.  HF is also a product of 
combustion of any F containing materials; as such, it is produced during structural fires. 
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Sodium fluoride has been used as a topical and ingested anticaries agent due to its ability to 
harden tooth enamel during development.  The optimal doses are not well established, but have 
been suggested to be approximately 0.080 mg/kg/day for 7 to 9 month old infants decreasing to 
0.034 mg/kg/day at 13 years of age (Shulman et al., 1995).  A dose of 1.0 mg F ingested per day 
was reported to reduce dental caries 43%, and to be associated with a greatly increased rate of 
minor tooth mottling which caused no esthetic damage (Van Nieuwenhuysen and D'Hoore, 
1992).  Many communities in California routinely add fluoride to the drinking water.  The 
California Department of Health Services has adopted regulations that establish standards for the 
addition of F (CDHS, 2002).  Any public water system using fluoridation must maintain F levels 
within the range established for its climate.  The ranges vary according to average air 
temperatures, since people in cooler climates typically drink less water per day than people in 
warmer climates.  Thus, in cooler areas, more F is required to provide the same dental benefit.  
For 2001-2002, F levels in San Francisco municipal water ranged from 0.65 to 1.1 ppm, while in 
Los Angeles the range was 0.44 to 0.83 ppm (CDHS, 2002). 
 
The annual statewide industrial emissions from facilities reporting under the Air Toxics Hot 
Spots Act in California based on the most recent inventory were estimated to be 48,221 pounds 
of fluorides and compounds, and 62,670 pounds of hydrogen fluoride (CARB, 2000). 
 
 
IV. Effects of Human Exposure 
 
The chronic exposure to fluorides, including HF, and the incidence of minimal osseous changes 
were studied in the workplace by Derryberry et al. (1963).  In this study, the 8-hour time-
weighted average fluoride exposure was calculated for the employment period of each of 74 
male workers (30 Caucasian, 44 African-American).  The overall average fluoride exposure in 
these workers was measured as a time-weighted average of 2.81 mg F/m3.  In comparison, the 17 
workers within this group who had evidence of minimally increased bone density had an average 
fluoride exposure of 3.38 mg F/m3.  The other workers were exposed to an average measured 
concentration of 2.64 mg F/m3.  In addition, urinary fluoride levels were greater in the 17 
individuals with greatest exposure compared to the remaining 57 workers (average = 5.18 mg 
F/L vs. 4.53 mg F/L).  No differences between exposed and unexposed individuals were 
observed for gastrointestinal, cardiovascular, or hematologic systems, or in a physical exam.  A 
statistically significant (p < 0.05) increase in the incidence of acute respiratory disease as 
determined from past medical histories was observed in fluoride-exposed individuals (19/74 vs. 
8/67 in controls); radiographic examination revealed a difference of lesser significance (p < 0.10) 
for pulmonary changes (11/74 vs. 4/67).  No pulmonary function tests were reported. 
 
An analysis of these data by OEHHA (see derivation section below) showed a statistically 
significant relationship between air fluoride and the minimal bone density increases.  The raw 
data from the Derryberry et al. (1963) study are shown in Table 1.  A Pearson correlation matrix 
of the variables measured in the Derryberry et al. study indicated that bone density was best 
correlated with mean air fluoride level, and to a lesser extent with the age of the individual.  A 
log-logistic regression using the log air fluoride concentration as the independent variable 
showed a significant (p < 0.033) relationship between increasing air fluoride concentrations and 
probability of skeletal fluorosis.  The parameters for the regression were β0 = −2.3468 (std. error 

Appendix D3 271 Fluorides 



Determination of Noncancer Chronic Reference Exposure Levels  August 2003 

= 0.6462), and β1 = 1.1736 (std error = 0.5508); the odds ratio for the occurrence of skeletal 
fluorosis was 3.24.  Years of exposure were not correlated with increased bone-density, 
according to a Pearson Correlation procedure (p = 0.63).  Bone density has been shown to 
decrease with age after the age of 40 among normal, non-fluoride-exposed males (Runge et al., 
1979).  As expected, age was very highly correlated with years exposed (p<0.00001).  Therefore 
including years exposed in the dose-metric likely introduces a confounding variable (see 
discussion in Section VI.).  In addition, Runge et al. (1979) found no association between years 
exposed and mineral content or bone width among 245 aluminum smelter workers exposed to 
2.75 or 3.2 mg F/m3.  For these reasons, years exposed were not used as the dose-metric for 
bone-density in this analysis. 
 
Although a threshold was not readily apparent from the logistic regression model, grouping the 
74 individuals by air fluoride exposure level into quintiles of 15 each with one group of 14, 
allowed for a comparison of group mean responses (Table 2).  The 14 employees exposed to a 
time-weighted average concentration of 1.07 mg F/m3 did not exhibit bone density changes.  An 
analysis of the grouped responses using a binomial distribution showed a probability of p = 
0.008 for obtaining 4/15 increased bone density observations in the 2.34 mg/m3 group, and a 
probability of p = 0.047 for obtaining 3/15 positive observations in the 1.89 mg F/m3 group.  The 
1.89 mg F/m3 group was therefore considered a LOAEL for chronic skeletal fluorosis, and the 
1.07 mg/m3 group was considered a NOAEL.  The above probabilities assume that a chance 
occurrence is, at most, 1 in 18 of skeletal fluorosis or other cause leading to an abnormally dense 
x-ray in the general population.  Since osteosclerosis is a rare condition that is associated with 
several types of hematological malignancies such as myeloid leukemia, the actual incidence of 
conditions leading to osteosclerosis is far below 1 in 18.  This lends strong support to the 
consideration of 1.89 mg/m3 as a LOAEL for skeletal fluorosis. 
 

Appendix D3 272 Fluorides 



Determination of Noncancer Chronic Reference Exposure Levels  August 2003 

Table 1.  Data on worker exposure to fluoride from Derryberry et al. (1963) 
 

Obser-
vation # 

ID Bone 
density 

Years 
exposed 

Urine max F 
(mg F/L) 

Urine  
min F 

(mg F/L)

Mean 
urinary F 
(mg F/L) 

Age 
(years) 

Air fluoride 
(mg/m3) 

OEHHA 
exposure 
grouping 

1 119 normal 18.5 43.0 2.8 14.7 58 8.16 5 
2 0 normal 8.4 24.7 5.3 9.6 42 3.19 4 
3 41 normal 15.8 35.0 2.5 9.1 35 3.29 4 
4 147 minimally 

increased 
9.6 17.1 2.1 8.9 60 5.98 5 

5 120 normal 16.7 20.5 3.4 8.6 55 3.29 4 
6 54 minimally 

increased 
17.0 44.0 4.0 8.6 56 7.73 5 

7 148 normal 10.5 14.0 3.7 8.4 41 8.32 5 
8 314 minimally 

increased 
14.4 22.7 1.7 8.3 56 3.24 4 

9 29 normal 17.0 18.2 2.5 7.7 50 2.60 3 
10 14 normal 14.3 19.4 2.1 6.3 46 2.33 3 
11 115 normal 15.2 18.5 1.4 6.3 38 2.11 3 
12 10 minimally 

increased 
10.3 22.0 2.3 6.1 38 2.72 4 

13 4 minimally 
increased 

7.1 7.7 2.0 5.7 54 3.22 4 

14 51 normal 14.9 42.0 0.8 5.6 46 3.18 4 
15 94 normal 16.2 15.4 3.3 5.5 56 5.12 5 
16 217 normal 7.1 7.1 2.6 5.3 42 2.54 3 
17 281 minimally 

increased 
7.8 8.6 1.1 5.2 36 3.79 4 

18 114 normal 10.4 13.2 2.8 5.2 38 7.66 5 
19 7 normal 7.8 9.1 2.2 5.1 43 2.91 4 
20 308 normal 11.9 6.7 3.5 5.1 44 1.89 2 
21 301 minimally 

increased 
15.2 9.5 2.5 5 36 2.56 3 

22 72 normal 25.9 13.7 2.1 4.9 55 5.55 5 
23 241 minimally 

increased 
17.0 10.0 1.9 4.9 46 4.48 5 

24 345 normal 10.5 7.1 2.0 4.9 47 1.49 1 
25 26 normal 16.4 12.2 0.5 4.7 39 2.41 3 
26 231 minimally 

increased 
16.3 8.2 2.8 4.6 62 1.88 2 

27 2 normal 24.7 8.9 2.1 4.6 46 3.53 4 
28 295 normal 14.5 10.7 0.9 4.6 44 2.07 3 
29 1 normal 8.9 5.9 2.4 4.5 30 1.92 2 
30 203 minimally 

increased 
18.2 6.8 1.6 4.4 43 2.66 3 

31 63 normal 16.2 7.4 2.0 4.3 55 3.90 5 
32 5 normal 4.5 11.5 1.9 4.3 43 1.12 1 
33 460 normal 12.5 6.1 1.6 4.3 60 2.13 3 
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Obser-
vation # 

ID Bone 
density 

Years 
exposed 

Urine max F 
(mg F/L) 

Urine  
min F 
(mg F/L)

Mean 
urinary F 
(mg F/L) 

Age 
(years) 

Air fluoride 
(mg F/m3) 

OEHHA 
exposure 
grouping 

34 249 minimally 
increased 

15.0 8.0 1.8 4.3 39 2.95 4 

35 3 normal 7.6 14.5 2.1 4.3 31 3.90 5 
36 322 normal 9.3 6.3 2.0 4.3 35 4.23 5 
37 8 minimally 

increased 
24.8 5.9 3.0 4.2 55 2.50 3 

38 3 normal 15.2 12.2 2.1 4.2 42 1.14 1 
39 309 normal 12.1 5.5 2.4 4.1 42 1.94 2 
40 36 normal 9.1 13.2 0.8 4.1 33 1.94 2 
41 45 normal 11.3 14.0 2.2 4.1 33 3.84 4 
42 70 normal 17.9 8.0 1.0 3.9 44 4.00 5 
43 250 minimally 

increased 
9.8 6.7 1.5 3.9 35 1.78 2 

44 38 normal 16.9 5.9 1.0 3.9 35 2.10 3 
45 200 minimally 

increased 
14.0 7.0 2.8 3.8 66 3.92 5 

46 183 normal 9.8 4.9 2.2 3.7 48 1.67 2 
47 32 normal 12.5 6.6 0.9 3.7 47 2.21 3 
48 25 normal 13.6 5.5 1.5 3.7 44 1.86 2 
49 21 normal 13.9 9.1 0.4 3.7 50 1.98 2 
50 304 normal 13.4 5.0 2.1 3.7 36 2.62 3 
51 132 normal 10.9 5.1 2.4 3.6 39 1.81 2 
52 6 minimally 

increased 
8.4 4.8 0.9 3.6 35 3.85 5 

53 244 normal 16.6 7.1 1.4 3.6 62 2.87 4 
54 30 normal 14.0 14.0 0.9 3.6 43 1.56 1 
55 88 minimally 

increased 
15.5 4.9 1.7 3.5 66 2.06 2 

56 227 normal 16.6 5.7 1.0 3.5 41 1.18 1 
57 271 normal 17.7 4.1 3.0 3.4 60 1.82 2 
58 19 normal 13.9 10.0 1.8 3.4 41 1.32 1 
59 190 normal 9.3 7.7 1.9 3.3 36 1.95 2 
60 258 normal 17.8 5.6 1.6 3.2 58 0.87 1 
61 278 normal 10.0 7.0 0.3 3.2 34 1.93 2 
62 331 normal 12.8 5.6 1.5 3.1 34 1.23 1 
63 91 normal 25.3 7.9 0.2 3.1 63 3.49 4 
64 342 normal 18.5 6.0 1.3 3 40 2.73 4 
65 261 normal 18.1 5.3 0.9 2.9 52 4.41 5 
66 291 normal 13.5 4.5 1.5 2.8 34 2.14 3 
67 149 normal 11.3 4.5 2.1 2.8 34 0.76 1 
68 2 normal 24.7 4.5 1.5 2.7 51 1.15 1 
69 4 normal 16.8 5.7 1.2 2.7 56 0.71 1 
70 109 normal 8.3 5.1 0.8 2.7 36 1.89 2 
71 242 normal 18.1 4.1 1.2 2.5 49 1.26 1 

 

Appendix D3 274 Fluorides 



Determination of Noncancer Chronic Reference Exposure Levels  August 2003 

Obser-
vation # 

ID Bone 
density 

Years 
exposed 

Urine max F 
(mg F/L) 

Urine  
min F 
(mg F/L)

Mean 
urinary F 
(mg F/L) 

Age 
(years) 

Air fluoride 
(mg F/m3) 

OEHHA 
exposure 
grouping 

72 179 normal 18.9 3.9 1.0 2.4 46 0.50 1 
73 325 minimally 

increased 
11.8 5.0 0.5 2.2 40 2.10 3 

74 159 normal 18.9 5.0 0.7 2.1 45 0.67 1 
 
 
 
Table 2.  Grouped mean exposure 
 
Exposure 

group 
Mean age 
± SD 

Mean air level 
mg F/m3 ± SD 

Number of 
responses 

Probability of difference 
from group 1* 

1 45.0 ± 7.0 1.07 ± 0.32 0/14** Not Applicable 
2 43.9 ± 11.2 1.89 ± 0.09 3/15*** 0.047 
3 43.0 ± 7.6 2.34 ± 0.23 4/15 0.008 
4 45.9 ± 9.8 3.22 ± 0.35 5/15 0.001 
5 48.5 ± 10.7 5.41 ± 1.72 5/15 0.001 

*  Probability of obtaining result assuming a chance occurrence of abnormally dense x-ray of, at 
most, 1 in 18 individuals, using a binomial distribution (Systat for Windows v.5.05, 1994). 
**  NOAEL 
***  LOAEL (p < 0.05) 
 
Largent et al. (1951) found a significant increase in bone density in the lower thoracic spine, 
with calcification extending into the lateral ligaments of 3 workers exposed for 17, 14, and 10 
years to HF (concentrations not estimated).   
 
A group of 74 men, who were occupationally exposed to unspecified concentrations of HF for an 
average of 2.7 years, reported occasions of upper respiratory irritation (Evans, 1940).  Repeated 
chest X-rays over a 5-year period did not reveal any visible evidence of lung changes.  The death 
rate of these workers from pneumonia and other pulmonary infections was the same as that of 
unexposed plant employees. 
 
There are various reports of asthma and related respiratory effects in pot room workers in the 
primary aluminum smelting industry.  Exposure to fluoride (among other materials such as sulfur 
trioxide and polycyclic aromatic hydrocarbons) was measured as a possible index of exposures 
related to this condition (Seixas et al., 2000).  However multiple exposures to respiratory irritants 
and other compounds which may affect immune response appear to be common in this work 
environment making it difficult to quantitatively relate the respiratory symptoms to inhaled HF 
or fluorides.   
 
Workers in a warehouse containing HF retorts experienced transitory hyperemia of the skin on 
their face and hands (Dale and McCauley, 1948).  Twenty four of the 40 workers had definite 
changes in the thickness and number of trabeculae in the upper and lower jaw. 
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Examinations of 107 pot room workers in two aluminum plants with airborne fluorides revealed 
22 subjects with limited motion of the dorsolumbar spine, compared with none in a control group 
of 108 workers with no history of exposure to fluorides (Kaltreider et al., 1972).  In one plant, 76 
of 79 workers had increased bone density as measured by roentgenogram, with diagnosis of 
slight to moderate fluorosis.  Moderate and marked fluorosis was observed after 15 years 
employment.  The 8-hour time-weighted average fluoride content in these workplaces was 2.4 to 
6.0 mg/m3.  Balazova (1971) measured significant fluoride uptake and distribution in children 
living near an aluminum smelter but reported no incidence of fluorosis. 
 
No studies regarding the chronic irritant or respiratory effects of pure HF exposure in humans 
were available.   
 
Fluoride ion produced by various fluorocarbons has been associated with toxicity to human 
kidney collecting duct cells leading to sodium and water disturbances (Cittanova et al., 1996).  
 
Oral supplementation of greater than 0.1 mg F/kg body weight daily has been associated with 
enamel fluorosis in young children (Forsman, 1977).  
 
The Agency for Toxic Substances and Disease Registry (ATSDR, 2001) recently reviewed 
fluorides since they are found at hazardous waste sites which are candidates for remediation.  
The focus of this document was on oral exposure studies as that is the main concern for waste 
site remediation. 
 
 
V. Effects of Chronic Exposures to Animals 
 
Stokinger (1949) studied the subchronic effects of HF inhalation in several animal species.  
Animals (dogs, rabbits, rats, guinea pigs, and mice; 1 to 6 per group) were exposed to 0, 
7.2 mg/m3, or 25.1 mg/m3 6 hours/day, 6 days/week, for 30 days.  Mortality, body weight, blood 
coagulation mechanisms, and gross pathology were measured.  Exposure to 25.1 mg/m3 HF for 
30 days resulted in degenerative testicular changes and ulceration of the scrotum in all 4 dogs 
and hemorrhage and edema in the lungs of 3 dogs.  Pulmonary hemorrhage was also seen in 20 
of 30 rats, and 4 of 10 rabbits.  Renal cortical degeneration was observed in 27 of 30 rats.  All of 
the rats and mice at the 25.1 mg/m3 concentration died.  No mortality was observed in the other 
species tested.  Blood fibrinogen levels were significantly increased in dogs, rats, and rabbits 
exposed to 25.1 mg/m3.  Exposure to 7.2 mg/m3 HF resulted in pulmonary hemorrhage in 1 out 
of 5 dogs.  No other significant effects were observed at the lower concentration.   
 
Shusheela and Kumar (1991) administered male rabbits 10 mg NaF/kg-bw per day orally for 18 
months (7 rabbits) or 29 months (3 rabbits), then studied the testis, epididymis, and vas deferens 
microscopically.  After 29 months of F administration, the spermatogenic cells in the 
seminiferous tubules had degenerated and lacked spermatozoa.  After both 18 and 29 months, 
cilia were lost from the epithelial cells lining the ductuli efferentes of the caput epididymidis.  
Stereocilia on the epithelial cells lining the vas deferens were also lost.  In some regions of 
epithelia, the cell boundaries were not clear, and even appeared to be peeled off.  Mucus droplets 
were abundant in the vas deferens of controls, but none were present in F treated rabbits.  
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Spermatogenesis ceased sometime between 18 and 29 months.  The authors concluded that 
ingestion of a high concentration of F has adverse effects (including infertility) on the male 
rabbit reproductive system.   
 
Ghosh et al. (2002) investigated the effects of NaF on steroidogenic and gametogenic activities 
in rat testes.  Male Wistar rats were given 20 mg/kg/day NaF by gavage for 29 days.  F treatment 
resulted in significantly lower relative wet weight of the testis, prostate, and seminal vesicle, 
decreased testicular delta(5),3beta-hydroxysteroid dehydrogenase (HSD) and 17beta-HSD 
activities, and significant lowering in plasma levels of testosterone.  Epididymal sperm count 
was decreased significantly in F-treated rabbits and there were fewer mature luminal 
spermatozoa.  Indicators of oxidative stress due to F included increased conjugated dienes in the 
testis, epididymis, and epididymal sperm pellet, and decreases of peroxidase and catalase in the 
sperm pellet.  Thus F, at a dose encountered in drinking water in contaminated areas (at least of 
India), exerts an adverse effect on the male rat reproductive system.  These effects on rats and 
rabbits (and dogs; see above) may be relevant to anecdotal reports of reproductive system 
malfunction in human chronic fluorosis. 
 
Parameter Control (n=6) NaF (n=6) p value 
Body weight, final (g) 127.00±3.75 122.00±5.10  
Testis, relative weight (%) 1.522±0.034 1.923±0.081 < 0.05 
Prostate, relative weight  0.297±0.043 0.148±0.014 < 0.05 
Seminal vesicles, rel. weight 0.448±0.025 0.174±0.027 < 0.05 
Testicular delta(5),3beta HSD ~28a ~24a < 0.05b

Testicular 17betaHSD ~29a ~24a < 0.05b

Plasma testosterone (ng/ml) ~2a ~1a < 0.05b

Epididymal sperm count 
(106/ml) 

7.02±0.17 3.70±0.57 < 0.05 

a approximate values based on reading Figures 2 and 3 of paper; b p values of authors  
 
Long et al. (2002) used ligand binding and Western blotting to study neuronal nicotinic 
acetylcholine receptors (nAChRs) in the brains of male and female Wistar rats ingesting 0.5 ppm 
(controls), 30 ppm, or 100 ppm F in their drinking water for 7 months.  (All received 4 ppm F in 
their diet.)  The brains of rats exposed to 100 ppm had significantly less binding sites for 
[3H]epibatidine, an analgesic agonist, but no change occurred at 30 ppm.  Binding sites for 
[125I]alpha-bungarotoxin, a competitive antagonist, were significantly decreased in the brains of 
rats exposed to both levels.  The brain levels of the nAChR alpha4 subunit protein was 
significantly lowered by exposure to 100 ppm F.  Alpha7 subunit protein was significantly 
decreased by both levels of F.  No significant changes were seen in levels of the beta2 subunit 
protein.  These nicotinic receptors have roles in learning and memory.  Some of the effects were 
also seen in rat PC cells cultured for 48 h in up to 50 ppm F (Chen et al., 2003).  The results may 
help to explain anecdotal reports of nervous system symptoms in human chronic fluorosis 
(Waldbott, 1978). 
 
NTP (1990) exposed F344/N rats and B6C3F1 mice of both sexes for two years to 0, 25, 100, 
and 175 ppm sodium fluoride (NaF) in their drinking water.  NaF caused a dose dependent 
whitish discoloration of the teeth in both rats and mice.  Male rats had an increased incidence of 
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tooth deformities and attrition.  NaF increased the dysplasia of dentine in both rats and mice.  At 
the highest dose (175 ppm), osteosclerosis of long bones was increased in female rats.  There 
was also equivocal evidence of carcinogenic activity of NaF in male rats based on four 
osteosarcomas in dosed animals (Bucher et al., 1991).  Other organ systems showed no dose-
dependent effects.   
 
VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Derryberry et al. (1963) 
Study population 74 fertilizer plant workers (67 unexposed control 

subjects) 
Exposure method Occupational 
Critical effects Increased bone density (skeletal fluorosis) 
LOAEL 1.89 mg F/m3 (1.98 mg HF/m3) 
NOAEL 1.07 mg F/m3 (1.13 mg HF/m3) 
BMC05 0.37 mg F/m3 (0.39 mg HF/m3) 
Exposure continuity 8 hours/day, 5 days/week 
Exposure duration 14.1 years (range = 4.5 to 25.9 years) 
Average exposure concentration 0.14 mg HF/m3 (0.39 x 10/20 x 5/7) 

  or 0.13 mg F/m3 (0.37 x 10/20 x 5/7) 
Human equivalent concentration 0.14 mg HF/m3 or 0.13 mg F/m3

LOAEL uncertainty factor 1 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 1 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 10 
Inhalation reference exposure level 
   for F or HF 

0.013 mg F/m3 (13 μg /m3; 0.016 ppm; 16 ppb) or 
0.014 mg HF/m3 (14 μg /m3; 0.017 ppm; 17 
ppb) 

 
 
OEHHA’s analysis of the data in Derryberry et al. (1963) indicates a LOAEL of 1.89 mg/m3, 
and a NOAEL of 1.07 mg/m3.  A benchmark concentration (BMC05) of 0.37 mg/m3 was derived 
by fitting the probit model to the log dose in the U.S. EPA’s BMDS (version 1.3) software, for 
the individual mean air exposure data and incidence data in Table 1 above.  Individuals in the 
highest dose group (group 5 in Table 2) were not included in the model, since none of the models 
fit this range of exposures well.  Several other models produced reasonable fits to the data, but 
the probit model with log-transformed dose was selected since it produced a good fit not only by 
statistical criteria (p = 0.71) but also, as determined by inspection, it fit the low dose curve shape 
better than other models.  This model also has the advantage of biological plausibility, in that, 
since lower doses of fluoride have a beneficial or nutritional effect, a threshold type of response 
for adverse effects is clearly expected.  A graphical representation of the fit is shown in Figure 1.  
Adjusting for exposure continuity and utilizing an intraspecies uncertainty factor of 10 (UFH) 
results in a REL for F of 13 μg/m3.   
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Figure 1. 
 

 
 
Changes in bone density in association with fluoride exposure have been observed in several 
studies, and appear to be the most sensitive health effect for chronic exposure.  The minimally 
increased bone density in the Derryberry study was significantly (p < 0.04, Fisher’s Exact Test) 
associated with “other osseous changes,” which reportedly included disc lesions, arthritis, and 
calcified ligaments.  An increase in pulmonary changes in the workers with high bone density 
was marginally significant (p < 0.06) and included emphysema, fibrosis, and healed tuberculous 
lesions.  Although dental fluorosis is a sensitive endpoint in many fluoride studies, the dental 
examinations of exposed workers in this study showed healthier teeth than in controls.  The 
increased bone density observed was considered as indicating that adverse effects had occurred, 
based on the adverse effects associated with the increased density in the study, and on other 
research showing that increased bone density caused by fluoride exposure (75 mg sodium 
fluoride per day for four years) also leads to decreased bone strength and increased fragility 
(Riggs et al., 1990).  Symptoms of abdominal pain, backache, restricted joint movement, and 
respiratory symptoms have been associated with airborne fluoride exposures and bone density 
increases in industrial settings (Zhiliang et al., 1987). 
 
The absorption of particulate and gaseous fluorides is reported to be similar (Collings et al., 
1951).  Therefore, it would be expected that the effects on bone density would be similar 
regardless of the form of fluoride.   
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As noted in the study description, Derryberry et al. (1963) did not find a good correlation 
between years of exposure to fluoride and bone density change.  OEHHA reexamined the 
original individual data and confirmed that the presence of bone density changes showed a better 
correlation with mean air fluoride concentration than with years of exposure, or with the product 
of the individual values of mean air fluoride concentration and years of exposure.  However, the 
product of exposure concentration and time did show a consistent pattern of cumulative 
incidence suggesting a dose-response relationship for this parameter.  An attempt to derive a 
benchmark value by fitting the probit model to the log of (exposure duration*concentration) and 
response (presence or absence of bone density change) did not result in an acceptable fit, so a 
BMDL05 could not be reported.  However a maximum likelihood estimate of the benchmark 
(BMD05) was found to be 6.04 (mg F*years/m3), with exclusion of the three highest values that 
appeared to be outliers to the main distribution.  If this value is divided by the mean exposure 
duration for the data set of 14.1 years, a benchmark exposure concentration of 0.43 mg F/m3 is 
obtained.  While this value is evidently less reliable than that obtained by fitting the mean 
exposure concentration, it is consistent with it, suggesting that, although other confounding 
factors related to age or duration prevent the demonstration of a relationship between the 
exposure/time integral and response in this data set, such a relationship probably does exist, as 
would be expected. 
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The major strengths of the key study for fluoride are the observation of health effects in a large 
group of workers exposed over many years, the availability of individual exposure estimates for 
each worker, and the identification of a NOAEL.  The primary uncertainty in the study is the 
lack of a comprehensive health effects examination.  Another source for concern is the 
potentially greater susceptibility of children to the effects of inhaled fluorides, considering the 
rapid bone growth in early years.   
 
 

Derivation of Chronic Oral REL 
 
In addition to being inhaled, airborne fluoride salts in particulate form can settle onto crops and 
soil and enter the body by ingestion.  Thus an oral chronic reference exposure level (REL) for 
fluoride is also required in order to conduct a health risk assessment under the Air Toxics Hot 
Spots Act.  California has developed a Public Health Goal (PHG) of 1 ppm (1,000 ppb) fluoride 
in drinking water (OEHHA, 1997).  This level is intended to be an approximate year-round 
average.  Thus it has properties similar to a chronic oral REL.  (The PHG assumed that drinking 
water was the only source of fluoride since it was based on comparing communities with and 
without added fluoridation.) 
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Study Dean, 1942; U.S. Public Health Service, 1991; 
National Research Council, 1993 

Study population Inhabitants of several U.S. cities 
Exposure method Drinking water 
Critical effects Dental fluorosis 
LOAEL 2 ppm 
NOAEL 1 ppm = 0.04 mg/kg-day* 
Exposure continuity Continuous 
Exposure duration Long-term 
Average experimental exposure 1 ppm = 0.04 mg/kg-day 
LOAEL uncertainty factor 1 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 1 
Intraspecies uncertainty factor 1 (studies included children) 
Cumulative uncertainty factor 1 
Oral reference exposure level 0.04 mg/kg-day 

           * based on the assumption that an 18 kg child drinks 720 ml of water per day (OEHHA, 2000). 
 
The PHG is based on a no-observed adverse-effect-level (NOAEL) of 1 mg/L for dental fluorosis 
in children (equivalent to 720 μg/day from drinking water for an 18 kg child drinking 40 ml/kg 
body weight/day of water).  Moderate to severe dental fluorosis is rare when the drinking water 
fluoride level is near 1 mg/L, but begins to become significant at concentrations close to 2 mg/L.  
Since the study involved long term exposure to humans including children, a sensitive 
population, the cumulative uncertainty factor was 1.  If one were to do a route-to-route 
extrapolation from this oral REL using the specific parameters for an 18 kg child breathing 4.2 
m3/day, an equivalent inhalation REL would be about 170 μg/m3.  Thus, the inhalation REL of 
13 μg/m3 based on the adult occupational data is likely to be protective of children.  
 
 
VIII. Potential for Differential Impacts on Children's Health 
 
The critical effect for inhalation exposures is skeletal fluorosis.  Since infants' and children's 
skeletons are developing, they may be more sensitive to this effect.  This applies with particular 
importance to the teeth, and it is established that excessive exposure to fluoride during the period 
of tooth development in infancy and childhood causes dental fluorosis (Dean, 1942; U.S. Public 
Health Service, 1991; NRC, 1993).  The oral REL and the California PHG for fluoride in 
drinking water are based on dental fluorosis.  Although the inhalation chronic REL proposed is 
based on a study in adults, the inhalation chronic REL (see section VI) is lower than that implied 
by the oral REL and PHG.  Since the oral REL and PHG are based on exposures throughout life, 
including the pre-natal period, infancy, and childhood, it is reasonable to conclude that the 
proposed inhalation REL is generally protective of infants and children, barring some unknown 
difference in toxicity between the two routes of exposure.  The ratio of the intake at the PHG 
level in drinking water is closer to the effect level than the default intraspecies uncertainty factor 
of 10; this is to be expected since children are a sensitive subpopulation for the dental fluorosis 
effect.   
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Extensive interindividual variation in total fluoride intake (930.7 ± 391.5 μg/day) was recently 
documented for a small group (n = 11) of healthy German children ages 3 to 6 years 
(Haftenberger et al., 2001).  Similar interindividual variation has also been reported for slightly 
younger children in Connersville (n = 14) and Indianapolis, Indiana (n = 29) and in San Juan, 
Puerto Rico (n = 11) (Rojas-Sanchez et al., 1999).  Consideration should therefore be given to 
populations with exceptionally high fluoride intake due to locally elevated concentrations in 
drinking water, since some of these populations are already close to adverse effect levels of 
fluoride intake, and certain individuals in California experience dental fluorosis.  For these 
individuals, even exposure to fluorides at the oral and/or inhalation RELs, which are acceptable 
in isolation, might be deleterious.  The table below compares the data of Haftenberger et al. 
(2001) with recent estimates of F intake ranges in California (OEHHA, 1997).   
 
                                                             Fluoride Intake (mg/day) 
F in drinking 
water 
(mg/L) 

F from 
drinking 
water 

 
F from 
food 

 F from 
mouthwash 

F from a 
supplement 

Total F 
F from 
toothpaste 

Children 
  (OEHHA) 

      

  <0.3 0.1 - 0.3 0.1 – 0.5 0.2 – 1.2 0.1 - 0.5 0.5 1.0 – 3.0 
  0.7 - 1.2 0.7 - 1.2  0.2 – 1.2 0.1 - 0.5 0 1.1 – 4.6 
Haftenberger       
  0.25 (see 

food) 
0.20±0.12 0.27±0.18 No data 0 - 1.0 0.93±0.39

Adults 
  (OEHHA) 

      

  <0.3 0.2 – 0.6 0.3 – 1.0 0.02 – 0.15 0.2 – 1.0 0 0.7 – 2.8 
  0.7 - 1.2 1.4 – 2.4 0.3 – 3.4 0.02 – 0.15 0.2 – 1.0 0 1.9 – 7.0 
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CHRONIC TOXICITY SUMMARY 
 

GLUTARALDEHYDE 
 

(1,5-pentanedial; 1,5-pentanedione; glutaric dialdehyde; Aldesen; Cidex; Sonacide) 
 

CAS Registry Number: 111-30-8  
 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 0.08 µg/m3 (0.02 ppb) 

Critical effect(s) Squamous metaplasia of the respiratory epithelium 
in the nose of male and female mice 

Hazard index target(s) Respiratory system 
 
 
II. Chemical Property Summary (HSDB, 1996; CRC, 1994; Chemfinder, 2000) 
  

Description Colorless liquid/oil 
Molecular formula C5H8O2
Molecular weight 100.12 g/mol 
Boiling point 188°C (decomposes) (CRC, 1994) 
Melting point −6°C (Chemfinder, 2000) 
Solubility Soluble in water, alcohol, benzene 
Conversion factor 4.1 µg/m3 per ppb at 25ºC 

 
 
III. Major Uses and Sources 
 
Glutaraldehyde is a chemical frequently used as a disinfectant and sterilizing agent against 
bacteria and viruses (2% solution), an embalming fluid and tissue fixative, a component of 
leather tanning solutions, and an intermediate in the production of certain sealants, resins, dyes, 
and electrical products (HSDB, 1996).  For commercial purposes, solutions of 99%, 50%, and 
20% are available.  Glutaraldehyde is also an atmospheric reaction product of cyclohexene.  The 
annual statewide industrial emissions from facilities reporting under the Air Toxics Hot Spots 
Act in California based on the most recent inventory were estimated to be 29,603 pounds of 
glutaraldehyde (CARB, 2000). 
 
 
IV. Effects of Human Exposure 
 
Evidence of the toxicity of glutaraldehyde to humans is limited to reports of occupational 
exposure from its use as a disinfectant and sterilizing agent.  Frequently observed effects from 
exposure include skin sensitivity resulting in dermatitis, and irritation of the eyes and nose with 
accompanying rhinitis (Jordan et al., 1972; Corrado et al., 1986; Hansen, 1983; Wiggins et al., 

Appendix D3 286 Glutaraldehyde 



Determination of Noncancer Chronic Reference Exposure Levels  December 2000 

1989).  Occupational asthma has also been reported among workers repeatedly exposed to 
glutaraldehyde, particularly respiratory technologists who use glutaraldehyde as a sterilizing 
agent for endoscopes (Chan-Yeung et al., 1993; Stenton et al., 1994; Gannon et al., 1995).  
Quantitation of the exposure levels that led to glutaraldehyde sensitization was not available 
from the studies. 
 
 
V. Effects of Animal Exposure 
 
The histopathology of the respiratory tract in rats and mice exposed to glutaraldehyde by 
inhalation was examined (Gross et al., 1994).  F344 rats and B6C3F1 mice (20 animals of each 
sex and of each species at each exposure level for a total of 480 rodents) were continuously 
exposed to glutaraldehyde in recirculating exposure chambers at concentrations of 0, 62.5, 125, 
250, 500, or 1000 ppb glutaraldehyde for one day, 4 days, 6 weeks, or 13 weeks.  At termination, 
respiratory tract tissue as well as duodenum and any gross lesions were collected and formalin 
fixed.  Animals were treated with tritiated thymidine two hours before termination to evaluate 
cell replication in certain respiratory tract tissues.  Respiratory tract tissue sections were made as 
follows: transverse sections of the nose and trachea, frontal section of the carina, and 
longitudinal section of the lung.  Ten male and 10 female mice exposed to 1000 ppb and one 
female mouse exposed to 500 ppb group died during the course of the study.  Two male and 3 
female rats exposed to 1000 ppb died during the course of the study.  Histopathological 
examination of animals surviving to the end of the study entailed scoring the severity of the 
finding from “no response” to “very severe” response on a 0 to 5 scale.  Unit length labeling 
index, the indicator of cell proliferation, was evaluated by autoradiography at two sites: the nasal 
vestibule and the dorsal atrioturbinate. 
 
Lesions in animals treated with glutaraldehyde appeared primarily in the anterior third of the 
nose.  Lesions were apparently more increased in mice compared to rats due to some level of 
“background” non-suppurative lesions in the rats.  Mice were considered devoid of background 
lesions.  In the 13-week study, female mice were the most sensitive, with lesions averaging a 
score of 2 (mild and clear, but of limited extent and/or severity).  The lesions were characterized 
as neutrophilic infiltration primarily in the squamous epithelium of the vestibule, with thickening 
of the epithelium leading to loss of the characteristic surface grooves.  Both cell size and number 
were reported to be increased.  Lesions were generally found to increase in nature and severity 
with increased time and level of exposure.  Obstruction of the nasal vestibule was thought to 
account for the mortality of animals in the higher dose groups.  In female mice at 13 weeks, all 
glutaraldehyde dose groups showed the accumulation of eosinophilic proteinaceous deposits in 
the respiratory epithelium of the maxilloturbinate margin.  Examination of unit length labeling 
indices as a measure of growth showed significant increases in all treated groups of female mice.  
No evidence of exposure related lesions was found in the respiratory tract in the trachea, carina, 
bronchi, or lungs. 
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  Mean Subjective Pathology Scores for Nasal Lesions in Female Mice at 13 Weeks 
  

Glutaraldehyde 
Intraepithelial 
neutrophils 

Subepithelial 
neutrophils 

Squamous 
metaplasia 

 0 ppb 0 0.4 0 
 62.5 ppb 2.0 2.0 0 
 125 ppb 2.4 2.8 0 
 250 ppb 3.2 3.2 0 
 500 ppb 2.8 2.8 0.5 
 1000 ppb* -- -- -- 
*Animals exposed to 1000 ppb died early in the experiment.  
 
Greenspan et al. (1985) exposed male and female F-344 rats to 0, 0.3, 1.1 and 3.1 ppm 
glutaraldehyde and 0, 0.2, 0.63, and 2.1 ppm glutaraldehyde, respectively, in a 9-day study, and 
both sexes to 0, 21, 49, and 194 ppb glutaraldehyde in a 14 week study.  Animal numbers were 
not specified.  Exposures were conducted for 6 hours per day, 5 days per week.  In the 9-day 
study, observations in the high and intermediate dose level groups included reduced body weight 
gain, inflammation of the nasal and olfactory mucosa, and sensory irritation.  In the two highest 
doses of the 14-week study, statistically significant differences in body weight gain were 
observed as well as perinasal wetness.  No histopathological indication of inflammation in 
olfactory or nasal mucosa was observed. 
 
Mice were exposed to 0, 0.3, 1.0, and 2.6 ppm glutaraldehyde vapors for 6 hours/day for 4, 9, or 
14 days (Zissu et al., 1994).  These mice were killed immediately after the exposure period.  
Other groups exposed to 1.0 ppm for 14 days were killed after recovery periods of 1, 2, and 4 
weeks.  After 4 days of exposure to the lowest dose, mice showed lesions in the respiratory 
epithelium of the septum, and the naso- and maxilloturbinates.  After exposure to 1.0 ppm 
glutaraldehyde, lesions were still judged as severe after 2 weeks of recovery. 
 
A study comparing the effects of intra-nasally instilled glutaraldehyde and formaldehyde on rat 
nasal epithelium found inflammation, epithelial degeneration, respiratory epithelial hypertrophy, 
and squamous metaplasia in treated animals (St. Clair et al., 1990).  Acute inhalation exposure to 
formaldehyde produced identical lesions.  Ten-fold higher concentrations of instilled 
formaldehyde were required to produce the same effect as instilled glutaraldehyde.   
 
In a chronic study, NTP (1998, 1999) exposed groups of 50 male and 50 female F344/N rats to 0, 
250, 500, or 750 ppb glutaraldehyde vapor by inhalation for 6 h/day, 5 days/week, for 104 
weeks.  Survival of 500 and 750 ppb female rats was less than that of the chamber controls.  
Mean body weights of all exposed groups of male rats and 500 and 750 ppb female rats were 
generally less than those of the chamber controls.  Increased incidences of nonneoplastic nasal 
lesions occurred primarily within the anterior section of the nose in 500 and 750 ppb rats and to a 
lesser extent in 250 ppb rats.  The more significant lesions included hyperplasia and 
inflammation of the squamous and respiratory epithelia and squamous metaplasia of the 
respiratory epithelium.  Thus 250 ppb (1000 μg/m3) is a chronic LOAEL for rats. 
 
In the same study NTP (1998, 1999) exposed groups of 50 male and 50 female B6C3F1 mice to 
0, 62.5, 125, or 250 ppb glutaraldehyde vapor by inhalation for 6 h/day, 5 days/week, for 104 
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weeks.  Survival of exposed mice was similar to that of the chamber controls.  Mean body 
weights of female mice exposed to 250 ppb were generally less than those of the controls.  The 
incidence of inflammation of the nose was marginally increased in 250 ppb females.  Incidences 
of squamous metaplasia of the respiratory epithelium were increased in 250 ppb males and 
females and 125 ppb females.  Incidences of hyaline degeneration of the respiratory epithelium 
were increased in all exposed groups of females.  Thus 62.5 ppb was a chronic LOAEL for 
female mice. 
 
              Incidence of Nasal Lesions in Female Mice exposed for 104 weeks 
  

 
 
Glutaraldehyde 

 
 
 
Inflammation 

Respiratory 
epithelium 
hyaline 
degeneration 

Respiratory 
epithelium 
squamous 
metaplasia 

 0 ppb 6/50 16/50 7/50 
 62.5 ppb 7/49 35/49 11/49 
 125 ppb 13/50 32/50 16/50 
 250 ppb 14/50 30/50 21/50 
 
 
VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study NTP 1998, 1999 
Study population Male and female F344 rats and B6C3F1 mice 

(50/sex/group) 
Exposure method Continuous inhalation exposure  

  (0, 62.5, 125, and 250 ppb in mice; 
   0, 250, 500, or 750 ppb in rats) 

Critical effects Respiratory epithelium squamous metaplasia  
LOAEL 62.5 ppb (female mice) 
NOAEL Not observed 
BMC05 20.5 ppb 
Exposure continuity 6 hr/day, 5 days/week 
Exposure duration 104 weeks 
Equivalent continuous exposure 3.7 ppb (20.5 x 6/24 x 5/7) 
Human equivalent concentration 0.62 ppb (gas with extrathoracic respiratory 

effects, RGDR = 0.17, BW = 28 g, MV = 
0.032 L/min, SA = 3 cm2) 

LOAEL uncertainty factor not needed in BMC approach 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 30  
Inhalation reference exposure level 0.02 ppb (0.08 µg/m3) 

 
Several studies indicate that the upper respiratory tract is a target for the toxicity of 
glutaraldehyde from inhalation exposure.  Reports of toxicity to humans show that exposure can 
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lead to occupational asthma as well as cause irritation of the eyes and nose with accompanying 
rhinitis.  Likewise, animals exposed to glutaraldehyde by the inhalation route show evidence of 
respiratory irritation with the induction of lesions of the anterior nasal cavities upon long-term 
exposure (Gross et al., 1994; Greenspan et al., 1985; NTP, 1998, 1999).  The NTP (1998, 1999) 
study yielded a chronic LOAEL for female mice of 62.5 ppb.  Gross et al. (1994) showed 
neutrophilic infiltration in the olfactory epithelium in the lowest dose exposure group.  (Female 
mice exposed to 62.5 ppb also showed subepithelial neutrophilic infiltration.)  This level was 
taken to be the subchronic LOAEL.  This effect on the nasal epithelium was demonstrated to be 
both concentration- and exposure duration-dependent.   
 
A benchmark concentration was determined using EPA's version 1.20 BMC software and the 
dose-response data on respiratory epithelium squamous metaplasia in female mice.  The quantal-
linear model gave an MLE05 of 31.24 ppb, a BMC05 of 20.51 ppb, and a p value of 0.9471.  With 
the benchmark approach no LOAEL UF is needed.  The study was a lifetime study so the 
subchronic UF is 1.  An interspecies UF of 3 rather than 10 was used since an RGDR adjustment 
had been made.  The default intraspecies UF of 10 was used so that the total UF was 30.  The 
resulting chronic REL for glutaraldehyde is 0.02 ppb (0.08 µg/m3). 
 
For comparison with the proposed REL, the study of Gross et al. (1994) used 62.5 ppb 
continuous exposure.  Multiplying by the RGDR of 0.17 and dividing by a cumulative 
uncertainty factor of 300 (3 for a LOAEL, 3 for subchronic, 3 for interspecies, and 10 for 
intraspecies) results in a REL of 0.035 ppb (0.1 µg/m3).  
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The major strength of the inhalation REL for glutaraldehyde is the availability of controlled 
exposure inhalation studies in multiple species at multiple exposure concentrations and with 
adequate histopathogical analysis.  Major areas of uncertainty are the lack of human data, the 
lack of reproductive and developmental toxicity studies, the lack of dermal sensitization studies, 
and the lack of observation of a NOAEL. 
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CHRONIC TOXICITY SUMMARY 
 

n-HEXANE  
 

(normal hexane) 
 

CAS Registry Number: 110-54-3 
 
I.  Chronic Toxicity Summary  
 

Inhalation reference exposure level   7000 μg/m3 (2000 ppb) 
 

Critical effect(s) Neurotoxicity; electrophysiological alterations in 
humans 

Hazard index target(s) Nervous system 
 
 
II.  Physical and Chemical Properties (HSDB, 1999) 
 

Description Colorless liquid, gas 
Molecular formula C6H14
Molecular weight 86.10 
Density 0.660 g/cm3 @ 20° C 
Boiling point 68.95°C 
Melting point −95.3°C 
Vapor pressure 150 torr @ 25° C 
Solubility Insoluble in water; soluble in most organic  

  solvents; very soluble in alcohol 
Conversion factor 1 ppm = 3.52 mg/m3 @ 25° C 

 
 
 
III. Major Uses or Sources 
 
n-Hexane is used in the extraction of vegetable oil from seeds such as safflower, soybean, cotton, 
and flax (HSDB, 1995).  It is also used as a alcohol denaturant and as a paint diluent.  The 
textile, furniture and leather industries use n-hexane as a cleaning agent.  Many petroleum and 
gasoline products contain n-hexane.  The annual statewide industrial emissions from facilities 
reporting under the Air Toxics Hot Spots Act in California based on the most recent inventory 
were estimated to be 999,225 pounds of hexane (CARB, 1999). 
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IV. Effects of Human Exposure 
 
In an offset printing factory with 56 workers, symptomatic peripheral neuropathy was noted in 
20 of 56 (36%) workers, while another 26 (46%) had evidence of subclinical neuropathy (Chang 
et al., 1993).  Reduced sensory action potentials; reduced motor action potentials; decreased 
motor nerve conduction velocity; and increased distal latency were found in most workers.  
Giant axonal swellings with accumulation of 10 nm neurofilaments, myelin sheath attenuation, 
and widening of nodal gaps were noted upon sural nerve biopsy of a severe case.  Optic 
neuropathy and CNS impairment were not usually found.  Personal air samples had 80 to 210 
ppm hexane (mean = 132 ppm), 20 to 680 ppm isopropanol (mean = 235 ppm), and 20 to 84 ppm 
(mean = 50 ppm) toluene.  The workers worked 12 hours per day for 6 days per week.  The mean 
duration of employment was 2.6 years, with a range of 1 month to 30 years.  
 
An epidemiologic study was performed on workers employed in a factory producing tungsten 
carbide alloys and exposed for an average of 6.2 years to solvent vapors consisting of an 8-hour 
time weighted average of 58 ppm (±41 ppm) n-hexane and 39 ppm (±30 ppm) acetone (Sanagi et 
al., 1980).  Neurological examinations performed on both control and exposed workers 
examined cranial nerves, motor and sensory nerves, reflexes, coordination and gait.  
Neurophysiological and nerve stimulation studies were also performed.  While no overt 
neurological abnormalities were noted, the mean motor nerve conduction velocity and residual 
latency of the exposed group were significantly decreased as compared to unexposed workers.  
The effects observed are consistent with other reports of n-hexane-induced peripheral 
neuropathy.  The study reports a LOAEL of 58 ppm n-hexane.   
 
Polyneuropathy with subsequent development of muscular atrophy and paresthesia in the distal 
extremities was observed in workers exposed to between 500 and 1000 ppm n-hexane in a 
pharmaceutical plant (Yamada, 1967).   
 
A group of 15 industrial workers exposed to n-hexane in vegetable oil extracting and adhesive 
bandage manufacturing processes was examined for signs of neurotoxicity and ophthalmological 
changes (Raitta et al., 1978; Seppalainen et al., 1979).  The workers (11 males and 4 females) 
had been exposed to hexane for 5 to 21 years (mean of 12 years).  Ten healthy workers served as 
controls.  Exposures were found to be variable; concentrations as high as 3000 ppm were found 
on some occasions, although exposure concentrations were usually well below 500 ppm.  The 
authors concluded that the high short-term exposures, occurring occasionally for 1 to 2 hours at a 
time, could have been major factors in the effects observed.  Visual evoked potentials (VEPs) 
were generally reduced among the exposed subjects and latencies tended to be increased 
(Seppalainen et al., 1979).  Visual acuity, visual fields, intraocular pressure, and 
biomicroscopical findings were normal.  Macular changes were noted in 11 and impaired color 
discrimination was found in 12 of the 15 subjects, largely in the blue-yellow spectrum (Raitta et 
al., 1978).  
 
Fifteen (25%) of 59 press proofing workers had polyneuropathy (Wang et al., 1986).  All of the 
patients with polyneuropathy were regularly exposed to n-hexane, and there was a significant 
association between n-hexane concentration and prevalence of polyneuropathy.  The ambient 
concentration of n-hexane of 190 ppm was found in one factory in which all six workers 
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developed polyneuropathy.  Workers exposed to less than 100 ppm n-hexane who frequently 
worked overtime demonstrated significant decreases in motor nerve conduction velocities in 
median, ulnar, and peroneal nerves.  Twelve of 13 workers who regularly slept in the factory had 
polyneuropathy compared to three (7%) of 46 employees who did not sleep in the factory.  
 
Ninety-three of 1662 Japanese workers were found to have polyneuropathy (Yamamura, 1969; 
Sobue et al., 1978).  All of the workers developing polyneuropathy were employed in pasting 
with rubber cement containing 70% or more hexane and small amounts of toluene.  The 
worksites were poorly ventilated and concentrations in workrooms were measured at between 
500 and 2500 ppm hexane.  One patient developed numbness and weakness of the legs after 6 
months of exposure to hexane-based solvents.  This patient was hospitalized for over a year until 
the muscle weakness and atophy improved enough to discharge the patient.   
 
Urinary 2,5-hexanedione concentrations were significantly higher in 35 male workers exposed to 
n-hexane than in an unexposed group (Karakaya et al., 1996).  Significant decreases in serum 
IgG, IgM and IgA levels were also found, and a significant correlation was noted between 
urinary 2,5-hexanedione concentrations and serum Ig level of the exposed group.  
 
An association between n-hexane and parkinsonism has been proposed based on two case reports 
(Pezzoli et al., 1989; 1995).  Regional striatal abnormalities of the nigrostriatal dopaminergic 
system and of glucose metabolism, observed with positron emission tomography studies, were 
considered distinct from those seen in idiopathic Parkinson's disease. 
 
Co-exposure to acetone increased the urinary concentrations of free and total 2,5-hexanedione 
(2,5-HD) in a study of 87 hexane-exposed workers (Cardona et al., 1996).  Increased urinary 2,5-
HD is noted also with coexposure to hexane and methyl ethyl ketone (Ichihara et al., 1998). 
 
 
V. Effects of Animal Exposure 
 
Groups of 12 Sprague-Dawley (SD) rats inhaled n-hexane (0, 6, 26, or 129 ppm) for 6 hours/day, 
5 days/week for 26 weeks (Bio/dynamics, 1978).  A second experiment from the same report 
involved inhalation exposures of  SD rats for 26 weeks to 0, 5, 27, or 126 ppm hexane for 21 
hours/day, 7 days/week.  There were no consistent dose-related differences between exposed and 
control animals, although small numbers of animals were involved and examinations were 
limited to physical observation, body weight, hematological parameters, clinical chemistry, and 
necropsy of spontaneous deaths.  The highest concentration (126 ppm for 21 hours/day, 7 
days/week) was a NOAEL and represents a time-weighted average exposure of 110.2 ppm over 
the duration of the experiment.   
 
F-344 rats and B6C3F1 mice (50/sex/concentration/species) inhaled commercial hexane solvent 
(0, 900, 3000, or 9000 ppm) for 6 h/day, 5 days/week over 2 years (Daughtrey et al., 1999).  No 
significant differences in mortality were noted between hexane-exposed and control groups.  
Small statistically significant reductions in body weight gain were noted in male and female rats 
inhaling 3000 ppm or more and in female mice inhaling 9000 ppm.  Epithelial cell hyperplasia 
was increased in the nasoturbinates and larynx of exposed rats.  
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Fischer 344 rats (5/sex/dose) inhaled >99.5% pure n-hexane (0, 3000, 6500, or 10,000 ppm) for 6 
hours/day, 5 days/week over 13 weeks (Cavender et al., 1984).  No statistically significant 
differences were notes in food consumption, ophthalmologic examination, neurological function, 
or hematological or serum chemistry parameters in either males or females.  Female body 
weights and clinical observations were unaltered by hexane treatment.  The mean body weight 
gain of male rats in the 10,000-ppm group was significantly decreased compared with controls at 
4 weeks of exposure and thereafter.  Axonopathy was noted in the tibial nerve of four of five 
male rats exposed to 10,000 ppm and in one of five male rats exposed to 6500 ppm.  Axonopathy 
in the medulla was noted in one male rat exposed to 10,000-ppm.  Males inhaling 10,000 ppm 
had slightly but significantly lower brain weights.  No other adverse histopathological effects 
were reported.  This study identifies a NOAEL for neurotoxicity of 3000 ppm, with an average 
experimental exposure of 540 ppm. 
 
B6C3F1 mice were exposed to 500, 1000, 4000, or 10,000 ppm n-hexane 6 hours per day, 5 days 
per week for 13 weeks or to 1000 ppm n-hexane for 22 hours per day, 5 days per week for 13 
weeks (Dunnick et al., 1989).  Mild inflammatory, erosive and regenerative lesions in the 
olfactory and respiratory epithelium were observed in the nasal cavity of mice exposed to 1000 
ppm n-hexane and higher.  “Minimal lesions” were noted in those mice exposed to 500 or 1000 
ppm n-hexane.  Paranodal axonal swelling in the tibial nerve was observed in 6/8 mice exposed 
to 1000 ppm for 22 hours per day and in 6/8 mice exposed to 10,000 ppm for 6 hours per day.  
No such swelling was noted in neurohistological examination of the control animals; 
neurohistological examination was not performed in those animals exposed to 500 and 1000 ppm 
for 6 hours per day.  A NOAEL for histological lesions of the nasal turbinates of 500 ppm n-
hexane was identified.  Because neurohistological examinations were not performed in animals 
exposed to 500 or 1000 ppm (the NOAEL and LOAEL, respectively), the interpretation of the 
results from this study are seriously limited. 
 
Male SM-A strain mice (10/group) were exposed continuously to 0, 100, 250, 500, 1000, or 2000 
ppm commercial grade hexane (65 to 70% n-hexane with the remainder being other hexane 
isomers) for 6 days/week for 1 year (Miyagaki, 1967).  Electromyography, strength-duration 
curves, electrical reaction time, and flexor/extensor chronaxy ratio, gait posture and muscular 
atrophy were studied.  Increased complexity of NMU (neuromuscular unit) voltages during 
electromyographic analysis was noted in 0/6 controls, 1/6 in the 100 ppm group, 3/6 in the 250 
ppm group, 5/6 in the 500 ppm group, 3/3 in the 1000 ppm group, and 4/4 in the 2000 ppm 
group.  A dose-related increase in incidence and severity of reduced interference voltages from 
muscles was noted in mice exposed to 250 ppm or more, but not in controls (0/6 examined) or in 
the 100 ppm group (0/6).  Dose-related abnormal posture and muscle atrophy were noted at 250  
ppm or more.  This study identifies a NOAEL of 100 ppm for neurotoxicity (68 ppm when 
adjusted for 67.5% n-hexane). 
 
Rats inhaling 400-600 ppm n-hexane developed peripheral neuropathy after forty-five days of 
exposure (Schaumburg and Spencer, 1976).  Giant axonal swellings and fiber degeneration were 
observed in the central and peripheral nervous systems.  The changes were most notable in tibial 
nerves and in the cerebellum, medulla and spinal cord. 
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A dose-dependent decrease in motor nerve conduction velocity and body weight gain was 
observed in rats exposed to 500, 1200, or 3000 ppm n-hexane for 12 hours per day, 7 days per 
week for 16 weeks (Huang et al., 1989).  The neurotoxicity was significant in the two highest 
exposure groups; peripheral nerve degeneration, characterized by paranodal swellings and 
demyelination and remyelination in the myelinated nerve fibers, was observed and was more 
advanced in the highest exposure group. 
 
Available studies indicate that the neurotoxicity of n-hexane is potentiated by concurrent 
exposure to methyl ethyl ketone (Altenkirch et al., 1982). 
 
Acetone has also been shown to potentiate the neurotoxicity of hexane and 2,5-HD.  Male rabbits 
administered acetone and 2,5-HD intravenously had decreased body clearance of 2,5-HD 
(Lagefoged and Perbellini, 1986).  Male rats were treated for 6 weeks with 0.5% w/v 2,5-
hexanedione alone or in combination with 0.50% w/v acetone in the drinking water (Ladefoged 
et al., 1994).  Acetone potentiated effects on open field ambulation, or rearing and on the rotarod 
test.  Giant axonal swelling was greater in acetone administered animals.  During a dose-free 10-
week recovery period, the acetone-supplemented group had less improvement in neurological 
parameters.  Male Wistar rats were administered 0.5% w/v 2,5-hexanedione alone or in 
combination with 0.50% w/v acetone in the drinking water for 7 weeks (Lam et al., 1991).  
Effects on radial arm maze behavior, a "brain-swelling" reaction, and synaptosomal functions 
were noted with 2,5-HD and exacerbated with acetone coexposure.  In another study of male rats 
using the same doses for 6 weeks, testis weight, testis tubuli diameter and fertility were reduced 
with 2,5-HD exposure and potentiated with acetone coexposure (Larsen et al., 1991). 
 
Pregnant rats were exposed to 200, 1000, or 5000 ppm n-hexane 20 hours per day on days 9-19 
of gestation (Mast et al., 1987).  A statistically significant decrease in fetal body weight 
compared to controls was observed in male offspring following maternal exposure to 1000 and 
5000 ppm n-hexane.  Maternal toxicity, indicated by decreased body weight gain, was observed 
in all exposure groups. 
 
Pregnants rats were exposed to hexane (0, 93.4, or 408.7 ppm) on days 6 through 15 of gestation 
(Litton Bionetics, 1979).  There were no adverse effects noted in dams, and no  hexane-induced 
teratogenicity, changes in sex ratio, embryotoxicity, or impaired fetal growth or development. 
 
Male New Zealand rabbits exposed to 3000 ppm n-hexane for 8 hours per day, 5 days per week 
for 24 weeks developed exposure-related lesions of the respiratory tract with the terminal 
bronchioles exhibiting the most characteristic damage (Lungarella et al., 1984).  These changes 
were noted even after a 120-day recovery period. Clinical signs of ocular and upper respiratory 
tract irritation and respiratory difficulties (such as gasping, lung rales, mouth breathing) were 
observed throughout the study in exposed rabbits. 
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VI. Derivation of  Chronic Reference Exposure Level 
 
Three studies, an experimental study with mice (Miyagaki, 1967) and two occupational studies 
(Sanagi et al., 1980; Chang et al., 1993), were considered by OEHHA to be most informative and 
relevant to the derivation of a chronic REL. This was because these studies (1) evaluated the 
most sensitive endpoint (peripheral neuropathy) and (2) involved exposures over a significant 
fraction of a lifetime. While significant limitations may be noted for each of these studies 
individually, viewed collectively they provide a consistent view of the chronic inhalation toxicity 
of hexane and yield a stronger basis for deriving a chronic inhalation REL. 
 
While the animal study has the disadvantage of introducing the uncertainty of interspecies 
differences, the limitations of the human studies were considered to be more significant. 
Specifically, both human studies were considered likely to overestimate effects of inhalation 
exposures to hexane.  

The Sanagi study, which U.S. EPA used as the basis of its RfC, may overestimate hexane effect 
because of a confounding coexposure to acetone, which is known to potentiate hexane 
neuropathy.  The minimum effective acetone inhalation concentration for potentiating hexane 
neuropathy is unclear, as studies (Ladefoged et al., 1994; Lam et al., 1991; Larsen et al., 1991) 
have used orally administered acetone.  The minimum effective acetone inhalation dose for 
potentiation of carbon tetrachloride hepatotoxicity in male Sprague-Dawley rats was 2500 ppm 
over 4 hours (Charbonneau et al., 1986).  A dose of  0.5% acetone in human drinking water is 
comparable, assuming equal absorption, to an inhalation concentration of approximately 1400 
ppm (0.5% w/v x 2 L/day ÷ 2 m3/day = 5 g/m3; 5 g/m3 x 1000 mg/g ÷ 3.52 mg/m3 per ppm  = 
1400 ppm).  As the acetone potentiating effects were all noted at higher exposures than are being 
considered in occupational studies and are at much higher concentrations than the REL itself, the 
significance of these findings is uncertain.  

In the Chang study, the workers were probably intermittently exposed to higher inhalation 
exposures than were estimated from ambient air sampling, and significant dermal exposures 
were also likely. Furthermore, coexposure to high levels of isopropanol and toluene, may have 
confounded the results, although CNS effects were not noted and these substances are not known 
to induce or potentiate peripheral neuropathy.  
 
As shown in Table 1, the human studies by Sanagi et al. (1980) and Chang et al. (1993) yield 7 
to 10-fold lower RELs than the Miyagaki study.  In view of the likely overprediction of hexane 
risks from these studies, due to co-exposure to other materials which may potentiate the effects 
of hexane,  these calculations may be viewed as generally supporting the 7000 µg/m3 REL. 
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Key study Miyagaki (1967) 
Study population Male mice  
Exposure method Discontinuous inhalation  
Critical effects Peripheral neuropathy (electromyographic 

alterations; dose-related abnormal posture and 
muscle atrophy) 

LOAEL 250 ppm  
NOAEL 100 ppm  
Exposure continuity 24 hours/day, 6 days/week  
Exposure duration 1 year  
Average experimental exposure 57.9 ppm for LOAEL group  

       (100 ppm * 0.675 * 6/7) 
Human equivalent concentration 57.9 ppm (gas with systemic effects, based on 

default RGDR = 1 for lambda (a) = lambda 
(h)) 

LOAEL uncertainty factor 1  
Subchronic uncertainty factor 1  
Interspecies uncertainty factor  3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 30  
Inhalation reference exposure level 2 ppm (2000 ppb; 7 mg/m3; 7000 µg/m3)  

 
Table 1:  Reference Exposure Levels (RELs) from Selected Human Studies 
Study Duration Effect LOAEL LOAEL NOAEL NOAEL total REL REL 

  (ppm) (ppm) (ppm) (ppm) UF (ppb) (µg/m3)
   (TWA)  (TWA)    

Sanagi et al., 
1980 

6.2 years decreased motor nerve 
conduction velocity;  
increased residual latency 

58 20.7  Not observed 100a 200 700 

Chang et al., 
1993 

mean 2.6 
years: 
range  1 
month to 
12 years 

Symptomatic peripheral 
neuropathy; decreased 
motor nerve conduction 
velocity;  increased 
residual latency; axonal 
swelling of sural nerve 

mean 
132: 
range 

80 - 210 

83 Not observed 300b 300  1000 

 

a  LOAEL uncertainty factor, 10; Intraspecies uncertainty factor, 10 
b LOAEL uncertainty factor, 10; Subchronic uncertainty factor, 3; Intraspecies uncertainty factor, 10 

 
 

The hexane exposure estimate was reduced for the Miyagaki data as the solvent used contained 
67.5% n-hexane.  
 
The average occupational exposure for the Chang study involving an unusual 72-hour work 
week was calculated by assuming that 12 hours of occupational exposures at an inhalation rate of 
20 L/min was followed by 4 hours of light work at 20 L/min and 8 hours of rest at 7.5 L/min.  
Using these assumptions an estimated 63% of daily inhaled air occurred at the workplace.  
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The Chang study found that the severity of effects was not correlated with the length of 
exposure, suggesting that (1) susceptibility may differ markedly between individuals and/or (2) 
shorter exceedances of the time-weighted average concentration might be significant. Thus the 
subchronic uncertainty factor was reduced to 3-fold. 
 
VII. Data Strengths and Limitations for Development of the REL 
 
There is a substantial database on the health effects of n-hexane in both humans and animals 
from which to derive a chronic reference exposure level.  Some relevant studies are summarized 
in the table below. 
 

Study Species Exposure 
concentration 

Exposure 
regimen 

TWA 
from 
NOAELa

TWA 
from 
LOAELa

Sanagi et al. 
(1980) 

Humans 58 ppm (mean) 10 m3/d, 5 d/wk, 
6.2 yr (mean) 

None 20.7 ppm 

Chang et al. 
(1993) 

Humans 130 ppm (mean) 12 hr/d, 6 d/wk, 
2.6 yr (mean) 

None 83 ppm 

Miyagaki  
(1967) 

Male 
mice 

0, 100, 250, 500, 
1000, 2000 ppm 

Continuous, 6 
d/wk, 1 yr 

57.9 ppm 121 ppm 

Daughtrey et 
al. (1999) 

F344 
rats 

0, 900, 3000, 
9000 ppm 

6 hr/d, 5 d/wk, 2 
yr 

None 161 ppm 

Daughtrey et 
al. (1999) 

B6C3F1 
mice 

0, 900, 3000, 
9000 ppm 

6 hr/d, 5 d/wk, 2 
yr 

None 161 ppm 

Dunnick et al. 
(1989)  

B6C3F1 
mice 

0, 500, 1000, 
4000, 10,000 ppm 

6 hr/d, 5 d/wk, 
13 wk 

89 ppm 179 ppm 

Huang et al. 
(1989) 

Wistar 
rats 

0, 500, 1200, 
3000 ppm 

12 hr/d, 7 d/wk, 
16 wk 

None 250 ppm 

Bio/dynamics 
(1978) 

SD rats 0, 5, 27, 126 ppm 21 hr/d, 7 d/wk, 
26 weeks 

110 ppm None 

Cavender et al. 
(1984) 

F344 
rats 

0, 3000, 6500, 
10,000 ppm 

6 hr/d, 5 d/wk, 
13 wk 

540 ppm 1160 ppm 

a The experimental exposure was extrapolated to an equivalent (time-weighted average  
    or TWA) continuous exposure. 
 
The major strengths of the REL for hexane include (1) the primary use of an animal study 
(Miyagaki, 1967) with controlled, nearly continuous chronic hexane exposures not confounded 
by coexposure to other solvents, which observed both a NOAEL and LOAEL; and (2) the results 
obtained from two different human studies (Sanagi, 1980; Chang et al., 1993) which were 
viewed as being generally consistent with the animal study based REL.  
There is uncertainty about interspecies as well as intraindividual differences in susceptibility to 
n-hexane peripheral neuropathy. In one study, controlled TWA exposures of 540 ppm (Cavender 
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et al., 1984) were not found to cause neuropathy in rats.  Also human studies (especially that of 
Chang et al., 1993) have shown that some individuals develop peripheral neuropathy within 
months, whereas others remain symptom-free despite years of employment at the same 
occupation at the same workplace.  
 
OEHHA staff also estimated RELs from two other animal studies for comparison.  In 
Bio/Dynamics (1978), 126 ppm for 21 hours/day, 7 days/week for 26 months was a NOAEL and 
represents a time-weighted average exposure of 110.2 ppm.  Using an RGDR of 1 and a 
cumulative 30-fold uncertainty factor (3 for interspecies differences not accounted for by the 
RGDR method and 10-fold for intraspecies differences), a REL of 4 ppm (10,000 µg/m3) was 
derived.  Cavender et al. (1984) identified a NOAEL for neurotoxicity of 3000 ppm, with an 
average experimental exposure of 540 ppm.  A REL based on this study, using an RGDR of 1 
and a 100-fold uncertainty factor (3 for subchronic (13 weeks) to chronic, 3 for interspecies, and 
10 for intraspecies) would be 5.4 ppm (19,000 μg/m3). 
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CHRONIC TOXICITY SUMMARY 
 

HYDRAZINE 
 

(diamine; diamide; nitrogen hydride; levoxine) 
 

CAS Registry Number: 302-01-2 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 0.2 µg/m3 (0.1 ppb) 
Critical effect(s) Amyloidosis of the liver and thyroid in 

hamsters 
Hazard index target(s) Alimentary system; endocrine system 

 
 
II. Chemical Property Summary (HSDB, 1995; CRC, 1994) 
 
  

Description Colorless, oily liquid or white crystals 
Molecular formula N2H4
Molecular weight 32.05 g/mol 
Boiling point 113.5°C (Merck, 1983; CRC, 1994) 
Melting point 2.0°C 
Vapor pressure 14.4 torr @ 25°C 
Solubility Miscible with water, methyl-, ethyl-, isobutyl 

alcohols; slightly miscible with 
hydrocarbons; insoluble in chloroform, 
ether 

Conversion factor 1.31 µg/m3 per ppb at 25ºC 
 
 
III. Major Uses and Sources 
 
Hydrazine is a highly reactive base and reducing agent.  Its primary uses are as a high-energy 
rocket propellant, as a reactant in military fuel cells, in nickel plating, in the polymerization of 
urethane, for removal of halogens from wastewater, as an oxygen scavenger in boiler feedwater 
to inhibit corrosion, and in photographic development (Von Burg and Stout, 1991).  Hydrazine 
was historically used experimentally as a therapeutic agent in the treatment of tuberculosis, 
sickle cell anemia, and non-specific chronic illnesses (Von Burg and Stout, 1991; Gold, 1987). 
The annual statewide industrial emissions from facilities reporting under the Air Toxics Hot 
Spots Act in California based on the most recent inventory were estimated to be 1664 pounds of 
hydrazine (CARB, 2000). 
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IV. Effects of Human Exposure 
 
One person was occupationally exposed to hydrazine at unknown levels once per week for a 
period of 6 months (Sotaniemi et al., 1971).  The worker showed symptoms of conjunctivitis, 
tremors, and lethargy for 1-2 days following each exposure.  Vomiting, fever, and diarrhea 
developed on the last day of exposure and progressed to abdominal pain and incoherence.  The 
previously healthy 59-year old individual died three weeks after the last exposure.  Evidence of 
tracheitis, bronchitis, heart muscle degeneration, and liver and kidney damage was found at 
autopsy.  A single case report can not prove a cause and effect relationship between hydrazine 
exposures and the noted symptoms and death, but the repeated association between exposures 
and symptoms is highly suspicious.  Liver toxicity is also associated with acute exposure to 
hydrazine. 
 
The only epidemiological studies of human hydrazine exposures found involve workers in a 
hydrazine manufacturing plant (Wald et al., 1984; Wald, 1985; Morris et al., 1995).  Workers 
were exposed to various durations of at least 6 months between 1945 and 1972 and have been 
followed through 1992.  The studies are based on a review of medical records.  Only 78 of 427 
workers were believed to have had more than incidental exposure to hydrazine.  Only cumulative 
mortality was reviewed.  Health effects reported during or after hydrazine exposure were not 
examined.  No increase in mortality was noted for lung cancer, other cancers, or causes other 
than cancer.  However, these small studies have little power to detect increased mortality, and 
age of death was not examined.  The authors reported that relative risks up to 3.5 could have 
gone undetected. 
 
Dermal sensitization has also been reported from repeated contact with hydrazine (Van Ketal, 
1964; Von Keilig and Speer, 1983; Wrangsjo and Martensson, 1986). 
 
 
V. Effects of Animal Exposure 
 
An inhalation study of the toxicity and carcinogenicity of hydrazine was conducted in cats, mice, 
hamsters, and dogs (Vernot et al., 1985).  Various animal groups were exposed 6 hours/day, 5 
days/weeks for one year to concentrations of 0.05, 0.25, 1.0, and 5.0 ppm anhydrous hydrazine 
base.  Exposed and controls groups were made up of the following animals: 100 Fischer 344 
rats/sex at 0.05, 0.25, 1.0, and 5.0 ppm hydrazine plus 150 rats/sex as controls; 400 female 
C57BL/6 mice at 0.05, 0.25, and 1.0 ppm hydrazine plus 800 female mice as controls;  200 male 
Golden Syrian hamsters at 0.25, 1.0, and 5.0 ppm hydrazine plus 200 male hamsters as controls; 
4 beagle dogs/sex at 0.25 and 1.0 ppm hydrazine plus 4 dogs/sex as controls.  Animals were 
observed post-exposure for the following periods: 18 months for rats, 15 months for mice, 12 
months for hamsters, and 38 months for dogs.  Animals were observed hourly during the 
exposure period and daily in the post-exposure period. 
 
No non-cancer toxic effects were observed in mice or dogs, with the exception of a single dog, 
exposed to 1.0 ppm hydrazine, which showed cyclic elevations in serum glutamic-pyruvic 
transaminase levels and, upon necropsy at 36 months post-exposure, showed liver effects 
described as “clusters of swollen hepatocytes that had highly vacuolated cytoplasm.”  Of the 
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other species examined, hamsters showed toxicity at the lowest dose levels, particularly 
amyloidosis in various organs including liver, spleen, kidney, thyroid, and adrenal glands.  An 
increased incidence of amyloidosis was seen at the lowest exposure level (0.25 ppm hydrazine) 
in the liver and thyroid (67/160 exposed vs. 42/180 control for the liver and 20/117 exposed vs. 
9/155 control in the thyroid; p ≤ 0.01 by Fisher’s exact test).  This effect was found to be dose 
related.  The incidence of hemosiderosis of the liver was also significantly increased in all 
exposed groups.  Significantly increased incidences of toxic effects observed in the 1.0 and 5.0 
ppm hydrazine groups include amyloidosis of the spleen, kidney glomerulus, and adrenals 
glands, and lymphadenitis of the lymph nodes.  Significantly increased toxic effects observed 
only in the highest dose group include amyloidosis of the kidney interstitium and thyroid, and 
senile atrophy of the testis.  The authors note these effects appear to reflect accelerated changes 
commonly associated with aging in hamsters. 
 
   Incidence of Nonneoplastic Lesions in Male Hamsters (from Table 3 of Vernot et al.) 

Lesion Control 0.25 ppm 1.0 ppm 5.0 ppm 
Liver     
  Amyloidosis 42/180 (23)* 67/160 (42)a 68/148 (46)a 79/159 (50)a

  Hemosiderosis 42/180 (23) 63/160 (39)a 77/148 (52)a 94/159 (59)a

  Bile duct hyperplasia 14/180 (8) 31/160 (19)a 28/148 (19)a 44/159 (28)a

  Biliary cyst 45/180 (25) 45/160 (28) 42/148 (28) 55/159 (35)b

Thyroid     
  Amyloidosis 9/155 (6) 20/117 (17)a 11/127 (9) 22/137 (16)a

Adrenal     
  Amyloidosis 38/177 (22) 49/199 (32)b 52/141 (37)a 76/153 (50)a

* Incidence of lesion (% of animals with lesion) 
a Incidence significantly greater than control, p ≤ 0.01 
b Incidence significantly greater than control, 0.01 < p ≤ 0.05 
 
In the hydrazine exposed rats, effects were observed in the respiratory tract of exposed animals.  
Specifically, squamous metaplasia of the larynx, trachea, and nasal epithelium (males only) was 
observed in the highest dose group (5.0 ppm hydrazine).  Inflammation was also observed in the 
larynx and trachea of rats exposed to 5.0 ppm hydrazine.  Increased incidence of focal cellular 
change of the liver was observed in female mice at 1.0 and 5.0 ppm hydrazine.  Other effects 
with increased incidence only in the high dose group include hyperplastic lymph nodes in 
females, endometriosis, and inflammation of the uterine tube. 
 
The toxic effects from inhalation of hydrazine over a six month period from both intermittent 
and continuous exposure scenarios were examined (Haun and Kinkead, 1973).   Groups of 8 
male beagle dogs, 4 female rhesus monkeys, 50 male Sprague-Dawley rats, and 40 female ICR 
rats per dose group were continuously exposed to 0.2 or 1.0 ppm hydrazine or intermittently (6 
hours/day, 5 days/week) to 1.0 or 5.0 ppm hydrazine.  A control group consisted of equal 
numbers of animals.  The experimental design was such that each intermittent exposure group 
had a time-weighted-average matching continuous exposure group. Dose-related body weight 
reductions were observed in all treated groups as well as evidence of hepatic degeneration, fatty 
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deposition in the liver, central nervous system depression and lethargy, eye irritation, and 
anemia. 
 
Toxic effects from the exposure of rats, mice, and dogs to airborne hydrazine at levels of 0, 4.6, 
or 14 ppm intermittently for 6 months were reported (Comstock et al., 1954).  Observed adverse 
effects included anorexia, irregular breathing, vomiting, fatigue, and emphysema in dogs; 
pulmonary congestion and emphysema in rats and mice; and lung and liver damage in rats. 
 
Lymphoid bronchial hyperplasia was observed in guinea pigs exposed to 2-6 ppm hydrazine for 
5 days/week for 19-47 days (Weatherby and Yard, 1955). 
 
 
VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Vernot et al., 1985 
Study population Hamster 
Exposure method Inhalation of 0, 0.25, 1, and 5 ppm 
Critical effects Amyloidosis and hemosiderosis of the liver; 

thyroid amyloidosis 
LOAEL 0.25 ppm 
NOAEL Not observed 
Exposure continuity 6 hour/day, 5 days/week 
Exposure duration 1 year 
Average experimental exposure 0.045 ppm for LOAEL group (0.25 x 6/24 x 5/7) 
Human equivalent concentration 0.045 ppm for LOAEL group (gas with systemic 

effects, based on RGDR = 1.0 using default  
assumption that lambda (a) = lambda (h)) 

LOAEL uncertainty factor 10 (low incidence above controls but serious 
adverse effects) 

Subchronic uncertainty factor 1 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 300 
Inhalation reference exposure level 0.0001 ppm (0.1 ppb, 0.0002 mg/m3, 0.2 µg/m3 ) 

 
Vernot et al.(1985) present a thorough examination of chronic health effects from inhalation 
exposure to hydrazine.  This study was chosen for the development of the chronic reference 
exposure level because (1) it was conducted with an adequate number of animals, (2) the 
critical/sensitive adverse effect (degenerative change in the liver in hamsters) showed a dose-
response relationship, and (3) the findings of this study support data found in studies by other 
groups. 
 
This study shows a dose-related increase in the incidence of amyloidosis and hemosiderosis in 
hamsters intermittently exposed by inhalation to levels of hydrazine greater than 0.25 ppm. Other 
effects noted at 0.25 ppm included weight depression during exposure, mineralization of the 
kidney, and amyloidosis of the thyroid.  Haun and Kinkead (1973) have also noted lesions of the 
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liver in dogs, monkeys, and mice exposed continuously to 0.2 ppm hydrazine for 6 months by 
inhalation.  Comstock et al. (1954) observed liver damage in groups of rats exposed to hydrazine 
vapors.  The single case report of hydrazine inhalation toxicity in humans showed necrosis and 
degeneration of the liver (Sotaniemi et al., 1971). 
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The strengths of the inhalation REL for hydrazine include the availability of chronic inhalation 
exposure data from a well-conducted study with histopathological analysis.  Major areas of 
uncertainty are the lack of adequate human exposure data, the lack of reproductive and 
developmental toxicity studies, and the lack of observation of a NOAEL in the key study. 
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CHRONIC TOXICITY SUMMARY 
 

HYDROGEN CHLORIDE 
 

(Hydrochloric acid; anhydrous hydrogen chloride; muriatic acid) 
 

CAS Registry Number:  7647-01-0 
 
 
I. Chronic Reference Exposure Level 
 

Inhalation reference exposure level 9 µg/m3 (6 ppb) 
 

Critical effect(s) Hyperplasia of nasal mucosa, larynx, and trachea 
in rats 

Hazard index target(s) Respiratory system 
 
 
II. Physical and Chemical Properties (HSDB, 1999) 
 

Description Colorless gas 
Molecular formula HCl 
Molecular weight 36.46 
Density 1.49 g/L @ 25° C 
Boiling point -84.9° C (HCl gas) 
Melting point -114.8° C (HCl gas) 
Solubility Soluble in water, alcohol, benzene, ether;  

insoluble in hydrocarbons 
Conversion factor 1 ppm = 1.49 mg/m3 at 25°C 

 
 
III. Major Uses or Sources 
 
Hydrogen chloride (HCl) is used in the manufacture of vinyl chloride, fertilizers, dyes, artificial 
silk, and pigments for paints.  It is also used in electroplating, soap refining, and leather tanning.  
Other consumers of HCl include the photographic, textile and rubber industries (HSDB, 1999).   
 
Hydrogen chloride is produced in large quantities during combustion of most materials and 
especially materials with a high chlorine content.  Thus, HCl is a major product formed during 
the thermal decomposition of polyvinyl chloride, a commonly used plastic polymer (Burleigh-
Flayer et al., 1985).  It is also released in large quantities during the test firing of some rocket 
and missile engines (Wohlslagel et al., 1976).  Since HCl is extremely hygroscopic, it generally 
exists as an aerosol in the ambient atmosphere.  The annual statewide industrial emissions from 
facilities reporting under the Air Toxics Hot Spots Act in California based on the most recent 
inventory were estimated to be 2,570,888 pounds of HCl (CARB, 1999b). 
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IV. Effects of Human Exposure 
 
Few reports are available on the effects of chronic HCl exposure on humans.  Bleeding of the 
nose and gums and ulceration of the mucous membranes was observed following repeated 
occupational exposure to HCl mist at high but unquantified concentrations (Stokinger, 1981).   
 
In another report, workers exposed to various mineral acids, including HCl, exhibited etching 
and erosion of the front teeth (Ten Bruggen Cate, 1968).  Dental erosion was noted in 176 of 555 
(32%) workers examined between 1962 and 1964, and progressive erosion was reported in 66 of 
324 (20%) workers examined repeatedly.  Rates of active erosion were highest (50%) in the most 
highly-exposed category (battery formation workers), intermediate (23%) in an intermediate-
exposure category (picklers), and low (7%) in a low-exposure category (other processes).  Grade 
1 erosion (enamel loss) was noted in workers exposed for greater than 3 months; grade 2 erosion 
(loss of enamel and dentine) was noted after 2.5 to 5 years exposure; and grade 3 (loss of enamel 
and dentine with exposure of secondary dentine) was noted after six or more years of exposure.  
 
 
V. Effects of Animal Exposure 
 
Male Sprague-Dawley rats were exposed to 10 ppm HCl for 6 hours per day, 5 days per week 
over their lifetime (Sellakumar et al., 1985).  No differences in body weights or survival were 
observed between 99 exposed and 99 control animals.  Increased incidences of hyperplasia of the 
nasal mucosa (62/99 vs. 51/99), larynx (22/99 vs. 2/99), and trachea (26/99 vs. 2/99) were 
observed in exposed rats compared to air-exposed controls. 
 
A 90-day inhalation study using B6C3F1 mice and Sprague-Dawley and Fisher 344 rats exposed 
the animals (groups of 31 males and 31 females for each species and strain) to 10, 20, or 50 ppm 
HCl for 6 hours per day, 5 days per week over 90 days (Toxigenics, 1984). Several animals died 
during the study, though the deaths were not considered to be exposure related. A slight but 
significant decrease in body weight gain was reported in male and female mice and in male 
Fischer 344 rats in the high-exposure groups.  No effect were noted in hematology, clinical 
chemistry, or urinalysis. Minimal or mild rhinitis was observed in both strains of rats 
Concentration- and time-related lesions were noted in the anterior portion of the nasal cavity of 
exposed rats.  Cheilitis, eosinophilic globules in the nasal epithelium and accumulation of 
macrophages in the peripheral tissues were observed in mice of all exposed groups.  This study 
thus observed a LOAEL for both mice and rats of 10 ppm.  The U.S. EPA considered this study 
supportive of the portal-of-entry effects observed at 10 ppm in the lifetime rat study (USEPA, 
1999).  Female rats (8-15/group) exposed to 302 ppm HCl for 1 hour either 12 days prior to 
mating or on day 9 of gestation exhibited severe dyspnea and cyanosis; the exposure was lethal 
to one-third of the exposed animals (Pavlova, 1976).  Fetal mortality was significantly higher in 
rats exposed during pregnancy.  Organ functional abnormalities observed in offspring exposed at 
2-3 months of age were reported to be similar to those observed in the exposed dams.    
 
Female rats were exposed to 302 ppm HCl for 1 hour prior to mating (GEOMET Technologies, 
1981).  Exposure killed 20 to 30% of  the rats.  In rats surviving 6 days after exposure, a decrease 
in blood oxygen saturation was reported, as were kidney, liver, and spleen effects. Estrus cycles 
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were also altered. In rats mated 12-16 days postexposure and killed on day 21 of pregnancy, a 
decrease in fetal weight, an increase in relative fetal lung weights, and reduced  numbers of live 
fetuses were observed. 
 
 
Derivation of Chronic Reference Exposure Level 
 

Study Sellakumar et al., 1985 
Study population Sprague-Dawley rats (100 males) 
Exposure method Discontinuous whole-body inhalation (0 or 10 

ppm) 
Critical effects Hyperplasia of the nasal mucosa, larynx and 

trachea 
LOAEL 10 ppm 
NOAEL Not identified 
Exposure continuity 6 hours per day, 5 days per week 
Average experimental exposure 1.8 ppm for LOAEL group 
Human equivalent concentration  0.57 ppm (gas with extrathoracic respiratory 

effects, RGDR =0.32, based on rat  
MVa = 0.33 L/min, MVh = 13.8 L/min, 
SAa(ET) = 15 cm2); Sah = 200 cm3) (U.S. 
EPA, 1994) 

Exposure duration Lifetime 
LOAEL uncertainty factor  3 (<30% incidence; mild effect) 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor  3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor  100 
Reference Concentration (RfC) 0.006 ppm (6 ppb; 0.009 mg/m3; 9 µg/m3) 

 
Both extrathoracic and tracheobronchial effects have been associated with exposures to hydrogen 
chloride.  The REL was based on extrathoracic effects as humans are predicted to be relatively 
more susceptible to the effects of hydrogen chloride in that region.  An intermediate LOAEL 
factor was used as the effects were both mild and occurring at a low incidence at the dose tested. 
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The USEPA based its RfC of 7 μg/m3 on the same study.  U.S. EPA evaluated this RfC as a 
having a low level of confidence because of (1) the use of only one dose; (2) limited toxicity 
evaluation; (3) the lack of reproductive toxicity data; and (4) the lack of chronic exposure studies 
(U.S. EPA, 1994).  OEHHA agrees with this assessment.  The database for chronic exposure to 
this common chemical is limited. 
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CHRONIC TOXICITY SUMMARY 
 

HYDROGEN CYANIDE 
 

(Formonitrile; hydrocyanic acid; prussic acid) 
 

CAS Registry Number:  74-90-8 
 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level  9  µg/m3 (8 ppb) 
Critical effect(s) CNS effects, thyroid enlargement, and 

hematological disorders in workers 
Hazard index target(s) Nervous system; endocrine system;  

  cardiovascular system 
 
 
II. Physical and Chemical Properties (HSDB, 1999 ) 
 

Description Colorless liquid/gas 
Molecular formula HCN 
Molecular weight 27.03 
Boiling point 25.6 oC 
Melting point -13.4 oC 
Vapor pressure 630 torr @ 20oC 
Solubility Miscible in water, alcohol; slightly soluble  

  in ether 
Conversion factor 1 ppm = 1.10 mg/m3 @ 25 oC  

 
 
 
III. Major Uses or Sources 
 
Hydrogen cyanide is used in a variety of syntheses including the production of adiponitrile (for 
nylon), methyl methacrylate, sodium cyanide, cyanuric chloride, chelating agents, 
pharmaceuticals, and other specialty chemicals.  Manufacturing activities releasing hydrogen 
cyanide include electroplating, metal mining, metallurgy and metal cleaning processes.  
Additionally, hydrogen cyanide has some insecticide and fungicide applications (ATSDR, 1993).  
Fires involving some nitrogen-containing polymers, often found in fibers used in fabrics, 
upholstery covers, and padding, also produce hydrogen cyanide (Tsuchiya and Sumi, 1977).  
 
Another common source of hydrogen cyanide is cigarette smoke. Levels in inhaled mainstream 
cigarette smoke range from 10 to 400 µg per cigarette (U.S. brands); 0.6% to 27% (w/w) of these 
mainstream levels are found in secondary or sidestream smoke (Fiskel et al., 1981).  The annual 
statewide industrial emissions from facilities reporting under the Air Toxics Hot Spots Act in 
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California based on the most recent inventory were estimated to be 188,665 pounds of hydrogen 
cyanide (CARB, 1999b). 
 
 
IV. Effects of Human Exposure 
 
Occupational epidemiological studies investigating hydrogen cyanide exposure are complicated 
by the mixed chemical environments created by synthetic and metallurgic processes. However, 
several reports indicate that chronic low exposure to hydrogen cyanide can cause neurological, 
respiratory, cardiovascular, and thyroid effects (Blanc et al., 1985; Chandra et al., 1980; El 
Ghawabi et al., 1975). Although these studies have limitations, especially with incomplete 
exposure data, they also indicate that long-term exposure to inhaled cyanide produces CNS and 
thyroid effects.   
 
El Ghawabi et al. (1975) studied 36 male electroplating workers in three Egyptian factories 
exposed to plating bath containing 3% copper cyanide, 3% sodium cyanide, and 1% sodium 
carbonate.  Breathing zone cyanide concentrations ranged from 4.2 to 12.4 ppm (4.6 to 13.7 
mg/m3), with means from 6.4 to 10.4 ppm (7.1 to 11.5 mg/m3), in the three factories at the time 
of this cross-sectional study.  The men were exposed for a duration of 5 to 10 years, except for 
one man with 15 years exposure.  Twenty non-exposed male volunteers were used as controls.  
None of the subjects, controls or workers, currently smoked cigarettes. Complete medical 
histories were taken, and medical exams were performed.  Urinary levels of thiocyanate (a 
metabolite of cyanide) were utilized as a biological index of exposure. Thyroid function was 
measured as the uptake of radiolabeled iodine, since thiocyanate may block the uptake of iodine 
by the thyroid leading to iodine-deficiency goiters.  Frequently reported symptoms in the 
exposed workers included headache, weakness, and altered sense of taste or smell.  Lacrimation, 
abdominal colic, and lower stomach pain, salivation, and nervous instability occurred less 
frequently.  Increased blood hemoglobin and lymphocyte counts were present in the exposed 
workers.  Additionally, punctate basophilia were found in 78% (28/36) of the exposed subjects. 
Twenty of the thirty six exposed workers had thyroid enlargements, although there was no 
correlation between the duration of exposure with either the incidence or the degree of 
enlargement. Thyroid function test indicated significant differences in uptake between controls 
and exposed individuals after 4 and 24 hours.  Urinary excretion of thiocyanates correlated with 
the breathing zone concentrations of cyanides.  Symptoms persisted in 50% of the dyspneic 
workers in a 10-month nonexposure follow up period.  This study reported a LOAEL of 6.4 ppm 
(7.1 mg/m3) for the CNS symptoms and thyroid effects. 
 
 
Another retrospective study (Blanc et al., 1985) examined 36 former silver-reclaiming workers 
with long-term exposure to hydrogen cyanide fumes.  The authors found significant trends 
between the incidence of self-reported CNS symptoms during active employment (headache, 
dizziness, nausea, and bitter almond taste), the symptoms reported post-exposure, and a 
qualitative index of exposure retroactively defined by the investigators as low-, moderate-, or 
high-exposure through work histories.  Some symptoms persisted for 7 months or more after 
exposure.  None of the workers had palpable thyroid gland abnormalities, but clinical tests 
revealed decreases in vitamin B12 absorption and folate levels and statistically significant 
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increases in thyroid-stimulating hormone levels, which in combination with the CNS effects, 
suggest long-term adverse effects associated with cyanide exposure. 
 
Due to the systemic nature of the lesions produced by cyanide, orally ingested cyanide will likely 
result in injuries similar to that seen by inhalation exposure.  Cassava root, a dietary staple in 
many tropical regions, contains cyanogenic glycosides such as linamarin which release cyanide 
(CN-) when metabolized endogenously (Sharma, 1993; Kamalu, 1995).  Consumption of 
insufficiently processed cassava roots over a period of time in combination with a protein 
deficient diet has been implicated in neurotoxic effects.  One such neuropathy known as konzo 
results in nerve cell degeneration leading to a permanent but non-progressive spastic weakness of 
the legs and degeneration of corresponding corticospinal pathways (Tylleskar et al., 1992; Tor-
Agbidye et al., 1999).  The development of this sydrome is hypothesized to depend on (a) the 
amount and duration of exposure to dietary cyanide, and (b) the ability of the body to detoxify 
cyanide, a function that may vary with nutritional status.  The endogenous conversion of cyanide 
to cyanate (OCN-) is thought to be a contributor to the neurotoxic symptoms, but other 
substances found in cassava flour have been implicated (Obidoa and Obasi, 1991; Tor-Agbidye 
et al., 1999; Kamalu, 1995).  Tylleskar et al. (1992) determined daily cassava flour consumption 
at above 0.5 kg per adult in a konzo-affected, albeit malnourished, African population.  Thus, the 
potential daily cyanide exposure was estimated to be 0.5-1 mmol (13-26 mg), which correlated 
well with urinary concentrations of the metabolite, thiocyanate.  A similar daily cyanide intake 
via cassava ingestion was estimated at 15-31.5 mg (approximately 0.2-0.45 mg/kg) following a 
major outbreak of konzo in Mozambique (Casadei et al.,1984; Cliff et al., 1984). 
 
Other effects associated with cassava consumption include pancreatic diabetes, vitamin B12 
deficiency and decreased iodine uptake (Sharma, 1993; Jansz and Uluwaduge, 1997).  Cretinism 
in children, associated with a deficiency of dietary iodine, is worsened by eating cassava (Miller, 
1974).  Excess thiocyanate due to cyanide metabolism results in a depressed uptake of iodine by 
the thyroid gland that may lead to symptoms of iodine deficiency, including goiter.  A 
comparison of three villages in Ethiopia observed increased total goiter rate with increasing rate 
of cassava consumption (Abuye et al., 1998).  Goiter was also more prevalent in females and in 
individuals under 20 years of age.  In one village, the incidence of goiter increased following the 
introduction of cassava, indicating that cassava exacerbated pre-existing iodine deficiency.  
Urinary iodine levels of school children revealed marginal dietary consumption of iodine, but 
were within the normal range.  However, low T4 and high TSH levels indicated insufficient 
iodine uptake by the thyroid gland due to cassava consumption. 
 
 
V. Effects of Animal Exposures 
 
There is little animal data for chronic inhalation exposure to hydrogen cyanide; only two 
subchronic studies were noted by U.S. EPA, one in rabbits (Hugod, 1979, 1981) and the other in 
dogs (Valade, 1952).  Continuous exposure of rabbits to 0.5 ppm HCN (0.55 mg/m3) for either 1 
or 4 weeks produced no microscopically detectable morphological changes of the lungs, 
pulmonary arteries, coronary arteries or aorta. This study observed a subacute inhalation NOAEL 
for HCN in rabbits of 0.5 ppm (Hugod, 1979, 1981).  Four dogs exposed to 50 mg/m3 (45 ppm) 
hydrogen cyanide in a series of 30-minute inhalation periods conducted at 2-day intervals 
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demonstrated extensive CNS toxicity, including dyspnea and vomiting, with vascular and 
cellular CNS lesions identified post-mortem (Valade, 1952). 
 
Male Sprague-Dawley rats were administered potassium cyanide (0, 40, 80, or 160 mg KCN/kg 
bw-day) in the drinking water for 13 weeks (Leuschner et al., 1991).  At the highest dose, blood 
cyanide concentrations were between 16 and 26 mmol CN-/ml blood and thiocyanate ranged 
between 341 and 877 mmmol SCN-/ml plasma.  The high dose group exposure was reduced to 
140 mg/kg-day after 12 weeks because of decreased body weight gain, reduced drinking water 
consumption, and mortality in this group.  
 
Male New Zealand white rabbits (6 per group) were administered potassium cyanide in the diet 
over a 40 week experiment (Okolie and Osagie, 1999).  The average cyanide intake was 36.5 
mg/day.  Based on the growth data presented in the report, cyanide intake was estimated at 
approximately 20 mg/kg-day.  The cyanide exposed group had higher feed consumption with 
reduced weight gain, and focal necrosis was noted in the liver and kidney.  
 
Male weanling rats (strain not identified, 10 animals per group) were administered potassium 
cyanide (1500 ppm) in the diet for 11.5 months (Philbrick et al., 1979).  There were no deaths or 
overt signs of toxicity.  There was a reduction in body weight gain in the exposed group.  Myelin 
degeneration was noted in the spinal cord white matter of cyanide exposed animals.  
 
Kamalu (1993) fed groups of dogs (6/group; strain not specified) either a control diet containing 
rice as the carbohydrate source, a diet with cassava as a carbohydrate source, or a control diet 
containing NaCN, for 14 weeks.  Both the cassava and NaCN diets were adjusted to release 10.8 
mg HCN/kg cooked food.  Growth was depressed only in the dogs fed rice + NaCN.  Plasma 
thiocyanate was significantly lower in dogs fed cassava compared to dogs fed rice + NaCN.  
These effects indicate that all the intact cyanogenic glycosides absorbed from cassava, primarily 
linamarin, was not hydrolyzed to HCN.  However, evidence of liver inflammation and 
hemorrhage were observed only in the cassava fed dogs.  Kidney, adrenal, myocardial, and 
testicular lesions were noted in both treated groups but were considered more severe in the 
cassava fed dogs.  It was concluded that the lesions observed in the cassava fed dogs were not 
entirely due to cyanide. 
 
No information was found regarding developmental and reproductive effects in humans for any 
route of hydrogen cyanide exposure. No animal studies utilizing dermal exposure have been 
reported for either hydrogen cyanide or cyanide salts.  Dietary studies of the high cyanogenic 
glycoside cassava diet have shown adverse effects, increased runting and decreased ossification 
in hamsters (Frakes et al., 1986), but not in rats fed cassava alone, or supplemented with 
potassium cyanide (Tewe and Maner, 1981).  Hamsters with gestational cassava exposure did not 
display reproductive effects (Frakes et al., 1986). 
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VI. Derivation of Chronic Reference Exposure Level 
 

Study El Ghawabi et al. (1975); U.S. EPA (1994) 
Study population 36 male electroplating workers 
Exposure method Discontinuous occupational inhalation exposures 
Critical effects CNS effects, thyroid enlargement, and  

  hematological disorders 
LOAEL 7.1 mg/m3

NOAEL Not observed 
Exposure continuity 8 hr/day (10 m3/day/20 m3/day), 5 days/week 
Average occupational exposure 2.5 mg/m3 for LOAEL group 
Human equivalent concentration 2.5 mg/m3 for LOAEL group 
Exposure duration 5 to 10 years (except one man for 15 years) 
LOAEL uncertainty factor 10 
Subchronic uncertainty factor 3 
Interspecies uncertainty factor 1  
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor  300 
Inhalation reference exposure level 0.008 ppm (8 ppb, 0.009 mg/m3,  9 µg/m3) 

 
The USEPA based its RfC of 3 μg/m3 on the same study but included a Modifying Factor (MF) 
of 3 for lack of chronic and multigenerational reproduction studies.  The criteria for use of 
modifying factors are not well specified by U.S. EPA.  Such modifying factors were not used by 
OEHHA. OEHHA used a 3-fold subchronic uncertainty factor because most workers were 
exposed for less than ten years (78%) and many were exposed for less than 5 years (39%).. 
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An alternative analysis was conducted using data from an animal ingestion study reporting 
effects at low cyanide concentrations: 
 

Study Jackson (1988) 
Study population Miniature swine 
Exposure method Daily oral administration of aqueous potassium 

cyanide 
Critical effects Behavioral effects; decreased blood T3 and T4
LOAEL 0.4 mg/kg-day 
NOAEL Not observed 
Exposure continuity Apparently 7 days per week 
Average exposure 0.4 mg/kg-day (1.4 mg/m3 for LOAEL group 

assuming 20 m3/day inhalation by a 70 kg 
person) 

Human equivalent concentration Not derived due to lack of species-specific data 
Exposure duration 24 weeks 
LOAEL uncertainty factor 3 (minimal effects at lowest dose) 
Subchronic uncertainty factor 10 (based on assumed 27 year lifespan) 
Interspecies uncertainty factor 10 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 3,000 
Inhalation reference exposure level 0.0005 mg/m3  (0.5 µg/m3; 0.0004 ppm; 0.4 ppb) 

 
This study reported neurobehavioural and thyroid effects at cyanide exposure levels (equivalent 
to 1.4 to 4.2 mg/m3) similar to that reported by El Ghawabi (2.5 mg/m3).  However, as greater 
uncertainty factors are required for use of the animal study, a lower REL was derived.  Use of a 
cross-route extrapolation also introduces uncertainty.  Therefore the REL derived from the 
human data is more appropriate. 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The major strength of the RfC for hydrogen cyanide is the use of human health effects data.  The 
major uncertainties are the lack of a NOAEL observation in the key study, the difficulty in 
estimating exposures, and the discontinuous and variable nature of the exposures. 
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CHRONIC TOXICITY SUMMARY 
 

HYDROGEN SULFIDE 
 

(hydrogen sulphide; dihydrogen sulfide; dihydrogen monosulfide;  
sulfur hydride; sulfureted hydrogen; hydrosulfuric acid) 

CAS registry number:  7783-06-4 
 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level  10 μg/m3 ( 8 ppb) 
Critical effect(s) Nasal histological changes in B6C3F1 mice 
Hazard index target(s) Respiratory system 

 
 
II. Physical and Chemical Properties (HSDB, 1999) 
 

Description Colorless gas 
Molecular formula H2S 
Molecular weight 34.08 
Density 1.4 g/L @ 25° C (air = 1) (AIHA, 1991) 
Boiling point −60.7° C (CRC, 1994) 
Melting point −85.5ºC (CRC, 1994) 
Vapor pressure 15,600 Torr @ 25ºC 
Solubility Soluble in water, hydrocarbon solvents, ether, and 

ethanol 
Odor threshold 8.1 ppb (11 μg/m3 ) (Amoore and Hautala, 1983) 
Odor description Resembles rotten eggs 
Conversion factor 1 ppm = 1.4 mg/m3 @ 25° C 

 
 
 
III. Major Uses or Sources 
 
Hydrogen sulfide (H2S) is used as a reagent and an intermediate in the preparation of other 
reduced sulfur compounds (HSDB, 1999).  It is also a by-product of desulfurization processes in 
the oil and gas industries and rayon production, sewage treatment, and leather tanning (Ammann, 
1986).  The annual statewide industrial emissions from point sources at facilities reporting under 
the Air Toxics Hot Spots Act in California based on the most recent inventory were estimated to 
be 5,688,172 pounds of hydrogen sulfide (CARB, 1999). 
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IV. Effects of Human Exposure 
 
Although numerous case studies of acutely toxic effects of H2S exist, there is inadequate 
occupational or epidemiological information for specific chronic effects in humans exposed to 
H2S.   
 
Bhambhani and Singh (1991) showed that 16 healthy subjects exposed for short durations to 
5 ppm (7 mg/m3) H2S under conditions of moderate exercise exhibited impaired lactate and 
oxygen uptake in the blood.  Bhambhani and Singh (1985) reported that exposure of 42 
individuals to 2.5 to 5 ppm (3.5 to 7 mg/m3) H2S caused coughing and throat irritation after 15 
minutes. 
 
In another study, ten asthmatic volunteer subjects were exposed to 2 ppm H2S for 30 minutes and 
pulmonary function was tested (Jappinen et al., 1990).  All subjects reported detecting “very 
unpleasant” odor but “rapidly became accustomed to it.”  Three subjects reported headache 
following exposure.  No significant changes in mean FVC or FEV1 were reported.  Although 
individual values for specific airway resistance (SRaw) were not reported, the difference 
following exposure ranged from −5.95% to +137.78%.  The decrease in specific airway 
conductance, SGaw, ranged from -57.7% to +28.9%.  The increase in mean SRaw and decrease in 
mean SGaw were not statistically significant. 
 
Kilburn and Warshaw (1995) investigated whether people exposed to sulfide gases, including 
H2S, as a result of working at or living downwind from the processing of "sour" crude oil 
demonstrated persistent neurobehavioral dysfunction.  They studied thirteen former workers and 
22 neighbors (of a California coastal oil refinery) who complained of headaches, nausea, 
vomiting, depression, personality changes, nosebleeds, and breathing difficulties.  Their 
neurobehavioral functions and a profile of mood states were compared to 32 controls (matched 
for age and educational level).  The exposed subjects' mean values were statistically significantly 
different (abnormal) compared to controls for several tests (two-choice reaction time; balance (as 
speed of sway); color discrimination; digit symbol; trail-making A and B; immediate recall of a 
story).  Their profile of mood states scores were much higher than those of controls.  Visual 
recall was significantly impaired in neighbors, but not in the former workers.  The authors 
concluded that neurophysiological abnormalities were associated with exposure to reduced sulfur 
gases, including H2S from crude oil desulfurization. 
 
Xu et al. (1998) conducted a retrospective epidemiological study in a large petrochemical 
complex in Beijing, China in order to assess the possible association between petrochemical 
exposure and spontaneous abortion.  The facility consisted of 17 major production plants divided 
into separate workshops, which allow for the assessment of exposure to specific chemicals.  
Married women (n = 2853), who were 20-44 years of age, had never smoked, and who reported 
at least one pregnancy during employment at the plant, participated in the study.  According to 
their employment record, about 57% of these workers reported occupational exposure to 
petrochemicals during the first trimester of their pregnancy.  There was a significantly increased 
risk of spontaneous abortion for women working in all of the production plants with frequent 
exposure to petrochemicals compared with those working in nonchemical plants.  Also, when a 
comparison was made between exposed and non-exposed groups within each plant, exposure to 
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petrochemicals was consistently associated with an increased risk of spontaneous abortion 
(overall odds ratio (OR) = 2.7 (95% confidence interval (CI) = 1.8 to 3.9) after adjusting for 
potential confounders).  When the analysis was performed with the exposure information 
obtained from interview responses for (self reported) exposures, the estimated OR for 
spontaneous abortions was 2.9 (95% CI = 2.0 to 4.0).  When the analysis was repeated by 
excluding those 452 women who provided inconsistent reports between recalled exposure and 
work history, a comparable risk of spontaneous abortion (OR 2.9; 95% CI = 2.0 to 4.4) was 
found.  In analyses for exposure to specific chemicals, an increased risk of spontaneous abortion 
was found with exposure to most chemicals.  There were 106 women (3.7% of the study 
population) exposed only to hydrogen sulfide, and the results for hydrogen sulphide (OR 2.3; 
95% CI = 1.2 to 4.4) were significant.  No hydrogen sulfide exposure concentration was 
reported. 
 
Four workers were exposed for several minutes to concentrations of hydrogen sulfide sufficient 
to cause unconciousness.  Four other workers were exposed chronically to H2S and developed 
lacrimation, eye irritation, nausea, vomiting, headache, sore throat, and skin irritation but 
retained conciousness as the result of a 150-minute release.  Both groups were subjected to 
olfactory testing 2 to 3 years later (Hirsch and Zavala, 1999).  Six of eight workers showed 
deficits in odor detection and identification, with the workers who had experienced 
unconciousness most severely affected in the followup tests.  
 
Three patients exposed acutely to unknown concentrations of hydrogen sulfide developed 
persistent cognitive impairment (Wasch et al,. 1989). While standard neurological and physical 
examinations were unremarkable, all three subjects had prolonged P-300 latencies and persistent 
neurological and neurobehavioral deficits.  
 
V. Effects of Animal Exposure 
 
Rats (Fischer and Sprague-Dawley, 15 per group) were exposed to 0, 10.1, 30.5, or 80 ppm (0, 
14.1, 42.7, or 112 mg/m3, respectively) H2S for 6 hours/day, 5 days/week for 90 days (CIIT, 
1983a,b).  Measurements of neurological and hematological function revealed no abnormalities 
due to H2S exposure.  A histological examination of the nasal turbinates also revealed no 
significant exposure-related changes.  A significant decrease in body weight was observed in 
both strains of rats exposed to 80 ppm (112 mg/m3). 
 
In a companion study, the Chemical Industry Institute of Toxicology conducted a 90-day 
inhalation study in mice (10 or 12 mice per group) exposed to 0, 10.1, 30.5, or 80 ppm (0, 14.1, 
42.7, or 112 mg/m3, respectively) H2S for 6 hours/day, 5 days/week (CIIT, 1983c).  Neurological 
function was measured by tests for posture, gait, facial muscle tone, and reflexes. 
Ophthalmological and hematological examinations were also performed, and a detailed necropsy 
was included at the end of the experiment.  The only exposure-related histological lesion was 
inflammation of the nasal mucosa of the anterior segment of the noses of mice exposed to 80 
ppm (112 mg/m3) H2S.  Weight loss was also observed in the mice exposed to 80 ppm.  
Neurological and hematological tests revealed no abnormalities.  The 30.5 ppm (42.5 mg/m3) 
level was considered the NOAEL for histological changes in the nasal mucosa.  (Adjustments 
were made by U. S. EPA to this value to calculate an RfC of 0.9 μg/m3.) 
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Fischer F344 rats inhaled 0, 1, 10, or 100 ppm hydrogen sulfide for 8 hours/day for 5 weeks 
(Hulbert et al, 1989).  No effects were noted on baseline measurements of airway resistance, 
dynamic compliance, tidal volume, minute volume, or heart rate.  Two findings were noted more 
frequently in exposed rats: (1) proliferation of ciliated cells in the tracheal and bronchiolar 
epithelium, and (2) lymphocyte infiltration of the bronchial submucosa.  Some exposed animals 
responded similarly to controls to aerosol methacholine challenge, whereas a subgroup of 
exposed rats were hyperreactive to concentrations as low as 1 ppm. 
 
Male rats were exposed to 0, 10, 200, or 400 ppm H2S for 4 hours (Lopez et al., 1987).  Samples 
of bronchoalveolar and nasal lavage fluid contained increased inflammatory cells, protein, and 
lactate dehydrogenase in rats treated with 400 ppm.  Lopez and associates later showed that 
exposure to 83 ppm (116 mg/m3) for 4 hours resulted in mild perivascular edema (Lopez et al., 
1988). 
 
A study by Saillenfait et al. (1989) investigated the developmental toxicity of H2S in rats.  Rats 
were exposed 6 hours/day on days 6 through 20 of gestation to 100 ppm hydrogen sulfide. No 
maternal toxicity or developmental defects were observed..   
 
Hayden et al. (1990) exposed gravid Sprague-Dawley rat dams continuously to 0, 20, 50, and 75 
ppm H2S from day 6 of gestation until day 21 postpartum.  The animals demonstrated normal 
reproductive parameters until parturition when delivery time was extended in a dose dependent 
manner (with a maximum increase of 42% at 75 ppm).  Pups which were exposed in utero and 
neonatally to day 21 postpartum developed with a subtle decrease in time of ear detachment and 
hair development and with no other observed change in growth and development through day 21 
postpartum. 
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VI. Derivation of Chronic REL  
 

Study CIIT, 1983c 
Study population  B6C3F1 mice (10-12 per group) 
Exposure method Discontinuous inhalation 
Critical effects Histopathological inflammatory changes in the 

nasal mucosa 
LOAEL 80 ppm (112 mg/m3) 
NOAEL 30.5 ppm (42.5 mg/m3) 
Exposure continuity 6 hours/day, 5 days/week 
Exposure duration 90 days 
Average experimental exposure 5.4 ppm for NOAEL group (30.5 x 6/24 x 5/7) 
Human equivalent concentration  0.85 ppm (gas with extrathoracic respiratory 

effects, RGDR = 0.16, based on mouse  
MVa = 0.033 L/min;  MVh = 13.8 L/min; 
SAa(ET) = 3.0 cm2; Sah(ET) = 200 cm3) (U.S. 
EPA, 1994) 

LOAEL uncertainty factor 1 
Subchronic uncertainty factor 3 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 100 
Inhalation reference exposure level 8 ppb (10 μg/m3) 

 
The adverse effects reported in chronic animal studies occur at higher concentrations than effects 
seen in acute human exposures.  For example, human irritation was reported at concentrations of 
2.5-5 ppm for 15 minutes (Bhambhani and Singh, 1985), yet no effects on laboratory animals 
were observed at concentrations up to 80 ppm for 90 days.  This suggests either that humans are 
more sensitive to H2S, or that the measurements in laboratory animals are too crude to detect 
subtle measures of irritation.  However, the uncertainty factor and HEC attempt to account for 
these interspecies differences. 
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
Hydrogen sulfide is the leading chemical agent causing human fatalities following inhalation 
exposures.  Although lower concentration acute exposures have been quantitatively studied with 
human volunteers, the dose-response relationship for human toxicity due to hydrogen sulfide 
exposure is not known.  Thus, a major area of uncertainty is the lack of adequate long-term 
human exposure data.  Subchronic (but not chronic) studies have been conducted with several 
animal species and strains, and these studies offer an adequate basis for quantitative risk 
assessment.  
 
The strengths of the inhalation REL include the availability of controlled exposure inhalation 
studies in multiple species at multiple exposure concentrations, adequate histopathogical 
analysis, and the observation of a NOAEL.   
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Hydrogen sulfide has a strong unpleasant odor.  The threshold for detection of this odor is low, 
but shows wide variation among individuals.  A level of 7 μg/m3, based on a 30 minute 
averaging time, was estimated by a Task Force of the International Programme on Chemical 
Safety (IPCS) (1981) to not produce odor nuisance in most situations.  On the other hand, the 
current California Ambient Air Quality standard for hydrogen sulfide, based on a 1 hour 
averaging time, is 42 μg/m3 (30 ppb). 
 
Amoore (1985) analyzed a large number of reports from the scientific literature and found that 
reported thresholds for detection were log-normally distributed, with a geometric mean of 10 
μg/m3 (8 ppb).  Detection thresholds for individuals were reported to be log-normally distributed 
in the general population, with a geometric standard deviation of 4.0, i.e. 68% of the general 
population would be expected to have a detection threshold for hydrogen sulfide between 2.5 and 
40 μg/m3 (2 and 32 ppb).  Sources of variation included age, sex, medical conditions, and 
smoking.  Training and alertness of the subject in performing the test also affected the results.   
 
Amoore (1985) drew attention to the difference between a detection threshold under laboratory 
conditions, and the levels at which an odor could be recognized, or at which it was perceived as 
annoying.  Analysis of various laboratory and sociological studies suggested that a level at which 
an odor could be recognized was typically a factor of three greater than the threshold for 
detection, while the level at which it was perceived as annoying was typically a factor of five 
greater than the threshold.  Annoyance was characterized both in terms of esthetic or behavioral 
responses, and by physiological responses such as nausea and headache.  He therefore predicted 
that, although at 10 μg/m3 (the proposed REL) 50% of the general population would be able to 
detect the odor of hydrogen sulfide under controlled conditions, only 5% would find it annoying 
at this level.  At 50 μg/m3, 50% would find the odor annoying. 
 
On this basis, the proposed REL of 10 μg/m3 (8 ppb) is likely to be detectable by many people 
under ideal laboratory conditions, but it is unlikely to be recognized or found annoying by more 
than a few.  It is therefore expected to provide reasonable protection from odor annoyance in 
practice.  However, this consideration cannot be entirely dismissed due to the wide inter-
individual variation in sensitivity to odors.  Amoore (1985) also points out that many industrial 
operations generating hydrogen sulfide also generate organic thiol compounds with similar, but 
even more potent odors (e.g., methyl mercaptan, butyl mercaptan).  Such compounds may in fact 
have detection thresholds as much as a hundred-fold lower than hydrogen sulfide, so even 
minute quantities have a powerful impact on odor perception.  Because of the concurrent 
emission of these contaminants, the incidence of odor complaints near hydrogen sulfide emitting 
sites correlated poorly with the levels of hydrogen sulfide measured in the affected areas. 
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CHRONIC TOXICITY SUMMARY 
 

ISOPHORONE 
 

(1,1,3-trimethyl-3-cyclohexene-5-one; 3,5,5-trimethyl-2-cyclohexen-1-one; isoforon; 
isoacetophorone) 

 
CAS Registry Number: 78-59-1 

 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 2,000 μg/m3 (400 ppb) 
Critical effect(s) Developmental effects (reduced crown-rump 

length of female rat fetuses); 
hepatocytomegaly and coagulative necrosis 
of the liver in mice 

Hazard index target(s) Development; liver 
 
 
II. Chemical Property Summary (HSDB, 1995; CRC, 1994; CARB, 1997) 
 

Description Water-clear liquid with a peppermint-like odor 
Molecular formula C9H14O 
Molecular weight 138.21 g/mol 
Boiling point 215.2°C 
Melting point −8.1°C 
Vapor pressure 0.44 torr at 25°C 
Solubility Slightly soluble in water (12,000 mg/L water at 

25°C); miscible in organic solvents. 
Conversion factor 5.65 μg/m3 per ppb at 25°C 

 
 
III. Major Uses and Sources 
 
Isophorone is used extensively as a solvent in some printing inks, paints, lacquers, adhesives, 
vinyl resins, copolymers, coatings, finishes, and pesticides, in addition to being used as a 
chemical intermediate (HSDB, 1995).  Since this compound has many different applications, 
release to the environment may originate from a wide variety of industrial sources including iron 
and steel manufacturers, manufacturers of photographic equipment and supplies, automobile tire 
plants, and printing operations.  Coal-fired power plants may also emit isophorone to the air.  
Although it is mostly a man-made compound, isophorone has been found to occur naturally in 
cranberries (ATSDR, 1989). Occupational exposure may occur by inhalation or dermal contact.  
The annual statewide industrial emissions from facilities reporting under the Air Toxics Hot 
Spots Act in California based on the most recent inventory were estimated to be 2809 pounds of 
isophorone (CARB, 2000). 
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IV. Effects of Human Exposures 
 
No information is available concerning long-term exposure or pharmacokinetics of isophorone in 
humans.  In occupational monitoring studies, the time-weighted average concentration in 
breathing zones and workplace air of a screening plant ranged from 8.3-23 ppm and from 3.5-
14.5 ppm, respectively (Samimi, 1982).  Up to 25.7 ppm was detected in air of a silk screening 
printing plant in Pittsburgh, PA (Kominsky, 1983).  The concentration in breathing zone samples 
from a decal manufacturing plant in Ridgefield, NJ was 0.7-14 ppm (Lee and Frederick, 1982).  
It was suspected that the reported eye and nose irritation of workers at the silk screening plant 
and at the decal manufacturing plant was the result of acute and subacute exposure to isophorone 
vapors. 
 
Workers exposed to 5-8 ppm (28-45 mg/m3) of isophorone for one month complained of fatigue 
and malaise (NIOSH, 1978).  When concentrations were reduced to 1-4 ppm, no adverse effects 
were reported.  Acute exposure studies in humans (up to 400 ppm for 1 to 4 minutes) resulted in 
eye, nose and throat irritation, nausea, headache, and dizziness or faintness (Union Carbide, 
1963).  Inhalation exposure for 15 minutes to 10 ppm isophorone produced only mild effects in 
human subjects while 25 ppm produced irritation to eyes, nose, and throat (Silverman et al., 
1946). 
 
 
V. Effects of Animal Exposures 
 
Few reports have been published regarding the pharmacokinetics of isophorone in experimental 
animals.  Isophorone was widely distributed in the major organs of the rat following 4 hour 
inhalation exposure to 400 ppm (ATSDR, 1989).  Oral gavage of 4000 mg/kg body wt to rats 
and a rabbit also resulted in wide distribution of the chemical.  The highest blood levels of 
isophorone were reached by 30 min in rabbits following oral gavage and had decreased 
dramatically by 21 hours, indicating rapid absorption and elimination of the chemical.  
Preliminary results of a pharmacokinetic study indicate that rats treated orally with 14C-
isophorone excreted 93% of the radiolabel in the urine, expired air, and feces in 24 hours 
(ATSDR, 1989).  The highest levels of 14C-isophorone were found in the liver, kidney, preputial 
gland, testes, brain, and lungs.  Several metabolites were identified in the urine of orally dosed 
rats and rabbits, including 3-carboxy-5,5-dimethyl-2-cyclohexene-1-one, 3,5,5-
trimethylcyclohexanol, and some glucuronide conjugates (Dutertre-Catella et al., 1978).  A 
portion of the chemical was excreted unchanged in expired air. 
 
In an early inhalation study, 10 Wistar rats/group and 10 guinea pigs/group, all of mixed sex, 
were exposed to 0, 25, 50, 100, 200, or 500 ppm isophorone 8 hr/day, 5 days/week for 6 weeks 
(Smyth et al., 1942).  Increased mortality and reduced body weights were observed at 100 ppm 
and up in both species.  However, eye and nose irritation was noted only at the highest dose.  
Minor changes in blood chemistry and histopathological changes in the kidney and lungs were 
noted in treated animals.  However, later investigations determined that the isophorone used in 
this study was contaminated with appreciable amounts of compounds (Rowe and Wolf, 1963).  
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Therefore, some of the adverse effects (i.e., the lung lesions) may have been due to the 
contaminants.  The accuracy of the concentration data in the 1942 study is also questionable. 
 
No treatment-related histopathological lesions were found in lungs, livers, or kidneys of male 
and female rats exposed intermittently (6 hr/day, 5 days/week) to 37 ppm isophorone for 4 weeks 
compared to controls (Hazleton Labs, 1968; summarized by ATSDR, 1989).  Histological 
examination was limited to 30% of the control and treated rats.  Body weight gain, mean 
absolute liver weights, and mean liver-to-body weight ratios of treated rats were significantly 
reduced compared to controls.  Slight variations in hematological findings were noted in treated 
rats (increased lymphocytes and hemoglobin content; decreased neutrophils) but were not 
considered different from controls.  
 
Rats (10/sex) were exposed to 500 ppm isophorone 6 hr/day, 5 days/week for up to 6 months 
(Dutertre-Catella, 1976; summarized by ATSDR, 1989).  Irritation of eyes and nasal mucosa was 
observed.  One female and three males in the treatment group died during the study, which was 
considered to be a treatment-related effect.  But no exposure-related histopathological lung or 
liver lesions were observed compared to controls.  Dutertre-Catella (1976) also exposed rats and 
rabbits (number per group per sex not stated) to 250 ppm isophorone 6 hr/day, 5 days/week for 
18 months (Dutertre-Catella, 1976).  Irritation of eyes and nasal mucosa was observed in both 
species, but no deaths occurred in the treatment groups.  Histopathological examination of the 
lungs and kidneys, urinalysis, and hematological analysis revealed no exposure-related changes 
in either species.  However, cytoplasmic microvacuolization of hepatocytes was observed in both 
species (ATSDR, 1989). 
 
In a 90-day feeding study, 20 CFE albino rats/group/sex were given isophorone in their diet at 
concentrations of 0, 750, 1500, or 3000 ppm.  Four beagle dogs/group/sex received isophorone in 
gelatin capsules at concentrations of 0, 35, 75, or 150 mg/kg body wt-day (AME, 1972a,b).  High 
dose rats exhibited slightly reduced weight gain compared to controls (8-10%) for most of the 
study.  Average weight gain among the exposure groups of beagle dogs remained essentially 
unchanged during the entire study.  Urinalysis, hematology, and clinical chemistry indices found 
no treatment-related effects in the animals at either the interim or final toxicological 
examinations.  Gross pathology and a limited histopathological examination observed no 
treatment-related effects in either species.  Data on isophorone purity and possible loss of 
isophorone from rat diet due to vaporization were not presented. 
 
In the most comprehensive isophorone toxicity study to date, 50 F344/N rats/group/sex and 50 
B6C3F1 mice/group/sex were administered 0, 250 or 500 mg isophorone/kg body wt 5 
days/week by oral gavage (in corn oil) for 103 weeks (Bucher et al., 1986; NTP, 1986).  Clinical 
signs of toxicity were not seen during the length of the study.  However, several deaths in male 
and female rats at the high dose occurred early in the study.  A steep decline in survival rate of 
high dose male rats occurred after week 90.  Male and female rats and female mice in the high 
dose group exhibited only a slight decrease in body weight (<10%) compared to controls.  A 13-
week range finding study for the 2-year study did not find compound-related lesions in the 
kidney (or any other organs) of rats and mice exposed up to 1000 mg/kg body wt-day.  However, 
pathological examination of rats exposed to isophorone for 2 years revealed non-neoplastic 
lesions in the kidney.  Increased mineralization of the collecting ducts in isophorone-exposed 
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male (but not female) rats was observed.  This lesion was characterized by basophilic aggregates 
of mineral most often found in the medullary collecting ducts and occurred coincidentally with 
lesions of chronic nephropathy.  Nephropathy was observed in almost half the female controls 
and nearly all the male controls.  Isophorone exposure appeared to increase both the severity of 
nephropathy in low dose male rats and the incidence of nephropathy in dosed female rats, but the 
effects were not pronounced.  However, the isophorone potentiation of nephropathy in rats may 
be due to ‘male rat-specific nephropathy’ and may not have any relevance to human exposure 
(Strasser et al. 1988).  Other adverse effects in kidneys of isophorone-treated male rats include 
tubular cell hyperplasia (in a dose-related manner) and epithelial hyperplasia of the renal pelvis.  
In mice, an increased incidence of chronic focal inflammation was observed in the kidneys of 
males, but was not considered treatment-related.  A dose-dependent increase in fatty 
metamorphosis occurred in the adrenal cortex of male rats, but the biological significance of this 
change is unknown.  All isophorone-exposed male mice had an increased incidence of 
hepatocytomegaly and coagulative necrosis of the liver.  However, treatment-related liver lesions 
were not observed in female mice.  Increased incidence of hyperkeratosis of the forestomach was 
observed in dosed male and high dose female mice, but was probably not a relevant treatment-
related effect. 
 
Published studies on possible reproductive effects of isophorone are lacking.  An unpublished 
inhalation study conducted by a commercial laboratory (Bio/dynamics, 1984b) studied possible 
teratogenicity due to isophorone in rats or mice at inhaled doses up to 115 ppm.  Groups of 22 
female rats and 22 female mice were exposed to 0, 25, 50, or 115 ppm isophorone (6 hr/day) on 
gestational days 6-15.  Maternal toxicity in rats included dose-dependent alopecia and 
cervical/anogenital staining.  Low body weights (7-8%) were occasionally observed in the 115 
ppm group.  In mice, maternal toxicity was confined to slightly decreased weight (7-8%) on one 
day in the 115 ppm group.  No significant differences were found in uterine implantations, fetal 
toxicity, and external and internal malformations among the animals.  However, a slight, but 
significant, growth retardation in the form of decreased crown-rump length was present among 
the high dose fetal rats.  Also, a slight, but insignificant, increase in extra ribs and/or rudimentary 
ribs was seen in rat and mouse fetuses at the highest dose.  In a pilot study for this developmental 
toxicity investigation (12 females/species), exencephaly was observed in 1 rat and 1 mouse 
undergoing late reabsorption and in 2 live rat fetuses from dams exposed to 150 ppm isophorone 
on gestational days 6-15 (Bio/dynamics, 1984a).  Exencephaly was not observed at any dose 
level in the primary study. 
 
Dutertre-Catella (1976) did not find adverse reproductive or developmental effects in rats 
exposed to 500 ppm isophorone (6 hr/day, 5 days/week) for 3 months before mating and 
throughout gestation (females only) as well.  The pups were not examined for internal 
malformations so the study was incomplete for determination of developmental effects. 
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VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Bio/dynamics 1984a,b 
Study population 22 female mice/group, 22 female rats/group 
Exposure method Discontinuous whole body inhalation exposure 

during gestation (0, 25, 50, or 115 ppm) 
Critical effects Developmental effects (reduced crown-rump 

length of female rat fetuses); teratogenicity 
(exencephaly in fetal rats and mice) in range 
finding study at 150 ppm 

LOAEL 115 ppm for reduced crown-rump length of 
female rat fetuses  

NOAEL 50 ppm 
Exposure continuity 6 hr/day during gestation 
Exposure duration Days 6-15 of gestation 
Average experimental exposure 12.5 ppm (50 x 6/24) 
Human equivalent concentration 12.5 ppm (gas with systemic effects, based on 

RGDR = 1.0 using default assumption that 
lambda (a) = lambda (h)) 

LOAEL uncertainty factor 1 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 30 
Inhalation reference exposure level 0.4 ppm (400 ppb, 2 mg/m3, 2,000 μg/m3) 

 
The inhalation study by Bio/dynamics (1984a,b) presents data that indicate exposure during 
gestation may be the most sensitive indicator of non-neoplastic toxicity by isophorone.  Exposure 
of pregnant rats to 115 ppm isophorone during gestation resulted in significant growth 
retardation of female rat fetuses (reduced crown-rump length).  Exposure to 50 ppm isophorone, 
the NOAEL, produced no developmental effects.  The authors had removed the two shortest 
female fetuses prior to statistical analysis.  The result was that there was no significant difference 
in fetal growth retardation; therefore, this adverse effect is not significant.  However, this 
selective culling before the statistical analysis is not scientifically appropriate in this case.  In 
addition, the authors did not perform some of the scheduled fetal examinations.  Otherwise, the 
growth retardation might have had even greater statistical significance.  The pilot study 
(Bio/dynamics, 1984a) observed exencephaly in a few mouse and rat fetuses at 150 ppm.  
Exencephaly was not considered significant by the authors because it was not present in any 
fetuses of the primary study (Bio/dynamics, 1984b).  However, exencephaly is included as a 
critical effect in this summary because it is considered a serious teratogenic effect that was 
present at a dose (150 ppm) only slightly higher than the LOAEL of the primary study (115 
ppm).  Alopecia of adult female rats was observed in many of the exposed animals.  However, 
this effect may be considered more of an acute dermal irritation than a chronic effect.  In 
addition, cervical and anogenital staining seen in many exposed rats is not considered a chronic 
‘adverse’ effect. 
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For comparison with the proposed REL of 0.4 ppm, the inhalation LOAEL of 250 ppm for mild 
liver effects (Dutertre-Catella, 1976) in rats and rabbits intermittently exposed to isophorone for 
18 months was used to estimate a REL.  Use of a time adjustment (6/24 x 5/7), an RGDR of 1, 
and a total UF of 100 (LOAEL to NOAEL = 3, interspecies = 3, and intraspecies = 10), also 
resulted in an estimated REL of 0.4 ppm.  These results indicate that the REL will also protect 
against adverse liver effects.   
 
While the toxicological significance of this liver effect observed by Dutertre-Catella (1976) is 
unknown, the NTP (1986) study observed an increased incidence of hepatocytomegaly and 
coagulative necrosis of the liver in treated male mice, but not in female mice and rats, orally 
gavaged with isophorone.  Using 250 mg/kg-day as a LOAEL for mice and dividing by a total 
UF of 1000 (10 each for LOAEL to NOAEL, 10 for interspecies, and 10 for intraspecies) results 
in an oral REL of 0.25 mg/kg-day.  Multiplying the oral REL by 3,500 μg/m3 per mg/kg-day for 
route-to-route extrapolation results in a chronic inhalation REL estimate of 900 μg/m3 (0.16 
ppm), which is in good agreement with the REL developed from Dutertre-Catella (1976) and 
Biodynamics (1984a,b). 
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The strength of the database for isophorone is the consistent lack of relevant severe 
histopathological effects in the chronic inhalation study (Dutertre-Catella, 1976) and in the oral 
gavage study (NTP, 1986).  Weaknesses of the database for isophorone include the lack of 
human exposure data, the lack of comprehensive long-term inhalation studies, and the lack of 
published peer-reviewed reproductive/developmental studies. The lack of human data may be 
due to isophorone’s rather low potency for causing chronic, non-neoplastic, adverse effects.  
Inhalation of isophorone is a relevant route of exposure under occupational settings, but is most 
likely a minor route of exposure for the general population.  Due to the insufficient 
characterization of the kidney and liver lesions in the oral gavage NTP study (Bucher et al, 1986; 
NTP, 1986) and the inhalation study (Dutertre-Catella, 1976), a comprehensive chronic study in 
rodent and non-rodent species would enhance the database for isophorone.  
 
 
VIII. Potential for Differential Impacts on Children's Health 
 
Since the REL is based on a developmental study, it is expected to be adequately protective of 
infants and children.  However, there is no direct evidence in the literature to quantify a 
differential effect of isophorone in children relative to adults.  Isophorone occurs in cranberries 
and thus presumably in cranberry juice, which is often mixed with other fruit juices.  Children 
tend to consume more fruit juice.  However, isophorone as a Hot Spot emission is unlikely to be 
a multimedia chemical, and there is no evidence to suggest that normal dietary levels of 
isophorone are associated with adverse health effects. 
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CHRONIC TOXICITY SUMMARY 
 

ISOPROPANOL 
 

(2-propanol; dimethylcarbinol; isopropyl alcohol) 
 

CAS Registry Number: 67-63-0 
 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 7,000 μg/m3 (3000 ppb) 
Critical effect(s) Kidney lesions in mice and rats; fetal growth 

retardation and developmental anomalies in 
rats 

Hazard index target(s) Kidney; development 
 
 
II. Chemical Property Summary (HSDB, 1995) 
 

Description Colorless liquid at room temperature (25°C) 
with a pleasant odor.  Slightly bitter taste. 

Molecular formula C3H8O 
Molecular Weight 60.09 
Boiling point 82.5°C 
Vapor Pressure 44.0 torr at 25°C 
Solubility Miscible in water and most organic solvents;  

insoluble in salt solutions. 
Conversion factor 1 ppb = 2.45 μg/m3 at 25°C 

 
 
III. Major Uses and Sources 
 
Isopropanol is used as a solvent and in making many commercial products (HSDB, 1995).  The 
annual production volume of isopropanol has been in excess of one billion pounds since 1956; it 
was ranked 50th among chemicals produced in the U.S. in 1994 (C&EN, 1995).  Rubbing alcohol 
is a solution of 70% isopropanol in water.  Specific uses and sources include: a component of 
antifreeze; a solvent for gums, shellac, essential oils, creosote and resins; extraction of alkaloids; 
component of quick drying oils and inks; component of denaturing alcohol; antiseptic for hand 
lotions; rubefacient; component of household products (after-shave lotions, cosmetics, etc.); the 
manufacture of acetone; deicing agent for liquid fuels; dehydrating agent and synthetic flavoring 
adjuvant.  Isopropanol can enter the environment as emissions from its manufacture and use as a 
solvent.  It naturally occurs as a plant volatile and is released during the microbial degradation of 
animal wastes.  Human exposure will be both in occupational atmospheres and from use of 
consumer products containing isopropanol as a volatile solvent.  An odor threshold has been 
estimated as 22 ppm (Amoore and Hautala, 1983), which is 7-fold higher than the chronic REL.  
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The annual statewide industrial emissions from facilities reporting under the Air Toxics Hot 
Spots Act in California based on the most recent inventory were estimated to be 525,826 pounds 
of isopropanol (CARB, 1999b). 
 
 
IV. Effects of Human Exposures 
 
Currently, there are no adequate chronic exposure data for isopropanol in humans. While 
isopropanol is not considered a dermal irritant, it is a defatting agent and can cause dermatitis 
with prolonged exposure to skin (IARC, 1977).  A subacute study of daily oral intake of 
isopropanol (2.6 or 6.4 mg/kg body weight) by groups of 8 men for 6 weeks had no effect on 
blood cells, serum or urine and produced no subjective symptoms (Wills et al., 1969).  A 
pharmacokinetic study of men occupationally exposed to isopropyl alcohol revealed that uptake 
occurs readily via the inhalation route; acetone is the major metabolite (Brugnone et al., 1983).  
Acetone was eliminated mainly by the lung but was also eliminated in the urine. 
 
 
V. Effects of Animal Exposures 
 
In metabolism studies with rats and mice, up to 92% of the administered dose (via i.v. or 
inhalation) of isopropanol was exhaled as acetone, CO2 and the unmetabolized alcohol (Slauter 
et al., 1994).  Approximately 3-8% of the administered dose was excreted in urine as 
isopropanol, acetone, and a metabolite tentatively identified as isopropyl glucuronic acid.  
Isopropanol is readily absorbed from the GI tract and persists in the circulation longer than ethyl 
alcohol.  Alcohol dehydrogenase oxidizes most isopropanol to acetone.  Acetone may be further 
metabolized to acetate, formate, and finally CO2.  In another metabolism study, the amount of 
acetone in the blood stream was found to be directly related to the air concentration of 
isopropanol (Laham et al., 1980).  This finding indicated that the acetone metabolite could be 
used as a biochemical indicator of isopropanol exposure. 
 
Subchronic studies by Guseinov and Abasov (1982) and Baikov et al. (1974) reported changes in 
certain hematologic and clinical chemistry parameters, as well as increases in some organ 
weights.  But the Environmental Protection Agency deemed these studies insufficient to 
reasonably predict subchronic toxicity of isopropanol (Burleigh-Flayer et al., 1994).  Three 
different routes of exposure have been used by researchers for isopropanol toxicity studies: 
inhalation, oral gavage and presence in drinking water.  The following  subchronic and chronic 
studies exposed experimental animals to isopropanol by the inhalation route: 
 
Toxicological and neurobehavioral endpoints were investigated in rats and mice following 13-
week inhalation exposure (6 hr/day, 5 days/week) to 0, 100, 500, 1500 or 5000 ppm isopropanol 
(Burleigh-Flayer et al., 1994).  In rats, clinical signs observed following exposures included 
swollen periocular tissue (females) at the highest dose and perinasal encrustation (males) at 500 
ppm and above.  Narcosis was observed in a few animals of both species during exposure to 
5000 ppm and possibly 1500 ppm as well.  However, the animals became tolerant to the narcotic 
effects of isopropanol after week 2.  No neurobehavioral changes were observed in any 
parameters of the functional observational battery.  However, increased motor activity was noted 
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at week 9 of exposure in female rats of the 5000 ppm group.  After an initial drop in body weight 
gain in the first week of exposure at the high dose (5000 ppm), rats in the 1500 and 5000 ppm 
groups had significant increases in body weight gain and/or body weight throughout most of the 
exposure period.  But only the 5000 ppm group had greater than 10% body weight gain 
compared to controls.  Increases in body weight and body weight gain greater than 10% were 
also noted in female mice in the 5000 ppm group.  Consistent clinical pathology changes 
included an increase in mean corpuscular volume (rats; female mice) and mean corpuscular 
hemoglobin (male rats; female mice) at the 5000 ppm exposure level.  Other changes noted 
include a slight anemia in rats at week 6 only and a slight dehydration in female mice at the end 
of the study.  Relative liver weight in rats was elevated no more than 8% in the 5000 ppm 
groups.  However, a 10 and 21% increase in relative liver weight was observed in female mice at 
1500 and 5000 ppm, respectively.  No gross lesions were observed in any organs.  The only 
microscopic change observed was hyaline droplets within kidneys of all male rats.  This change 
was not clearly concentration related, although it was most pronounced in the 5000 ppm group. 
 
In a follow-up inhalation study spanning the lifetime of rats and mice, Burleigh-Flayer et al. 
(1997) exposed four groups of animals, each consisting of 75 CD-1 mice/sex and 75 Fischer 344 
rats/sex, to 0, 500, 2500, or 5000 ppm isopropanol vapor.  Of these, 55 mice/sex/group and 65 
rats/sex/group were exposed 6 hr/day, 5 days/week for at least 78 weeks (mice) or 104 weeks 
(rats).  Transient signs of narcosis were observed at the higher doses.  Increased mortality and a 
decreased mean survival time (577 days versus 631 days for controls) were noted for male rats in 
the 5000 ppm group.  Increases in body weight and/or body weight gain were observed for both 
sexes of mice and rats from the 2500 and 5000 ppm groups throughout the study.  Concentration-
related increases in absolute and relative liver weight were observed for male and female mice.  
In addition, increased absolute and/or relative liver and kidney weight were observed for male 
and/or female rats from the 2500- and 5000-ppm groups.  Urinalysis and changes in urine 
chemistry, indicative of impaired kidney function (i.e. decreased osmolality and increased total 
protein, volume, and glucose), were noted for male rats in the 2500 ppm group and for male and 
female rats in the 5000 ppm group.  At necropsy, the most significant noncancer lesions in rats 
were observed in the kidney, and were associated with an exacerbation of spontaneous chronic 
renal disease. The kidney lesions noted with increased severity and/or frequency included 
mineralization, tubular dilation, glomerulosclerosis, interstitial nephritis, interstitial fibrosis, 
hydronephrosis, and transitional cell hyperplasia.  The authors considered chronic renal disease 
to be the main cause of death for male and female rats exposed to 5000 ppm and to account for 
much of the mortality observed for male rats exposed to 2500 ppm. Unlike the subchronic study, 
anemia was not observed in rats in the chronic study.  In mice, an increased incidence of seminal 
vesicle enlargement was observed grossly in males in the 2500 and 5000 ppm groups.  
Microscopically, the lesions in mice included an increased incidence of ectasia (dilation) of the 
seminal vesicles for male mice in the 2500 and 5000 ppm groups, minimal renal tubular 
proteinosis for male and female mice from all isopropanol groups, and renal tubular dilation for 
female mice in the 5000-ppm group.  The seminal vesicle effects did not have any associated 
inflammatory or degenerative changes.  The enlargement may have been the result of either 
increased secretion or decreased evacuation of the secretory product by these glands.  
Microscopic evaluation of the livers of rats and mice revealed no exposure-related lesions. 
In a 13-week behavioral/neurotoxicity study by the same investigators, the reproducibility and 
reversibility of increased motor activity in isopropanol-exposed female Fischer 344 rats was 
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investigated (Burleigh-Flayer et al. 1998).  Rats were exposed to 0 or 5000 ppm isopropanol for 
6 hr/day, 5 days/week.  Increased motor activity was characterized as the summation of 
ambulation, rearing and fine movements and was first observed 4 weeks following exposure to 
5000 ppm isopropanol.  Reversibility of this effect was observed 2 days following cessation of 
exposure in a subgroup of rats exposed to isopropanol for only 9 weeks.  In the subgroup 
exposed for 13 weeks, reversal of the increased motor activity did not occur until 2 weeks 
following cessation of exposure.  However, complete reversibility of the time versus activity 
profile, or habituation curve, was not noted until 42 days following exposure to isopropanol for 
13 weeks..  Other effects included a significant increase in body weight and an increased 
incidence of swollen periocular tissue in isopropanol-exposed animals. 
 
In a study conducted to investigate neurochemical and behavioural effects, 20 male Wistar 
rats/group were exposed to 0 or 300 ppm isopropanol 6 hr/day, 5 days/week for up to 21 weeks 
(Savolainen et al., 1979).  Enzyme activity of superoxide dismutase and azoreductase in 
cerebellar homogenate was decreased at week 20-21.  Acid protease activity in glial cells was 
increased up to week 10.  Open-field tests indicated sporadic changes in urination (10th week) 
and defecation (15th week).  Isopropanol also appeared to depress caffeine stimulation activity at 
15 weeks. 
 
In a subchronic neurotoxicity study by Teramoto et al. (1993), motor and sensory nerve 
conduction velocity increased significantly following a 20-week exposure (8 hr/day, 5 
days/week) of Jcl-Wistar rats to 8000 ppm isopropanol.  Low dose (1000 ppm) exposure had no 
effect on conduction velocity.  Conduction velocities returned to normal following the end of 
exposure.  The sex of the rats in this study was not specified. 
 
A developmental study in rats exposed pregnant dams (15/group) to 0, 3500, 7000 or 10,000 
ppm isopropanol 7 hr/day on gestation days 1-19 (Nelson et al., 1988).  At the two highest 
exposure levels, feed intake (weeks 1 and 2 of exposure) and maternal body-weight gain were 
reduced. Narcosis was evident only at the 10,000 ppm level.Increased fetal resorptions and 
reduced fetal weights (59% of controls) occurred at the highest exposure level.  Fetal weights 
were also significantly reduced (85% of controls) at 7000 ppm.  A slight reduction in fetal 
weight (96% of controls) occurred at 3500 ppm  but was significant in the sense that a dose-
dependent relationship in fetal weight reduction was present across all exposed groups.  Skeletal 
malformations (primarily rudimentary cervical ribs) were seen only in the presence of maternal 
toxicity at the two highest exposure levels.  No detectable teratogenic effects were observed in 
the 3500 ppm group.  The authors noted that the developmental effects at 3500 ppm were 
considered very slight, indicating that this exposure level is close to the LOAEL for isopropanol. 
 
The following studies administered isopropyl alcohol to experimental animals by oral gavage: 
 
In a developmental study, pregnant (VAF)CD(SD) rats (25/group) were gavaged with either 0, 
400, 800 or 1200 mg/kg body wt-day of isopropanol daily on gestational days 6 through 15 (Tyl 
et al., 1994).  In the same study, pregnant New Zealand white rabbits (15/group) were dosed 
orally with either 0, 120, 240 or 480 mg/kg body wt-day of isopropanol daily during gestational 
days 6 through 18.  In rats, fetal body weight exhibited a linear downward trend with increasing 
dose and was significantly lower at the highest dose compared to controls.  However, the fetal 
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body weight differences at each dose level was less than 10% of controls.  Maternal weight gain 
during gestation was significantly reduced at the highest dose level.  In rabbits, maternal weight 
gain and food consumption was reduced during gestation at 480 mg/kg body wt-day.  Four 
rabbits died after dosing at this level.  No differences were observed in reproduction indices or in 
fetal development.  No teratogenic effects were seen in either species. 
 
In another developmental study performed to investigate neurotoxicity in rat pups, 64 time-
mated Sprague-Dawley rats/group were administered 0, 200, 700 or 1200 mg/kg body wt-day 
isopropanol by oral gavage from gestational day 6 through postnatal day 21 (Bates et al., 1994).  
One high-dose dam died on postnatal day 15, but there were no other clinical observations of 
effects on maternal weight, food consumption or gestation length.  All fetal developmental 
indices were unaffected at the dose levels used.  Developmental neurotoxicity, in the form of 
motor activity, auditory startle and active avoidance tests, was not found at any dose of 
isopropanol. 
 
In a multi-generation study carried out to investigate potential reproductive and developmental 
effects of isopropanol, Sprague-Dawley rats were administered 0, 100, 500 or 1000 mg/kg body 
wt-day of isopropanol by oral gavage (Bevan et al., 1995).  P1 and P2 rats were dosed daily for 
10 weeks prior to mating, throughout the mating, and during the gestation and lactation period 
for the F1 and F2 litters, respectively.  In adult rats, centrilobular hepatocyte hypertrophy and 
increased relative liver weight (>10%) was observed in P2 males at 1000 mg/kg.  A general 
increase in absolute and relative liver and kidney weights was observed (less than 10% in most 
cases) in treated animals in both P1 and P2 generations.  However, with the exception of 
hepatocellular hypertrophy in P2 males, no histopathological effects relevant to human risk were 
present. Reproductive effects due to isopropanol were not seen at any dose level.  Statistically 
significant reduction of body weights (5-12%) in F1 and F2 offspring and increased mortality 
(14%) in F1 offspring were observed at the 1000 mg/kg dose level. 
 
The following toxicology studies administered isopropanol to experimental animals in drinking 
water: 
 
In a study designed to investigate neurotoxicological effects, 22 male SPF rats/group were 
administered isopropanol in drinking water at concentrations of 0, 1, 2, 3, or 5% (w/v) for 12 
weeks (Pilegaard and Ladefoged, 1993).  Average daily intake of isopropanol was 0, 870, 1280, 
1680 and 2520 mg/kg body wt, respectively.  Water intake and body weights were consistently 
lower at the two highest doses.  Relative weights of liver, kidney and adrenals were increased in 
a dose-dependent manner.  However, histopathology revealed no treatment-related changes in 
organs other than the male rat-specific kidney lesions.  Evidence of astrogliosis, in the form of 
increased glial fibrillary acidic protein in dorsal hippocampus, was not found in exposed rats. 
 
In a 1-generation study, 10 Wistar-derived rats/sex/group were exposed to 0, 0.5, 1.25, 2.0, and 
2.5% isopropanol in water for up to 18 weeks (USEPA/OTS, 1986).  The doses are equivalent to 
0, 325, 711, 1002, and 1176 mg/kg body wt-day, respectively, for males; to 0, 517, 1131, 1330, 
and 1335 mg/kg body wt-day, respectively, for females during the pre-mating phase; and to 0, 
1167, 2561, 2825, and 2722 mg/kg body wt-day, respectively, in females during the post-partum 
phase.  Exposure periods were: 70 days pre-mating, plus 15 days during mating, plus 42 days for 
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males; 21 days pre-mating plus 15 days during mating, plus 21 days gestation, plus 21 days 
rearing in females; and 21 days for the F1 generation.  At the highest two levels, body weights of 
males during the first two weeks were reduced and the body weights of females during the post-
partum period were reduced.  Water consumption and food ingestion were generally lower at the 
top three dose levels.  The authors concluded that these effects were related to the unpalatability 
of drinking water containing isopropanol and not due to a toxic effect of the alcohol itself.  
Anemia was present in post-partum females.  Red cell numbers were reduced in a dose-related 
manner at doses of 1.25% isopropanol or higher.  Hematocrit was lower at the two highest doses 
while hemoglobin was lower at the highest dose.  In males, mean cell volume was reduced at 
1.25% isopropanol or higher.  Absolute and relative liver and kidney weights were higher in 
most exposure groups at 2.0% or higher in both sexes, but no relevant pathology was seen.  
Absolute liver weight of females was also higher in the 1.25% group.  Fetal weight gain was 
depressed in a dose-related fashion in the 1.25% and higher groups.  Mean pup weights and pup 
survival were lower than controls at the two highest doses.  Fewer pups were born per animal in 
the 2.5% exposure group.  A teratogenic examination was not performed on the pups. 
 
In a similar exposure study investigating the potential teratogenic effects of isopropanol, 20 
pregnant Wistar-derived rats/group were exposed to 0, 0.5, 1.25 or 2.5% of the alcohol in 
drinking water (equivalent to 0, 596, 1242 and 1605 mg/kg body wt-day) during gestational days 
6 to 16 (USEPA/OTS, 1992a,b).  Water and feed consumption were reduced at the two highest 
doses while maternal body weight was significantly reduced at the highest dose.  Fetal body 
weights were decreased in the two highest dose groups.  Minor abnormalities and variants 
(reduced ossification of the skeleton) were present in fetuses of exposed groups in a dose-related 
manner.  However, the authors concluded that the reduced fetal weights are probably a 
consequence of maternal growth retardation during the critical period of organogenesis.  
Similarly, the fetal abnormalities are probably due to small fetal size, related to slightly retarded 
development.  Therefore, the study found no indication of teratogenesis. 
 
A multi-generation study performed in ‘white’ rats also observed reduced body weights in F1 
offspring (Lehman et al., 1945).  Body weights of F2 offspring were the same as controls.  The 
adult rats had imbibed an average of 1.9 ml/kg (1470 mg/kg body wt) of isopropanol per day in 
drinking water 80 days prior to mating.  No other developmental or reproductive effects were 
seen.  In the same study, several dogs were given 4% isopropanol in drinking water for 
approximately 7 months.  Histopathology at the end of exposure revealed a decrease in the 
number of nephrons with hydropic changes and necrosis of some of the tubular epithelium.  
Some capillary hemorrhages were also noted in the brains of two of the dogs.  Average daily 
dose of isopropanol imbibed by the dogs could not be determined from data provided in the 
report. 
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VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Burleigh-Flayer et al. (1997) 
Study population Rats and mice 
Exposure method Discontinuous whole-body inhalation 

(0, 504, 2,509 or 5,037 ppm) 
Critical effects Kidney lesions in mice and rats 
LOAEL 2,509 ppm 
NOAEL 504 ppm 
Exposure continuity 6 hours/day, 5 days/week 
Exposure duration 78 weeks in mice; 104 weeks in rats 
Average experimental exposure 90 ppm for NOAEL group (500 x 6/24 x 

5/7) 
Human equivalent concentration 90 ppm for NOAEL group (gas with 

systemic effects, based on RGDR = 
1.0 using default  assumption that 
lambda (a) = lambda (h)) 

LOAEL uncertainty factor 1 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 3 
Intraspecies factor   10 
Cumulative uncertainty factor 30 
Inhalation reference exposure level  3 ppm (3000 ppb, 7 mg/m3, 7000 

μg/m3) 
 
The Burleigh-Flayer et al. (1997) study was selected because it was a chronic study, was recent, 
and was published in a respected, peer-reviewed journal.  While numerous subchronic studies 
have been performed, this was the only study that conducted lifetime animal exposures.  In 
addition, the chronic kidney effects observed in rats and mice were not seen in the subchronic 
studies, indicating that chronic exposure is necessary for development of these lesions.   
 
The lesions observed in the kidneys of male rats in some of the studies described above is typical 
of a male rat-specific chronic renal disease and is not considered to be relevant to human risk 
assessment (Phillips and Cockrell, 1984; Beyer, 1992).  However, the exacerbation of chronic 
renal disease in male and female rats, and the slight kidney damage observed in mice of both 
sexes following chronic isopropanol exposure indicates that the kidney is a sensitive indicator for 
nonneoplastic effects (Burleigh-Flayer et al., 1997).  Suggestive evidence also exists for kidney 
damage in dogs following subchronic exposure to isopropanol in drinking water (Lehman et al., 
1945). 
 
Some isopropanol exposure studies noted increased liver and kidney weights in exposed animals 
but no observable relevant pathology.  With particular relevance to the liver, this weight change 
may be considered to be more of a metabolic response rather than a toxic effect of the alcohol.  
The changes noted in the neurochemical and behavioural study by Savolainen et al. (1979) may 
have also been more of a metabolic response to the increased load of isopropanol.  It is also 
possible that these changes reflected the development of tolerance.  The changes in behavior 
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were small and unconvincing.  This study would have benefited from additional dose levels to 
analyze for dose-response trends. 
 
Other possible sensitive indicators of isopropanol toxicity include blood chemistry changes and 
reduced fetal body weights.  However, the blood chemistry findings were conflicting among the 
various studies that investigated this endpoint.  Reduced fetal weights at doses below maternal 
body weight reductions were minor (<10% compared to controls), but consistent, suggesting that 
reduced fetal weights are a manifestation of isopropanol developmental toxicity. 
 
A comparative REL was calculated from the only reproduction/developmental study that utilized 
inhalation as the route of exposure (Nelson et al., 1988).  Exposure of pregnant rats to 
isopropanol during gestation caused dose-dependent reduction in fetal body weights across all 
treatment groups, resulting in a LOAEL of 3500 ppm (average measured concentration = 3510 
ppm).  A NOAEL was not observed for this effect.  Skeletal malformations probably related to 
reduced fetal weight was observed at 7000 ppm and 10,000 ppm.  The average exposure duration 
at the LOAEL for this study is 1024 ppm (7hr/24hr x 3510 ppm).  Use of an RGDR of 1 and a 
cumulative uncertainty factor of 100 (3 for LOAEL to NOAEL, 3 for interspecies, and 10 for 
intraspecies) resulted in a REL of 10 ppm (25 mg/m3). Since the endpoint is a function of 
exposure only during gestation, no subchronic to chronic UF was used.  This developmental REL 
is within an order of magnitude of the chronic REL for kidney lesions, and therefore, is also 
considered to be a critical effect. 
 
The oral dose developmental studies by Tyl et al. (1994), Bevan et al. (1995), USEPA/OTS 
(1986), and USEPA/OTS (1992 a, b) provide supportive evidence that reduced fetal weights is a 
sensitive developmental endpoint.  The USEPA/OTS (1992a,b) study provides supportive 
evidence for skeletal malformations in exposed rat fetuses. 
 
VII. Data Strengths and Limitations for Development of the REL 
 
 
Strengths of the database for isopropanol include availability of a well-conducted chronic study 
in two species, similar toxicological endpoints among different studies, and pharmacokinetic 
similarities between humans and experimental animals. Isopropanol is metabolized through a 
similar pathway to acetone and CO2. 
 
Weaknesses of the database for isopropanol include a lack of literature regarding chronic toxicity 
endpoints in humans.  The deficiency of chronic toxicity cases in humans may be related to the 
relatively low chronic toxicity of isopropanol.  Another weakness is that, while most 
developmental studies observed maternal and fetal effects, only one study was performed via the 
inhalation route. 
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CHRONIC TOXICITY SUMMARY 
 

MALEIC ANHYDRIDE 
 

(2,5-furandione; cis-butenedioic anhydride; toxilic anhydride; maleic andride) 
 

CAS Registry Number: 108-31-6 
 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 0.7 µg/m3 (2.5 ppb) 
Critical effect(s) Neutrophilic infiltration of the nasal epithelium; 

irritation of the respiratory system in rats, 
hamsters and monkeys 

Hazard index target(s) Respiratory system 
 
 
II. Chemical Property Summary (HSDB, 1995) 
 

Description Colorless or white solid 
Molecular formula C4H2O3
Molecular weight 98.06 g/mol 
Boiling point 202°C 
Melting point 52.8°C 
Vapor pressure 0.1 torr @ 25°C (AIHA, 1970) 
Solubility Soluble in water, ether, acetate, chloroform, 

dioxane; @ 25°C, 227 g/100 g acetone, 
112 g/100 g ethyl acetate, 52.5 g/100 g 
chloroform, 50 g/100 g benzene,  
23.4 g/100 g toluene, 19.4 g/100 g o-xylene, 
0.6 g/100 g CCl4, 0.25 g/100 g ligroin 

Conversion factor 4.0 µg/m3 per ppb at 25ºC 
 
 
III. Major Uses and Sources 
 
Maleic anhydride is used as a chemical intermediate in the synthesis of fumaric and tartaric acid, 
certain agricultural chemicals, resins in numerous products, dye intermediates, and 
pharmaceuticals (HSDB, 1995).  It is also used as a co-monomer for unsaturated polyester resins, 
an ingredient in bonding agents used to manufacture plywood, a corrosion inhibitor, and a 
preservative in oils and fats.  The annual statewide industrial emissions from facilities reporting 
under the Air Toxics Hot Spots Act in California based on the most recent inventory were 
estimated to be 7366 pounds of maleic anhydride (CARB, 2000). 
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IV. Effects of Human Exposure 
 
In many occupational situations workers are exposed to mixtures of acid anhydrides, including 
maleic anhydride, phthalic anhydride, and trimellitic anhydride.  For example, Barker et al. 
(1998) studied a cohort of 506 workers exposed to these anhydrides.  In one factory, workers 
were exposed only to trimellitic anhydride, which has the lowest acceptable occupational 
exposure limit (40 μg/m3) of the three anhydrides.  In that factory there was an increased 
prevalence of sensitization to acid anhydride and work related respiratory symptoms with 
increasing full shift exposure even extending down to levels below the current occupational 
standard.  However, none of the workplaces had exposure only to maleic anhydride and a dose-
response relationship was not seen with mixed exposures.   
 
The following reports involve exposure only to maleic anhydride. 
 
There are several case reports describing asthmatic responses possibly resulting from exposure to 
maleic anhydride.  An individual showed an acute asthmatic reaction after exposure to dust 
containing maleic anhydride (Lee et al., 1991).  Workplace concentrations of maleic anhydride 
were 0.83 mg/m3 in the inspirable particulate mass and 0.17 mg/m3 in the respirable particulate 
mass.  Bronchial provocation testing was performed with phthalic anhydride, lactose, and maleic 
anhydride.  Exposure of this individual to maleic anhydride (by bronchial provocation testing) at 
0.83 mg/m3 and 0.09 mg/m3 in inspirable and respirable particulate mass, respectively, showed a 
response of cough, rhinitis, and tearing within two minutes.  Within 30 minutes, rales developed 
in both lungs and peak flow rate decreased 55%. 
 
An individual occupationally exposed to maleic anhydride developed wheezing and dyspnea 
upon exposure (Gannon et al., 1992).  After a period without exposure, two re-exposures both 
resulted in episodes of severe hemolytic anemia.  There was no evidence of pulmonary 
hemorrhage.  Radioallergosorbent testing showed specific IgE antibodies against human serum 
albumin conjugates with maleic anhydride, phthalic anhydride, and trimellitic anhydride, but not 
with tetrachlorphthalic anhydride.  A critique of the Gannon et al. (1992) study by Jackson and 
Jones (1993) questions the relationship of maleic anhydride exposure to the onset of the anemia, 
since there were extended periods of exposure to maleic anhydride before symptoms appeared. 
 
Another case report described occupational asthma due to exposure to maleic anhydride (Guerin 
et al., 1980). 
 
Humans exposed to maleic anhydride showed respiratory tract and eye irritation at 
concentrations of 0.25 to 0.38 ppm (1 to 1.6 mg/m3) maleic anhydride (Grigor’eva, 1964).  No 
irritation was reported at 0.22 ppm maleic anhydride. 
 
 
V. Effects of Animal Exposure 
 
Short et al. (1988) chronically exposed CD rats (15/sex/group), Engle hamsters (15/sex/group), 
and rhesus monkeys (3/sex/group) to maleic anhydride by inhalation.  Four groups of each 
species were exposed to concentrations of 0, 1.1, 3.3, or 9.8 mg/m3 maleic anhydride for 6 
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hours/day, 5 days/week, for 6 months in stainless steel and glass inhalation chambers.  Solid 
maleic anhydride was heated to 53°C to generate vapors, which were then mixed with a stream 
of nitrogen.  Chamber target levels were monitored by gas chromatography as total maleic 
(maleic anhydride plus maleic acid).  No exposure-related increase in mortality occurred.  Of the 
species examined, only rats showed significant changes in body weight during the course of the 
experiment, with reductions among males in the high-dose groups after exposure day 40 and a 
transient weight reduction from days 78-127 in the mid-dose group.  All species exposed to any 
level of maleic anhydride showed signs of irritation of the nose and eyes, with nasal discharge, 
dyspnea, and sneezing reported frequently.  No exposure-related eye abnormalities were 
reported.  The severity of symptoms was reported to increase with increased dose.  No dose-
related effects were observed in hematological parameters, clinical chemistry, or urinalysis.  No 
effects on pulmonary function in monkeys were observed.  Dose-related increases in the 
incidence of hyperplastic change in the nasal epithelium occurred in rats in all exposed groups, 
and in hamsters in the mid- and high-dose groups.  Neutrophilic infiltration of the epithelium of 
the nasal tissue was observed in all species examined at all exposure levels.  All changes in the 
nasal tissues were judged to be reversible.  The only other significant histopathological 
observation was slight hemosiderin pigmentation in the spleens of female rats in the high-dose 
group. 
 
Incidence of epithelial hyperplasia of the nasal mucosa in animals from Short et al. (1988)  
      Maleic anhydride (mg/m3) 0 0 1.1 1.1 3.3 3.3 9.8 9.8 
                       Pathology grade Trace Mild Trace Mild Trace Mild Trace Mild 
Rat         
  Male 0/15 0/15 2/15 6/15 1/15 14/15 0/15 12/15 
  Female 0/15 0/15 6/15 5/15 4/15 10/15 0/15 14/15 
  Combined  0/30  11/30  24/30  26/30 
Hamster         
  Male 0/15 0/15 0/15 0/15 0/15 5/15 0/15 8/15 
  Female 0/15 0/15 0/15 0/15 4/15 4/15 1/15 4/15 
  Combined  0/30  0/30  9/30  12/30 
Monkey         
  Male 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3 
  Female 0/3 0/3 0/3 0/3 0/3 0/3 0/3 0/3 
  Combined  0/6  0/6  0/6  0/6 
 
The teratogenicity and multigeneration reproductive toxicity of maleic anhydride were also 
investigated (Short et al., 1986).  To evaluate teratogenicity, pregnant CD rats were treated orally 
with maleic anhydride in corn oil at concentrations of 0, 30, 90, or 140 mg/kg-day from 
gestational days 6-15.  Animals were necropsied on gestational day 20.  No statistically 
significant dose-related effects were observed in maternal weight gain, implantation, fetal 
viability, post-implantation loss, fetal weight, or malformations.  Groups of 10 male rats and 20 
female rats/group (F0 animals) were orally treated with 0, 20, 55, or 150 mg/kg-day maleic 
anhydride in corn oil to study multigeneration reproductive toxicity.  Animals within the same 
dose group were bred together after 80 days of treatment to produce two F1 generation animals 
(F1a and F1b) and animals from the F1 generation were interbred to produce two F2 generation 
animals (F2a and F2b).  A significant increase in mortality was observed among both F0 and F1 
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generation animals in the high-dose group.  Total body weight was significantly reduced in 
animals in the high-dose group at Week 11 of exposure for the F0 generation males and females 
and at Week 30 of exposure in the F1 generation males.  No consistent pattern of dose- or 
treatment-related effect on fertility, litter size, or pup survival was observed.  Examination of F0 
animals showed necrosis of the renal cortex in the high-dose group (60% of males and 15% of 
females).  Absolute kidney weights were significantly increased in F1 females in the low- and 
mid-dose groups, although there was no histological correlate.  No changes in organ weight or 
histology were observed in the F2 generation animals. 
 
 
VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Short et al., 1988 
Study population Rats (15/sex/group), hamsters (15/sex/group), 

monkeys (3/sex/group) 
Exposure method Discontinuous inhalation exposure (0, 1.1, 3.3, 

or 9.8 mg/m3) 
Critical effects Neutrophilic infiltration of the nasal epithelium; 

epithelial hyperplasia; respiratory irritation 
LOAEL 1.1 mg/m3

NOAEL Not observed in rats 
BMC05 0.12 mg/m3 for mild epithelial hyperplasia in rats 

(males and females combined) 
Exposure continuity 6 hr/day, 5 days/week 
Exposure duration 6 months 
Average experimental exposure  21 μg/m3  for the BMC05  (0.12 x 6/24 x 5/7 x 

1000) 
Human equivalent concentration 21 μg/m3  for the BMC05 (Due to the lack of 

aerosol particle size data for the critical study, 
a human equivalent concentration could not 
be developed using recommended methods of 
inhalation dosimetry.)  

LOAEL uncertainty factor not needed in benchmark approach 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 3 (see below) 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 30 
Inhalation reference exposure level 0.7 µg/m3 0.2 ppb) 

 
Short et al. (1988) examined the toxicity of maleic anhydride to rats, hamsters, and monkeys by 
the inhalation route of exposure.  Dose- and exposure related effects, although mild and 
reversible, were observed at all exposure levels.  Specifically, exposure to maleic anhydride 
vapors resulted in hyperplastic change in the nasal epithelium of rats and hamsters (obligate nose 
breathers).  Neutrophilic infiltration of the nasal epithelium was observed in all three species at 
all levels of exposure.  All species also showed signs of irritation at all exposure levels.  The 
observation that acute maleic anhydride is a strong respiratory irritant to humans (ACGIH, 1992) 
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suggests that this is a valid endpoint of toxicity to humans as well.  Human exposure at levels as 
low as ~1 mg/m3 appears to trigger acute asthmatic reactions in sensitive individuals (Lee et al., 
1991).  The histological changes observed by Short et al. occurring as a result of inhalation 
exposure to a known strong irritant such as maleic anhydride are considered to be the adverse 
effect of repetitive acute exposures, rather than a chronic response, in the development of the 
REL.   
 
The chronic REL was developed using the benchmark approach.  The gamma model in the U.S. 
EPA's BMDS software yielded a BMC05 of 0.12 mg/m3 for mild epithelial hyperplasia in male 
and female rats combined.  Because of the similarities among species and the inclusion of 
monkeys in the study, an interspecies uncertainty factor of 3, rather than 10, was used.  Although 
there is no evidence of a toxic response similar to the development of asthma in animals, the 1.1 
mg/m3 LOAEL from the animal studies of Short et al. (1988) results in a REL of 0.7 μg/m3 
which should protect asthmatics from maleic and other anhydrides.   
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The major strengths of the REL for maleic anhydride are the availability of multiple-species, 
multiple-dose subchronic inhalation studies, and the observation of a mild effect LOAEL.  The 
major uncertainties are the lack of human data and the lack of a NOAEL observation. 
 
 
VIII. Potential for Differential Impacts on Children's Health 
 
Minimal teratogenic and reproductive adverse effects were seen at the lowest oral dose of maleic 
anhydride (20 mg/kg-day), given to rats during gestation (Short et al., 1986).  This dose is 
equivalent to a person inhaling 70 mg/m3.  Thus the chronic REL of 0.7 μg/m3 should protect 
children.  Maleic anhydride is a respiratory irritant and an inducer of asthma.  Exacerbation of 
asthma has a more severe impact on children than on adults.  However, there is no direct 
evidence in the literature to quantify a differential effect of maleic anhydride  in children. 
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CHRONIC TOXICITY SUMMARY 
 

METHANOL 
(methyl alcohol, wood spirit, carbinol, wood alcohol, wood naphtha) 

 
CAS Registry Number:  67-56-1 

 
 
I. Chronic Toxicity Exposure Level 
 

Inhalation reference exposure level  4,000 μg/m3  (3,000 ppb) 
Critical effect(s) Increased incidence of abnormal cervical ribs, 

cleft palate, and exencephaly in mice 
Hazard index target(s) Teratogenicity 

 
 
II. Chemical Property Summary (HSDB, 1999; CRC, 1994) 
 

Description Colorless liquid 
Molecular formula CH3OH 
Molecular weight 32.04 g/mol 
Boiling point 64.6°C 
Melting point −97.6°C 
Vapor pressure 92 torr at 20°C 
Solubility Methanol is miscible with water, ethanol, ether 

and many other organic solvents. 
Conversion factor 1 ppm = 1.31 mg/m3

 
 
III. Major Uses and Sources 
 
Originally distilled from wood, methanol is now manufactured synthetically from carbon oxides 
and hydrogen.  Methanol is used primarily for the manufacture of other chemicals and as a 
solvent.  It is also added to a variety of commercial and consumer products such as windshield 
washing fluid and de-icing solution, duplicating fluids, solid canned fuels, paint remover, model 
airplane fuels, embalming fluids, lacquers, and inks.  Methanol is also used as an alternative 
motor fuel (HSDB, 1999).  The annual statewide industrial emissions from facilities reporting 
under the Air Toxics Hot Spots Act in California based on the most recent inventory were 
estimated to be 3,009,776 pounds of methanol (CARB, 1999b). 
 
 
IV. Effects of Human Exposure 
 
The majority of the available information on methanol toxicity in humans relates to acute rather 
than chronic exposure.  The toxic effects after repeated or prolonged exposure to methanol are 
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believed to be qualitatively similar but less severe than those induced by acute exposure (Kavet 
and Nauss, 1990).  These effects include CNS and visual disturbances such as headaches, 
dizziness, nausea and blurred vision.  The role of formate, a metabolite of methanol, in chronic 
toxicity is unclear.   
 
In one study, symptoms of blurred vision, headaches, dizziness, nausea and skin problems were 
reported in teachers aides exposed to duplicating fluid containing 99% methanol (Frederick et 
al., 1984).  Individual aides worked as little as 1 hr/day for 1 day a week to 8 hrs/day for 5 
days/wk.  The workers’ total exposure duration was not mentioned.  A dose-response 
relationship was observed between the self-reported amount of time spent at the duplicator and 
the incidence of symptoms.  The concentrations of methanol in the breathing zones near the 
machines in 12 schools ranged from 485 to 4096 mg/m3 (365 to 3080 ppm) for a 15 minute 
sample.  
 
Forty-five percent of duplicating machine operators experienced blurred vision, headache, 
nausea, dizziness and eye irritation (NIOSH, 1981).  Air concentrations of methanol for 25 
minutes near the machines averaged 1330 mg/m3. 
Employees working in the proximity of direct process duplicating machines complained of 
frequent headaches and dizziness (Kingsley and Hirsch, 1954).  Air concentrations of methanol 
ranged from 15 ppm (20 mg/m3) to 375 ppm (490 mg/m3). 
 
Thirty young women, who had polished wood pencils with a varnish containing methanol, all 
experienced headaches, gastric disorders, vertigo, nausea and blurred vision (Tyson, 1912; as 
cited in NIOSH, 1976). 
 
None of the above studies specified the workers’ total duration of exposure. 
 
Ubaydullayev (1968) exposed 3 to 6 subjects to methanol vapor for short durations (40 minutes 
for some subjects and others for an unspecified amount of time).  Electrical brain cortex reflex 
activity was significantly altered upon exposures to 1.17 mg/m3 (0.89 ppm) or 1.46 mg/m3 (1.11 
ppm).  No effect was observed at 1.01 mg/m3 (0.77 ppm). 
 
 
V. Effects of Animal Exposure 
 
With the exception of non-human primates, the signs of methanol toxicity in commonly used 
laboratory animals are quite different from those signs observed in humans (Gilger and Potts, 
1955).  The major effect of methanol in non-primates (rodents, dogs, cats, etc) is CNS depression 
similar to that produced by other alcohols.  Metabolic acidosis and ocular toxicity are not 
observed.  The differences in toxicity are attributed to the ability of non-primates to metabolize 
formate more efficiently than humans and other primates (Tephly, 1991). 
 
Two chronic studies have been conducted with monkeys.  In one study, ultrastructural 
abnormalities of hepatocytes indicating alteration of RNA metabolism were observed in rhesus 
monkeys given oral doses of 3 to 6 mg/kg methanol for 3 to 20 weeks (Garcia and VanZandt, 
1969).  In a study aimed at examining ocular effects, cynomolgous monkeys were exposed by 

Appendix D3 355 Methanol 



Determination of Noncancer Chronic Reference Exposure Levels April 2000  

inhalation to methanol concentrations ranging from 680 mg/m3 (520 ppm) to 6650 mg/m3 (5010 
ppm) for 6 hours per day, 5 days per week for 4 weeks (Andrews et al., 1987).  No deaths 
occurred and no treatment-related effects were found upon histopathologic examination.  
However, Andrews et al. did not examine possible neurologic or reproductive effects which have 
been observed in other species at lower concentrations (see Sections IV and V). 
Exposure to a mixture of methanol and other solvents has been associated with central nervous 
system birth defects in humans (Holmberg, 1979).  However, because of mixed or inadequate 
exposure data, methanol is not considered a known human teratogen. 
 
In two separate studies in male rats, inhalation exposure to methanol ranging from 260 to 
13,000 mg/m3 for 6 to 8 hours per day for either 1 day or 1, 2, 4 or 6 weeks resulted in a 
significant reduction in testosterone levels (Cameron et al., 1984; Cameron et al., 1985). 
 
Ubaydullayev (1968) exposed rats (15 per group) to 0, 0.57, or 5.31 mg/m3 methanol 
continuously for 90 days.  Chronaxy ratios of flexor and extensor muscles were measured in 
addition to hematologic parameters and acetyl cholinesterase activity.  No changes were apparent 
in the 0.57 mg/m3 group.  Effects observed in the 5.31 mg/m3 group included decreased blood 
albumin content beginning 7 weeks after exposure, slightly decreased acetylcholinesterase 
activity, decreased coproporphyrin levels in the urine after 7 weeks, and changes in muscle 
chronaxy.  (Chronaxy is the minimum time an electric current must flow at a voltage twice the 
rheobase to cause a muscle to contract.  The rheobase is the minimal electric current necessary to 
produce stimulation (Dorland, 1981). 
Pregnant rats were exposed by inhalation to methanol at concentrations ranging from 5000 to 
20,000 ppm for 7 hours per day on days 1-19 gestation, and days 7-15 for the highest dose group 
(Nelson et al., 1985).  A dose-related decrease in fetal weight, an increase in extra or 
rudimentary cervical ribs, and urinary or cardiovascular defects were observed.  Exencephaly 
and encephalocoele were observed in the 20,000 ppm dose group.  The no-observed-adverse-
effect level (NOAEL) was 5000 ppm. 
 
Pregnant mice were exposed to methanol vapors at concentrations ranging from 1000 to 
15,000 ppm for 7 hours per day on days 6-15 of gestation (Rogers et al., 1993).  Increased 
embryonic and fetal death, including an increase in full-litter resorptions, was observed at 
7500 ppm and higher.  Significant increases in the incidence of exencephaly and cleft palate 
were observed at 5000 ppm and higher.  A dose-related increase in the number of fetuses per 
litter with cervical ribs (usually small ossification sites lateral to the seventh cervical vertebra) 
was observed at 2000 ppm and above.  The NOAEL was 1000 ppm. 
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VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Rogers et al. (1993) Study 
Study population Pregnant mice 
Exposure method Discontinuous inhalation, 7 hours/day on days 6-

15 of gestation 
Critical effects Abnormal cervical ribs, exencephaly, cleft palate 
LOAEL 5000 ppm 
NOAEL 1000 ppm 
Benchmark Concentration (BMC05) 305 ppm 
Exposure continuity 7 hr/day 
Exposure duration 10 days 
Average experimental exposure 89 ppm at BMC05 (305 ppm x 7/24) 
Human equivalent concentration 89 ppm atBMC05 (gas with systemic effects, 

based on RGDR = 1.0 using default  
assumption that lambda (a) = lambda (h)) 

Subchronic uncertainty factor 1 (see below) 
LOAEL uncertainty factor 1 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10  
Cumulative uncertainty factor 30 
Inhalation reference exposure level 3 ppm ( 3,000 ppb, 4 mg/m3,  4,000 µg/m3) 

 
 
A NOAEL of 1000 ppm for developmental malformations was observed in mice exposed for 7 
hours/day on days 6 through 15 of gestation (Rogers et al., 1993).  Although not a chronic study, 
the endpoint, teratogenicity, is a function of exposure only during gestation, especially in the 
case of a non-accumulating compound such as methanol.  Therefore, an uncertainty factor to 
account for differences between subchronic and chronic exposures was not required.  The 
investigators calculated maximum likelihood estimates (MLEs) using a log-logistic model for 
both 1% and 5% added risks above background.  The most sensitive developmental toxicity 
endpoint was an increase in the incidence of cervical ribs.  The MLE05 and BMC05 for cervical 
ribs were 824 ppm (1079 mg/m3) and 305 ppm (400 mg/m3), respectively. 
 
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The major strengths of the REL for methanol are the observation of a NOAEL and the 
demonstration of a dose-response relationship. The major uncertainties are the lack of human 
data for chronic inhalation exposure, the lack of comprehensive, long-term multiple dose studies, 
and the difficulty in addressing reproductive short-term effects within the chronic REL 
framework. 
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CHRONIC TOXICITY SUMMARY 
 

METHYL BROMIDE 
 

(bromomethane; monobromomethane) 
 

CAS Registry Number:  74-83-9 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 5 μg/m3 (1 ppb)  
Critical effect(s) Histological lesions of the olfactory epithelium of 

the nasal cavity in rats 
Hazard index target(s) Respiratory system; nervous system; 

development 
 
 
II. Physical and Chemical Properties (HSDB, 1994) 
 

Description Colorless gas 
Molecular formula  CH3Br 
Molecular weight 94.95 g/mol 
Density  3.89 g/L @ 25°C 
Boiling point  3.6°C 
Vapor pressure  1420 torr @ 20°C 
Solubility  Soluble in ethanol, benzene, carbon disulfide, and 

1.75% (w/w) in water 
Odor threshold  20.6 ppm 
Odor description Sweetish odor 
Metabolites Methanol, bromide, 5-methylcysteine 
Conversion factor 1 ppm = 3.89 mg/m3 @ 25° C 

 
 
III. Major Uses and Sources 
 
Methyl bromide (MeBr) was used historically as an industrial fire extinguishing agent and was 
introduced in the U.S. from Europe in the 1920s.  Current uses of MeBr include the fumigation 
of homes and other structures for termites and other pests.  Methyl bromide is also used to 
fumigate soil before planting and fruits and vegetables after harvest.  In 1981, 6.3 million pounds 
of MeBr were reportedly used in California (Alexeeff and Kilgore, 1983).  By 1991, its use had 
grown to 18.7 million pounds in the state (Cal/EPA, 1993).  The annual statewide industrial 
emissions from facilities reporting under the Air Toxics Hot Spots Act in California, based on 
the most recent inventory, were estimated to be 75,575 pounds of methyl bromide (CARB, 
1999).  This does not include emissions of methyl bromide during its use as a pesticide. 
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IV. Effects of Human Exposure 
 
Workers (n = 32) exposed to MeBr during fumigation of soil or structures were compared to a 
referent group of 29 workers not exposed to MeBr, but exposed to other fumigants (Anger et al., 
1986).  Exposures to MeBr were not quantified.  It was found that workers exposed to MeBr had 
a higher rate of neurological symptoms and performed less well on several behavioral tests.  
Several confounding factors were present in this study, including lack of adjustments for age, 
alcohol consumption, prescription medication, illegal drugs, education, or ethnic group between 
the exposed and the referent groups. 
 
 
V. Effects of Animal Exposure 
 
The first experimental animal study on repeated MeBr exposures was carried out and reported by 
Irish and associates (1940).  In this study, rats (135 per group), rabbits (104 per group), or female 
rhesus monkeys (13 per group) were exposed to 0, 17, 33, 66, 100, or 220 ppm (0, 66, 128, 256, 
388, or 853 mg/m3) 7-8 hours/day, 5 days/week for 6 months or until the majority of the animals 
exhibited severe signs of toxicity.  Mortality was seen in rats, guinea pigs, and monkeys at 100 
ppm.  Rabbits began to die at 33 ppm.  Severe effects, including paralysis, were seen after 
exposure to 66 ppm in rabbits and monkeys.  None of the species exhibited adverse effects after 
exposure to 17 ppm. 
 
Kato and associates (1986) observed focal lesions in the brain and heart in rats (10-12 per group) 
after inhalation of 150 ppm (585 mg/m3) MeBr 4 hours/day, 5 days/week for 11 weeks.  In 
another experiment, rats were exposed to 0, 200, 300, or 400 ppm (0, 777, 1160, or 1550 mg/m3) 
MeBr 4 hours/day, 5 days/week for 6 weeks.  In this experiment, rats exposed to any 
concentration of MeBr exhibited coronary lesions, and exposures of 300 ppm or greater resulted 
in neurological dysfunction, including ataxia and paralysis.  Testicular atrophy was noted in 6 of 
the 8 animals exposed to 400 ppm. 
 
Anger et al. (1981) determined that rabbits are more sensitive than rats to neurotoxicity of MeBr.  
In this study, rats or rabbits were exposed to 0 or 65 ppm (0 or 254 mg/m3) MeBr for 7.5 
hours/day, 4 days/week, for 4 weeks.  Nerve conduction velocity and eyeblink reflex were 
impaired in the rabbits but not rats exposed to 65 ppm MeBr.  Similarly, rats did not exhibit 
neurological signs after exposure to 55 ppm (215 mg/m3) MeBr for 36 weeks.  Rabbits exposed 
to 26.6 ppm (104 mg/m3) did not display any neurological effects after 8 months exposure 
(Russo et al., 1984). 
 
In the studies of Reuzel and associates (1987, 1991), groups of 50 male and 60 female Wistar 
rats were exposed to 0, 3, 30, or 90 ppm methyl bromide (98.8%) for 6 hours per day, 5 days per 
week. Three groups of animals (10/sex/exposure level) were killed for observations at 14, 53, 
and 105 weeks of exposure.  Body weight, hematology, clinical chemistry, and urinalyses were 
examined throughout the experiment in addition to histopathology and organ weights at time of 
necropsy.  Exposures of males and females to 90 ppm resulted in reduced body weight.  
Exposure to 90 ppm also resulted in significant lesions in the heart in the form of cartilaginous 
metaplasia and thrombus in the males, and myocardial degeneration and thrombus in the 
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females.  Exposure of males to 30 or 90 ppm resulted in a decrease in relative kidney weight.  
Histological changes in the nose, heart, esophagus, and forestomach were the principal effects of 
methyl bromide toxicity.  At the lowest concentration (3 ppm), very slight degenerative changes 
in the nasal epithelium, and olfactory basal cell hyperplasia were noted in both sexes at 29 
months.  Based on this study, a LOAEL of 3 ppm (11.7 mg/m3) was determined. 
 
The National Toxicology Program (NTP) conducted a 13-week and a chronic study on the 
toxicology and carcinogenesis of methyl bromide in rats and mice (NTP, 1990).  In the 13-week 
study, 18 rats/sex/group were exposed to 0, 30, 60, or 120 ppm (0, 117, 233, or 466 mg/m3) 
MeBr 6 hours/day, 5 days/week.  The mice were exposed to 0, 10, 20, 40, 80, or 120 ppm (0, 39, 
78, 155, 311, or 466 mg/m3) 6 hours/day, 5 days/week.  Hematological parameters and selected 
organ weights were measured in both species, in addition to histopathological changes.  
Pseudocholinesterase activity and neurobehavioral tests were conducted in the mice.  Serious 
effects, including 58% body weight loss, 17% mortality and severe curling and crossing of the 
hindlimbs were observed in mice exposed to 120 ppm MeBr.  Exposure of males to 40 ppm or 
higher resulted in significant effects on several hematological parameters, including decreased 
mean cell hemoglobin and increased red blood cell count.  The only exposure-related histological 
effect was olfactory epithelial dysplasia and cysts in the rats of both sexes exposed to 120 ppm. 
 
A 6-week study in rats and mice (5 animals/sex/group) exposed to 0 or 160 ppm (0 or 
624 mg/m3) showed high mortality rates, loss in body weight and histological changes in 
multiple organ systems including brain, kidney, nasal cavity, heart, adrenal gland, liver, and 
testes (NTP, 1990). 
 
An exposure of mice (86 animals/group) to 0, 10, 33, or 100 ppm (0, 38.8, 128, or 388 mg/m3) 
MeBr for 6 hours/day, 5 days/week, for 103 weeks was also conducted by NTP (1990).  In this 
study, high mortality rates in both males and females in the 100 ppm group resulted in a 
discontinuation of exposure after 20 weeks.  A low incidence of sternal dysplasia and a 
significant decrease in locomotor activity were noted in the 10 ppm group. 
 
A 5-day exposure of rats (10 animals/group) to 0, 90, 175, 250, or 325 ppm (0, 350, 680, 971, or 
1260 mg/m3) resulted in lesions in the nasal olfactory sensory cells, the cerebellum and adrenal 
gland beginning at 175 ppm (Hurtt et al., 1987).  Hurtt and Working (1988) later observed severe 
histological damage to the nasal epithelium following a single exposure to 90 or 200 ppm (351 or 
780 mg/m3) MeBr.  Olfactory function, measured by the ability to locate buried food, was 
impaired at the 200 ppm exposure.  In this study, reduced testosterone and testicular glutathione 
levels were observed in the male rats exposed to 200 ppm, but no effects on spermatogenesis, 
sperm quality, or testes histopathology were noted. 
 
Sikov et al. (1981) examined the teratogenic potential of MeBr in rats and rabbits exposed to 0, 
20, or 70 ppm (0, 78, or 272 mg/m3) 7 hours/day, 5 days/week for 3 weeks during days 1-19 
(rats) or 1-24 (rabbits) of gestation.  No maternal or fetal effects were observed in the rats, 
however, severe maternal neurotoxic effects were observed in the rabbits that resulted in 24/25 
deaths.  In this study, no significant maternal or fetal effects were observed at a concentration of 
20 ppm.   
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Another developmental toxicity study was conducted in rabbits by Breslin et al. (1990).  In this 
study, rabbits were exposed to 0, 20, 40, or 80 ppm (0, 78, 156, or 312 mg/m3) MeBr for 6 
hours/day on gestation days 6-19.  Maternal toxicity was observed at 80 ppm and included 
reduced body weight gain and signs of neurotoxicity.  In addition to the maternal effects 
observed, a significant increase in incidence of gall bladder agenesis and fused sternebrae were 
observed in the offspring exposed to 80 ppm.  No adverse effects were observed at 40 ppm or 
lower concentrations. 
 
A 2-generation reproduction and developmental toxicity study on MeBr in rats was conducted by 
American Biogenics Corporation (1986).  Groups of rats (25/sex/concentration) were exposed to 
0, 3, 30, or 90 ppm (0, 12, 117, or 350 mg/m3) MeBr 6 hours/day, 5 days/week during premating, 
gestation, and lactation through 2 generations.  Significant decreases in body weight during the 
pre-mating period and at the end of the study were observed in the males exposed to 90 ppm.  
Although some adult organ weights were affected in the 90-ppm group, there was no evidence of 
histopathology in these organs.  Neonatal body weights were decreased by exposure to 30 ppm. 
There was a decreased cerebral cortex width in the 90 ppm F1 group, reduced brain weight in 30 
ppm F1 females, and reduced fertility in the 30 and 90 ppm F2b groups.  
 
 
VI. Derivation of Chronic Reference Exposure Level 
 

Study Reuzel et al., 1987; 1991 
Study population Male and female Wistar rats (50 and 60 per group, 

respectively) 
Exposure method Discontinuous inhalation exposures  

  (0, 3, 30, or 90 ppm) over 29 months 
Critical effects Basal cell hyperplasia of the olfactory epithelium 

of the nasal cavity 
LOAEL 3 ppm 
NOAEL Not observed 
Exposure continuity 6 hr/day, 5 days/week 
Exposure duration 29 months 
Average experimental exposure 0.54 ppm for the LOAEL group 
Human equivalent concentration 0.12 ppm for the LOAEL group (gas with 

extrathoracic respiratory effects, RGDR = 0.23, 
based on MV = 0.03 m3/min, SA = 11.6 cm2) 

LOAEL uncertainty factor 3 (20% extra risk of a mild effect) 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 100 
Inhalation reference exposure level 0.001 ppm (1 ppb, 0.005 mg/m3, 5 μg/m3) 

 
The chronic REL for methyl bromide is also the U.S EPA RfC. 
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VII. Data Strengths and Limitations for Development of the REL 
 
The major strengths of the REL for methyl bromide are the use of a comprehensive, long-term, 
multiple dose study with large sample sizes, and the availability of supporting data including 
long-term studies in other species and reproductive and developmental studies.  The major 
uncertainties are the lack of human data and the lack of a NOAEL observation for the critical 
effect. 
 
The California Department of Pesticide Regulation used a different approach that adjusts for 
respiration rate differences between humans and animals and which uses 10-fold uncertainty 
factors for interspecies differences, for intraspecies variability, and for a LOAEL to NOAEL 
extrapolation. Applying these factors to the same 3 ppm LOAEL results in a level for children 
and adults of 1 and 2 ppb (4 and 8 μg/m3), respectively.  
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CHRONIC TOXICITY SUMMARY 
 

METHYL CHLOROFORM 
 

(1,1,1-trichloroethane, methyltrichloromethane) 
 

CAS Registry Number:  71-55-6 
 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 1,000 µg/m3 (200 ppb) 
Critical effect(s) Astrogliosis in the sensorimotor cortex (brain) of 

gerbils 
Hazard index target(s) Nervous system 

 
 
II. Chemical Property Summary (HSDB, 1999) 
 

Description Colorless liquid 
Molecular formula C2H3Cl3
Molecular weight 133.42 g/mol 
Density 1.3376 g/cm3 @ 20° C 
Boiling point 74.1° C 
Melting point -30.4° C 
Vapor pressure 127 torr @ 25° C 
Solubility Soluble in acetone, benzene, methanol, carbon 

tetrachloride 
Conversion factor 5.47 µg/m3 per ppb at 25ºC 

 
 
III. Major Uses and Sources 
 
Methyl chloroform is used as a solvent for adhesives and for metal degreasing (ACGIH, 1992).  
It is also used in the manufacture of vinylidene chloride and in textile processing and dry 
cleaning.  The annual statewide industrial emissions from facilities reporting under the Air 
Toxics Hot Spots Act in California, based on the most recent inventory, were estimated to be 
25,316,458 pounds of methyl chloroform (CARB, 1999a).  Statewide monitored median and 
mean concentrations of methyl chloroform have been generally declining; decreasing from 0.8 or 
1.71 ppb in 1990 to 0.12 or 0.30 ppb in 1996 (CARB, 1999b).   
 
 
IV. Effects of Human Exposure 
 
A 44-year old woman was diagnosed with peripheral neuropathy following 18 months of 
occupational exposure to methyl chloroform in a solvent bath (House et al., 1994).  There was no 
identified exposure to agents known to cause peripheral neuropathy, such as n-hexane or 
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trichloroethylene.  The worker reported that she wore protective gloves and a respirator, both of 
which frequently leaked.  Seven months following removal from exposure, the worker showed 
improved nerve conduction. 
 
Other case reports have identified the nervous system as a target of methyl chloroform toxicity in 
similar exposure scenarios.  Three workers developed distal sensory neuropathy after working 
with methyl chloroform in a degreasing operation with repeated dermal exposure (Liss, 1988; 
Howse et al., 1989).  Changes were observed in nerve conduction in the upper extremities 
accompanied by both axonopathy and myelonopathy. 
 
Twenty-eight workers with chronic exposure to high (but unquantified) concentrations of 1,1,1-
trichloroethane had significant deficits in memory, intermediate memory, rhythm, and speed 
based on the Luria-Nebraska Neuropsychological Battery (Kelafant et al., 1994).  Deficits in 
vestibular, somatosensory, and ocular components of balance were noted.  
 
A 13-year-old male died after intentional inhalation of 1,1,1-trichloroethane (Winek et al., 1997). 
Autopsy findings included tissue congestion of lung, liver and kidney.  
 
Cardiac arrhythmia resulting from heightened cardiac sensitivity to epinephrine has been 
reported in several case reports of high acute inhalation exposures to methyl chloroform 
(ATSDR, 1990).  There are case reports of arrhythmias persisting for two weeks or more after 
cessation of exposure to methyl chloroform (McLeod et al., 1987).  
 
An epidemiological study of workers chronically exposed to low levels of methyl chloroform 
(<250 ppm) found no changes in blood pressure, heart rate, or electrocardiogram (Kramer et al., 
1978).  This study consisted of 151 workers who had been exposed for more than one year.  No 
neurophysiological testing was done. 
 
Another study of 22 female workers exposed to methyl chloroform (plus 7 unexposed control 
workers) at concentrations ranging from 110-345 ppm in air for a mean of 6.7 years failed to 
identify neurotoxicity resulting from methyl chloroform exposure (Maroni et al., 1977).  The 
examination included evaluation for neurologic symptoms, changes in nerve conduction, and 
psychomotor tests. 
 
Liver disease was observed in a worker exposed to methyl chloroform in a clothing factory 
screen printing room (Cohen and Frank, 1994).  The worker was exposed for a total of 4 years 
before occupational exposure was identified as the cause of the liver disease.  The worker 
sprayed an adhesive (containing 65% methyl chloroform, 25% propane and dimethyl ether, and 
10% inert ingredients) during which the worker reported often feeling dizzy or intoxicated.  
Three months following removal of the worker from exposure, liver function tests, although still 
abnormal, were significantly improved.  Other case reports support these findings (Hodgson et 
al., 1989; Halevy et al., 1980).   
 
Six male volunteers were exposed to 35 and 350 ppm methyl chloroform for 6-hours on two 
separate occasions (Nolan et al., 1984).  Absorption was determined to be 25% of the inhaled 
dose.  Of the absorbed dose, 91% was excreted unchanged in the expired air.  Although the odor 
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was perceptible for the duration of the exposure, no subjective symptoms were reported by the 
volunteers. 
 
 
V. Effects of Animal Exposure 
 
Gerbils (4/sex/dose plus 24 sex-matched control animals) were continuously exposed to 70, 210, 
or 1000 ppm methyl chloroform for 3 months (Rosengren et al., 1985).  A 4-month (solvent-free) 
recovery period following exposure was included to evaluate “lasting or permanent changes.”   
Body weights were not changed significantly as a result of exposure.  Brain weights in the 
animals in the 1000 ppm dose group were significantly decreased.  Fibrillary astrocytes are 
formed in the brain in response to injury.  Brain injury in methyl chloroform exposed gerbils was 
evaluated by detection of glial fibrillary acidic (GFA) protein, the main protein subunit of 
astroglial filaments.  Increased levels of GFA protein were detected in the sensorimotor cerebral 
cortex of animals exposed to 210 or 1000 ppm methyl chloroform. 
 
A later study in gerbils examined the effects of a 3-month continuous exposure to 70 ppm methyl 
chloroform followed by a 4-month recovery period (Karlsson et al., 1987).  DNA content was 
significantly decreased in three areas of the brain: posterior cerebellar hemisphere, anterior 
cerebellar vermis, and hippocampus.  The authors contended that depressions in DNA content 
reflect decreased cell density. 
 
No evidence of peripheral neuropathy or other neurotoxicity was detected in rats exposed to 200, 
620, or 2000 ppm methyl chloroform 6 hours per day, 5 days per week for 13 weeks (Mattson et 
al., 1993).  The study included a functional observational test battery and measured visual, 
somatosensory, auditory and caudal nerve-evoked potentials.  Histopathology of the brain, spinal 
cord, peripheral nerves and limb muscles was also examined at the end of the 13-week exposure.   
 
Forty percent of all mice continuously exposed to 1000 ppm methyl chloroform for 14 weeks 
exhibited evidence of hepatocellular necrosis (McNutt et al., 1975).  A statistically significant 
increase in liver weight per body mass was observed throughout the study.  Electron microscopy 
revealed accumulation of triglyceride droplets in the centrilobular hepatocytes following one 
week of exposure to 1000 ppm methyl chloroform.  After 4 weeks of exposure, cytoplasmic 
alterations in centrilobular hepatocytes included a loss of polyribosomes and increased smooth 
endoplasmic reticulum.  Similar changes observed occasionally in hepatocytes from mice 
exposed to 250 ppm were not as dramatic.  
 
Mild hepatocellular changes were observed in rats exposed to 1500 ppm methyl chloroform 6 
hours per day, 5 days per week for 6, 12, and 18 months (Quast et al., 1988).  At 24 months, 
these slight effects were no longer discernible due to confounding geriatric changes.  No 
hepatocellular changes or other adverse effects were observed in rats exposed to 150 or 500 ppm 
methyl chloroform for up to 24 months.   
 
The developmental toxicity of inhaled methyl chloroform was studied in CD-1 mice.  Mice were 
exposed on gestation days 12 through 17 to either 2000 ppm methyl chloroform for 17 hours per 
day or 8000 ppm methyl chloroform for 1 hour three times per day (Jones et al., 1996).  There 
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were no effects on pregnancy outcome, but exposed pups has reduced weight gain, had poorer 
results on motor coordination tests and showed delays in negative geotaxis (orienting towards the 
top of a sloped screen).  
 
VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Rosengren et al. (1985) 
Study population Mongolian gerbils (4/sex/dose) 
Exposure method Whole-body inhalation exposure 
Critical effects Astrogliosis in the sensorimotor cerebral 

cortex 
LOAEL 210 ppm 
NOAEL 70 ppm 
Exposure continuity Continuous 
Average experimental exposure 70 ppm for NOAEL group 
Human equivalent concentration Not derived (species-specific data for 

gerbils unavailable to validate 
assumption of RGDR=1) 

Exposure duration 3 months 
LOAEL uncertainty factor 1 
Subchronic uncertainty factor 3  
Interspecies uncertainty factor 10 
Intraspecies uncertainty factor 10  
Cumulative uncertainty factor 300 
Inhalation reference exposure level 0.2 ppm (200 ppb; 1 mg/m3; 1,000 

µg/m3) 
 
VII. Data Strengths and Limitations for Development of the REL 
 
Case reports indicate that the nervous system and the liver are targets of the toxicity of methyl 
chloroform (House et al., 1994; Liss, 1988; Howse et al., 1989; Cohen and Frank, 1994).  The 
largest of the epidemiological studies (Kramer et al., 1978; Maroni et al., 1977), however, did 
not identify adverse effects as a result of chronic methyl chloroform exposure.  The Kramer et al. 
(1978) study limited its evaluation to changes in blood pressure, heart rate, or electrocardiogram 
and exposure levels were only characterized as less than 250 ppm.  Maroni et al. (1977) 
conducted their study among 22 women exposed occupationally to methyl chloroform levels as 
low as 110 ppm.  Although the subjects were evaluated specifically for signs of neurotoxicity, 
the small sample size limits conclusions that can be drawn from their failure to identify adverse 
effects in this population.  If no effects are associated with the exposures in the 2 studies (Kramer 
et al., 1978; Maroni et al., 1977), the REL predicted would be approximately 3 ppm. 
 
Data from animal studies generally support the findings of the case reports from human 
exposures.  Both neurotoxicity and hepatotoxicity have been identified among animals exposed 
by inhalation to methyl chloroform.  The adverse effect observed at the lowest level in these 
studies was the development of astrogliosis in the brains of gerbils exposed for 3 months to 210 
ppm methyl chloroform (Rosengren et al., 1985).  A no-observed-adverse-effect-level (NOAEL) 
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in this study was 70 ppm methyl chloroform.  A subsequent study identified a more subtle 
change in the brains of gerbils exposed similarly to 70 ppm methyl chloroform, with slightly 
decreased DNA content found in several discrete brain regions of exposed animals.  However, 
the relationship between tissue DNA content and cell density as an indication of adverse effect in 
the brain was considered too tenuous for the development of a guidance value for chronic 
exposure to methyl chloroform.  
 
The major strengths of the REL for methyl chloroform are the observation of the NOAEL and 
the continuous subchronic exposure regimen.  The major uncertainties are the lack of human 
exposure data, the lack of dose-response information, and the lack of comprehensive multi-organ 
effects data. 
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CHRONIC TOXICITY SUMMARY 
 

METHYL ISOCYANATE 
 

(MIC, CH3-N=C=O) 
 

CAS Registry Number: 624-83-9 
 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 1 µg/m3 (0.5 ppb) 
Critical effects(s) Decreased weight gain and lung pathology at 

cessation of exposure in rats 
Hazard index target(s) Respiratory system; reproductive system 

 
 
II. Chemical Property Summary (HSDB, 1995; CRC, 1994) 
 

Description Colorless liquid 
Molecular formula C2H3NO 
Molecular weight 57.06 g/mol 
Boiling point 39.5oC 
Melting point −45oC 
Vapor pressure 348 torr @ 20oC, 600 torr @ 30oC (Varma and 

Guest, 1993) 
Solubility 10 percent in water @ 15oC 
Conversion factor 2.3 μg/m3 per ppb at 25oC 

 
 
III. Major Uses and Sources (Dave, 1985; U.S. EPA, 1986; HSDB, 1995) 
 
Methylisocyanate (MIC) is prepared industrially by reacting methylamine with phosgene, 
oxidizing monomethylformamide at high temperatures (> 550oC), or heating metal 
methylisocyanates.  Because of its high reactivity, MIC is used as an intermediate in organic 
synthesis, most notably in the production of carbamate based pesticides.  Tobacco smoke from 
some brands of cigarettes also contains MIC (about 4 µg per cigarette).  Workers exposed to the 
MIC 8-hour threshold limit value of 0.02 ppm (46 µg/m3) are exposed to approximately 460 μg 
MIC in a workday.  Based on the most recent inventory, the annual statewide industrial 
emissions from facilities reporting under the Air Toxics Hot Spots Act in California were 
negligible (CARB, 2000).  This does not include estimates of emissions of breakdown products 
from the use of metam sodium in agricultural applications.  Use of metam sodium averaged 
15,400,000 pounds/year from 1995 to 1999. 
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IV. Effects of Human Exposure 
 
Although occupational exposures to MIC have been documented (Varma, 1986), few known 
exposures to the general public have occurred.  A major exposure occurred in Bhopal, India in 
December 1984.  Because of the sudden, short-term release (30-45 minutes), no measurements 
occurred, but the air concentration was estimated as 13 ppm (Dave, 1985) to 100 ppm (Varma, 
1986). 
 
The chemical identity of the ultimate toxicant has not been unequivocally determined and may 
consist of more than one chemical species.  Although the chemistry of MIC suggests that 
hydrolysis to methylamine and dimethylurea is rapid, such hydrolysis in moist air is probably 
slow, and the reaction with photochemically produced hydroxyl radical is also slow (chemical 
T1/2 about 3 months) (U.S. EPA, 1986).  Brown et al. (1987) have shown that the 
alkylisocyanates (e.g., MIC) are relatively resistant (compared to the arylisocyanates) to 
hydrolysis in water.  Hence, despite the high water reactivity of MIC, this compound could 
possibly persist in the environment for many days after an initial release. 
 
Within 5 days of the initial exposure to MIC at Bhopal, more than 2,000 deaths occurred (Dave, 
1985), while 4,000 more deaths were documented during the following decade (Lepkowski, 
1994).  The initial symptoms among the population living near the MIC plant were irritation and 
difficulty in breathing (Varma, 1986).  Blindness occurred in more than 10,000 exposed persons 
but later resolved in most cases (Andersson et al., 1990).  The acute damage that led to death was 
mainly to the respiratory system, most likely pulmonary edema, bronchospasm, and electrolyte 
imbalance (Varma, 1986).  However extrapulmonary damage, including tissue anoxia, 
gastrointestinal symptoms, and muscular weakness, were also observed (Dave, 1985).  Within a 
year of the exposure, survivors continued to exhibit damage to the lung and eyes.  Fibrosis of the 
lungs was seen in 30 percent of this group (Dave, 1985). 
 
Reproductive toxicity was observed among women exposed to MIC in Bhopal.  Varma (1987) 
reported 43 percent unsuccessful pregnancies among 865 women who were pregnant at the time 
of the MIC release.  Among the live births, 14 percent of the infants died within 30 days, 
whereas a death rate of only 3 percent for the same interval was recorded 2 years prior to the 
release.  Bhandari et al. (1990) reported increased spontaneous abortions and neonatal deaths 
among exposed women who were pregnant at the time of exposure compared to a control group 
in another city.  In the latter study, stillbirths and congenital malformations were similar in the 
exposed and non-exposed groups. 
 
Non-reproductive, non-pulmonary responses were evident in a group of exposed Bhopal 
residents, 3-years following exposure to the MIC vapors.  Loss of vision and loss of visual acuity 
were more prominent among exposed residents than among unexposed people, and the losses 
appeared to be dose-dependent (Andersson et al., 1990).  In this study, the surrogate for dose was 
extent of early deaths in a housing cluster.  Similarly, cataracts were reported more often among 
the exposed than among the unexposed group. 
 
The lesions associated with lung damage may be expressed as pulmonary edema for immediate 
effects (Varma, 1986), and lesions associated with the bronchoalveolar area for long-term effects 
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(Dave, 1985, Varma, 1986).  Vijayan et al. (1995) studied cellular components of 
bronchoalveolar lavage (BAL) and pulmonary function in Bhopal patients 1.3, 2.7, and 5.1 years 
after exposure to MIC.  All had lived within 3-miles of the factory and all experienced acute 
respiratory and ophthalmic symptoms on the day of exposure.  All were experiencing continued 
respiratory symptoms.  Among the exposed people, decrements in forced vital capacity and 
forced expiratory volume (at 1-minute) were observed.  In general, the decrements ranged from 
12 - 21 percent of predicted values, whereas the control group exhibited decrements of 2 - 4 
percent of the expected values.  Analysis of the BAL revealed increases in total cells (all exposed 
groups), increased absolute numbers of macrophages (all exposure groups), decreased percentage 
of lymphocytes (2.7 and 5.1 year groups), and increased numbers and percentage of neutrophils 
(5.1 year group).  These cell types are involved, through the secretion of various factors, in 
inflammatory and immunologic processes in the lung (Reiser and Last, 1986).  The Vijayan et al. 
(1995) study thus suggests long term damage to lung parenchyma among people who survived 
the initial acute effects of MIC exposure. 
 
In summary, humans exposed acutely by inhalation to MIC may experience long-term (as well as 
immediate) damage to pulmonary and extrapulmonary systems.  The lung is probably the critical 
target organ for long-term effects from acute exposure, although adverse effects on other organs 
(e.g., eye, reproductive, and gastrointestinal) also exist.  The late responses to the acute exposure 
suggest an immunological component, which could involve several systems including lung, eye, 
liver, and kidney.  The chemical identity of the ultimate toxicant is unknown and may be more 
than one compound. 
 
Avashia et al. (1996) assessed pulmonary effects from long-term, low-level MIC for more than 
400 workers at a large chemical facility.  Serial pulmonary function data, cigarette smoking 
histories, and industrial-hygiene measurements were available.  Jobs were classified according to 
level of MIC exposure as none, low, moderate or high.  Where work records were incomplete, 
exposures were based on the ratings of supervisors and coworkers.  The frequency of pulmonary 
impairment was evaluated for the assumed four levels of exposure.  No specific or consistent 
pulmonary impairment was evident.  Unfortunately the report gave no quantitative classification 
of low, moderate or high MIC levels. 
 
 
V. Effects of Animal Exposure 
 
Experimental animal studies have been designed to address the experiences of the victims of the 
Bhopal disaster, in which the exposure has been described as acute because of the short duration 
(30-45 min).  No studies were found that described exposure duration greater than 10 days.  
However, a chronic component to MIC exposure may exist as a result of slower rates of 
hydrolysis in air (compared to water), the presence of carbamylated hemoglobin in MIC-exposed 
people, and the change from edematous to inflammatory and/or fibrotic lesions with time.  
Further, a glutathione-dependent reversible MIC transport system has been suggested in 
experimental animals (see below). 
 
MIC is absorbed through the respiratory tract and distributed to non-respiratory organs in 
experimental animals.  In an acute (30 min) inhalation exposure to a dose of 14C-MIC (labeled in 
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the isocyanate moiety) equivalent to one-LC50 (23 mg/L), rats accumulated protein-bound 
radioactivity (including carbamylated proteins) in brain, liver, kidney, and lung, but not in blood 
(Bhattacharya et al., 1988).  Ferguson et al. (1988) exposed guinea pigs by inhalation to 0.47 
ppm 14C-MIC (methyl group) for 6-hours.  At the end of exposure, the label was found in arterial 
and venous blood, bile, and urine.  At 2.7 days post-exposure, the label decreased to 2-7 percent.  
MIC was retained in the nasal-laryngeal area of the guinea pigs. 
 
MIC, like reactive isocyanates in general, can react with biological molecules containing amino, 
alcohol, or sulfhydryl groups, as well as with water.  While hydrolysis in an aqueous 
environment, such as the lung, is theoretically possible, measurements show that alkyl 
isocyanates are relatively resistant (compared to arylisocyanates) to such hydrolysis (Brown et 
al. 1987).  The absence of a role for MIC hydrolytic products, methylamine (MA) or 
dimethylurea (DMU), is also suggested by the work of Jeevaratnam and Sriramachari (1994) and 
Sriramachari et al. (1994).  Inhalation (30 min) or subcutaneous exposure of rats to either 
hydrolytic product at levels equivalent to the LC50 or LD50 did not result in death.  Similarly, 
neither methylamine nor dimethylurea duplicated the acute effects of respiratory necrosis and 
congestion.  However, exposure to these hydrolytic products did lead to interstitial pneumonitis, 
an observation that suggests MA and/or DMU could lead to subsequent inflammatory responses 
if sufficient amounts are present. 
 
A role for methylamine in reproductive/developmental toxicity was investigated by Guest and 
Varma (1991).  In a mouse study, pregnant dams were exposed to varying doses (intraperitoneal) 
of methylamine (as well as the di- and trimethyl compounds).  Reproductive toxicity was not 
observed for methylamines.  However, in cultured embryo experiments, decrements in crown-
rump length, yolk-sac diameter, head length, and embryo survival were observed.  The 
concentrations were high (>0.75 mM) and the interpretation of the biological activity of 
methylamine in terms of inhalation exposure is difficult. 
 
MIC is a carbamylating intermediate; this is the basis for its use in the manufacture of carbamate 
based pesticides.  In the same way, MIC should react with the appropriate functional groups of 
proteins, peptides, and nucleic acids.  However, in vitro studies with cholinesterases show that 
such a reaction is not efficient (Brown et al., 1987), an observation which may be explained by 
the presence of protonated amino groups at physiological pH (Baillie and Slatter, 1991).  
 
A transport system for MIC via reduced glutathione (GSH) has been suggested by the discovery 
of the MIC-adduct, S-(N-methylcarbamoyl)glutathione (SMG), in the bile and the MIC-adduct 
of N-acetylcysteine (mercapturic acid, AMCC) in the urine of rats exposed to MIC by non-
inhalation routes (Pearson et al., 1990; Slatter et al., 1991).  The reaction of MIC with GSH and 
with cysteine is reversible, and can provide a source of free MIC in the tissues (Baille and 
Slatter, 1991).  Similar studies in experimental animals exposed to MIC by inhalation have not 
been reported.  However, humans exposed by inhalation to N,N-dimethylformamide (H-C-(=O)-
N(CH3)2) excrete AMCC in urine (Mraz and Nohova, 1992).  Hence a reversible MIC-transport 
system in animals, including humans, is possible, and the presence of high levels of GSH in 
human lavage fluid (Cantin et al., 1987) would permit the initiation of this mechanism. 
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The toxicity of the adduct SMG was tested in mouse embryo culture (Guest et al., 1992).  Mouse 
embryos, at day 8 of gestation in vivo, were removed from their dams and cultured in the 
presence (and absence) of SMG.  Dose-dependent (0.25 - 2 mM) decrements were observed for 
yolk sac diameter, crown-rump length, somite number, and protein content.  Delayed DNA 
synthesis in the embryos and in yolk-sacs occurred in the presence of 0.25 mM SMG.  Similar to 
the results obtained with methylamine, the SMG concentrations were high and the exposures 
were not by inhalation.  However, the data show that a MIC metabolite, SMG, has toxic 
properties.  In the presence of GSH (1 or 3 mM), the extent of the SMG-dependent toxicities was 
decreased.  Such data demonstrate the reversibility of the binding between MIC and GSH. 
 
Three inhalation studies were identified in which experimental animals were exposed to more 
than one dose of MIC.  Among these studies, two used exposure durations for more than one day 
(Dodd and Fowler, 1986; Mitsumori et al., 1987).  Rats and mice were exposed by inhalation to 
0, 1.1, and 2.8 (female) or 3.0 (male) ppm MIC for 6 hr/day for a total of 4 days, and then 
followed during a 91-day post-exposure interval (Mitsumori et al., 1987).  Among the rats, post-
exposure deaths occurred by 49 days (male) and 14 days (female) at the high dose.  Among the 
mice, only 1 male mouse died at 16 days post-exposure.  Reduced weight gain was observed 
among the female and male rats in the high dose group, prior to death, although the absolute 
weights were not different from the unexposed rats one day before the end of exposure.  Among 
the mice, a slowed weight gain was observed at 3- and 6-days post exposure (male) and 1 day 
post exposure (female) at the high dose, but normal weight gain returned by 1 week following 
cessation of exposure.  At 7 days post-exposure, microscopic changes were observed in the 
respiratory system among the high dose rats of both sexes.  Between 8- and 27 days post-
exposure, increased lesions in the respiratory tract and also in liver, thymus, spleen, heart, and 
brain were observed at the high dose.  Similar lesions were not observed in rats exposed to 1.1 
ppm MIC and followed to the 8-27 day post-exposure.  Among survivors, the incidence of 
lesions decreased to control values by 91 days.  Among the mice, treatment related changes in 
the respiratory tract were observed at the high dose at 7 days post-exposure.  Between 28 and 91 
days, the lesions associated with the upper respiratory tract disappeared, whereas those 
associated with the major bronchi remained, although somewhat attenuated.  These data suggest 
that the rat is more sensitive than the mouse to the effects of MIC.  A LOAEL of 2.9 ppm is 
indicated, based on post-exposure decreased weight gain and respiratory tract changes in rats. 
 
Dodd and Fowler (1986) exposed rats to 0, 0.15, 0.6, and 3.1 ppm MIC for two 4-day sessions at 
6-hours/day and examined the animals within 1-day following exposure.  The 2-cycle exposure 
included a 2-day recess from exposure.  No deaths occurred at any MIC concentration during the 
exposure.  Lesser weight gain occurred for rats in the 3.1 ppm groups, whereas weight among the 
rats in the 0.15 and 0.6 ppm MIC groups was indistinguishable from the air-exposed control 
animals.  On exposure days 3 and 8, mean food consumption values in the high dose group were 
below those for the non-exposed group.  At the time of termination, male rats exposed to 3.1 
ppm MIC exhibited a 38 percent increase in hemoglobin concentration and a 26 percent decrease 
(p<0.001) in oxygen saturation, compared to the unexposed rats (p<0.001).  Such changes were 
not observed for the female rats exposed to 3.1 ppm or for rats of either sex exposed to 0.15 or 
0.6 ppm MIC.  Absolute lung weights increased (p<0.001) in both sexes after exposure to 3.1 
ppm, compared to the control rats.  Decreases in liver, kidney and testes absolute weights were 
observed in this exposure group, but the authors interpreted these data as a reflection of the body 
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weight losses.  No weight changes were observed in rats exposed to 0.15 or 0.60 ppm MIC.  
Gross and microscopic lesions were observed in rats (female and male) exposed to 3.1 ppm, but 
not in rats exposed to 0, 0.15, or 0.6 ppm MIC.  The microscopic lesions occurred in the 
respiratory tract and consisted of inflammation, epithelial necrosis, squamous metaplasia, and 
epithelial hyperplasia.  These lesions extended into the bronchioles.  These data suggest a 
NOAEL of 0.6 ppm MIC, based on weight gain loss, absolute lung weight, and lung 
histopathology in rats, immediately following cessation of exposure. 
 
Post-exposure changes in lung pathology also occurred in the rats surviving 3.1 ppm in the Dodd 
and Fowler (1986) study.  The early lesions associated with inflammation, epithelial necrosis, 
squamous metaplasia, and epithelial hyperplasia extending to the bronchioles either decreased in 
severity or receded toward the upper respiratory tract by 85-days post-exposure.  In males, the 
intraluminal and submucosal fibroplasia changed in appearance during this interval, due in part 
to the maturation of fibrous tissue.  Mucous plugs were also seen in the terminal bronchioles and 
alveoli in some rats.  The importance of this observation is the progressive character of MIC 
induced lung disease.  Such progression may be difficult to follow at lower doses, if the times 
involved are of insufficient duration. 
 
Sethi et al. (1989) exposed rats by inhalation to 0, 0.21, 0.26, and 0.35 ppm MIC for 6 days at 
0.5 hr/day.  Statistical evaluation was not presented.  No post-exposure deaths were reported, 
although lethality was recorded for rats exposed to 3.5 and 35 ppm for only 10 minutes.  
Following the 0.5 hr × 6-day exposure, the weight gain declined in proportion to the exposure 
dose.  At the lowest dose (0.21 ppm) the weight gain was 111 g after 91 days post-exposure, 
compared to a weight gain of 218 g during the same interval among the non-exposed  rats.  The 
absolute weights of the rats at the end of the exposure were not given.  According to the 
narrative, inflammatory lesions of bronchopulmonary tissue were present; their extent increased 
with dose.  A dose-response increase in markers of lung infection was present and suggests that 
the MIC exposed rats were more prone to infectious agents than were the unexposed animals.  
Non-specific lesions in liver and kidneys were also observed and appeared to be dose dependent, 
but the authors suggested that these effects could be a result of the lung infections. 
 
Fetotoxicity was observed in two experimental animal studies (Schwetz et al., 1987; Varma, 
1987).  Among female mice exposed to 0, 1, or 3 ppm MIC during gestation days 14 - 17 for 6 
hr/day, an increased incidence of fetal deaths was observed at 1 ppm (Schwetz et al., 1987).  At 3 
ppm, the average number of pups/litter decreased relative to the air-exposed controls.  The dams 
were unaffected in terms of survival, body weight, or length of gestation.  Non-gestational 
exposure (6 hr/day, 4 days) did not affect the number of pregnancies or the live litter sizes, 
suggesting that the fetotoxic effect may be specific to the female reproductive tract rather than a 
general attribute of systemic toxicity.  Similarly, female mice exposed for 3 hours on gestation 
day 8 to 0, 2, 6, 9 or 15 ppm MIC gave birth to pups with decreased body weights at the lowest 
dose, although a good dose-response was not observed (Varma, 1987).  At 9 or 15 ppm MIC, the 
surviving dams lost 75 - 80 percent of their fetuses.  Maternal mortality and decreased skeletal 
lengths were also observed at 9 and 15 ppm.  A distinction between maternally induced 
fetotoxicity and a direct effect on fetal health could not be made.  Because the inhalation 
exposure to the dams occurred for only 3 hrs on one day, a chronic LOAEL is not suggested.  
Exposure of male rats to one dose of 3.2 mg/L for 8 minutes resulted in a 21 percent fertility rate 
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among the cohabited female rats within the day 8-14 period post-exposure compared to a fertility 
rate of 40% for controls; however, the rates increased after 15 days post-exposure (Agarwal and 
Bose, 1992).  There was no evidence of fetotoxicity among the dams impregnated by the MIC-
exposed male rats.  Exposure of male and female mice to 0, 1, or 3 ppm MIC did not result in 
altered body weights, fertility, or litter size (Schwetz et al, 1987).  The results suggest that 
exposures to MIC at doses that are not toxic to adult male or female (pregestational) mice or rats 
do not result in adverse reproductive outcomes. 
 
 
VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Dodd and Fowler (1986) 
Study populations F344 rats 
Exposure method Inhalation (0, 0.15, 0.6, or 3.1 ppm) 
Critical effects Decreased weight gain and lung pathology 

immediately after cessation of exposure 
LOAEL 3.1 ppm 
NOAEL 0.6 ppm 
Exposure continuity 6 hours/day, 8 days/10 day experiment (2-cycles, 

with one 2-day recess from exposure) 
Exposure duration 10 days  
Average experimental exposure 0.12 ppm for the NOAEL group 

  (0.6 x 8/10 x 6/24) 
Human equivalent factor 0.15 ppm for the NOAEL group (gas with 

pulmonary respiratory effects, RGDR = 1.23, 
based on BW = 152 g, MV = 0.12 L/min, SA 
= 225 cm2) 

LOAEL uncertainty factor 1 
Subchronic uncertainty factor 10 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10  
Cumulative uncertainty factor 300 
Inhalation reference exposure level 0.5 ppb (1 µg/m3) 

 
Although the exposure was for only 10 days, the Dodd and Fowler (1986) study includes the 
longest exposure duration of the available investigations and also uses some of the lower 
exposure levels (down to 0.15 ppm).  The microscopic findings of the respiratory tract were 
statistically analyzed, although an observation of the tabulated data at the four doses (0, 0.15, 
0.6, and 3.1 ppm) clearly shows a NOAEL of 0.6 ppm.  Other endpoints with the same NOAEL 
were increased hemoglobin and increased absolute lung weights.  The symptomatic ramifications 
of the increased hemoglobin are unknown, although similar increases were reported for humans 
exposed to MIC in Bhopal (Srivastava et al., 1988).  The lung weight gain may be a reflection of 
the pathological changes seen in the microscopic studies. 
 
Decreased body weight gain was also seen in the experimental 4 day rat inhalation study of 
Mitsumori et al. (1987) (NOAEL = 1.1 ppm), except that the decrease in the latter study did not 
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occur until 1 and 3 days (female and male, respectively) post-exposure.  The apparent 
discrepancy could be explained, in part, on the basis of the length of exposure, which was twice 
as long in the Dodd and Fowler (1986) study.  However, the weight gain loss in the Dodd and 
Fowler (1986) study was initiated within one day of the start of exposure. 
 
The MIC chronic REL of 0.5 ppb is based on endpoints observed within 1 day of cessation of 
exposure.  Post-exposure evaluation showed that, at a higher exposure level (3.1 ppm), 
progressive changes, including death, occurred.  Post-exposure observations, however, were not 
reported at the 0.15 and 0.6 ppm MIC levels.  The attribute of delayed MIC inhalation toxicity 
has also been observed in other experimental animals studies (Dodd and Fowler, 1986, 
Mitsumori et al., 1987).  In the case of the human MIC exposure in Bhopal, India, death did not 
occur during the immediate 30 - 45 minute exposure, but exhibited a lag phase.  A few deaths 
occurred during the first few hours, the maximum occurred at 2 - 3 days, and by the end of a 
week about 2500 deaths were documented (Dave, 1985; Varma, 1986; Varma and Guest , 1993), 
although Varma (1986) suggests that the immediate number may be closer to 5,000.  One report 
suggests that during the intervening decade as many as 6,000 deaths may be attributed to the 
initial exposure in Bhopal (Lepkowski, 1994).  Such information suggests that the presence of an 
adverse effect at the NOAEL of 0.6 ppm (Dodd and Fowler, 1986) might be possible if the rats 
were observed during an extended post-exposure interval.  Experimental evidence is needed to 
test this hypothesis. 
 
Only one study was identified in which post-exposure observations were made on experimental 
animals exposed subchronically by inhalation to multiple doses of MIC.  Mitsumori et al. (1987) 
exposed rats to 0, 1.1, and 2.8 (females) or 3.0 (males) ppm MIC for 6 hr/day for 4 days and 
observed the rats for 91 days.  No deaths and no weight gain loss (in contrast to Dodd and 
Fowler, 1986) were present until the post-exposure period and were mainly observed in animals 
exposed at the high dose.  Using a NOAEL of 1.1 ppm MIC, a chronic REL of 1.1 ppb (2.6 
µg/m3) was derived.  The REL based on the Mitsumori et al. (1987) study is similar to the REL 
based on immediate effects (Dodd and Fowler, 1986), and may indicate that the time of 
occurrence of exposure related effects may not be as important as the MIC air concentration. 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The strengths of the inhalation REL for MIC include the availability of controlled exposure 
inhalation studies in multiple species at multiple exposure concentrations and with adequate 
histopathogical analysis and the observation of a NOAEL.  Major areas of uncertainty are the 
lack of adequate human exposure data and the lack of chronic inhalation exposure studies.  
 
VIII. Potential for Differential Impacts on Children's Health 
 
Since exposures to MIC at levels that are not toxic to adult male or female (pregestational) mice 
or rats do not result in adverse reproductive outcomes, the chronic REL of 1 μg/m3 should 
adequately protect infants and children.  MIC is a respiratory irritant and the developing 
respiratory system is more sensitive than that of adults.  However, there is no direct evidence in 
the literature to quantify a differential effect of MIC on the respiratory system of infants and 
children. 
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CHRONIC TOXICITY SUMMARY 
 

METHYL t-BUTYL ETHER 
 

(MTBE; 2-methoxy-2-methylpropane; tert-butyl methyl ether;  
methyl 1,1dimethyl ether) 

 
CAS Registry Number:  1634-04-4 

 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level  8000 μg/m3 (2000 ppb)  
Critical effect(s) Nephrotoxicity, prostration, periocular swelling 

in Fischer 344 rats 
Hazard index target(s) Kidney; eyes; alimentary system 

 
 
II. Physical and Chemical Properties (HSDB, 1994) 
 

Description Colorless liquid 
Molecular formula C5Hl20 
Molecular weight 88.15 g/mol 
Density 0.7405 g/cm3 @ 20°C 
Boiling point  55.2°C @ 760 mm Hg 
Vapor pressure  245 torr @ 20°C 
Solubility  Soluble in alcohol, ether, and 5% soluble in 

water 
Conversion factor 1 ppm = 3.61 mg/m3 @ 25° C;  

          3.67 mg/m3 @ 20° C 
 
 
III. Major Uses or Sources 
 
Methyl t-butyl ether (MTBE) is used as a gasoline additive to improve octane ratings and reduce 
emissions of some pollutants, in industry to improve miscibility of solvents, and in clinical 
medicine to dissolve cholesterol gall stones (Yoshikawa et al., 1994).  The annual statewide 
industrial emissions from facilities reporting under the Air Toxics Hot Spots Act in 
California,based on the most recent inventory, were estimated to be 215,182 pounds of MTBE 
(CARB, 1999). 
 
IV. Effects of Human Exposure 
 
Gasoline (with 10% MTBE) tanker drivers reported significantly higher fatigue at the end of the 
work week than before the work week, and those with longer exposure to gasoline with MTBE 
during the work week reported significantly higher fatigue than drivers with shorter exposure 
(Hakkola et al., 1997).  20% of drivers reported symptoms such as headache, dizziness, nausea, 
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and dyspnoea at the end of work week.  No human chronic toxicity or chronic epidemiology 
information for MTBE without coexposure to gasoline was found. 
 
Ten healthy male volunteers undergoing light physical work were exposed to 5, 25, and 50 ppm 
MTBE vapor for 2 hours (Nihlen et al., 1998).  While a solvent smell was noted at these 
concentrations, there were no consistent concentration-related effects on reported ocular or nasal 
irritation.  The blockage index (a measure of nasal airway resistance) increased significantly after 
exposure but was not correlated with exposure concentration. 
 
V. Effects of Animal Exposure 
 
Male and female rats (50/sex/group) were exposed by inhalation for 6 hours/day, 5 days/week to 
mean concentrations of 0, 403, 3023, or 7977 ppm (0, 1453, 10,900, or 28,760 mg/m3) MTBE 
for 24 months (Chun et al., 1992).  Clinical signs, hematology, body weights and food 
consumption were monitored.  Necropsy included measurements of organ weights and 
histopathology.  Corticosterone levels were measured on 10 animals prior to sacrifice.  Serum 
enzymes were not monitored.  The NOAEL for several endpoints, including non-alpha-2μ-
globulin induced nephrotoxicity, increased relative liver and kidney weights and prostration in 
females, and periocular swelling in both sexes was 403 ppm (1453 mg/m3). 

 
Mice were exposed for 6 hours/day, 5 days/week for 18 months to MTBE concentrations of 0, 
402, 3014, or 7973 ppm (0, 111, 835, or 2208 mg/m3) (Burleigh-Flayer et al., 1992). The mice 
exposed to the highest concentration (7973 ppm) all exhibited ataxia. Prostration was also noted 
in 8 of 50 animals in this group.  Liver weights were elevated in a concentration-dependent 
manner in the female mice but this change was not significant at the lowest concentration (402 
ppm).  Kidney weights were elevated in the female mice exposed to 7973 ppm.  At the highest 
concentration, a significant increase in hepatocellular hypertrophy and adrenal gland weight was 
detected in the male mice. Spleen weights were increased in the females exposed to the highest 
concentration. 
 
Moser et al. (1998) exposed female B6C3F1 mice to 7924 ppm (2195 mg/m3) MTBE for 4 
months, or 7919 ppm (2194 mg/m3) MTBE for 8 months; controls received plain air.  Body 
weight increases for control and MTBE-exposed mice, respectively, were 57% and 37% at 4 
months and 79% and 45% at 8 months: the reduced weight gain in MTBE-exposed mice was 
significantly different from the controls at both time points.  In MTBE-exposed mice, mean 
uterine weight was 83% reduced relative to controls at 4 and 8 months.  Ovary weight was also 
reduced in exposed mice, the mean weight being 55% of control at 4 months and 51% of control 
at 8 months.  Pituitary weights were decreased by 44% and 31% at 4 and 8 months, relative to 
controls.  Disturbances of the estrus cycle and histological changes in the reproductive organs 
were also noted.  Although the changes in organ weights and histology were suggestive of an 
anti-estrogenic effect of MTBE, serum estrogen levels were unaffected. No changes in estrogen 
receptor (ER) immunoreactivity in reproductive system tissues were observed.  Experiments in 
vitro failed to demonstrate any inhibition of estradiol binding to ER by MTBE or its metabolites.  
No inhibition of ER by MTBE was detected, nor was there any inhibition of the induction of ER 
by estradiol. The authors concluded that the apparent anti-estrogenic effects of MTBE were not 
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mediated via the ER, and drew a parallel with the anti-estrogenic effects of dioxins and 
chlorinated biphenyls. 
 
Tests for histopathology in the respiratory tract, plasma corticosterone levels, motor activity and 
neurobehavioral endpoints were performed in rats exposed to MTBE at concentrations of 0, 797, 
3920, or 8043 ppm (0, 2877, 14151, or 29035 mg/m3), 6 hours/day, 5 days/week for 13 weeks 
(Dodd and Kintigh, 1989).  Of these endpoints, the most significant finding was an elevation in 
plasma corticosterone in the high dose group.  This finding was consistent with the elevated 
adrenal weights reported by Burleigh-Flayer et al. (1992).  A clear dose-response for neurotoxic 
effects in these rats was not established.Biles et al. (1987) reported a NOAEL of 300 ppm 
(1083 mg/m3) MTBE for decreased pup viability in rats exposed for 6 hours/day, 5 days/week 
for a total of 16 weeks.  Animals exposed to 1240 ppm (4470 mg/m3) or 2860 ppm (10,311 
mg/m3) MTBE exhibited slightly decreased pup survival. 
 
Neeper-Bradley (1991) exposed rats to 0, 402, 3019, or 8007 ppm (0, 111, 836, and 2218 mg/m3) 
MTBE over 2 generations. Exposures were for 6 hours/day, 5 days/week during the prebreeding 
period, and for 7 hours/day, 5 days/week during gestation and lactation.  Parental effects of 
MTBE exposure were observed, including ataxia, blepharospasm, lack of startle reflex, and 
increased relative liver weights (F1 generation only).  There were no histological changes in the 
organs from either parental generation. Reduced body weights were observed in the F1 and F2 
pups at the 3019 and 8007 ppm concentrations. Reduced survivability to postnatal day 4 was 
observed in the 8007 ppm group.  No adverse effects were noted at the 403 ppm (111 mg/m3) 
concentration. 
 
In a developmental and reproductive toxicity study, Conaway and associates (1985) found no 
significant increases in maternal or fetal toxicity, nor in pregnancy rates or in any gross 
toxicologic parameter tested with pregnant rats or mice exposed during gestation to 
concentrations of MTBE up to 3300 ppm (11,897 mg/m3). 
 
Maternal toxicity, in the form of hypoactivity and ataxia, was observed in pregnant mice exposed 
during gestation to 4076 ppm (14,690 mg/m3) MTBE (Bushy Run Research Center, 1989a).  
Significant reductions in food intake and body weight gain were observed in dams exposed to 
8153 ppm (29,390 mg/m3).  Fetal body weight was significantly reduced in the 4076 ppm group, 
and there were significant increases in the incidences of skeletal variations and unossified 
phalanges in the 4076 and 8153 ppm groups.  Pregnant rabbits exposed to similar concentrations 
during gestation showed no significant maternal or fetal toxicity or developmental toxicity up to 
a concentration of 8021 ppm (28,918 mg/m3) (Bushy Run Research Center, 1989b). 
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VI. Derivation of Chronic Reference Exposure Level 
 

Study Chun et al., 1992; Bird 1997  
Study population Male and female rats (50 per sex/group) 
Exposure method Discontinuous whole-body inhalation exposures 

(0, 403, 3023, or 7977 ppm) 
Critical effects Nephrotoxicity, increased liver and kidney 

weight, prostration and periocular swelling 
LOAEL 3023 ppm 
NOAEL 403 ppm 
Exposure continuity 6 hours per day, 5 days per week 
Exposure duration 24 months 
Average experimental exposure 72 ppm for the NOAEL group 
Human equivalent concentration 72 ppm for the NOAEL group (gas with 

systemic effects, based on RGDR = 1.0 using 
default  assumption that lambda (a) = lambda 
(h)) 

LOAEL uncertainty factor 1 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10  
Cumulative uncertainty factor  30 
Inhalation reference exposure level  2 ppm (2000 ppb,  8 mg/m3,  8000 μg/m3) 

 
The USEPA (1995) based its RfC of 3000 μg/m3 on the same study but included a Modifying 
Factor (MF) of 3 for database deficiencies.  The criteria for use of modifying factors are not well 
specified by U.S. EPA.  Such modifying factors were not used by OEHHA. 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The major strengths of the REL for MTBE are the use of a comprehensive, long-term multiple 
dose study with large sample sizes and the observation of a NOAEL.  The major  uncertainty is 
the lack of human data. 
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CHRONIC TOXICITY SUMMARY  
 

METHYLENE CHLORIDE 
 

(dichloromethane, methylene dichloride) 
 

CAS Registry Number:  75-09-2 
 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 400 µg/m3 (100 ppb) 
Critical effect(s) Carboxyhemoglobin formation above 2% in 

human workers 
Hazard index target(s) Cardiovascular system; nervous system 

 
 
II. Physical and Chemical Properties (HSDB, 1999, except as noted) 
 

Description Colorless liquid 
Molecular formula CH2Cl2
Molecular weight 84.93 
Density 1.32 g/cm3 @ 20° C (ACGIH, 1991) 
Boiling point 39.75° C  
Vapor pressure 400 torr @ 24.1° C 
Solubility Miscible with most organic solvents, slightly 

soluble in water (ACGIH, 1991)  
Conversion factor 1 ppm = 3.47 mg/m3 @ 25° C 

 
 
III. Major Uses and Sources 
 
Methylene chloride (MC) is used in paint and varnish remover, in aerosols as a cosolvent or 
vapor pressure depressant, and in solvent degreasing and metal cleaning.  It is also used in 
plastics processing and in extraction of fats and oils from food products (HSDB, 1999).  The 
annual statewide industrial emissions from facilities reporting under the Air Toxics Hot Spots 
Act in California, based on the most recent inventory, were estimated to be 3,504,271 pounds of 
methylene chloride (CARB, 1999a).  Both mean and maximum monitored ambient methylene 
chloride concentrations have decreased slightly between 1990 and 1996 (CARB, 1999b).  
Median and maximum concentrations were 1.09 and 11 ppb in 1990 and 0.66 and 5.6 ppb in 
1996.  
 
 
IV. Effects of Human Exposure 
 
Effects of a controlled 2-hour inhalation exposure to MC included CNS depression at 
concentrations of 1000 ppm (3500 mg/m3) or more and increased blood carboxyhemoglobin 
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(COHb) content at lower concentrations (500 ppm) due to metabolism of MC to carbon 
monoxide (Stewart et al., 1972).  High levels of COHb can be found in the blood hours after 
exposure to methylene chloride, due to its partitioning into fat and its slow release into 
circulation with subsequent metabolism, leading to formation of carbon monoxide (Engstrom 
and Bjurstrom, 1977).  In situations of chronic exposure, carbon monoxide toxicity is also of 
concern.  Barrowcliff (1978) documented the case of an adult male who developed an unsteady 
gait, a peculiar dysarthria and a loss of memory.  The man had worked with 15-50 liters of 
methylene chloride daily for 3 years in a poorly ventilated room while cleansing road materials.  
No natural disease could be found to explain his conditions and the effects were attributed to 
chronic carbon monoxide poisoning. 
 
Twelve women volunteer subjects were exposed to 0, 300, or 800 ppm methylene chloride for 4 
hours (Fodor and Winneke, 1971).  Neurobehavioral vigilance was measured by auditory 
discrimination of intensity of certain sound pulses against a background of continuous white 
noise.  A significant interactive effect between methylene chloride concentration and duration of 
exposure using 2-way ANOVA (p < 0.01) was found. 
 
Human erythrocytes enzymatically convert methylene chloride to formaldehyde in cell-culture 
experiments (Hallier et al., 1994). 
 
A subacute controlled exposure of eleven resting non-smokers to methylene chloride was 
conducted by DiVincenzo and Kaplan (1981a).  The eleven subjects were exposed to 50, 100, 
150, or 200 ppm methylene chloride for 7.5 hours on 5 consecutive days.  Exposure to all 
concentrations led to dose-dependent elevation in COHb concentrations in the blood and 
elevated exhaled CO.  The peak blood COHb saturations were 1.9, 3.4, 5.3, and 6.8%, 
respectively, for the 50, 100, 150, and 200 ppm groups.   
 
Divencenzo and Kaplan (1981a) also measured COHb percentage in the blood of workers 
occupationally exposed to methylene chloride and a group of workers not exposed to methylene 
chloride.  The 19 workers exposed to methylene chloride had mean blood COHb concentrations 
of 2.3% in the morning and 3.9% at the end of the work-shift.  Ambient concentrations in the 
workplace were estimated from 57 samples, which ranged from 0 to 250 ppm, with a mean 
concentration of 40 ppm. Three exposed workers also wore monitors to estimate personal 
exposures. The time-weighted average exposure for these workers was 33 ppm. Controls (8 
subjects) had significantly lower mean blood COHb concentrations of 0.8% in the AM and 1.3% 
in the PM compared with the exposed workers.  The length of employment of the exposed 
workers was not given. 
 
A companion study by DiVincenzo and Kaplan (1981b) showed that smoking and methylene 
chloride exposure result in an additive effect on COHb levels compared with levels in non-
smokers.  Similarly, light, moderate or heavy exercise workloads resulted in higher COHb levels. 
 
Soden et al. (1996) showed a dose-response increase in carboxyhemoglobin levels in non-
smokers with increasing methylene chloride exposure in workers involved in triacetate fiber 
production.  Carboxyhemoglobin levels ranged from 1.77% to 4% from exposures ranging from 
6.5 to 89.7 ppm, respectively.  The number of employees in the study was not reported. 
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Although animal studies have shown COHb-induced cardiovascular effects following MC 
exposure (Aviado et al., 1977), no data exist on this outcome in humans.  However, studies of 
men with coronary artery disease and exercise-induced angina report a decrease in time to onset 
of exercise-induced angina following exposure to carbon monoxide (CO) at concentrations 
sufficient to result in blood COHb levels of about 2% (Kleinman et al., 1989; Allred et al., 
1989).  A physiologically based pharmacokinetic model of MC and CO estimated that a 1-hour 
exposure to 340 ppm (1200 mg/m3) MC at a ventilation rate of 9 liters/min would result in a peak 
blood COHb level of 2% (Andersen et al., 1991; Reitz, 1994).  The California Ambient Air 
Quality Standard for CO is based on a blood COHb level of 2% (CARB, 1982).   
 
An epidemiological study of 751 male workers in the Eastman Kodak Company exposed to daily 
8-hour time-weighted average concentrations of 30-125 ppm methylene chloride for up to 30 
years was conducted by Friedlander and associates (1978).  A control group of workers in 
production but not exposed to methylene chloride was used together with New York state cause 
and age-specific mortality rates.  The follow-up period for these workers was 13 years, with 97% 
success.  The studies did not indicate any increase in risk of death from circulatory disease, 
cancer, or other causes due to methylene chloride exposure. 
 
A study of female pharmaceutical workers in eight different factories exposed to a variety of 
organic solvents indicated that solvent exposure, and particularly methylene chloride exposure, 
resulted in an increase in spontaneous abortions (Taskinen et al., 1986).  In all, 1795 pregnancies 
were followed, with 142 spontaneous abortions occurring.  The odds ratio for methylene chloride 
exposure was 1.0 to 5.7 (average = 2.3; p < 0.06).  There was a significant effect of exposure to 4 
or more solvents, compared with age-matched controls (p < 0.05).  The concentrations of MC 
were not reported in the study. 
 
The U.S. Occupational Safety and Health Administration reduced its permissible exposure limits 
(PEL) for MC from 500 ppm to 25 ppm in 1997 (U.S. CFR, 1997). 
 
 
V. Effects of Animal Exposure 
 
Nitschke et al. (1988) found that a 2-year exposure to 0, 50, 200, or 500 ppm MC for 6 
hours/day, 5 days/week resulted in significant histopathologic lesions in the livers of rats 
exposed to 500 ppm.  No significant adverse effects were observed at 200 ppm or lower.  The 
predominant hepatocellular lesion was fatty vacuolization of hepatocytes. 
 
Female B6C3F1 mice inhaling 2000 ppm MC for 1 to 26 weeks had 40 to 60% lower cell 
turnover rates of bronchiolar cells compared with controls (Kanno et al., 1993). At this 
concentration no observable pathological changes were found in the lungs of MC exposed 
animals. 
 
A continuous exposure of mice (16 per group) to 100 ppm MC for 1, 2, 3, 4 or 10 weeks resulted 
in signifcant elevation in liver triglycerides beginning at 2 weeks and lasting throughout the 10-
week period (Weinstein and Diamond, 1972).  Liver/body weight ratios were unaffected at any 
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time point.  After 1 week, small fat droplets were apparent in centrilobular hepatocytes and a 
decrease in hepatic glycogen was also noted.  Necrosis was not observed during the 10-week 
period, but fat droplet size increased and glycogen depletion persisted.   
 
 Male and female Sprague-Dawley rats and Golden Syrian hamsters inhaled methylene chloride 
(0, 500, 1500, or 3500 ppm) for 6 hr per day, 5 days a week over 2 years (Burek et al., 1984).   
The groups consisted of 129 rats per sex per concentration, and 107 to 109 hamsters per sex per 
concentration. Females rats inhaling 3500 ppm had an increased mortality rate while female 
hamsters inhaling 1500 or 3500 ppm had decreased mortality rates. Slight histopathological 
findings were noted in livers of rats exposed to 500, 1500, or 3500 ppm MC. Decreased 
amyloidosis was also found in livers and other organs of hamsters at each of the three MC 
concentrations. Overall, effects were more potent in rats compared with hamsters, which had 
fewer spontaneous age-related changes, decreased mortality (at least for females), and evidence 
of specific target organ toxicity was weak. Carboxyhemoglobin values were elevated in both rats 
and hamsters exposed to 500 ppm or more of MC, with the percentage increase greater in 
hamsters than in rats.  
Monkeys were observed to be more susceptible subjects for methylene chloride induced COHb 
than dogs upon 14-week subchronic continuous exposure to 25 or 100 ppm (Haun et al., 1972).  
At 25 ppm, approximately 1.5% COHb was reached in the 4 monkeys, compared to 
approximately 0.5% in 16 dogs.  Monkeys exposed to 100 ppm MC had COHb levels of 
approximately 4% compared with 2% in the dogs. 
 
Oral ethanol pretreatment in rats has been shown to suppress the COHb formation characteristic 
of methylene chloride exposure through inhibition of biotransformation of methylene chloride 
(Glatzel et al., 1987). 
 
Gerbils (10/sex per group; 60 controls) exposed continuously to MC concentrations of 210, 350, 
or 700 ppm for a period of 3 months, with a 4-month follow-up period, showed irreversible 
cellular and biochemical changes in brain (Rosengren et al., 1986).  A high mortality rate (19/20) 
was observed in the 700 ppm group, and this exposure was terminated after 7 weeks.  The gerbils 
exposed to 350 ppm also had a high mortality rate (9/20) and this exposure was terminated after 
10 weeks.  The gerbils exposed to 210 ppm had no premature mortality and the exposure 
continued for the full 3 months.  Four months after termination of exposure, the animals in the 
350 and 210 ppm groups had significantly decreased brain DNA content in the hippocampus.  
The 350 ppm group exhibited elevated astroglial proteins in the frontal and sensory motor 
cerebral cortex, consistent with astrogliosis in these regions.  In addition, the gerbils exposed to 
350 ppm MC had significantly decreased DNA in the cerebellar hemispheres.  Complimentary 
studies by these investigators showed that the formation of carboxyhemoglobin did not increase 
in gerbils between the 210 and 350 ppm exposures, indicating that the metabolism of MC to CO 
is saturable at concentrations below those in the study.  On the other hand, the neurotoxic brain 
biochemical alterations were significantly greater in gerbils exposed to 350 ppm as compared 
with the 210 ppm group, implying that carboxyhemoglobin induced cerebral hypoxia is not the 
major cause of MC-induced neurotoxicity in the brain. 
 
Rats (50 per sex per group) were exposed to 0, 1000, 2000, or 4000 ppm methylene chloride 6 
hours/day, 5 days/week for 102 weeks (NTP, 1986).  Both sexes exhibited hemosiderin 
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pigmentation in the liver in a dose-dependent fashion, beginning with the 1000 ppm 
concentration.  Squamous metaplasia of the nasal cavity was observed in female rats, and thyroid 
C-cell hyperplasia was observed in males exposed to 2000 ppm or greater.  Kidney tubule 
degeneration (not otherwise specified) was increased at all exposure levels. 
 
Mice (50 per sex per group) exposed to 0, 2000, or 4000 ppm methylene chloride 6 hours/day, 5 
days/week for 102 weeks showed increased incidence of liver cytologic degeneration and splenic 
atrophy at 4000 ppm (males) (NTP, 1986).  Male and female mice also had an increased 
incidence of kidney tubule casts (not otherwise specified) at 2000 ppm or greater, and significant 
testicular atrophy was observed in males at 4000 ppm.  Female mice showed cytologic 
degeneration in the liver at 2000 ppm or greater, and ovarian atrophy at 2000 ppm or greater. 
 
A six month exposure to 5000 ppm MC of 8 guinea pigs for 7 hours/day, 5 days/week resulted in 
3 deaths; 2 showed moderate centrilobular fatty degeneration of the liver and extensive 
pneumonia at necropsy (Heppel et al., 1944).  None of the 14 control animals died.  Food 
consumption and body weight were lower in the exposed guinea pigs, compared with control 
pigs.  One out of 12 rats died at this concentration, and the liver histology in this animal revealed 
multiple thrombi in renal vessels, associated with marked cortical infarction.  By comparison, 
dogs and rabbits showed no signs of illness, nor were blood pressure or hematological values 
altered at the 5000 ppm concentration.  At 10,000 ppm, 2 of 4 dogs showed moderate 
centrilobular congestion, narrowing of liver cell cords, and slight to moderate fatty degeneration.  
One of 2 monkeys revealed disseminated tuberculosis lesions, but no other histological 
alterations.  Four out of 6 guinea pigs had moderate fatty degeneration of the liver at this 
concentration. 
 
The offspring of rats (10 dams per group) exposed during gestation to 0 or 4500 ppm methylene 
chloride exhibited altered rates of behavioral habituation to novel environments (Bornschein et 
al., 1980).  This effect was observed beginning at 10 days of age but was still demonstrable in 
rats 150 days old.  The authors concluded that elevated maternal COHb could have been a 
contributing factor in the developmental impairment. 
 
In a study of the effects of methylene chloride on estrous cycle and serum prolactin, groups of 15 
female rats were exposed to 0 or 3500 ppm for 6 hours/day for 15 to 19 consecutive days 
(Breslin and Landry, 1986).  Males (15 per group) were exposed for 5 hours/day for 5 
consecutive days.  Female rats exhibited decreased body weight and increases in the estrous 
cycle duration and in serum prolactin.  Males did not show any significant effects on serum 
prolactin from methylene chloride exposure. 
 
Pregnant mice and rats were exposed to 0 or 1250 ppm MC 7 hours/day, on days 6 through 15 of 
gestation (Schwetz et al., 1975).  Significantly elevated absolute liver weights were seen in 
maternal animals from both species.  In addition, significantly increased incidences of delayed 
ossification of the sternebrae were seen in both species, compared to controls. 
 
Methylene chloride exposure of female rats before or during gestation to 4500 ppm resulted in 
elevated maternal liver weights and decreased birth weights of the offspring, but no terata or 
skeletal/soft tissue anomalies (Hardin and Manson, 1980).   
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A 2-generation reproduction test was conducted by Dow Chemical Company (Nitschke et al., 
1985) which showed no significant reproductive or developmental effects in rats exposed to 0, 
100, 500, or 1500 ppm MC 6 hours/day, 5 days/week, for 14 weeks.  The exposure conditions 
were identical for the F0 and F1 generations.   
 
 
VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study DiVincenzo and Kaplan (1981a) 
Study population  19 workers, 8 controls 
Exposure method Occupational inhalation exposure 
Critical effects Significantly elevated carboxyhemoglobin levels 

(> 2%) 
LOAEL 40 ppm (ambient workplace exposures averaged 

40 ppm with a range of  0 to 250 ppm); 
controls = 0 ppm 

NOAEL Not observed 
Exposure continuity 8 hours/day, 5 days/week 
Exposure duration Length of employment unspecified 
Average occcupational exposure 14 ppm for LOAEL group  

  (40 x 10/20 x 5/7) 
LOAEL uncertainty factor 10 
Subchronic uncertainty factor 1 (see following text for explanation) 
Interspecies uncertainty factor 1 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 100 
Inhalation reference exposure level 0.1 ppm (100 pbb; 0.4 mg/m3; 400 µg/m3) 

 
Workers were exposed to average measured concentrations of 40 ppm during the workday, and 
the personal monitors on 3 of the subjects indicated a 8-hour time-weighted average of 33 ppm 
over a 2-week period.  The average COHb levels were 3.9% at the end of the work-shift.  
Elevated carboxyhemoglobin concentrations of above 2% are considered to aggravate angina in 
some individuals (CARB, 1982).  In effect, 2% COHb can be considered a NOAEL for 
aggravation of angina.  Therefore, the 33 ppm concentration was considered a LOAEL for the 
formation of greater than 2% COHb.  The duration of the employment period was not specified.  
However, in the DiVincenzo and Kaplan (1981a) study, the levels of COHb did not appear to 
increase over a period of 5 days in experimental exposures using volunteers, therefore an 
uncertainty factor for subchronic exposure was not necessary.  A number of factors contribute to 
the uncertainty in determining the degree of sensitivity to methylene chloride, including activity 
level, metabolic enzyme activity, age, and background COHb status (e.g., from smoking, etc.). 
 
The subchronic study by Haun et al. (1972) with monkeys reported a NOAEL of 25 ppm and a 
LOAEL of 100 ppm for 2% COHb formation following a 14-week exposure.  These results are 
consistent with the LOAEL reported in the DiVincenzo and Kaplan study.  However, the human 
occupational study likely contains less uncertainty, since the toxicokinetics of the effect, 
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including rate of formation of CO and thus COHb is metabolism-dependent, resulting in 
considerable potential interspecies differences. 
 
The study in hamsters by Burek et al.(1984) showed a LOAEL for elevated carboxyhemoglobin 
of 500 ppm.  A time-weight average exposure and HEC of 89 ppm was calculated. Using a 10-
fold LOAEL uncertainty factor, a 3-fold interspecies uncertainty factor for residual uncertainty 
not accounted for in the HEC calculation, and a 10-fold intraspecies uncertainty factor, a REL of 
300 ppb or 1000 µg/m3 was derived. Thus, the REL derived from the best available animal study 
is comparable to the 400 µg/m3 REL derived from the best-available human study. 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The major strength of the key study (DiVincenzo and Kaplan, 1981a) used to derive the REL for 
methylene chloride is that human health effects were observed.  The major uncertainties from the 
key study itself are the lack of a NOAEL observation, the difficulty in estimating exposures, and 
the discontinuous and variable nature of the exposures. 
 
The health effects database for methylene chloride includes, in addition to an adequate study of 
human occupational exposures (DiVincenzo and Kaplan, 1981a), an adequate lifetime inhalation 
exposure study in 2 species of laboratory animals (Burek et al., 1984). The REL values derived 
from these studies (400 µg/m3 vs. 1,000 µg/m3) are comparable. That both the human and animal 
studies measured the same endpoint and arrived at similar conclusions is a circumstance that is 
rarely found but one that considerably increases the weight of evidence from which the REL was 
derived. The two studies complement each other, as the animal study involved controlled, 
measured exposures over a lifetime but introduces the uncertainty of predicting human health 
effects from animal observations, and the human study involved poorly characterized human 
exposures but lacks the uncertainty inherent in interspecies extrapolation.  
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CHRONIC TOXICITY SUMMARY 
 

4,4′-METHYLENE DIANILINE 
 

 

(MDA; 4,4’-diaminodiphenylmethane; 4,4’-diphenylmethanediamine; DAPM; dianilinemethane) 
 

CAS Registry Number: 101-77-9  
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 20 µg/m3 (2 ppb) 
Critical effect(s) Ocular toxicity to the retinas of guinea pigs 
Hazard index target(s) Eyes; alimentary system (hepatotoxicity) 

 
 
II. Chemical Property Summary (HSDB, 1995; CRC, 1994) 
  

Description Colorless to pale yellow flakes; tan 
Molecular formula C13H14N2
Molecular weight 198.3 g/mol 
Boiling point 398-399°C 
Melting point 92.5°C 
Vapor pressure 1 torr @ 197°C 
Solubility Soluble in alcohol, benzene, ether; 273 g/100 g 

acetone; 0.1 g/100 g water @ 25°C 
Conversion factor 8.1 µg/m3 per ppb at 25ºC 

 
 
III. Major Uses and Sources 
 
4,4’-Methylene dianiline (MDA) is synthesized by the reaction of aniline with formaldehyde. 
MDA’s major uses are as a chemical intermediate in the synthesis of certain isocyanates and 
polyurethane polymers, as a corrosion inhibitor, in the preparation of azo dyes, as a rubber 
preservative, and in the curing of epoxy resins and neoprene (HSDB, 1995; ACGIH, 1992).  The 
annual statewide industrial emissions from facilities reporting under the Air Toxics Hot Spots 
Act in California based on the most recent inventory were estimated to be 1133 pounds of MDA  
(and its dichloride) (CARB, 2000). 
 
 
IV. Effects of Human Exposure 
 
Several cases of human exposure to MDA have identified the compound as a hepatotoxicant 
which produces cholestatic jaundice (Kopelman et al., 1966; McGill and Motto, 1974; Williams 
et al., 1974; Bastian, 1984).  Bastian (1984) described cases of acute hepatic illness in four 
workers exposed from laying floors using an epoxy resin base, which contained MDA as a 
curing agent.  The workers were exposed via fumes and dusts in the air as well from hand 
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contact with powder and had worked with epoxy resins for periods ranging from one to 12 years.  
The level of exposure was not quantified.  The workers initially reported to the hospital with 
symptoms of abdominal pain three days after the most recent exposure and all were discharged 
within four days.  Two workers continued to show severe symptoms five days after the onset, 
with abdominal pain, jaundice, a tender liver, nausea, dyspnea, and muscular pain.  Plasma 
bilirubin, alkaline phosphatase, and aspartate aminotransferase levels were elevated.  Some 
symptoms did not subside until two months after the onset.  One worker, after another exposure, 
experienced nausea, abdominal pain, and muscular pain.  A second worker reported further 
symptoms of headache, tiredness, and decreased libido. 
 
Williams et al. (1974) reported symptoms in 6 of approximately 300 workers exposed to MDA 
by surface coating concrete walls with epoxy resins.  Exposure probably occurred by inhalation, 
ingestion, and skin contact as a result of mixing powder containing MDA.  Symptoms of clinical 
hepatitis in the 6 workers appeared two days to two weeks after beginning work; five of the six 
had elevated bilirubin levels, and one liver biopsy showed bile stasis.  All the workers recovered 
completely after an unspecified time. 
 
McGill and Motto (1974) described hepatitis among 13 men who, over the course of 6 years, 
were occupationally exposed to MDA in the blending of epoxy resins used in the manufacture of 
insulating material.  Among the 13 patients showing symptoms, all reported weakness, jaundice, 
and dark urine; 11 reported abdominal pain, nausea or vomiting, and anorexia; and over half 
reported fever, chills and/or headache.  All the workers recovered within a 10 week period.  
After the first cases of hepatitis occurred, air sampling showed initial levels of MDA to be 0.1 
ppm in the work area.  After additional cases of hepatitis occurred, measures were taken to 
reduce worker exposure, and air levels were reduced to as low as 0.0064 ppm.  The authors 
concluded that percutaneous absorption was the likely major route of exposure in light of the fact 
that cases occurred in spite of measures taken to reduce air levels and there was evidence that 
significant hand contact with the compound occurred during the workday.  Since the symptoms 
appeared within one to 18 days after “working intensively” with the compound and exposure 
routes were not clearly established, quantitation of exposure levels was considered difficult. 
 
The most well-known incident of MDA toxicity to humans resulted from ingestion of bread 
made with flour contaminated with MDA during transport (Kopelman et al., 1966a).  Eighty-four 
persons showed symptoms of abdominal pain and some degree of jaundice.  All patients had 
elevated serum alkaline phosphatase and glutamic oxaloacetic transaminase levels.  Seventeen 
had serum bilirubin levels over 5 mg/100 ml.  Liver biopsy was performed on 8 persons and 
evaluated in a separate study (Kopelman et al., 1966b).  The primary finding was an unusual 
lesion described during the early course of the disease as portal zone cholangitis and later as 
centrilobular cholestasis with necrosis.  The initial study reported that all but 2 patients had 
complete recovery within several weeks.  However, a two year follow-up study of 14 individuals 
showed that 10 still had symptoms of some severity 7 to 23 months after initial onset including 
food intolerance, gastrointestinal disturbances, fatigue, and visual disturbances (Kopelman, 
1968).  
 
Human effects other than hepatotoxicity have been described including several cases of contact 
dermatitis and skin sensitization (LeVine, 1983; Van Joost et al., 1987; de Pablo et al., 1992; 
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Bruynzeel and van der Wegen-Keijser, 1993).  A case report of a man exposed to MDA with 
potassium carbonate and γ-butyrolactone by accidental ingestion has been described (Roy et al., 
1985).  In addition to hepatitis and abnormal liver function, which persisted over 18 months, the 
patient developed a progressively worsening retinopathy described as a “malfunction of the 
retinal pigment epithelium” accompanied by diminished visual acuity.  The patient improved 
after approximately 3 months, but after examination at 18 months had not completely recovered.   
 
Another report described the development of acute cardiomyopathy in addition to hepatitis in a 
worker exposed to a large quantity of MDA dust as the result of air filtration malfunction 
(Brooks et al., 1979).  The patient showed an abnormal ECG and an elevated cardiac LDH 
isoenzyme profile, which returned to normal within one month of onset.  
 
 
V. Effects of Animal Exposure 
 
The carcinogenicity of MDA was investigated in F344/N rats and B6C3F1 mice (50/sex/dose 
group) administered in the drinking water at concentrations of 0, 150, and 300 ppm MDA 
(dihydrochloride) for 103 weeks (Lamb et al., 1986).  A 14-day range finding study was also 
conducted with 5 animal/sex/species/dose group, with exposure levels of 0, 200, 400, 800, 1600, 
and 3200 ppm MDA.  A 13-week subchronic study was conducted with 10 
animals/sex/species/dose group and exposure levels of 0, 25 (mice), 50, 100, 200, 400, and 800 
(rats) ppm MDA.  Using body weight and drinking water values from the study, low and high 
daily doses in the chronic study were calculated to be 9 and 16 mg/kg-day for male rats, 10 and 
19 for female rats, 25 and 57 for male mice, and 19 and 43 for female mice.  In the chronic 
study, survival was reduced among male mice treated with 300 ppm MDA.  Final mean body 
weights were reduced in the 300 ppm dose group of female rats (-9%), male mice (-13%), and 
female mice (-16%).  Among rats, non-cancer effects included follicular cysts and follicular-cell 
hyperplasia of the thyroid (significantly increased incidence in high-dose females; p<0.05 by 
Fisher’s exact test).  In the liver, the incidence of fatty and focal cellular change was elevated in 
low-dose male and female rats and also in high dose male rats.  Incidence of unspecified 
dilatation of the liver was also elevated in high-dose male rats.  Increased incidence of kidney 
mineralization was found in male rats treated with 300 ppm MDA.  Among mice, incidence of 
liver degeneration was elevated in males in both treatment groups and females in the high-dose 
group (p<0.01 by Fisher’s exact test).  Incidence of kidney nephropathy was increased in male 
and female mice in both treatment groups and mineralization of the renal papilla was increased 
in both sexes in the high-dose group (p<0.01).  From the 13-week study, the authors noted 
thyroid and bile duct effects in rats at 800 ppm MDA in water and in mice at 400 ppm MDA in 
water. 
 
Albino and pigmented guinea pigs were exposed to aerosols of methylene dianiline in 
polyethylene glycol 200 (PEG) in nose-only exposure chambers (Leong et al., 1987).  Animals 
(8 of each strain) were exposed to a time-weighted average aerosol concentration of 0.44 g 
MDA/m3 in air for 4 hours/day, 5 days/week for 2 weeks.  Eight control animals were neither 
exposed to aerosol nor placed in the exposure chamber.  Two weeks after the exposure period, 
animals were evaluated for dermal sensitization and irritation by challenge with 0.05 ml of 0, 2, 
20, and 200 mg MDA/ml in PEG for up to 24 hours.  No evidence of dermal irritation or 
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sensitivity was found.  Subsequently, the animals were also examined for pulmonary 
sensitization by challenge with aerosols containing 0.01 and 0.05 ml of 200 mg MDA/ml PEG.  
Lung insufflation pressures were measured as an indication of changes in lung distensibility.  No 
evidence of pulmonary sensitization was found.  After the pulmonary challenge, the animals 
were examined histopathologically, with emphasis on eye, lung, liver, and kidney toxicity.  
Ocular toxicity ranging from mild to more severe was observed in all MDA-treated animals, but 
in none of the control animals.  Pigmented animals did not differ in sensitivity or effect 
compared to albino animals.  Mild lesions were described as “retraction and thickening of the 
outer segments of the photoreceptor cells” while more severe effects included swelling “through 
the inner segments of the photoreceptor cells to the outer nuclear layer.”  Some evidence of 
inflammatory cell infiltration was also noted and the pigmented epithelial layer was also 
degenerated.  The authors conclude that the effects were attributable to MDA because no retinal 
lesions have been associated with exposure to the PEG vehicle.  Furthermore, the inhalation 
exposures to MDA are the likely cause rather than the dermal and lung sensitization study 
exposures because these subsequent studies were conducted on control as well as treated 
animals.  Pulmonary granulomas consisting of “an aggregate of macrophages surrounded by a 
thin mantle of lymphocytes” were found in 7 of the 16 MDA-exposed animals and one of the 8 
control animals (level of significance was not stated).  Treated and control animals had a high 
background incidence of pulmonary lesions including slight to mild bronchitis.  No liver or 
kidney effects were detected in treated animals. 
 
Nine purebred beagle dogs were treated orally (by capsule) with 70 mg “crude” (4 dogs) or 
“purified” (5 dogs) MDA in corn oil three days per week for a period ranging from 
approximately 3 to 7 years (Deichmann et al., 1978).  No concurrent controls were included 
since untreated animals were regularly maintained in the laboratory.  After 2 years, cystoscopic 
examination was performed at 15-month intervals.  After 4½ years, clinical chemistry tests were 
performed at 4 month intervals on 3 dogs from each group.  Microscopic examination of urinary 
bladder, liver, heart, ovaries, uterus, and lymph nodes was performed on moribund animals or at 
the end of the experimental period (7 years, 2 months).  Liver toxicity was noted in all the treated 
animals.  Effects were described as fatty change, cell degeneration and necrosis, and lymphoid 
cell infiltration.  One dog from each treatment group died from the toxic effect on the liver.  The 
kidneys of four treated animals (two from each group) showed toxic effects including granuloma, 
glomerular nephritis, and congestion with cloudy swelling.  Two dogs treated with “purified” 
and one dog treated with “crude” MDA showed toxicity to the spleen described as hemosiderosis 
and swelling with lymphocyte infiltration.  
 
Wistar rats (5/sex/dose) were treated orally with 0, 0.0083, and 0.083 g MDA/kg body weight in 
propylene glycol daily for 12 weeks (Pludro et al., 1969).  Doses were 1% and 10% of the 
experimentally determined median lethal dose.  No significant changes in body weight or 
hematological parameters were found, although serum albumin, β-globulin, and γ-globulin were 
elevated in animals in the 0.083 mg/kg dose group.  The livers of all the animals in the high dose 
group showed signs of degeneration, including atrophy of the parenchyma and stromal 
hyperplasia in the portal areas.  Also in this dose group, all animals showed hypertrophy of the 
lymphatic nodules of the spleen.  In the low dose group, one animal showed a liver lesion and 
one a lesion in the spleen.  
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Schoental (1968) treated rats (8/sex) with MDA in 25% aqueous ethanol by stomach tube.  Rats 
were given 20 mg doses a total of 2-5 times over several weeks up to 7½ months (frequency not 
specified).  Animals showed necrosis of the liver and kidney and congestion and edema of the 
lungs. 
 
Visual toxicity was reported in 15 cats treated perorally with 25-100 mg MDA/kg body weight in 
a 1% aqueous suspension (Schilling von Canstatt et al., 1966).  In four animals treated once with 
100 mg/kg, no blindness was reported.  In all the other treated animals (four with one dose of 
100 mg/kg, two with one dose of 150 mg/kg, and two with three doses of 25 mg/kg and 3 doses 
of 50 mg/kg), blindness occurred within 8 days.  Three of the eight recovered sight within 4 
days.  Two other treated animals were examined microscopically, one treated with 25 and then 
50 mg/kg and one treated once with 200 mg/kg.  The first was examined after 7 days and showed 
signs of granular degeneration of the rods and cones with some proliferation of the pigmented 
epithelium.  The second was examined after 4¼ years and showed atrophy of the retinal 
neuroepithelium.  The authors noted that no visual disturbances were found in other MDA 
treated experimental animals, including dog, rabbit, guinea pig, and rat.  
 
 
VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Leong et al., 1987 
Study population Guinea pigs 
Exposure method Discontinuous inhalation exposure (nose only) of 

aerosols 
Critical effects Degeneration of retinal epithelium 
LOAEL 440 mg/m3 (54 ppm) 
NOAEL Not observed 
Exposure continuity 4 hours/day, 5 days/week 
Exposure duration 2 weeks 
Average experimental exposure 52 mg/m3 for LOAEL group (440 x 4/24 x 5/7) 

(6.4 ppm) 
Human equivalent concentration 52 mg/m3 using the default assumption of RGDR 

= 1 for a gas with systemic effects 
LOAEL uncertainty factor 10 (incidence = 100%) 
Subchronic uncertainty factor 10 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 3,000  
Inhalation reference exposure level 0.02 mg/m3 (20 µg/m3; 0.002 ppm; 2 ppb) 

 
Two specific types of toxicity have been associated with exposure to MDA: hepatotoxicity and 
ocular toxicity.  Several studies have demonstrated hepatotoxicity in experimental animals.  The 
best study of long term toxicity of MDA was the report by Lamb et al. (1986).  In addition to 
addressing the carcinogenicity of MDA, Lamb described non-cancer health effects, which 
resulted from lifetime exposure of two species, rats and mice, to MDA at two concentrations in 
the drinking water.  The 150 ppm dose level was a LOAEL for fatty change and focal cellular 
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change to the livers of male and female rats as well as for liver degeneration in male mice.  The 
corresponding effects were also observed in high-dose male rats and male mice.  Nephropathy 
was observed in mice of both sexes at the 150 and 300 ppm.  There is abundant evidence from 
both human and animal studies that MDA is hepatotoxic.  Bastian (1984), Williams et al. (1974), 
and McGill and Motto (1974) reported hepatitis in people exposed by inhalation and dermal 
absorption routes.  Kopelman et al. (1966a,b) demonstrated human hepatotoxicity from exposure 
by the oral route.  However, limited data detailing exposure levels associated with adverse health 
effects in humans preclude the development of a chronic REL from studies in humans. 
 
The other toxic effect of potential concern from MDA exposure is ocular toxicity.  Leong et al. 
(1987) reported damage to the retinas of guinea pigs exposed for 2 weeks to MDA aerosols (0.44 
g/m3 for 4 hr/day, 5 days/week; average experimental exposure = 52 mg/m3) by inhalation.  
Schilling von Canstatt et al. (1966) also reported blindness in cats treated orally with MDA.  A 
single case of retinopathy and visual toxicity in humans was reported in a man who accidentally 
ingested MDA with potassium carbonate and γ-butyrolactone.  The Leong et al. (1986) study 
was selected for the development of the chronic REL because, although conducted for a 
relatively short period of time, the study appears to address the most sensitive endpoint of 
toxicity by the most appropriate route of exposure (inhalation).  The studies, which established 
the hepatotoxicity of MDA, were conducted by the oral route of exposure. 
 
As a comparison with the proposed REL, the study by Lamb et al. (1986) found a LOAEL of 9 
mg/kg-day for liver changes in male rats.  Use of a LOAEL UF of 3, an interspecies UF of 10, 
and an intraspecies UF of 10 results in an oral chronic REL of 0.03 mg/kg-day.  Use of route-to-
route extrapolation with the assumption that a 70 kg person breathes 20 m3 of air per day leads to 
an inhalation chronic REL estimate of 100 μg/m3.  The proposed chronic REL based on Leong et 
al. (1987) is lower by a factor of 5 than that obtaimed by using Lamb et al. (1986) and should be 
protective of hepatotoxicity. 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The strengths of the inhalation REL for 4,4′-methylene dianiline include the availability of a 
controlled exposure inhalation study.  Major areas of uncertainty are the lack of adequate human 
exposure data, the lack of chronic inhalation exposure studies, the lack of reproductive and 
developmental toxicity studies, and the lack of observation of a NOAEL.  In addition the test 
animals were under additional stress due to the restraint used to obtain nose-only exposure, while 
the control animals were not restrained.  Liver toxicity has been included as a potential critical 
effect because of uncertainty regarding the relative potency of this compound in causing liver 
toxicity in different species by different routes of exposure. 
 
When assessing the health effects of methylene dianiline, its carcinogenicity must also be 
assessed.   
 
VIII. Potential for Differential Impacts on Children's Health 
 
No evidence to support a differential effect of methylene dianiline on infants and children was 
found in the literature. 
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CHRONIC TOXICITY SUMMARY 
 

METHYLENE DIPHENYL ISOCYANATE 
 

(diphenylmethane diisocyanate) 
 

CAS Registry Number: 101-68-8 
 
 
I. Chronic Reference Exposure Level 
 

Inhalation reference exposure level 0.7 µg/m3

Critical effect(s) Hyperplasia of the olfactory epithelium in rats 
Hazard index target(s) Respiratory system 

 
 
II. Physical and Chemical Properties (HSDB, 1995) 
 

Description Light yellow solid 
Molecular formula C15H10N2O2 (monomer) 
Molecular weight Variable (monomer = 250.27 g/mol) 
Density 1.197 g/cm3 @ 70°C (monomer) 
Boiling point 196°C (monomer) 
Melting point 37°C (monomer) 
Vapor pressure 0.001 torr @ 40°C (monomer) 
Solubility Soluble in acetone, benzene, kerosene, and 

nitrobenzene (monomer) 
Conversion factor Monomer: 1 ppm = 10.2 mg/m3 at 25°C; 

   Not applicable for polymer 
 
 
III. Major Uses or Sources 
 
Methylene diphenyl isocyanate (MDI) is used for bonding rubber to nylon.  MDI is also used in 
the manufacture of lacquer coatings and in the production of polyurethane resins and spandex 
fibers (HSDB, 1995).  It is often handled in a partially polymerized form (“MDI polymer”), 
which has a much lower vapor pressure than the monomer.  The annual statewide industrial 
emissions from facilities reporting under the Air Toxics Hot Spots Act in California based on the 
most recent inventory were estimated to be 30,398 pounds of MDI (CARB, 2000). 
 
 
IV. Effects of Human Exposure 
 
A 5-year occupational study of 107 workers from a polyurethane plastic manufacturing plant 
examined pulmonary function, respiratory symptoms, and smoking habits (Musk et al., 1982, 
1985).  No significant changes in pulmonary function or respiratory symptoms were observed 
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when controlled for smoking.  Mean MDI concentrations measured ranged from 0.0003 to 
0.0006 ppm.   
 
Significantly increased prevalence of asthma in female workers and of chronic bronchitis in male 
and female workers was observed following occupational exposure to low levels of MDI 
(<0.02 ppm) (Pham et al., 1988).  Workers from two plants were grouped by job classification 
and evaluated in this study conducted in 1976; workers were grouped as unexposed (62 men, 21 
women), indirectly exposed (61 men, 56 women), or directly exposed (91 men, 27 women).  
Further characterization of the exposure groups was not presented.  Decrements in pulmonary 
function (measured by VC, FEV1 and single-breath carbon monoxide diffusion tests) were 
observed in men in the direct and indirect exposure groups: decrements in men with a history of 
direct exposure to MDI were statistically significant.  Workers were also grouped by duration of 
occupational exposure (<20 months, 20-60 months, >60 months).  Workers with known (direct 
or indirect) occupational exposure to MDI for greater than 60 months exhibited statistically 
significant decrements in pulmonary function tests.  The follow-up examination of this study 
describes data from male workers only.  At the time of the 5-year follow-up, air levels had been 
reduced to below the maximum allowed air concentration of 0.005 ppm by a modification of the 
ventilation system.  Statistically significant decrements in pulmonary function were observed 
again in workers with known direct occupational exposure to MDI.  Workers who were exposed 
at the time of the 1976 study but had since been removed from exposure did not exhibit 
decrements in pulmonary function, leading the authors to conclude that the effects of low-level 
exposure to MDI are to some extent reversible.  Flaws in study design, including lack of 
exposure characterization, attrition, and inclusion of asthmatics in cohorts, preclude a 
quantitative assessment of MDI exposure on lung function. 
 
An epidemiologic study of foundry workers reported more respiratory symptoms and 
significantly lower mean FEV1 and maximum mid-expiratory flow at 25-75% in exposed 
workers compared to controls (Johnson et al., 1985).  However, MDI-exposed workers also had 
unquantified exposure to silica, metal dust, phenol formaldehyde, and a pyridine derivative 
precluding the evaluation of respiratory effects resulting from MDI exposure.   
 
A worker with 5 years occupational exposure and suspected MDI hypersensitivity was exposed 
continuously in a controlled chamber to 5 ppb for 15 minutes, then 10 ppb for 30 minutes, and 
20 ppb for 15 minutes (Marczynski et al., 1992).  The worker had not been exposed to MDI in 
the workplace for 5 days prior to the test challenge.  Exposure to MDI resulted in an immediate, 
moderate, asthmatic reaction associated with significant hypoxemia.   
 
IgG antibodies recognizing MDI-human serum albumin conjugates were detected in 4 of 5 MDI-
exposed workers (Aul et al., 1999).  The levels of specific IgG antibodies were more elevated 
with polymeric MDI compared with monomeric MDI. 
 
A workplace death of a 39-year-old foundry worker was ascribed to occupational asthma 
induced by MDI exposure (Carnio et al., 1997).  Postmortem pulmonary findings included 
epithelial desquamation, mucosal eosinophilic/neutrophilic infiltration, bronchial vessel 
dilatation, and edema and hypertrophy of smooth muscle. 
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V. Effects of Animal Exposure 
 
Rats were exposed to 0.2, 1.0, and 6.0 mg/m3 aerosolized MDI polymer 6 hours per day, 5 days 
per week for 24 months (Reuzel et al., 1990; 1994).  Statistically significant increased incidences 
of basal cell hyperplasia, olfactory epithelial degeneration, alveolar duct epithelialization, 
localized alveolar bronchiolization, and adenomas were observed in male and female rats 
exposed to 6.0 mg/m3 MDI.  An accumulation of macrophages with yellow pigment was also 
noted in the lungs and mediastinal lymph nodes.  Male rats exposed to this concentration also 
exhibited a statistically significant increase in the incidence of Bowman’s gland hyperplasia.   
Male rats exposed to 1 mg/m3 MDI also exhibited statistically significant increased incidences of 
basal cell hyperplasia and Bowman’s gland hyperplasia.  An accumulation of macrophages with 
yellow pigment was observed in the lungs of female rats and the lungs and mediastinal lymph 
nodes of male rats exposed to 1 mg/m3.  No adverse effects were noted in rats exposed to 
0.2 mg/m3 MDI. 
 

Hyperplasia of the olfactory epithelium with MDI exposure (Reuzel et al., 1990; 1994) 
Males  Females Combined   

Concentratio
n 

(mg/m3) 
Responders N Incidence Responders N Incidence Responders N Incidence 

0 14 60 0.23 4 60 0.067 18 120 0.15 

0.2 13 60 0.22 8 60 0.13 21 120 0.18 

1 26 60 0.43 8 60 0.13 34 120 0.28 

6 32 60 0.53 49 59 0.83 81 119 0.68 

 
 
Guinea pigs were exposed to 2 ppm MDI 3 hours per day for 5 days (Aizicovici et al., 1990).  
Qualitative immunostaining techniques indicated that MDI was localized in the respiratory tract.  
The spleen, lymph nodes, and thymus had very little staining.  However, another study exposed 
guinea pigs to 4 ppb radiolabelled toluene diisocyanate (TDI) for 1-hour and found measurable 
radioactivity in extrathoracic tissues and body fluids (Kennedy et al., 1989).  Therefore, there is 
a possibility that MDI may be transported to sites other than the respiratory tract, such as the 
ovaries and testes, following inhalation exposure.   
 
Gravid Wistar rats, Crl:(WI)BR, were exposed by whole-body inhalation to clean air (control) 
and to 1, 3, and 9 mg/m3 MDI, respectively, for 6 hr per day from days 6 to 15 post conception 
(Buschmann et al., 1996).  Rats were killed on day 20.  The lung weights in the high-dose group 
were significantly increased compared to the sham-treated control animals.  Treatment did not 
influence any other maternal and/or fetal parameters investigated (including maternal weight 
gain, number of corpora lutea, implantation sites, pre-and postimplantation loss, fetal and 
placental weights, gross and visceral anomalies, and degree of ossification).  A slight but 
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significant increase in litters with fetuses displaying asymmetric sternebra(e) was observed after 
treatment with the highest dose.  Although the relevance of an increase of this minor anomaly in 
doses which maternal toxicity is limited and within the limits of biological variability, a 
substance-induced effect in the high-dose group cannot be excluded with certainty.  Thus, the 
authors reported a NOAEL of 3 mg/m3 for embryotoxic effects. 
 
 
VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Reuzel et al., 1990; 1994  
Study population Rats 
Exposure method Inhalation of polymeric aerosolized MDI (0, 0.2, 

1.0, and 6.0 mg/m3) 
Critical effects Hyperplasia of the olfactory epithelium 
LOAEL 1 mg/m3

NOAEL 0.2 mg/m3

Benchmark Concentration (BMC05) 0.25 mg/m3 (95% lower confidence limit on 
concentration for a 5% incidence of response 
based on analysis of the combined male and 
female data with a linear model, the best-
fitting of 6 models examined, p = 0.99)  

Study continuity 6 hours per day, 5 days per week 
Study duration  24 months 
Average experimental exposure 0.046 mg/m3 for BMC05 group  

(0.25 x 6/24 x 5/7) 
Human equivalent concentration 0.020 mg/m3 for BMC05 group (particle with 

extrathoracic respiratory effects,  
RDDR = 0.453, based on MMAD = 0.68 µm 
and sigma g = 2.93) 

LOAEL uncertainty factor  1 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 30 
Inhalation reference concentration 0.7 µg/m3

 
The data of Reuzel et al. (1990, 1994) were examined with six quantal dose-response models 
(linear, log-normal, Weibull, logistic, quadratic, gamma) using USEPA BMDS 1.2.  All models 
except the quadratic gave a good fit to the combined male and female data set.  The linear model 
was selected as the best-fitting model.  Possible differences between male and female 
susceptibility are suggested by the gender-specific data, although the significance of these 
differences is uncertain. 
 
USEPA used the same two studies and a BMC10 approach to develop an RfC of 0.6 µg/m3. Since 
USEPA used a 3-fold database uncertainty factor, their BMC10-based RfC is comparable to the 
BMC05-based OEHHA REL.  
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VII. Data Strengths and Limitations for Development of the REL 
 
Strengths of the REL for MDI include the use of a well-conducted, long-term inhalation study, 
the observation of a NOAEL, and the estimation of a benchmark concentration.  A limitation of 
the REL is that it is based on data on exposures to MDI “polymer” which actually contains 
nearly 50% monomer.  Monomers may in some cases be more toxic than polymers.  Thus, 
effects of pure monomeric MDI may occur at concentrations somewhat lower than observed in 
the reported study on MDI polymer.  However, the capacity of MDI polymer to induce 
immunologic sensitization is greater than that of MDI monomer (Aul et al., 1999).  The relative 
potential of MDI monomer and polymer to induce hyperplasia of the olfactory epithelium is 
unknown. 
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CHRONIC TOXICITY SUMMARY 
 

NAPHTHALENE 
 

 (naphthene, NCI-C5290, albocarbon, dezodorator, moth balls,  
moth flakes,  tar camphor, white tar, naphthalin, naphthaline)  

 
CAS Registry Number:  91-20-3 

 
 
I.  Chronic Toxicity Summary 
 

Inhalation reference exposure level 9 μg/m3 (2 ppb) 
Critical effect(s) Respiratory effects (nasal inflammation, 

  olfactory epithelial metaplasia, respiratory 
  epithelial hyperplasia) in mice 

Hazard index target(s) Respiratory system, blood systems 
 
 
II.  Physical and Chemical Properties  (HSDB, 1995; 1999 except as noted) 
  

Description White crystalline powder; odor of mothballs 
Molecular formula C10H8
Molecular weight 128.6 g/mol 
Density 4.42 g/cm3 @ 20ºC 
Boiling point 218ºC 
Melting point 80.5 ºC 
Vapor pressure 0.078 Torr @ 25ºC (Sonnenfeld et al.,  

  1983); 0.10 Torr @ 27ºC (CRC, 1994) 
Conversion factor 5.26 µg/m3 per ppb at 25ºC 

 
 
III. Major Uses or Sources 
 
Naphthalene is a natural constituent of coal tar (approximately 11%) (HSBD, 1995).  It is present 
in gasoline and diesel fuels.  Naphthalene is used as a moth repellent, though this use is 
decreasing in favor of p-dichlorobenzene (HSDB, 1995).  It has also been used in the 
manufacture of phthalic anhydride, phthalic and anthranilic acids, naphthols, naphthylamines, 1-
naphthyl-n-methylcarbamate insecticide, beta-naphthol, naphthalene sulfonates, synthetic resins, 
celluloid, lampblack, smokeless powder, anthraquinone, indigo, perylene, and hydronaphthalenes 
(NTP, 1992; HSDB, 1995).  The statewide emissions from facilities reporting under the Air 
Toxics Hot Spots Act in California, based on the most recent inventory, were estimated to be 
164,459 pounds of naphthalene (CARB, 1999). 
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IV. Effects of Human Exposure 
 
Nine persons (eight adults and one child) were exposed to naphthalene vapors from several 
hundred mothballs in their homes.  Nausea, vomiting, abdominal pain, and anemia were reported 
(Linick, 1983).  Testing at one home following the incident indicated an airborne naphthalene 
concentration of 20 ppb (105 μg/m3).  Symptoms abated after removal of the mothballs.  
 
Workers occupationally exposed to naphthalene fumes or dust for up to five years were studied 
for adverse ocular effects (Ghetti and Mariani, 1956).  Multiple pin-point opacities developed in 
8 of 21 workers.  Vision did not appear to be impaired. 
 
Cataracts and retinal hemorrhage were observed in a 44 year old man occupationally exposed to 
powdered naphthalene, and a coworker developed chorioretinitis (van der Hoeve, 1906). 
 
Wolf (1978) reported that a majority of 15 persons involved in naphthalene manufacture 
developed either rhinopharyngolaryngitis and/or laryngeal carcinoma.  
 
Ingestion of naphthalene or p-dichlorobenzene mothballs is a frequent cause of accidental 
poisoning of children (Siegel and Wason, 1986).  Infants exposed to naphthalene vapors from 
clothes or blankets have become ill or have died (U.S. EPA, 1990).  The effects in infants have 
been associated with maternal naphthalene exposure during gestation (U.S. EPA, 1990).  
 
Deaths have been reported following ingestion of naphthalene mothballs.  A 17-year old male 
ingested mothballs, developed gastrointestinal bleeding, hematuria, and coma, and died after five 
days (Gupta et al., 1979).  A 30-year old female ingested 30 mothballs and died after five days 
(Kurz, 1987). 
 
Acute hemolytic anemia was reported among 21 infants exposed to naphthalene vapors from 
nearby mothball-treated materials (Valaes et al., 1963).  Increased serum bilirubin, 
methemoglobin, Heinz bodies, and fragmented red blood cells were observed.  Kernicterus was 
noted in eight of the children, and two of the children died.  Ten of these children had a genetic 
deficiency in glucose-6-phosphate dehydrogenase. 
 
A 12-year old male ingested 4 g of naphthalene and 20 hours later developed hematuria, anemia, 
restlessness, and liver enlargement (Manchanda and Sood, 1960).  The patient recovered after 8 
days.  
 
A 69-year old female developed aplastic anemia two months after several weeks exposure to 
naphthalene and p-dichlorobenzene (Harden and Baetjer, 1978). 
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V. Effects of Animal Exposure 
 
Male and female B6C3F1 mice were exposed to naphthalene (>99% pure) vapor for 6 hours per 
day, 5 days per week over 104 weeks (NTP, 1992).  Concentrations used were 0 (150 mice), 10 
(150 mice), or 30 ppm (300 mice) naphthalene. (Table 1).  Lesions were observed in the nose 
and lungs of exposed mice, including increased incidences of chronic nasal inflammation, 
olfactory epithelial metaplasia, and respiratory epithelial hyperplasia.  
 
 
Table 1.   Incidence of respiratory tract lesions in mice (male and female combined) chronically 

exposed to naphthalene vapors (NTP, 1992). 
 

 0 ppm 10 ppm 30 ppm 
Nasal inflammation 3/139 34/134 108/270 
Olfactory epithelial 
metaplasia 

0/139 131/134 269/270 

Respiratory epithelial 
hyperplasia 

0/139 131/134 269/270 

 
 
CD-1 mice were administered 5.3, 53, or 133 mg/kg/day naphthalene by gavage over 90 days 
(Shopp et al., 1984). The only effect noted was inhibition of aryl hydrocarbon hydroxylase 
activity.  No increase in mortality or changes in body weight were noted. Reduced spleen 
weights were noted in females exposed to the highest dose.  No changes were noted in serum 
enzyme levels or electrolytes.  The researchers did not conduct a histopathological examination. 
 
B6C3F1 mice were administered 200 mg naphthalene/kg/day by gavage for 5 days per week 
over 13 weeks.  No adverse effects were observed (U.S. EPA, 1990). 
 
Developmental effects of naphthalene ingestion in Sprague-Dawley CD rats was studied by 
Navarro and associates (1991).  The lowest dose tested (50 mg/kg/day by gavage) was associated 
with signs of CNS depression for the first 3 days.  Fetal growth, survival, and morphological 
development were not significantly affected at 450 mg/kg/day compared with control animals, 
although a trend toward decreased fetal weight and increased malformations was observed. 
 
Harris and associates (1979) intraperitoneally administered 395 mg/kg/day naphthalene to 
Sprague-Dawley rats over days 1 though 15 of gestation.  Fetuses had a 50% increase in 
incidence in delayed cranial ossification and heart development. 
 
New Zealand white rabbits were given 0, 40, 200, or 400 mg/kg/day by gavage over days 6 
through 18 of gestation (U.S. EPA, 1986a).  A dose-dependent increase in grooming, 
vocalization, aggression, diarrhea, dyspnea, and ocular and nasal discharge were noted at all 
doses.  No statistically significant increase in malformations or developmental abnormalities was 
observed.  
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Sprague-Dawley rats were administered 0, 100, 300, or 1000 mg/kg/day of naphthalene via 
dermal application (U.S. EPA, 1986b).  No effects were reported at 100 or 300 mg/kg/day.  At 
the high dose a slight decrease in testes weight was noted. 
 
 
VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study NTP (1992) 
Study population B6C3F1 mice (75 or 150/group/sex) 
Exposure method Discontinuous whole-body inhalation exposures  

   to 0, 10, or 30 ppm naphthalene vapor 
Critical effects Nasal inflammation, olfactory epithelial  

   metaplasia, and respiratory epithelial  
   hyperplasia 

LOAEL 10 ppm (96% incidence for males and 100%  
   incidence for females) 

NOAEL Not observed 
Exposure continuity  6 hours/day for 5 days/week 
Average experimental exposure 1.8 ppm (10 ppm x 6/24 x 5/7) for LOAEL group 
Exposure duration 104 weeks 
Subchronic uncertainty factor 1 
LOAEL uncertainty factor 10 
Interspecies uncertainty factor  10 (see below) 
Intraspecies uncertainty factor  10 
Cumulative uncertainty factor 1000 
Inhalation reference exposure level 0.002 ppm (2 ppb, 0.009 mg/m3, 9 μg/m3) 

 
The NTP study was chosen for the REL derivation since it is the only available lifetime animal 
inhalation bioassay and because no adequate epidemiological studies of long-term human 
exposure are available.  The study was judged to be of adequate study design.  The complete lack 
of nasal effects among control animals and the nearly total effect among animals exposed at 2 
different concentrations strongly indicates a causal relationship between naphthalene exposure 
and nasal effects.  The effects seen are consistent with those reported among exposed workers, 
who developed rhinopharyngolaryngitis or laryngeal carcinoma (Wolf, 1978).  However, the 
hematological effects observed in humans have not been reported in laboratory animals, which 
raises the possibility that humans may be significantly more sensitive to naphthalene.   
 
The most important limitation of the study is that the lowest concentration tested caused adverse 
effects in most (≥96%) of the animals tested.  Thus the study amply demonstrates the risk of 
lifetime exposures to 10 ppm, but is uninformative regarding the concentration-response 
relationship at lower concentrations.  Only a general assumption can be drawn on the magnitude 
of uncertainty factor needed to predict a concentration at which adverse effects would most 
likely not be observed.  Lacking specific guidance or relevant research for this situation, the 
default 10-fold factor was applied.  U.S. EPA also used the NTP study to develop its RfC of 3 
μg/m3 with slightly different assumptions and a cumulative uncertainty factor of 3000 (U.S. 
EPA, 2000).  OEHHA followed the U.S. EPA precedent in using an intraspecies UF of 10 for 
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naphthalene, rather than using the HEC/RGDR approach.  According to U.S. EPA (2000), 
because of its low water solubility and low reactivity, naphthalene-related effects on the nasal 
epithelium are expected to result following absorption of naphthalene and its metabolism to 
reactive oxygenated metabolites, not from direct contact.  This is supported by data on 
naphthalene metabolism indicating that toxic effects on the respiratory tract are due to a 
naphthalene metabolite that may be formed either in the liver or in the respiratory tract.  Necrosis 
of bronchial epithelial (Clara) cells in mice and necrosis of olfactory epithelium in mice, rats, 
and hamsters occur following intraperitoneal injection of naphthalene.  The nasal effects from 
inhalation exposure to naphthalene were considered to be extra-respiratory effects of a category 
3 gas (U.S. EPA, 1994).  The assumption is made that nasal responses in mice to inhaled 
naphthalene are relevant to humans; however, it is uncertain that the RfC for naphthalene based 
on nasal effects will be protective for hemolytic anemia and cataracts, the more well-known 
effects from naphthalene exposure in humans.  
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The strengths of the REL for naphthalene include the large number of animals in the key study 
on which the REL is based and the 2 year length of the study.  The limitations include the very 
high incidence of lesions at the lowest level tested in the key study, the absence of a NOAEL in 
the key study, the absence of other animal studies by the inhalation route, and the paucity of 
human data. 
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CHRONIC TOXICITY SUMMARY  
 

NICKEL AND NICKEL COMPOUNDS: 
NICKEL OXIDE 

 

Molecular 
Formula 

Molecular 
Weight 

 
Synonyms 

CAS Registry Number 

Ni 59 elemental nickel 7440-02-0 
NiO 74.69 nickel oxide 1313-99-1 
 
NiCl2 

 
129.6 

nickel chloride 
nickel dichloride 

 
7718-54-9 

 
NiSO4 

 
154.75 

nickel sulfate 
nickelous sulfate 

 
7786-81-4 

 
NiCO3 

 
118.7 

nickel carbonate 
carbonic acid nickel salt 

 
3333-67-3 

 
 
Ni3S2 

 
 
240.19 

nickel subsulfide 
trinickel disulfide 
heazlewoodite 

 
 
12035-72-2 

 
 
I. Chronic Toxicity Summary 
 
 A.  Nickel and Nickel Compounds (except nickel oxide) 
 

Inhalation reference exposure level 0.05 μg Ni/m3

Critical effect(s) Lung, nasal epithelial and lymphatic pathology 
in male and female rats 

Hazard index target(s) Respiratory system; hematopoietic system 
 

B. Nickel Oxide 
 
Inhalation reference exposure level 0.10 μg Ni/m3

Critical effect(s) Lung and lymphatic pathology in male and 
female rats 

Hazard index target(s) Respiratory system;  hematopoietic system 
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II. Physical and Chemical Properties  (from HSDB, 1995) 
 

Description Ni metal: Silvery metal; NiCl2: deliquescent 
crystals (U.S.EPA, 1985) 

Molecular formula See above 
Molecular weight See above 
Density 8.9 g/cm3 @ 20°C (Ni) 
Boiling point 2730°C (Ni) 
Vapor pressure Not applicable 
Solubility Elemental nickel, nickel subsulfide, and nickel 

oxide are insoluble in water, but are soluble 
in dilute nitric, hydrochloric, and sulfuric 
acids.  The chloride and sulfate forms of 
nickel are water soluble. 

Conversion factor Not applicable for fumes and dusts 
 
 
III. Major Uses and Sources 
 
The most common airborne exposures to nickel compounds are to insoluble nickel compounds 
such as elemental nickel, nickel sulfide, and the nickel oxides from dusts and fumes. 
Contributions to nickel in the ambient air are made by combustion of fossil fuels, nickel plating, 
and other metallurgical processes.  The most common oxidation state of nickel is the divalent 
(Ni2+) form (U.S.EPA, 1985).  Elemental nickel is a malleable, silvery-white metal that is highly 
resistant to strong alkali.  Because of its corrosion resistance, nickel is used in the production of 
stainless steel, permanent magnets, and other alloys that require resistance to extremes of 
temperature or stress (U.S.EPA, 1985).  Nickel is also used in electroplating baths, batteries, 
textile dyes, and catalysts (U.S.EPA, 1985).  Nickel dust or powder is flammable (CDTSC, 
1985).  Due to its unique toxicological and physico-chemical properties, nickel carbonyl is not 
included in this summary.  The annual statewide industrial emissions from facilities reporting 
under the Air Toxics Hot Spots Act in California, based on the most recent inventory, were 
estimated to be 110,334 pounds of nickel (CARB, 1999). 
 
 
IV. Effects of Human Exposure 
 
Several studies have indicated that occupational inhalation exposure to nickel aerosols can result 
in development of asthma specific to nickel.  Davies (1986) found 3 cases of asthma among 53 
nickel-plating workers without a history of asthma prior to employment.  Novey et al. (1983) 
described biphasic metal-specific bronchial responses in an individual metal-plating worker 
exposed to nickel and chromium salts.  In another case, immunological studies conducted in a 
24-year old man showed nickel-specific antibodies in the serum after several weeks of working 
in a nickel-plating shop using nickel sulfate (McConnell et al., 1973).  Dermatitis was observed 
on exposed areas of his skin, and pulmonary function, measured by FEV1 with and without 
isoproterenol challenge, was significantly impaired compared with a control subject and normal 
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values.  Dyspnea, non-productive cough, chest-tightness, and wheezing were reported as 
symptoms by this worker during the work period. 
 
A group of 7 metal plating workers with occupational asthma were evaluated for atopy and 
pulmonary function challenge in response to inhalational challenge with nickel and other metals 
(Cirla et al., 1985).  Three of the asthmatics tested positive for the presence of nickel-specific 
IgE antibodies.  Positive reactions to skin testing with nickel were found in 3 of the asthmatic 
workers who also had dermatitis.  Six out of the 7 asthmatics exhibited significantly decreased 
FEV1 (> 15%) when exposed to 0.3 mg/m3 nickel sulfate for 30 minutes.  Control challenges 
with other metal salts did not reveal similar deficits in FEV1. 
 
Although asthma has been described in the above studies, occupational inhalation of nickel dusts 
has not been found to be associated with pulmonary fibrosis (Muir et al., 1993).  An 
occupational epidemiology report by Broder et al. (1989) found no significant effects on 
pulmonary function in relation to nickel exposure in a nickel smelter, however a healthy worker 
effect was observed in this study. 
 
V. Effects of Animal Exposure 
 
Early studies on the chronic non-cancer effects of metallic nickel dust were complicated by early 
mortality and cancer in guinea pigs and rats (Hueper, 1958). 
 
A 2-year inhalation study of nickel oxide in rats and mice (65 per sex, per group) was conducted 
by the National Toxicology Program (NTP, 1994a).  In the first study, rats were exposed to 0, 
0.62, 1.25, or 2.5 mg nickel oxide/m3 (0, 0.5, 1.0, or 2.0 mg Ni/m3) 6 hours/day, 5 days/week for 
104 weeks.  In addition to the carcinogenic effects of nickel oxide, a number of non-cancerous 
lesions were observed, particularly in the lungs.  The incidence of inflammatory pigmentation in 
the alveoli was significantly greater in all exposed groups, compared to controls.  The severity of 
the lesions reportedly increased with increasing exposure.  Atypical alveolar hyperplasia was 
also seen in all exposed groups.  Lymphoid hyperplasia in the bronchial lymph nodes was 
observed in males and females exposed to 1 mg Ni/m3 or greater at 7 and 15 months and the 
incidence generally increased with increasing concentration at the end of the 2-year study.  
Females had an increased incidence of adrenal medullary hyperplasia at all exposures of nickel 
oxide.  Body weights were significantly lower in the groups exposed to 2.0 mg Ni/m3 for both 
sexes, and in males exposed to 1.0 mg Ni/m3. 
 
A companion study on nickel oxide in mice conducted by NTP showed similar lung 
inflammatory changes as seen in the rats, in addition to pigmentation of the alveolar region at all 
exposure concentrations, compared with controls (NTP, 1994a).  The mice were exposed to 0, 
1.0, 2.0, or 3.9 mg Ni/m3.  Bronchial lymph-node hyperplasia was also evident in all nickel-
exposed animals.  Body weights were slightly but significantly lower in the 3.9 mg Ni/m3 group, 
compared with controls.   
 
A continuous exposure of rats (20 - 40 per group) to 0, 60, or 200 μg Ni/m3 as nickel oxide for 2 
years resulted in severe pulmonary damage and premature mortality so that carcinogenesis could 
not be evaluated (Glaser et al., 1986).  Pulmonary alveolar proteinosis and septal fibrosis were 
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observed in the animals exposed to nickel.  Only 1 rat per group survived the nickel exposures to 
the end of the experiment. 
 
A 2-year study on the effects of nickel subsulfide in rats and mice was conducted by NTP 
(1994b).  Rats (52-53 per sex per group) were exposed to 0, 0.15, or 1 mg Ni3S2/m3 (0, 0.11, or 
0.73 mg Ni/m3) for 6 hours/day, 5 days/week for 104 weeks.  Body weights were lowered in rats 
exposed to 0.73 mg Ni/m3 compared with controls.  Lung inflammation, alveolar hyperplasia, 
macrophage hyperplasia, and pulmonary fibrosis were observed with a significantly increased 
incidence at both nickel concentrations.  Female rats exposed to nickel had significantly 
increased adrenal medullary hyperplasia.  In addition to the pulmonary lesions, nasal 
inflammation and olfactory epithelial atrophy was observed in both sexes exposed to 0.73 mg 
Ni/m3. 
 
In the second phase of the NTP study (NTP, 1994b), mice were exposed to 0, 0.6, or 1.2 mg 
Ni3S2/m3 (0, 0.44, or 0.88 mg Ni/m3) for 6 hours/day, 5 days/week for 104 weeks.  The same 
pathological lesions were observed in the lung and nasal passages as in the rats in the above 
study.  These lesions were evident at both the 0.44 mg Ni/m3 and the 0.88 mg Ni/m3 
concentrations.  The adrenal medullary hyperplasia seen in female rats was not observed in the 
mice. 
 
An exposure of rats to either 0 or 0.97 mg Ni3S2/m3 (0 or 0.71 mg Ni/m3) for 6 hours/day, 5 
days/week for 78-80 weeks resulted in decreased body weight, hyperplasia, metaplasia, and 
neoplasia in the lungs due to Ni (Ottolenghi et al., 1974). 
 
The NTP (1994c) studied the chronic non-cancer and carcinogenic effects of nickel sulfate 
hexahydrate on rats and mice.  Rats were exposed to 0, 0.12, 0.25, or 0.5 mg NiSO4/m3 (0, 0.03, 
0.06, or 0.11 mg Ni/m3) for 6 hours/day, 5 days/week for 104 weeks.  Chronic effects of nickel 
exposure in rats included inflammatory lesions in the lung, lung macrophage hyperplasia, 
alveolar proteinosis, and fibrosis, in addition to bronchial lymph node hyperplasia and nasal 
epithelial atrophy.  The above effects were seen at exposures of 0.06 mg Ni/m3 or greater.   
 
Mice were exposed to a similar regimen that included 0, 0.06, 0.11, and 0.22 mg Ni/m3 as nickel 
sulfate hexahydrate (NTP, 1994c).  Similar pulmonary, lymphatic and nasal changes were 
observed in the mice as with the rats.  Fibrosis was not reported, but an increased incidence of 
interstitial infiltration and alveolar proteinosis were observed at exposures of 0.11 mg Ni/m3 or 
greater.  No clinical findings or hematological effects were observed, but body weights were 
significantly depressed in all groups of nickel-exposed female mice.  The body weights of males 
were reduced only in the group exposed to 0.22 mg Ni/m3.  
 
Rats and mice (10 per group) were exposed to nickel sulfate, nickel subsulfide, or nickel oxide 6 
hours/day, 5 days/week, for 13 weeks (Dunnick et al., 1989).  Exposure-related increases in lung 
weight and histological lesions were observed in both species for all nickel exposures.  
Histological lesions included inflammatory changes, fibrosis, and alveolar macrophage 
hyperplasia.  Nasal lesions were also observed in animals treated with nickel sulfate or nickel 
subsulfide.  Lung weight changes were observed at exposures of 0.05 mg Ni/m3 or greater in 
female rats.  Macrophage hyperplasia in the alveolar region was observed at concentrations as 
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low as 0.02 mg Ni/m3.  Additional inflammatory lesions in the lungs were observed at 0.1 mg 
Ni/m3. 
 
A similar study by Haley et al. (1990) found that exposure of mice to nickel sulfate, nickel 
subsulfide, or nickel oxide resulted in various immunological effects.  Mice were exposed to 0, 
0.11, 0.45, or 1.8 mg Ni/m3 as Ni3S2; 0.47, 2.0, or 7.9 mg Ni/m3 as NiO; and 0.027, 0.11, and 
0.45 mg Ni/m3 as NiSO4 for 6 hours/day, 5 days/week for 13 weeks.  Nickel exposures 
consistently decreased splenic antibody-forming cell (AFC) responses, with significant decreases 
occurring at 1.8 mg Ni/m3 as nickel subsulfide.  In contrast, AFC responses in the lung-
associated lymph nodes were consistently increased, indicating a possible indirect influence of 
inflammatory mediators released in the lung on local lymph nodes. 
 
Rabbits (8 nickel exposed and 8 controls) exposed to 0.24 mg Ni/m3 as nickel chloride 6 
hours/day, 5 days/week for 4 weeks exhibited significantly decreased macrophage lysozyme 
activity in pulmonary lavage fluid and in macrophage cultures, compared with control animals 
(Lundborg and Camner, 1984).  Similar exposures of rabbits to chlorides of cadmium, cobalt, or 
copper did not reduce lysozyme activity. 
 
VI. Derivation of Chronic Reference Exposure Level (REL) 

A.  Nickel and Nickel Compounds (except nickel oxide) 

Study National Toxicology Program, 1994c 
Study population  Male and female F344/N rats (52-53 per group) 
Exposure method Discontinuous inhalation 
Critical effects Pathological changes in lung, lymph nodes, and 

nasal epithelium: (1) active pulmonary 
inflammation, (2) macrophage hyperplasia, 
(3) alveolar proteinosis, (4) fibrosis, (5) lymph 
node hyperplasia, (6) olfactory epithelial 
atrophy 

LOAEL 60 μg Ni/m3 (as nickel sulfate hexahydrate) 
NOAEL 30 μg Ni/m3

Exposure continuity 6 hours/day, 5 days/week 
Exposure duration 104 weeks 
Average experimental exposure 5.4 μg Ni/m3 for NOAEL group (30 x 6/24 x 5/7) 
Human equivalent concentration 1.6 μg Ni/m3 for NOAEL group males 

(particulate with respiratory effects, RDDR = 
0.29 based on MMAD = 2.5, sigma g = 1.26, 
male rat body weight = 380 g, SA(PU) = 0.34 
m2, DEP(PU) = 0.024) 

LOAEL uncertainty factor 1 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 30 
Inhalation reference exposure level 0.05 μg Ni/m3
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Nickel Oxide 
 

Study National Toxicology Program, 1994c 
Study population  Male and female F344/N rats (52-53 per group) 
Exposure method Discontinuous inhalation 
Critical effects Pathological changes in lung and lymph nodes: 

(1) active pulmonary inflammation,  
(2) lymph node hyperplasia 

Adrenal medullary hyperplasia (females)  
LOAEL 500 μg Ni/m3  
NOAEL Not observed 
Exposure continuity 6 hours/day, 5 days/week 
Exposure duration 104 weeks 
Average experimental exposure 89.5 μg Ni/m3 for LOAEL group  

(500 x 6/24 x 5/7) 
Human equivalent concentration 30 μg Ni/m3 for LOAEL group males (particulate 

with respiratory effects, RDDR = 0.29 based 
on MMAD = 2.5, sigma g = 1.26, male rat 
body weight = 380 g, SA(PU) = 0.34 m2, 
DEP(PU) = 0.024) 

LOAEL uncertainty factor 10 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 300 
Inhalation reference exposure level 0.10 μg Ni/m3

 
 
The studies conducted by NTP (1994 a,b, & c) all showed similar non-carcinogenic effects in 
rats and mice, regardless of the form of nickel administered.  It therefore appears that soluble and 
insoluble forms of nickel cause similar effects in rodents.  The human epidemiological literature 
predominantly describes cancer mortality rates from occupational exposures to nickel 
compounds, but does not specifically examine non-cancer effects.  However, it is clear from 
many case reports that allergies and dermatitis can occur in exposed workers.  Hypersensitive 
reactions to nickel have not been quantitatively studied in humans or animals, therefore it is not 
possible to develop an REL based on immunological hypersensitivity at the present time.  A host 
of subacute and subchronic animal studies have shown nickel to affect certain immunological 
responses unrelated to hypersensitivity, but the applicability of these results to chronic human 
exposures and responses involves considerable uncertainty.  Furthermore, data show that nickel 
may precipitate onset of asthma in occupational settings. 
 
The results of the NTP studies and these dose response analyses support the speciation of nickel 
oxide for noncancer effects.  The health effects data for nickel oxide indicate that its adverse 
pulmonary effects were less severe (absence of fibrosis, lower chronic lung inflammation 
severity scores) at higher doses than the pulmonary effects observed for nickel sulfate and nickel 
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subsulfide.  The higher chronic REL value for nickel oxide of 0.1 μg/m3 reflects these dose 
response differences.  Furthermore, while it is based upon a LOAEL, the lower severity of the 
adverse health effects at the LOAEL mitigates some of the uncertainty associated with use of a 
LOAEL rather than a NOAEL.  OEHHA therefore concludes that 0.1 μg/m3 is an appropriate 
REL for nickel oxide.  However, in setting inhalation exposure RELs for groups of compounds, 
OEHHA uses the most sensitive strain, species, sex, chronic endpoint, and agent for each group 
of substances.  Therefore, as the pulmonary toxicity of the relatively insoluble nickel subsulfide 
is greater than that of nickel oxide and closer to that of nickel sulfate, OEHHA proposes to use 
the chronic REL derived from nickel sulfate for all other nickel compounds. 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The strengths of the inhalation REL include the availability of controlled lifetime exposure 
inhalation studies in multiple species at multiple exposure concentrations and with adequate 
histopathogical analysis and the observation of a NOAEL.  The major areas of uncertainty are 
the lack of adequate human exposure data and the lack of lifetime toxicity studies in any non-
rodent species. 
 
In addition to being inhaled, airborne nickel can settle onto crops and soil and enter the body by 
ingestion.  Thus an oral chronic refererence exposure level for nickel is also required.   
 
Derivation of Oral Chronic Reference Exposure Level 
 

Study Ambrose et al., 1976 
Study population Rats 
Exposure method Diet  
Critical effects Decreased body and organ weights 
LOAEL 1000 ppm (50 mg/kg-day) 
NOAEL 100 ppm (5 mg/kg-day) 
Exposure continuity Continuous 
Exposure duration Lifetime 
Average exposure 5 mg/kg-day 
Human equivalent concentration 5 mg/kg-day 
LOAEL uncertainty factor 1 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 10 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 300 
Oral reference exposure level 0.05  mg/kg-day 

 
The oral REL for nickel used the same study used for the U.S. EPA’s oral Reference Dose 
(RfD).  U.S.EPA assumed that rat consumption of 1 ppm Ni in the feed resulted in a dose of 0.05 
mg/kg/day.  An uncertainty factor of 10 was used for interspecies extrapolation and another of 10 
to protect sensitive human populations.  An additional uncertainty factor of 3 was used by U.S. 
EPA to account for inadequacies in reproductive studies of nickel.  OEHHA has not used such 
special uncertainty or modifying factor because the criteria for their use are not well presented.  
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In addition there is an extensive toxicologic database on nickel in general which includes studies 
on reproductive effects.   
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CHRONIC TOXICITY SUMMARY  
 

PHENOL 
 

(Carbolic acid, phenylic acid, phenyl hydroxide) 
 

CAS Registry Number: 108-95-2 
 
I. Chronic Toxicity Summary  
 

Inhalation reference exposure level  200 µg/m3 (50 ppb) 
Critical effect(s) Twitching, muscle tremors, neurological 

impairment; elevated serum liver enzymes in 
rats 

Hazard index target(s) Alimentary system; circulatory system; kidney; 
nervous system 

 
 
II. Physical and Chemical Properties (From HSDB, 1995, 1999; ATSDR, 1989) 
 

Description Colorless to light pink solid 
Molecular formula C6H5OH 
Molecular weight 94.11 g/mol 
Density 1.0576 g/cm3 @ 20° C 
Boiling point 181.75° C 
Melting point 40.9° C 
Vapor pressure 0.3513 torr @ 25° C 
Odor threshold 40 ppb (150 μg/m3) (Amoore and Hautala, 

1983) 
Solubility 86,000 ppm in water, very soluble in alcohol, 

carbon tetrachloride, acetic acid and liquid 
sulfur dioxide; soluble in chloroform, ethyl 
ether, carbon disulfide; slightly soluble in 
benzene 

Henry’s Law Constant 3.97 x 10-7 ATM-m3 /mol (25 °C) 
Conversion factor 1 ppm = 3.85 mg/m3

 
 
III. Major Uses or Sources  (HSDB, 1995) 
 
Phenol is obtained from coal tar and is widely used as a disinfectant for industrial and medical 
applications. It also serves as a chemical intermediate for manufacture of nylon 6 and other man-
made fibers and for manufacture of epoxy and other phenolic resins and as a solvent for 
petroleum refining. Approximately half of the U.S. consumption is directly related to the housing 
and construction industries, in applications such as germicidal paints and slimicides.  Phenol is 
present in the atmosphere as an emission from motor vehicles and as a photooxidation product of 
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benzene.  The annual statewide industrial emissions from facilities reporting under the Air 
Toxics Hot Spots Act in California, based on the most recent inventory, were estimated to be 
234,348 pounds of phenol (CARB, 1999). 
 
IV. Effects of Human Exposures 
 
The information that is available concerning the health effects of phenol exposure to humans is 
almost exclusively limited to case reports of acute effects of oral exposure (Bruce et al., 1987), 
dermal exposure (Griffiths, 1973), or occupational exposures, including some exposure by 
inhalation (Dosemeci et al., 1991; Ohtsuji and Ikeda, 1972; Connecticut Bureau of Industrial 
Hygiene, undated).  Data in animals are consistent with human data and show phenol to be well 
absorbed by oral, dermal, and inhalation routes of exposure.  Severe chronic poisoning manifests 
in systemic disorders such as digestive disturbances including vomiting, difficulty swallowing, 
ptyalism (excess secretion of saliva), diarrhea, and anorexia (Bruce et al., 1987; Baker et al., 
1978).  Phenol poisoning is associated with headache, fainting, vertigo, and mental disturbances 
(Bruce et al., 1987; Gosselin et al. 1984) which are likely symptoms of neurological effects well 
documented in animal studies. Ochronosis, or discoloration of the skin, and other dermatological 
disorders may result from dermal phenol exposure (Deichmann and Keplinger, 1962; Bruce et 
al., 1987).  Several investigators (Truppman and Ellenby, 1979; Warner and Harper, 1985) have 
reported that the use of phenol in the surgical procedure of skin peeling can produce cardiac 
arrhythmias although specifics of dose received were not determined and would be expected to 
be high. 
 
Human exposure studies in which populations were exposed to phenol over longer periods of 
time (subchronic and chronic) are limited and have serious deficiencies including multiple 
chemical exposures, in many cases small size of exposed populations, and lack of information on 
dose received.  
 
Occupational studies make up the majority of subchronic/chronic studies available on human 
health effects associated with phenol exposure.  Merliss (1972) described muscle pain and 
weakness of unknown etiology, enlarged liver, and elevated serum enzymes (LDH, GOT, and 
GPT) characteristic of liver damage in an individual with intermittent inhalation and dermal 
exposures to phenol, cresol and xylenol.  Bruze (1986) noted that a number of phenol-
formaldehyde based resins are dermal irritants and contact sensitizers.  Johnson et al. (1985) 
examined 78 iron and steel foundry workers with multiple chemical and aerosol exposures that 
included phenol and found more respiratory symptoms in the phenol exposed group.  However, 
multiple exposure to diphenyl methane diisocyanate, formaldehyde, and silica containing 
aerosols prevented determination of the effects of phenol.  Baj et al. (1994) examined twenty-
two office workers exposed for six months via inhalation to a commercial product containing 
formaldehyde, phenol and chlorohydrocarbons.  At the end of the six month period the indoor air 
of the workers contained 1,300 µg/m3 of formaldehyde and 800 µg/m3 of phenol.  The eight 
workers with the highest concentrations of phenol in their urine had decreased erythrocyte and T-
helper lymphocyte numbers and increased numbers of eosinophils and monocytes compared to 
controls.  The multiple chemical exposure of this study prevents concluding that these effects are 
attributable to phenol exposure.  In a study of hospital workers Apol and Cone (1983) 
documented dermal effects in workers exposed to a number of chemicals including phenols 
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contained in disinfectants.   This study however could not document any differences in urinary 
levels of phenol metabolites between control populations and exposed populations and could not 
assign any of the dermal effects seen to phenol or other substances in the work environment.  
Dosemeci et al. (1991) conducted a follow-up study to evaluate mortality in 14,861 workers in 
five manufacturing facilities producing or using phenol and formaldehyde.  Arteriosclerotic heart 
disease, emphysema, disease of the digestive system, and cirrhosis of the liver were inversely 
related to the extent of phenol exposure.  Due to multiple chemical exposures the effects of 
phenol alone could not be identified with any certainty. 
 
Baker et al. (1978) completed a study of 39 individuals exposed to drinking water contaminated 
with phenol for a period of 4-8 weeks.  Doses of phenol were estimated to range between 
10 mg/day and 240 mg/day.  Effects seen included increased incidence of diarrhea, mouth sores 
and irritation of the oral cavity. 
 
Two occupational studies are of note since they reported NOAELs.  Workers exposed 
continuously for an unspecified period of time to an average air concentration of 4 ppm phenol 
experienced no respiratory irritation (Connecticut Bureau of Industrial Hygiene, undated).  No 
adverse effects were reported among workers in a Bakelite factory who were exposed to levels of 
phenol up to 12.5 mg/m3 (3.3 ppm) (Ohtsuji and Ikeda, 1972).  In this study urinary phenol 
levels were measured and were observed to return to pre-exposure levels within 16 hours after 
exposure indicating a relatively rapid clearance of phenol from the body that was confirmed in a 
study by Piotrowski (1971).  Ohtsuji and Ikeda (1972) did not clearly indicate the number of 
workers sampled or the duration of exposure. 
 
 
V. Effects of Animal Exposures 
 
In animal studies a number of subchronic and chronic studies employing oral and inhalation 
routes of exposure are available as well as shorter term studies using the dermal route of 
exposure.  Responses observed in animal studies include: pulmonary damage (inhalation 
exposure), myocardial injury (inhalation and dermal exposure), liver damage (inhalation 
exposure), renal damage (inhalation exposure), neurological effects (inhalation exposure), 
developmental effects (oral exposure) and dermal effects (dermal exposure).  Comparison of the 
three routes of exposure found that oral exposure was less effective at producing systemic toxic 
effects possibly due to the rapid metabolism of phenol to sulfate and glucuronide conjugates by 
the gastrointestinal tract.  Comparison of health effects among studies using dermal, oral and 
inhalation routes of exposure finds that inhalation is a sensitive route of exposure for laboratory 
animals. 
 
Several subchronic inhalation studies of health effects from phenol exposure are available but no 
inhalation studies longer than 90 days could be identified.  Deichmann et al. (1944) exposed 
guinea pigs, rats, and rabbits to concentrations of phenol between 26 and 52 ppm for 28-88 days 
depending on species.  Guinea pigs exposed for 7 hours per day, five days per week, for four 
weeks, displayed signs of respiratory difficulty and paralysis primarily of the hind quarters, 
indicating neurological effects.  Five of twelve animals exposed at this concentration died at 28 
days.  At necropsy, extensive myocardial necrosis, lobular pneumonia, fatty degeneration of the 
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liver, and centrilobular hepatocellular necrosis were observed in all animals exposed at this level.  
Guinea pigs that were necropsied at 41 days also exhibited pulmonary inflammation, pneumonia, 
bronchitis, endothelial hyperplasia, and capillary thrombosis.  Rabbits exposed at these same 
concentrations did not exhibit any signs of discomfort, but showed similar findings at necropsy 
at 88 days.  Rats were less sensitive in this study with an apparent NOAEL of 26 ppm phenol for 
these effects.  In this study, guinea pigs were the most sensitive species.   Limitations of the 
Deichmann study include the range of exposure concentrations and the lack of a control group. 
 
Sandage (1961) exposed Sprague-Dawley rats, mice and rhesus monkeys for 90 days 
continuously to 5 ppm phenol.  Sandage found no effects on pulmonary, cardiovascular, 
hematological, hepatic, or renal systems, thus defining free-standing NOAELs for these systemic 
effects in these species.  Limitations of this study include absence of guinea pigs (previously 
identified as the most sensitive species in the Deichmann study) and lack of a demonstrated dose 
response to the effects of phenol.   
 
Dalin and Kristofferson (1974) examined the effects of phenol on the nervous system in rats 
exposed continuously for 15 days to a concentration of 26 ppm phenol and found muscle 
tremors, twitching and disturbances in walking rhythm and posture after 3-5 days exposure.  
After 15 days exposure, severe neurological impairment as measured by decreased performance 
on tilting plane test was found.  The Dalin and Kristofferson (1974) study also documented 
elevated serum concentrations of LDH, GOT, GPT, and GDH indicative of liver damage in 
animals exposed to 26 ppm phenol continuously for 15 days.   
 
The NCI (1980) study of the carcinogenicity of phenol is the most complete chronic study using 
the oral route of exposure.  Mice and rats were exposed for 103 weeks to concentrations of 
phenol in their drinking water of 100, 2500, 5000, and 10,000 ppm.  NOAELs in the mouse of 
523 mg/kg/day (5000 ppm in drinking water) and NOAELs in the rat of 630 mg/kg/day 
(5000 ppm in drinking water) were observed for effects on the respiratory system, cardiovascular 
system, gastrointestinal system, hepatic system, renal system, and the brain based on histological 
examination of tissues.  Male rats exposed to the 5000 ppm had a higher incidence of kidney 
inflammation (94%) than controls (74%).  No tests of kidney function were performed in this 
study.   
 
Boutwell and Bosch (1959) reported on the results of a chronic study in mice involving skin 
painting of 1.2 mg phenol or 2.5 mg phenol for a 52 week period.  A NOAEL of 1.2 mg/animal 
for a 52 week exposure for dermal effects was found. 
 
No multi-generational studies evaluating reproductive or developmental effects under chronic 
exposure conditions could be identified.  Jones-Price et al. (1983a) reported that pregnant rats 
dosed orally with 0, 30, 60, and 120 mg/kg/day on gestation days 6-15 exhibited reduced fetal 
weight in a dose-related manner.  However, no teratogenic effects or fetal deaths were observed.  
In a following study Jones-Price et al. (1983b) reported that pregnant mice dosed orally with 0, 
70, 140, and 280 mg/kg/day on gestation days 6-15 exhibited decreased maternal weight gain, 
tremors, and increased maternal mortality at the 280 mg/kg/day dose.  In the fetus reduced 
growth, decreased viability, and increased incidence of cleft palate were seen at the 280 
mg/kg/day dose.   
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VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Sandage, 1961; Dalin and Kristofferson, 1974 
Study population Mice, Sprague Dawley rats and rhesus monkeys 
Exposure method Continuous inhalation 
Critical effects Systemic effects including liver and nervous 

system effects 
LOAEL 26 ppm (Dalin and Kristofferson, 1974) 
NOAEL 5 ppm (Sandage, 1961) 
Exposure continuity Continuous 
Average exposure concentration 5 ppm for NOAEL group 
Human equivalent concentration 5 ppm for NOAEL group (gas with systemic 

effects, based on RGDR = 1.0 using default  
assumption that lambda (a) = lambda (h)) 

Exposure duration 90 days 
Subchronic uncertainty factor 3  
LOAEL uncertainty factor 1 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 100  
Inhalation reference exposure level 0.05  ppm (50 ppb; 0.2 mg/m3 (200 μg/m3) 

 
No suitable human studies were available for use since exposures were short term or 
occupational in nature with insufficient ancillary information (e.g., duration of exposure) or did 
not determine dose.  Of the three routes of exposure available, inhalation appears to be the most 
sensitive based on the number and intensity of systemic effects noted (Deichmann et al., 1944) 
relative to oral exposure (NCI, 1980).  In support of this, ATSDR (1989) notes that the 
gastrointestinal tract has a large capacity to metabolize phenol to sulfate and glucuronide 
conjugates which appear likely to be less toxic than the parent compound, thus NOAELs derived 
from oral studies may not be applicable for other routes of exposure.   The Deichmann et al. 
(1944) study identified guinea pigs as the most sensitive species.  However, this study had a 
number of serious deficiencies including absence of controls, significant variability in the 
concentrations of phenol used in their exposure, and exposure that was not continuous.  Since 
alternative studies using guinea pigs could not be identified, the rat was chosen as an alternative 
species since the rat has the most similar metabolic profile for metabolism of phenol to that of 
humans (ATSDR, 1989; Capel et al., 1972).  The Sandage (1961) study was chosen over other 
available studies since it was the longest in duration (90 days), had a continuous exposure, and 
evaluated three species (rats, mice, monkey).  NOAELs determined in the Sandage study for 
systemic effects in all three species examined were 5 ppm, consistent with the idea that 5 ppm is 
a NOAEL for a number of species.  Although this is a free-standing NOAEL, a subsequent study 
in rats indicated that nervous system and hepatic effects occur at a concentration of 26 ppm after 
several days (Dalin and Kristofferson, 1974).   
 
The 5.0 ppm standard for phenol in the workplace (ACGIH, 1988; OSHA, 1985; NIOSH, 1976) 
is considered protective of the health of workers exposed occupationally but does not consider 
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sensitive populations and is not for continuous exposure conditions.  The workplace standard is 
consistent with reports indicating that no respiratory irritation occurred among workers exposed 
regularly to 4 ppm phenol (Connecticut Bureau of Industrial Hygiene, undated) and no adverse 
effects were mentioned among workers exposed to 3.3 ppm (Ohtsuji and Ikeda, 1972).  Neither 
report was considered appropriate to be the basis of a REL.  However, for the sake of 
comparison adjusting the reported NOAEL of 4 ppm to continuous exposure and dividing by an 
intraspecies uncertainty factor of 10 results in an estimated chronic REL of 140 ppb, in 
reasonable agreement with the proposed REL of 50 ppb.  
 
VII. Data Strengths and Limitations for Development of the REL  
 
The major strength of the key study is the observation of a NOAEL from a continuous exposure 
study involving exposure of several different species.  The primary uncertainties are the lack of 
adequate human health effects data, the lack of multiple concentration inhalation exposure 
studies demonstrating a dose-response relationship, the lack of animal studies longer than 90 
days, and the lack of studies with guinea pigs, which have previously been identified as a 
sensitive species for phenol.  
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CHRONIC TOXICITY SUMMARY 
 

PHOSPHINE 
 

(hydrogen phosphide; phosphorus trihydride; Celphos; Phostoxin) 
 

CAS Registry Number: 7803-51-2 
 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 0.8 μg/m3 (0.6 ppb) 
Critical effect(s) Decreased body weight gain in mice 
Hazard index target(s) Respiratory system; alimentary system; nervous 

system; kidney; hematopoietic system 
 
 
II. Chemical Property Summary (HSDB, 1995, except as noted) 
 

Description Colorless gas 
Molecular formula PH3
Molecular weight 34 g/mol 
Vapor density 1.17 (air = 1) 
Boiling point −87.7°C 
Vapor pressure 20 atm @ −3°C (Weast, 1980) 
Solubility 0.26 volumes in water @ 20°C; soluble in alcohol, 

ether (Sax and Lewis, 1989) 
Conversion factor 1.39 mg/m3 per ppm at 25ºC 

 
 
III. Major Uses and Sources 
 
Phosphine is used as an agricultural fumigant against insects and is among the most acutely toxic 
of the fumigant gases (HSDB, 1995).  In its use as a fumigant, application of aluminum, 
magnesium, or zinc phosphide pellets generates phosphine gas upon exposure to moisture.  
Because of high volatility, phosphine residue dissipates from treated material upon ventilation.  
Inadequate sealing of materials during the course of treatment can result in unplanned 
environmental exposure.   
 
Phosphine is also used by the semiconductor industry as a chemical doping agent for electronic 
components (n-type semiconductors) (HSDB, 1995).  Other minor sources/uses of phosphine are 
in chemical syntheses: specifically, in preparations of phosphonium halides, for polymerization 
initiation, and as condensation catalysts.  The annual statewide industrial emissions from 
facilities reporting under the Air Toxics Hot Spots Act in California based on the most recent 
inventory were estimated to be 3312 pounds of phosphine (CARB, 1999).  In 2000, more than 
120,000 pounds of phosphide compounds (including 119,519 pounds of aluminum phosphide 
and 1607 pounds of zinc phosphide) were applied in California agriculture (CDPR, 2001).  In the 
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presence of water these phosphides break down to phosphine.  However, the fraction emitted as 
phosphine is not known.   
 
 
IV. Effects of Exposures to Humans 
 
Toxicity among 22 workers intermittently exposed to phosphine levels of 0.17-2.11 ppm in air 
from fumigation activity ranging over 0.5 to 29 years (mean = 11.1 years) was evaluated (Misra 
et al., 1988).  The subjects were interviewed within one day of fumigation activity and reported 
that symptoms subsided when phosphine was not in use.  The most frequently reported 
symptoms include dyspnea (31.8%), headache (31.8%), chest tightness (27.3%), cough (18.2%), 
anorexia and epigastric pain (18.2%), finger paresthesia and numbness (13.6%), and giddiness, 
numbness, and lethargy (13.6%).  No change in motor or sensory nerve conduction velocity was 
found.   
 
A similar spectrum of toxic effects among workers involved in grain storage at a seaboard 
terminal has been reported (Jones et al., 1964).  Among 69 men exposed to breathing zone 
phosphine levels of 0-35 ppm for as long as 16 hours per day, the authors report symptoms of 
multiple origins.  These include gastrointestinal (diarrhea, nausea, epigastric pain, vomiting), 
cardio-respiratory (chest tightness, dyspnea, pain in chest, palpitations, retrospinal pain), and 
central nervous (headache, dizziness, staggering gait) systems.  Symptoms were reported to 
appear only at the time of exposure and apparently were reversible. 
 
In another report of chronic occupational exposure, authors cited the appearance of chronic 
bronchitis, anemia, and digestive disorders (Eichler, 1934). 
 
Most literature reports of human toxic health effects of phosphine, however, come from case 
reports of acute exposures.  Some are suggestive of potential chronic toxicity endpoints because 
of the irreversible nature of the effect.  In a case report of phosphine poisoning of 29 people 
exposed by inhalation on a grain freighter, pathological findings included evidence of urinary 
tract injury (occult blood), liver damage (bilirubinuria and increased SGPT, GGPT, and LDH), 
and myocardial damage (increased MB fraction of CPK, abnormal ECG) (Wilson et al., 1980).  
A-two-year old child who died as a result of the exposure showed myocardial necrosis with 
mononuclear infiltrates, pulmonary edema with damaged epithelia, pleural effusion, and an 
enlarged spleen.  In another case report exposure of a 7-months pregnant, 24-year-old woman to 
aluminum phosphide from a nearby grain storage site was lethal (Garry et al., 1993).   There was 
evidence of severe pulmonary edema, necrosis of individual hepatic cells, and anoxic change in 
Purkinje cells of the cerebellum.  These reported deaths of a small child and a pregnant woman 
exposed together with individuals who survived exposure to phosphine suggest that there may be 
sensitive human subpopulations.  In another case report of acute phosphine poisoning by 
inhalation, Schoonbroodt et al., (1992) observed necrosis of the nasal mucosa, delayed onset of 
pulmonary edema, and myocardial injury.  Chopra et al. (1986) treated sixteen patients with 
aluminium phosphide poisoning during 1985.  Findings included mucosal necrosis and cardiac 
abnormalities (due to hypoxemia).  Renal failure (1/16), proteinuria (1/16), and increased blood 
transaminases (2/16) resulted from oral exposure to phosphine.  The multi-organ involvement in 
toxicity suggests that phosphine is a broad-spectrum toxicant. 
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In a 1994 two deaths and three illnesses were reported due to phosphine fumigation of 
agricultural products in railroad cars (Perrotta et al., 1994).  The annual report for the year 2000 
of the American Association of Poison Control Centers’ Toxic Exposure Surveillance System 
does not list fumigants as a separate category of pesticides (Litovitz et al., 2001).  However, two 
of the case reports of fatalities, that were presented in abstract form, were due to aluminum 
phosphide.   
 
 
V. Effects of Exposures to Animals 
 
A subchronic inhalation toxicity study of phosphine was conducted in Balb-c mice (Barbosa et 
al., 1994).  Twelve animals/sex/dose group were exposed for 6 hours/day, 5 days/week for 13 
weeks to 0, 0.3, 1.0, or 4.5 ppm phosphine.  Non-cancer toxicity endpoints included reduction in 
weight gain and changes in relative organ weights of kidneys, lungs, liver, heart, brain and 
spleen.  In the highest dose group, itching and scratching of the eyes, feet and tail, and decreased 
overall activity were observed.  No diarrhea, loss of equilibrium, convulsions, seizures, or other 
neurological disturbances were noted.   A dose-dependent decrease in total body weight gain was 
observed at all exposure levels with a greater effect observed in females (p<0.0001).  Statistically 
significant decreases in relative organ weights (kidney, heart, and brain) were observed in males 
only at the 0.3 ppm exposure level (p<0.001).  On the other hand, female mice showed increased 
relative organ weights (lungs, heart, and spleen) predominantly at higher doses (1.0 and 4.5 ppm; 
p<0.001).  At 4.5 ppm phosphine absolute kidney and spleen weights were significantly 
increased in females (p<0.01).  Increased frequencies of micronuclei in polychromatic 
erythrocytes from bone marrow and spleen were also seen at 4.5 ppm.  This group also 
conducted a short-term repeated dose experiment.  Six mice/sex/group were exposed to 5.5 ppm 
phosphine for 2 weeks (6 hrs/day, 5 days/wk).  No statistically significant changes in weight gain 
were observed at the end of this exposure period. 
 
In another subchronic inhalation toxicity study, male and female Fischer 344 rats (10/sex/group) 
were exposed to levels of 0, 0.37, 1.0, and 3.1 ppm phosphine for 6 hours per day, 5 days per 
week, for 13 weeks (Newton et al., 1993).  A higher dose group at 10 ppm was terminated 
prematurely (at 3 days) because of high mortality.  A satellite group exposed to 5.1 ppm for 2 
weeks was terminated after 13 days recovery.  Observations of overt toxicity and viability were 
made at the time of each exposure; body weight and food consumption were monitored weekly; 
ophthalmic examination was done the day before termination; and hematological and clinical 
chemistry indices were measured after 4 and 13 weeks.  Postmortem examination included gross 
necropsy, with particular attention to orifices, the cranial cavity, surfaces of the brain and spinal 
cord, nasal cavity and sinuses, the thoracic, abdominal, and pelvic cavities and viscera, and the 
cervical tissue and organs.  Histopathology was performed on 10% buffered formalin-
fixed/hematoxylin-eosin-stained tissues.  Significant observations after 13 weeks of phosphine 
exposure included decreased hemoglobin, hematocrit, and erythrocytes in males in the 3.1 ppm 
dose group.  Male rats in the 1 ppm dose group showed decreased weight gain.  Increased 
incidence of small seminal vesicles was noted at 1 and 3.1 ppm, although no histological 
correlate was observed.  Absolute and relative decreases in liver weight were observed in all 
exposed groups, but there was no evidence that this effect was dose-related.  A significant 
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decrease in serum glutamic pyruvic transaminase (SGPT) was observed at 3.1 ppm, although the 
authors noted unusually high control levels.  None of these effects were observed after the 4 
week recovery period.  Other effects of a transient nature noted during the exposure include 
decreased weight gain in female rats at 1 ppm, decreased food consumption at 0.37 ppm in males 
and females, and increased blood urea nitrogen (BUN) at 3.1 ppm.  Observations in the 10 ppm 
group necropsied after 3 days of exposure included decreased erythrocytes, increased alkaline 
phosphatase, and increased kidney weight with coagulative necrosis of the tubular epithelium of 
the outer cortex.  In a subchronic study of CD male and female rats under similar conditions 
(exposure to 0, 0.3, 1, or 3 ppm phosphine 6 h/day, 5 days/week for 13 weeks), no neurotoxicity 
was observed (Schaefer et al., 1998). 
 
Newton et al. (1993) also examined developmental toxicity by exposing 24 pregnant female CDR 
rats per group to 0, 0.03, 0.33, 2.8, 4.9, and 7.0 ppm phosphine.  The highest dose group was 
terminated prematurely because of high mortality; all other animals were necropsied after 20 
days for evaluation of maternal and fetal toxicity.  Maternal toxicity endpoints included weight 
of ovaries and uteri, number of corpora lutea, pregnancy, and implantation rate.  Fetal toxicity 
was evaluated by weight, number, and location of fetuses and resorptions, visceral 
malformations and variations, and skeletal changes after alizarin staining.  No statistically 
significant differences from control animals were observed for any parameter at any dose, with 
the exception of a change in mean number of resorption sites (p≤0.01), mean resorption/implant 
ratio (p≤0.05), and incidence of females with resorption (p≤0.05), all at 0.03 ppm only.  In the 
absence of this effect at higher dose levels, these observations are not considered useful in 
establishing a low adverse effect level.   
 
A 35-day phosphine inhalation study was conducted exposing rats continuously to 0, 0.05, 0.2, 
1.5, and 8.0 mg/m3 phosphine (0, 0.036, 0.14, 1.1, and 5.8 ppm) in which hematological 
endpoints and histopathological changes of the lungs and kidneys were examined (Pazynich et 
al., 1984).  Observations include a statistically significant change in erythrocytes (increase 
followed by a decrease at day 35) and decreased hemoglobin at the 0.05 and 0.2 mg/m3 dose 
levels, although the 1.5 mg/m3 dose group did not show this change.  Other significant changes, 
noted in the lowest dose group, included decreased peroxidase activity after 35 days exposure, 
decreased sulfhydryl group content in blood after 27 days, and decreased phagocytotic index 
after 21 days.  Some histological changes were noted in the lungs, kidneys, and to a lesser extent, 
the liver, particularly in the higher dose groups, although the exact nature of the degenerative 
change is not well described.  Unclear dose-response relationships and temporal aspects of the 
endpoints also make establishment of a low adverse effect level unreliable. 
 
Two rats were exposed to 20 ppm phosphine for 14 days (4 hours/day) (Waritz and Brown, 
1975).  Animals were monitored for weight gain, and organs/tissues fixed in Bouin’s solution 
and stained with trichrome were examined histopathologically.  There were no reported 
histopathological effects, although there was slightly reduced weight gain in the exposed 
animals.  
 
In a chronic study of phosphine (Newton et al., 1999), 60 male and female F344 rats per group 
were exposed via whole-body inhalation for 6 h/day, 5 days/wk for up to 104 wk to mean 
concentrations of 0, 0.3, 1, or 3 ppm phosphine.  Three ppm (4.17 mg/m3) was the maximum 
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exposure level because of lethality seen at the high exposure level (7 ppm = 9.73 mg/m3) in 
previous repeat dose studies (Newton et al., 1993).  Ten rats per sex per group were killed after 
52 weeks of exposure.  Survivors were killed after 104 weeks of exposure.  There were no 
phosphine-related effects seen on clinical observations, body weight, food consumption, 
hematology, clinical chemistry, urinalysis, or ophthalmology.  There were no phosphine-related 
macroscopic findings or effect on absolute or relative organ weights.  No histologic or 
morphologic alterations attributable to phosphine exposure were seen in the more than 40 organs 
and tissues examined.  Under the conditions of this study, the authors found no treatment-related 
changes suggestive of a toxic or carcinogenic effect in rats following 52 weeks or 2 years of 
whole-body inhalation exposure to 0.3, 1, or 3 ppm phosphine.  Thus 3 ppm is a chronic NOAEL 
for rats. 
 
VI. Derivation of Chronic Reference Exposure Level 
 

 
Study Barbosa et al., 1994  
Study population Balb-c mice (12 animals/sex/group) 
Exposure method Discontinuous whole body inhalation exposure  

(0, 0.3, 1, or 4.5 ppm) 
Critical effects Decrease in body weight gain, increase in relative 

organ weights; increase in micronuclei  
LOAEL 4.5 ppm  
NOAEL 1 ppm  
Exposure continuity 6 hr/day, 5 days/ week 
Average experimental exposure 0.178 ppm for NOAEL group (1 x 6/24 x 5/7) 
Human equivalent concentration 0.178 ppm for NOAEL group (gas with systemic 

effects, based on RGDR = 1.0 using default  
assumption that lambda (a) = lambda (h)) 

Exposure duration 13 weeks 
LOAEL uncertainty factor 1 
Subchronic uncertainty factor 3 
Interspecies uncertainty factor 10 (see below)
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 300 
Reference exposure level 0.0006 ppm (0.6 ppb; 0.0008 mg/m3; 0.8 μg/m3) 
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Supportive study Newton et al., 1999 
Study population Rats (60 animals/sex/exposure level) 
Exposure method Discontinuous whole body inhalation 

exposure (0, 0.3, 1, or 3 ppm) 
Critical effects None 
LOAEL None detected 
NOAEL 3 ppm 
Exposure continuity 6 hours/day, 5 days/week 
Average experimental exposure 0.53 ppm (3 x 6/24 x 5/7) 
Human equivalent concentration 0.53 ppm (gas with systemic effects, 

based on RGDR = 1.0 using default 
assumption that lambda (a) = lambda 
(h)) 

Exposure duration 2 years 
LOAEL uncertainty factor 1 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 10 (see below)
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 100 
Reference exposure level 0.005 ppm (5 ppb, 0.007 mg/m3, 7 μg/m3) 

 
Newton et al. (1999) found no treatment-related changes suggestive of a toxic effect in F344 rats 
following 52 weeks or 2 years of whole-body inhalation exposure to 0.3, 1, or 3 ppm phosphine.  
Thus in this study 3 ppm is a chronic NOAEL for rats.  Three ppm was set as the maximum level 
because in an earlier subchronic study in rats Newton et al. (1993) found lethality at 7 ppm.  
However, the chronic results of Newton et al. (1999) differ from the subchronic results of 
Newton et al. (1993), in which at least transient effects were seen in the hematopoietic system 
after 13 weeks at 3.1 ppm.  In a subchronic study in mice (Barbosa et al., 1994), 4.5 ppm 
phosphine was a LOAEL and 1 ppm was a NOAEL for decrease in body weight gain.  The 
results of Barbosa et al. (1994) indicated that mice may be more sensitive than rats.  Thus, it was 
selected as the key study, and decrease in body weight gain was selected as the critical effect. 
 
OEHHA has applied a subchronic uncertainty factor of 3 to account for the short duration of the 
Barbosa et al. (1994) study and an intraspecies uncertainty factor of 10 to account for human 
variability.  Due to the general inconsistencies among the various studies in the database on 
phosphine, and in particular with the observation of mortality at 7 ppm in a short-term 
developmental study in rats (Newton et al., 1993), it was considered prudent to include the full 
interspecies uncertainty factor of 10 (even though the HEC adjustment procedure could be 
applied) to acknowledge the severity of effect in at least one comparison study, and the 
additional uncertainty associated with the apparent wide and unpredictable variability between 
species and between different studies in the same species (rats).  This results in a cumulative 
uncertainty factor of 100 to be applied to the NOAEL of 1 ppm in the subchronic study by 
Barbosa et al. (1994) and a chronic REL for phosphine of 0.8 μg/m3 (0.6 ppb).  
 
The U.S. EPA based its RfC of 0.3 μg/m3 on the Barbosa et al. (1994) study, an adequate 
subchronic animal study for the derivation of a REL, and included a Modifying Factor (MF) of 3 
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for database deficiencies (lack of multigenerational reproduction studies).  The criteria for use of 
modifying factors are not well specified by U.S. EPA.  USEPA used its default interspecies 
uncertainty factor of 10 for a 13 week study. 
 
The lack of adequate data on levels of chronic phosphine exposure to humans precludes 
development of a REL from human studies.  The endpoint used in the determination of the REL 
(total body weight gain) showed a dose-related decrease with phosphine exposure in Balb-c 
mice.  This endpoint is also consistent with that found by Newton et al. (1993), who noted dose-
dependent decreases in body weight gain in Fischer 344 rats after a 13 week exposure regimen at 
1 ppm, and Waritz and Brown (1975), who reported slightly decreased weight gain in rats 
exposed for 14 days to 20 ppm.  Surprisingly Newton et al. (1999) did not find differences in 
body weight gain at either 1 ppm or 3 ppm and they did not comment on the discrepancy 
between their 2 reports.  Although body weight changes or changes in food consumption were 
not addressed in human studies, the scant human data do relate phosphine exposure to a broad 
spectrum of toxic effects (gastrointestinal, cardio-respiratory, CNS).  The decrease in weight 
gain found in the animal studies and reported changes in some relative organ weights (Barbosa et 
al., 1994) suggest systemic toxicity. 
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The strengths of the inhalation REL for phosphine include the availability of data on multiple 
inhalation exposure concentrations and the observation of a NOAEL in a lifetime animal study.  
Major areas of uncertainty are the lack of adequate human exposure data, the lack of 
reproductive and developmental toxicity studies, and the inconsistency of the dose-response 
relationship across rodent studies. 
 
 
VIII. Potential for Differential Impacts on Children's Health 
 
Based on the lack of a dose-response in developmental toxicity caused by exposing pregnant 
female rats to 4.9 ppm phosphine (Newton et al., 1993) , the proposed REL of 0.8 μg/m3 (0.6 
ppb) is likely to be protective of developing humans in utero.  However, there is no direct 
evidence in the literature to quantify a differential effect of phosphine on infants and children. 
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CHRONIC TOXICITY SUMMARY 
 

PHOSPHORIC ACID 
 

(Orthophosphoric acid) 
 

CAS Registry Number:  7664-38-2 
 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 7 µg/m3  
Critical effect(s) Bronchiolar fibrosis of the respiratory tract in 

rats 
Hazard index target(s) Respiratory system 

 
 
II. Chemical Property Summary (HSDB, 1995; 1999)  
 

Description Clear syrupy liquid or unstable crystals; odorless 
Molecular formula H3PO4
Molecular weight 98 
Boiling point 213°C 
Melting point 42.35°C 
Vapor pressure 0.03 torr @ 20°C 
Solubility Very soluble in hot water; 548 g/100 ml cold 

water; soluble in alcohol 
Conversion factor 4.0 µg/m3 per ppb at 25ºC 

 
III. Major Uses and Sources 
 
Phosphoric acid has varied uses (HSDB, 1995).  In manufacturing, it is a chemical intermediate 
or reagent in the production of numerous phosphate fertilizers, agricultural feeds, waxes, 
polishes, soaps, and detergents.  It is added to foods as a preservative, acidifying agent, flavor 
enhancer, and clarifying agent.  Phosphoric acid is also used in processes such as the coagulation 
of rubber latex, electropolishing, soil stabilization, and as a catalyst in the production of 
propylene and butene polymers, ethylbenzene, and cumene.  By far, largest use of phosphoric 
acid comes in the production of fertilizers (>75%).  The annual statewide industrial emissions 
from facilities reporting under the Air Toxics Hot Spots Act in California, based on the most 
recent inventory, were estimated to be 81,103 pounds of phosphoric acid (CARB, 1999). 
 
Airborne phosphoric acid can be produced by the hydrolysis of phosphorus oxides generated 
from either the spontaneous ignition of white phosphorus in air or the combustion of red 
phosphorus (Burton et al., 1982; US Department of Defense (US DOD), 1981). 
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IV. Effects of Human Exposures 
 
The toxic effects to 48 workers exposed (28 unexposed control workers) to oxidation products of 
phosphorus during the course of phosphorus production were reported (Hughes et al., 1962).  
Exposure duration ranged from 1 to 17 years.   No differences were observed between exposed 
and control workers with respect to leukocyte count, an effect observed in acute intoxications, or 
hand bone density, an effect observed in experimentally exposed animals (Inuzuka, 1956). 
 
A prospective study of 131 workers exposed to several compounds including phosphoric acid, 
phosphorus pentoxide, fluorides and coal tar pitch in the air was conducted at an industrial 
refinery (Dutton et al., 1993).  Mean duration of exposure (employment) was 11.4 years and the 
maximum exposure level measured was 2.23 mg/m3 (phosphorus pentoxide).  Pulmonary 
function tests were performed annually over a 3 to 7 year period.  No significant residual effect 
was found after adjusting for age and smoking status. 
 
 
V. Effects of Animal Exposures 
 
Two 13-week inhalation studies of the effects of exposure to the combustion products of 95% 
red phosphorus and 5% butyl rubber were conducted in male Sprague-Dawley rats, with the first 
group exposed to 0, 300, 750, or 1200 mg/m3 combustion products, and the second exposed to 0, 
50, 180, or 300 mg/m3 combustion products (Aranyi et al., 1988a; Aranyi et al., 1988b).  Group 
numbers in the first study were 176, 84, 176, and 176, respectively.  The second study used 40 
animals/group.  Animals were exposed for 2¼ hours/day on 4 consecutive days/week.  Control 
animals were exposed to filtered air only.  Daily particle measurements showed MMADs of 
0.49-0.65 μm and σgs of 1.56-1.83.  Fractional content of phosphoric acid in the aerosol was 71-
79%.  Nineteen of the 176 animals in the 1200 mg/m3 dose group died of treatment related 
effects.  Post-mortem examination of animals that died during the course of the study showed 
damage to the laryngeal mucosa, which was probably contributory to mortality.  The two highest 
dose groups in the first study also showed decreased weight gain.  Twelve animals from each 
dose group in the first study were examined histologically and neurobehavioral studies were 
conducted on other animals.  Half the animals in the second study were examined strictly for 
toxic effects on the respiratory tract, with examination of the trachea, 2 sections of the nasal 
turbinates, and 5 lobes of the lung.  Surviving animals in the high-dose study were observed to 
have moderate to severe fibrosis of the terminal bronchioles, with minimal severity of this effect 
in the animals in the low-dose study.  The reported incidence of this lesion was 9/20 at 300 
mg/m3, 4/20 at 180 mg/m3, and 0/20 at 50 mg/m3.  Little to no involvement of pulmonary tissue 
was observed.  
 
The effects of acid aerosols (particularly sulfuric and phosphoric acid) were studied by U.S. EPA 
(1989).  The respiratory tract was the primary target of toxicity resulting from the irritational 
effect of the acid on the tissues of the larynx and trachea.  The nature of the effect was dependent 
upon the aerosol particle size, duration of exposure, and the hygroscopic character of the acid. 
 
Sprague-Dawley rats were exposed to the smoke and combustion products of white phosphorus 
in felt pellets at 192.5 (18 animals/sex), 589 (24 animals/sex), or 1161 mg/m3 (34 males, 43 
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females) phosphoric acid equivalents for 15 minutes/day, 5 days/week, for 13 weeks (US 
Department of Defense (US DOD), 1981).  Control animals numbering half the size of the 
treated groups were exposed to air only.  Groups of animals were sacrificed at 6 and 13 weeks, 
and 4 weeks post-exposure.  Endpoints examined included: hematology, clinical chemistry, 
gross- and histo-pathology, ECG, pulmonary function, and behavior.  Of the animals in the 
highest dose group, 56% died as a result of exposure, with the only other death occurring in the 
control group.  Findings were restricted to effects on the respiratory system, with tracheitis and 
laryngitis incidences of 2/35, 32/47, and 28/31among surviving animals in the three dose groups.  
In the post-exposure examination, bronchiolitis occurred with a frequency of 0/12, 5/24, and 
6/16in the three dose groups. 
 
The toxicity of the combustion products of 95% amorphous red phosphorus and 5% polyvinyl 
butyral BL18 to female Wistar rats, Porton-strain mice, and guinea pigs was reported (Marrs et 
al., 1989).  Rats (50/group), mice (100/group), and guinea pigs (42-48/group) were exposed to 
concentrations of 0, 16, or 128 mg/m3 for 1 hour/day, 5 days/week for 36 weeks (mice) or 40 
weeks (rats and guinea pigs), with an examination conducted at 19 months or when animals 
appeared unhealthy.  All groups, including controls, showed high mortality.  Mice showed 
accumulation of alveolar macrophages with incidences of 2/41, 9/37, and 9/22 in the control, 
low-, and high-dose groups, respectively.  Guinea pigs appeared to be particularly intolerant to 
the effects of the smoke. 
 
Female rabbits and rats (10/group) were examined for acute toxic effects of smoke generated by 
the combustion of either 95% red phosphorus / 5% butyl rubber (Smoke I) or 97% red 
phosphorus / 3% butadiene styrene (Smoke II) (Marrs, 1984).  Animals were exposed for 30 
minutes and examined one and 14 days later.  Smoke I produced inflammation of the larynx and 
trachea in rats at 1 day with some inflammation still observed at 14 days.  Tracheal inflammation 
was also reported in rabbits exposed to Smoke I.  Four of the rats exposed to Smoke II died 
within the first day, with severe pulmonary congestion observed in the animals. 
 
One hour exposure to the combustion products of 95% red phosphorus / 5% butyl rubber (plus 
1% mineral oil) produced epiglottal deformation, laryngeal edema, and laryngeal and tracheal 
lesions in rats (Burton et al., 1982).  A four-hour exposure produced more severe effects of a 
similar nature plus some hemorrhaging. 
 
Rats (number unspecified) exposed to 150-160 mg/m3 elemental phosphorus for 30 minutes/day 
for 60 days were examined for toxic effects (Inuzuka, 1956).  Limb bone abnormalities were 
noted and effects included delayed ossification, widening of the epiphysis, and abnormal axial 
development. 
 
Two studies have addressed the reproductive and developmental toxicity from exposure to the 
combustion products of white phosphorus and felt for 15 minutes/day during gestational days 6-
15 in rats (24/group) (US Department of Defense (US DOD), 1981; US Department of Defense 
(US DOD), 1982).  Fetal effects included increased incidence of some visceral variations and 
hypoplasia of the xiphoid process although data were incompletely reported.  Another study, 
which exposed dams 3 weeks prior to mating, throughout gestation, and through lactation and 
males for 10 weeks prior to and during mating, showed decreased pup body weight, 24-hour and 
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21-day survival, and lactation.  An oral study in which elemental phosphorus was administered 
to male and female rats by gavage in corn oil showed no statistically significant effects 
(Condray, 1985). 
 
 
VI. Derivation of the Chronic Reference Exposure Level 
 

Study Aranyi et al., 1988a 
Study population Male Sprague-Dawley rats (40-176/group) 
Exposure method Discontinuous whole body inhalation 
Critical effects Bronchiolar fibrosis of the respiratory tract 
LOAEL 180 mg/m3  
NOAEL 50 mg/m3  
BMC05  64 mg/m3

Exposure continuity 2¼ hours/day, 4 days/week 
Exposure duration 13 weeks 
Average experimental exposure 2.7 mg/m3 for NOAEL group (estimated as 3.5 

mg/m3 at BMC05) 
Human equivalent concentration 2.2 mg/m3 at BMC05 (particle with respiratory 

effects, RDDR = 0.63) (3.5 x 0.63) 
LOAEL uncertainty factor 1 (BMC05 assumed to be similar to NOAEL) 
Subchronic uncertainty factor 10 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 300 
Reference exposure level 0.007 mg/m3 (7 µg/m3) 

 
OEHHA has used the same study which U.S. EPA used in the development of its Reference 
Concentration (RfC) of 10 μg/m3.  The U.S. EPA has used a benchmark dose methodology for 
the derivation of the RfC for phosphoric acid from the toxicity data in the Aranyi et al. (1988) 
study (U.S. EPA, 1995).  The RfC is restricted to “aerosols of phosphoric acid and phosphorus 
oxidation products and does not apply to elemental phosphorus or other forms of phosphorus, 
such as phosphorus salts”.   
 
The U.S. EPA, using the Weibull model, estimated the lower 95% confidence level bound on the 
maximum likelihood estimate (MLE = 150 mg/m3) resulting in 10% incidence of lesions in the 
tracheo-bronchiolar region to be 100 mg/m3 (the BMC10).  The U.S. EPA considered 10% 
incidence level to be a correlate to the NOAEL, based on a precedent in the analysis of data with 
developmental toxicity endpoints (Allen et al., 1994; Faustman et al., 1994).  After correction for 
exposure continuity, a regional deposited dose ratio (RDDR) for the tracheobronchial region of 
0.64 was applied due to the availability of data concerning the growth and deposition of 
phosphoric acid aerosol particles in humans and the similarities in the effects of phosphoric and 
better-characterized sulfuric acid aerosols.  Key assumptions in the generation of this factor 
include: (1) the lowest σg of 1.56 μm cited in the study was used in the calculation; (2) geometric 
rather than aerodynamic diameter approximations were used; (3) particles of this size reach the 
deposition / lesion site (bronchioles); 4) these hygroscopic particles become more uniform with 
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growth; and (5) particle growth is similar in humans and rodents.  An uncertainty factor of 10 
was applied because of the subchronic duration of the study.  A factor of 3 was applied for 
interspecies extrapolation in light of the fact that some correction for human equivalency was 
made with the RDDR.  Finally, a factor of 10 was applied for protection of potentially sensitive 
human subpopulations.  The resulting RfC for phosphoric acid is 0.01 mg/m3. 
 
OEHHA uses a BMC05 for development of acute Reference Exposure Levels (OEHHA, 1999; 
Fowles et al., 1999).  OEHHA staff believe that the BMC05 is more likely to approximate a 
NOAEL than a BMC10 since 5% is closer than 10% to the lower end of average risk levels 
associated with a NOAEL (Leisenring and Ryan, 1992).  A BMC05 is more likely to represent a 
value close to the limit of most studies to detect an effect, and is therefore more like a NOAEL.  
In contrast, a BMC10 is more likely to represent a LOAEL since it is usually in the detectable 
range of responses.  In the specific case of phosphoric acid the BMC10 of 100 mg/m3 was twice 
the NOAEL of 50 mg/m3.  The BMC05 was calculated to be 64 mg/m3, much closer to the 
NOAEL.  Use of the BMC05 results in a chronic REL of 7 μg/m3. 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The strengths of the inhalation REL for phosphoric acid include the availability of subchronic 
inhalation exposure data from a well-conducted study with histopathological analysis and the 
observation of a NOAEL.  Major areas of uncertainty are the lack of adequate human exposure 
data, the lack of chronic inhalation exposure studies, and the discontinuous nature of exposures 
(only 2 1/4 hours per day).   
 
The Aranyi et al. (1988a) study represents the most adequate study for the quantitative 
evaluation of the toxicity of phosphoric acid.  It was conducted with a large number of animals 
with multiple doses, produced good dose-response data, and examined likely targets of toxicity 
(respiratory system) of smoke generated from the combustion of phosphorus and butyl rubber.  
Uncertainties associated with these data, however, include that (1) the study used combustion 
products of phosphorus rather than phosphoric acid itself, (2) the total exposure time was 
relatively short and discontinuous over the duration of the experiment, and (3) only one 
species/strain/sex was studied. 
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CHRONIC TOXICITY SUMMARY 
 

PHTHALIC ANHYDRIDE 
 

 (1,3-isobenzofurandione; phthalic acid anhydride)  
 

CAS Registry Number: 85-44-9 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 20 μg/m3

Critical effect(s) Eye and respiratory irritation, asthma, and 
bronchitis in occupationally exposed workers 

Hazard index target(s) Respiratory system 
 
 
II. Chemical Property Summary (HSDB, 1995; CRC, 1994) 
 

Description White or pale yellow crystals 
Molecular formula C8H4O3
Molecular weight 148.11 g/mol 
Boiling point 295°C 
Melting point 130.8°C 
Vapor pressure 5.14 × 10-4 torr @ 25°C; 1 torr @ 96.5°C 
Solubility Soluble in 162 parts water, 125 parts carbon 

disulfide; soluble in hot benzene 
Conversion factor 1 µg/m3 per ppb at 25ºC 

 
 
III.  Major Uses and Sources 
 
The primary use of phthalic anhydride (PA) is as a chemical intermediate in the production of 
plastics from vinyl chloride.  Phthalate esters, which function as plasticizers, are derived from 
phthalic anhydride.  Phthalic anhydride has another major use in the production of polyester 
resins and other minor uses in the production of alkyd resins used in paints and lacquers, certain 
dyes (anthraquinone, phthalein, rhodamine, phthalocyanine, fluorescein, and xanthene dyes), 
insect repellents, and urethane polyester polyols.  It has also been used as a rubber scorch 
inhibitor and retarder (HSDB, 1995; National Cancer Institute (NCI), 1979). The annual 
statewide industrial emissions from facilities reporting under the Air Toxics Hot Spots Act in 
California based on the most recent inventory were estimated to be 11,442 pounds of phthalic 
anhydride (CARB, 2000). 
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IV. Effects of Human Exposure 
 
Symptoms in workers exposed to phthalic anhydride by inhalation in two plants (A and B) 
manufacturing alkyd and unsaturated polyester resins were studied (Nielsen et al., 1988).  Two 
groups of exposed workers were identified in each plant.  One group worked directly loading the 
reactors from bags of phthalic anhydride (“heavy” exposure – 35 workers) and the other group 
was involved with “other work” which led to “low” exposure (25 workers).  Mean employment 
times for the “heavy” and “low” exposure groups were 13.3 and 11.9 years, respectively.  Time-
weighted average air concentrations for workers from the loading of PA was 6.1 (range: 1.8-
14.9) and 6.8 mg PA/m3 (range: 1.5-17.4) in plants A and B, respectively.  Similar exposure 
levels in both plants led to pooling of data.  The exposure duration of the “heavy” group was 
estimated at approximately 30 minutes two times a day, corresponding to the time of loading, 
and resulted in a full-day time weighted exposure estimate of 0.4 mg PA/m3.  For those engaged 
in “other work” exposure levels were estimated at < 0.1 mg PA/m3 (the limit of detection).  
Other chemicals in use in smaller amounts included maleic anhydride, isophthalic anhydride, and 
trimellitic anhydride.  Comparison of symptom incidence between the “heavy” and “low” 
exposure groups included conjunctivitis (46% vs. 20%), rhinitis (40% vs. 20%), 
rhinoconjunctivitis (17% vs. 12%), asthma (17% vs. 0%), and chronic bronchitis (17% vs. 4%).  
Serum antibodies were measured in both groups of workers and compared to 22 nonexposed 
workers (employed at a food processing factory).  The only significantly changed level was an 
increase in specific IgG in the “heavy” exposure group.  A correlation was also noted between 
specific IgG level and exposure level, although not all individuals with elevated specific IgG 
reported symptoms.  
 
In a study conducted at another plant manufacturing alkyd and/or unsaturated polyester resins, 
serum immunoglobulins and lung function were examined in 23 workers exposed to phthalic 
anhydride and 18 control subjects (Nielsen et al., 1991).  Estimated exposure levels were 6.6 mg 
PA/m3 (range: 1.5-17) (Nielsen et al., 1988).  Workers were examined for sensitization to PA 
and other allergens and possible development of small airways disease.  Among the exposed 
workers, there was significantly increased reporting of conjunctivitis and rhinoconjunctivitis.  
One worker showed an asthmatic response to anhydrides.  No significant differences in lung 
function tests were observed between exposed and unexposed groups. 
 
Symptoms in workers occupationally exposed to PA during the course of producing alkyd and/or 
polyunsaturated polyester resins were described (Wernfors et al., 1986).  Exposure estimates of 
breathing zone PA levels ranged from 3 to 13 mg/m3 for workers engaged directly with the 
handling of PA.  In other areas the estimated level was <0.3 mg/m3.  The study examined 48 
workers who were employed at the time of the study and 70 former employees who responded to 
a survey of symptoms related to exposure.  No unexposed control group was included in the 
study.  Workers who were employed for at least two months reported symptoms of rhinitis 
(28%), chronic bronchitis (11%), and asthma (28%).  Among a subset of 11 workers with 
asthma, 3 had positive skin tests for PA sensitivity.  Bronchial provocation tests with 6 or 0.5 
mg/m3 PA for 5 or 10 minutes were positive in 2 workers.   
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V. Effects of Animal Exposure 
 
Male albino rats (6/treatment group) were exposed to phthalic anhydride vapors at 0, 0.02, 0.2, 
and 1 mg/m3 continuously for 45 days (Protsenko, 1970).  After a two week recovery period the 
testes were examined for spermatozoa motility time as well as for ascorbic acid, dehydroascorbic 
acid, and nucleic acid content.  Motility time was defined as the time it took for spermatozoa to 
cease motion completely under microscopic examination.  Spermatozoa motility time was 
decreased ~50% in the 1 mg/m3 dose group and ~25% in the 0.2 mg/m3 dose group.  Significant 
decreases in ascorbic acid and dehydroascorbic acid levels were found in animals exposed to 0.2 
and 1.0 mg/m3 phthalic anhydride, and dehydroascorbic acid levels were decreased in the 
0.02 mg/m3 dose group.  At 1 mg/m3, RNA levels and combined RNA and DNA levels were 
significantly increased over controls.  No significant changes were observed in the 0.02 mg/m3 
dose group. 
 
Five and six female Hartley guinea pigs were exposed to 0.05-0.2 mg/m3 and 0.6-6 mg/m3 
phthalic anhydride dust, respectively, for 3 hours/day for 5 consecutive days (Sarlo and Clark, 
1992).  Exposures were expressed as ranges due to difficulty in regulating dust levels in the 
chambers.  Sampling of dust showed particles were 65-80% < 10 μm diameter and had a mean 
mass diameter of 5.8-9.8 μm.  Eight control animals were exposed to filtered air only.  Two 
weeks after the last exposure, animals were challenged for 30 minutes with aerosolized PA-
guinea pig serum albumin conjugate.  All animals in the “high” dose group showed immediate 
bronchoconstriction and transiently increased respiratory rate.  Animals in this dose group also 
showed elevated IgG antibody titers.  No detectable increase in antibody levels was found in the 
“low” dose group. 
 
Type I hypersensitivity was examined in female Hartley guinea pigs exposed to phthalic 
anhydride dust (Sarlo et al., 1994).  Two groups of 8 animals were exposed to 0.5 or 1.0 mg/m3, 
and two groups of 16 animals were exposed to 0 (filtered air only) or 5.0 mg/m3 phthalic 
anhydride dust (respirable size – 5 μm) in stainless steel chambers for 3 hours/day for 5 
consecutive days.  Groups of 8 animals from the control and 5 mg/m3 groups were challenged 
after a two week recovery period for 30 minutes with 5.0 mg/m3 phthalic anhydride dust.  
Respiratory data were collected using a plethysmograph from 30 minutes before the exposure to 
60 minutes after the exposure.  No significant difference (defined as a change of 3 standard 
deviations from the same parameter in the control animals) in respiration rate or plethysmograph 
pressures was found between the exposed and unexposed animals.  Eight animals in each of the 
four exposure groups were also challenged after two weeks of recovery with 2.0 mg/m3 
aerosolized PA-guinea pig serum albumin (GPSA) conjugate as described above.  Respiratory 
rate was increased in 4/8 of the high-dose group animals and 1/8 of the low-dose animals.  
Plethysmograph pressures were increased in 3/8 animals in the high-dose group and one animal 
each in the low- and mid-dose groups.  Serum IgG antibodies to PA-GPSA were elevated in all 
exposed animal groups and the effect showed a dose-response.  Passive cutaneous anaphylaxis 
testing for anti-phthalic anhydride-GPSA IgG1a immunoglobulins showed positive results for 
3/8, 1/8, and 5/8 animals in the 0.5, 1.0, and 5.0 mg/m3 dose groups, respectively.  Results in 
control animals were not described.  Three of eight animals in the highest dose group had >189 
hemorrhagic foci in their lungs.  No control animal had more than 2 such foci.  No foci were 
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observed in animals challenged with albumin conjugate.  Serum IgG titer correlated with the 
presence of these foci.  
 
Slavgorodskiy (1969) studied the toxicity of phthalic anhydride to animals from inhalation 
exposure.  Sixty white male rats (strain not reported; group distribution not stated, but presumed 
to be 15 animals/treatment group) were exposed in 100 L chambers to 0, 0.18, 0.54, and 1.52 mg 
PA/m3 aerosol continuously for 70 days.  General condition and behavior, body weight, motor 
chronaxy of flexor and extensor muscles (every 10 days), cholinesterase activity (every two 
weeks), and hematological parameters were monitored during the course of the study.  
(Chronaxy is the minimum time for which a current must flow, at a voltage twice the minimal 
current necessary to produce muscle stimulation, in order to cause a muscle to contract.)  No 
changes in body weight or behavior were observed in the treated animals.  In animals in the high-
dose group, the chronaxy ratio of flexors and extensors differed from the controls beginning on 
day 31 of exposure and continued until two weeks after exposure ceased.  Significantly 
decreased whole blood cholinesterase activity occurred in the high- and mid-dose groups, with 
the change occurring after 42 days of exposure.  An increase in thrombocyte count occurred in 
the high- and mid-dose groups after 70 days of exposure, but returned to normal during the two-
week recovery period.  Thus, 0.18 mg/m3 PA appears to be a NOAEL in this study. 
 
A chronic feeding study was conducted with phthalic anhydride in rats and mice to evaluate the 
carcinogenicity of the compound (National Cancer Institute (NCI), 1979).  F344 rats 
(50/sex/dose group plus 20/sex control animals) were treated with diet containing 0, 7500, or 
15,000 ppm phthalic anhydride for 105 weeks (which corresponds to approximately 0, 300, and 
600 mg/kg-day, assuming that food consumption is 4% body weight/day).  Animals were 
monitored for changes in body weight and for survival, and, upon death or the end of the study, 
were examined histopathologically.  The only group showing significantly lower body weights 
was male rats in the high-dose group after week 13.  No significant change in mortality was 
observed.  Adverse non-cancer effects observed in the dosed groups, but not in the control 
animals, included “arched back, rough hair coat, ulceration, and corneal opacity”, however, 
incidences were described as “low”.  No significant histopathological effects were found to be 
associated with exposure to phthalic anhydride.  B6C3F1 mice (50/sex/dose group plus 20/sex 
control animals) were initially treated with diet containing 0, 25,000, or 50,000 ppm phthalic 
anhydride (approximately 0, 3000, and 6000 mg/kg-day, assuming that food consumption is 12% 
body weight/day).  Because of excessive weight loss after week 32, exposure levels were 
reduced during the course of the study such that the time-weighted average exposure for males 
was 16,346 and 32,692 ppm and for females was 12,019 and 24,038 ppm phthalic anhydride.  
Evaluation of toxicity was conducted at 104 weeks as with the rats.  Mean body weight was 
reduced in male and female mice in a dose-related manner.  No other significant treatment-
related adverse effects were observed in the mice. 
 
Pregnant female CD-1 mice (10/dose group) were treated intraperitoneally with phthalic 
anhydride in 0.5%(w/v) carboxymethyl cellulose solution on gestational days 8-10 (Fabro et al., 
1982).  Dosing was variable, beginning within the 95% confidence limits of the LD01 and 
progressing geometrically downward until no effect was observed.  Animals were terminated on 
Day 18 and examined for teratogenic effects including fetal viability and number, resorption, and 
gross malformations.  The 95% lower confidence limit on the dose producing teratogenicity 
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(grossly observable malformations and fetal internal malformations) in 5% and 50% of animals 
were 0.40 and 1.37 mmol/kg-day (59 and 203 mg/kg-day), respectively. 
 
 
VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Neilsen et al. (1988; 1991) 
Study population 23 occupationally-exposed workers 
Exposure method Discontinuous occupational inhalation 

exposures 
Critical effects Increased incidence of conjunctivitis, rhinitis, 

asthma, and chronic bronchitis 
LOAEL 6.5 mg/m3 (mean of 6.1 and 6.8) 
NOAEL Not observed 
Exposure continuity 8 hours/day, 5 days/week 
Exposure duration Mean of 13.3 years 
Average experimental exposure 2.3 mg/m3 for LOAEL group  

  (6.5 mg/m3 × 10/20 × 5/7)  
LOAEL uncertainty factor 10 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 1 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 100 
Inhalation reference exposure level 0.02 mg/m3 (20 μg/m3)  

 
 
Adverse effects were demonstrated to occur in humans occupationally exposed to phthalic 
anhydride in the workplace over long periods of time (Nielsen et al., 1988).  The symptoms 
reported primarily affected the respiratory system, with increased incidence of rhinitis, 
rhinoconjunctivitis, asthma, and chronic bronchitis.  Conjunctivitis was also reported in exposed 
workers.  Specific anti-PA IgG was significantly elevated compared to a non-exposed group.  
Increased incidences of rhinoconjunctivitis, conjunctivitis, or chronic bronchitis have also been 
reported in workers exposed to similar levels of PA dust (Nielsen et al., 1991; Wernfors et al., 
1986).  In these reports, adverse effects were clearly observed at the exposure level reported 
(6.5 mg PA/m3; full-day time weighted exposure of 0.4 mg PA/m3).  Although symptoms were 
reported by Nielsen (1988) in the lower exposure level group, the significance is not clear since a 
true control group (unexposed workers) was not included in the symptomatology section of the 
study.  The low exposure group’s level of exposure was less than the detection limit for phthalic 
anhydride cited in the study, and this group was considered as a control group.  
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The strengths of the inhalation REL for phthalic anhydride include the use of human exposure 
data from workers exposed over a period of years.  Major areas of uncertainty are (1) the 
uncertainty in estimating exposure, (2) the potential variability in exposure concentration, (3) the 
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potential low exposures of the group considered as controls, (4) potential confounding by 
exposures to other chemicals, (5) the limited nature of the study, (6) the lack of reproductive and 
developmental toxicity studies, and (6) the lack of observation of a NOAEL in the key study.  
Another area of uncertainty is the apparent 10-fold greater sensitivity to bronchoconstriction 
from PA exposure in guinea pigs (a model for human asthmatics) in comparison to 
occupationally exposed workers. 
 
The study in rats by Protsenko (1970) identified a LOAEL of 0.2 mg/m3 and a NOAEL of 0.02 
mg/m3 for decreased sperm motility.  However, this result from 1970 has not been verified or 
further explored in more recent toxicological or epidemiological studies.  The small sample size 
of 6/group further weakens confidence in this result.  Therefore, the study in workers by Nielson 
et al. (1988, 1991) was chosen as the basis for the REL for PA. 
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CHRONIC TOXICITY SUMMARY 
 

PROPYLENE 
 

(1-propene; 1-propylene; propene; methylethene; methylethylene) 
 

CAS Registry Number:  115-07-1 
 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 3,000 μg/m3 (2,000 ppb) 
Critical effect(s) Squamous metaplasia (males and females), 

epithelial hyperplasia (females only), and 
inflammation (males only) of the nasal cavity 
in Fischer 344/N rats 

Hazard index target(s) Respiratory system 
 
 
II. Chemical and Physical Properties (HSDB, 1995; CRC, 1994) 
 

Description Colorless gas; practically odorless. 
Molecular formula C3H6
Molecular weight 42.08 
Boiling point −47.6 °C 
Melting point −185.2°C 
Vapor pressure 8690 torr at 25°C 
Solubility Soluble in alcohol and ether. 
Conversion factor 1.72 μg/m3 per ppb at 25°C 

 
 
III. Major Uses and Sources (HSDB 1995) 

Propylene is produced primarily as a by-product of petroleum refining and of ethylene 
production by steam cracking of hydrocarbon feedstocks.  Propylene is a major chemical 
intermediate.  The most important derivatives of chemical and polymer grade propylene are 
polypropylene, acrylonitrile, propylene oxide, isopropanol and cumene.  Use of polypropylene in 
plastics (injection moulding) and fibers (carpets) accounts for over one-third of U.S. 
consumption.  It is also used in the production of synthetic rubber and as a propellant or 
component in aerosols.  In 1994, propylene was ranked seventh among the top 50 chemicals 
produced domestically (C&EN, 1995).  In the environment, propylene occurs as a natural 
product from vegetation.  It is also a product of combustion of organic matter (biomass burning, 
motor vehicle exhausts and tobacco smoke) and is released during production and use.  The most 
probable route of exposure to humans is by inhalation.  Propylene has been detected in the 
atmosphere over both metropolitan (2.6 to 23.3 ppb) and rural (0.007 to 4.8 ppb) areas (Cox et 
al., 1976; Leonard et al., 1976).  The annual statewide emissions from facilities reporting under 
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the Air Toxics Hot Spots Act in California, based on the most recent inventory, were estimated 
to be 696,350 pounds of propylene (CARB, 1999). 
 
IV. Effects of Human Exposures 
 
No data were available on the absorption, distribution or excretion of propylene in humans.  
However, hemoglobin (Hb) adducts of the metabolite intermediate propylene oxide have been 
used to monitor the internal dose of propylene (Tornqvist and Ehrenberg, 1990).  The 
background level of the 2-hydroxylpropyl adduct to the N-terminal valine of hemoglobin was 
found to be about 2 pmol/g Hb.  This was estimated to be equivalent to smoking 10 cigarettes per 
day; cigarette smoking is a source of propylene.  Occupational exposure to propylene at 1 ppm 
(1.72 mg/m3) was assumed to be associated with an increment of 5 pmol/g Hb (Kautiainen and 
Tornqvist, 1991). 
 
No data were available on the chronic effects of propylene in humans. 
 
 
V. Effects of Animal Exposures 
 
In rats and mice, most propylene inhaled into the lungs is exhaled again and does not reach the 
blood to become systemically available (Golka et al., 1989; Svensson and Osterman-Golkar, 
1984).  Once absorbed, a major route of metabolism for propylene is through the cytochrome P-
450 system to propylene oxide, a known carcinogen in experimental animals.  Cytochrome P-
450 enzymes in both the liver and nasal epithelium (Maples and Dahl, 1991) can convert 
propylene to its toxic metabolite.  However, in rats, propylene metabolism becomes increasingly 
saturated at concentrations above 50 ppm (86 mg/m3) in the atmosphere (Golka et al., 1989), 
which limits the amount of propylene oxide produced.  Therefore, the amount of absorbed 
propylene may not reach high enough levels in classical long-term inhalation studies (Quest et 
al., 1984) to show positive carcinogenic or serious chronic effects. 
 
The only chronic toxicity investigation found for propylene was a comprehensive 2-year study in 
F344/N rats and B6C3F1 mice (Quest et al., 1984; NTP, 1985).  Groups of 50 rats and 50 mice of 
each sex were exposed to concentrations of 0, 5000, and 10,000 ppm for 6 hr/day, 5 days/week, 
for 103 weeks.  (Mean daily concentrations were 0, 4985, and 9891 ppm, respectively, for the rat 
study; and 0, 4999, and 9957 ppm, respectively, for the mouse study.)  In exposed rats, 
treatment-related chronic effects were observed in the nasal cavity.  In female rats, epithelial 
hyperplasia occurred in the high dose group and squamous metaplasia occurred in both dosage 
groups.  In male rats, squamous metaplasia was seen only in the low dose group, but both dosage 
groups had inflammatory changes characterized by an influx of lymphocytes, macrophages and 
granulocytes into the submucosa and granulocytes into the lumen (see below).  Nasal lesions 
were not observed in mice.  The inflammatory lesions were more severe in the high dose group.  
Very mild focal inflammation was observed in the kidneys of treated mice but the relationship to 
propylene exposure was unclear.  No other treatment-related effects, including clinical signs, 
mortality, mean organ and body weights, and histopathology, were observed. 
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Incidences of epithelial changes in nasal cavities of rats (Table 2 from Quest et al., 1984) 
Observation Control 5000 ppm 10,000 ppm  
Epithelial hyperplasia    
  Male 2/50 (4%) 2/50 (4%) 5/50 (10%) 
  Female 0/49 (0%) 4/50 (8%) 9/50 (18%)* 
Squamous metaplasia    
  Male 2/50 (4%) 19/50 (38%)* 7/50 (14%) 
  Female 0/49 (0%) 15/50 (30%)* 6/50 (12%)* 
Inflammation    
  Male 11/50 (22%) 21/50 (42%)* 19/50 (38%) 
  Female 8/49 (16%) 10/50 (20%) 13/50 (26%) 
* Significantly (p < 0.05) higher than control values 
 
In a long-term carcinogenicity study, Sprague-Dawley rats and Swiss mice (100-120 
animals/group/sex) were exposed by inhalation to 0, 200, 1000 and 5000 ppm propylene 7 
hr/day, 5 days/week, for 104 weeks (rats) or 78 weeks (mice) (Ciliberti et al., 1988).  No body 
weight differences were observed between treated and control animals of either species.  
Mortality was reported to be slightly increased in male rats in the 1000 and 5000 ppm groups and 
in male mice in the 5000 ppm group, but numerical values of mortality were not presented in the 
report.  Therefore, it is assumed that mortality differences were insignificant.  Other possible 
general body system or nonneoplastic effects were not reported and assumed to have not been 
investigated. 
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VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Quest et al., 1984 
Study population 50 rats/group/sex, 300 total. 
Exposure method Discontinuous whole body inhalation exposure 

(0 or 4,985 or 9,891 ppm). 
Critical effects Respiratory system; squamous metaplasia (males 

and females), epithelial hyperplasia (females 
only), and inflammation (males only) of the 
nasal cavity 

LOAEL 4,985 ppm (8,570 mg/m3) 
NOAEL Not observed 
Exposure continuity 6 hr/day, 5 days/week 
Exposure duration 2 years 
Average experimental exposure 890 ppm for LOAEL group (4985 x 6/24 x 5/7) 
Human equivalent concentration 190 ppm (gas with extrathoracic respiratory 

effects, RGDR = 0.21, based on BW = 305 g, 
MV = 0.21 L/min, SA(ET) = 15 cm2)  

LOAEL uncertainty factor 3 (low severity) 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 3 
Intraspecies factor 10 
Cumulative uncertainty factor 100 
Inhalation reference exposure level 2 ppm (2,000 ppb, 3 mg/m3, 3,000 μg/m3) 

 
VII. Data Strengths and Limitations for Development of the REL 
 
Strengths of the propylene REL include the availability of a long-term, controlled exposure study 
in large groups of experimental animals that included extensive histopathological analyses.  
 
Lifetime exposure of rats and mice to propylene resulted in adverse effects in the nasal cavity of 
rats at both exposure levels.  Therefore, a NOAEL was not observed.  However, the effects 
observed were mild.  
 
Other weaknesses of the database for propylene include the lack of lifetime toxicity studies in 
any non-rodent species.  Also, no long-term human toxicity or epidemiology studies were 
located in the literature.  Human pharmacokinetic studies to compare with experimental animal 
pharmacokinetic studies were absent.  Another uncertainty is the lack of reproductive and 
developmental toxicity studies.  A comprehensive multi-generation study in an experimental 
animal species would enhance the development of a propylene REL. 
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CHRONIC TOXICITY SUMMARY 
 

PROPYLENE GLYCOL MONOMETHYL ETHER 
 

(1-Methoxy-2-propanol; 1-methoxypropanol; Propapsol solvent M) 
 

CAS Registry Number:  107-98-2 
 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 7,000 µg/m3 (2000 ppb)  
. 

Critical effect(s) Liver effects in rats 
Hazard index target(s) Alimentary system (liver) 

 
 
II. Physical and Chemical Properties (HSDB, 1995) 
 

Description Colorless liquid 
Molecular formula C4H10O2
Molecular weight 90.14 
Density 0.962 g/cm3 @ 20° C 
Boiling point 118-118.5°C 
Melting point -96.7°C 
Vapor pressure 11.8 torr @ 25°C 
Solubility Soluble in water, methanol, ether, and other 

organic solvents 
Conversion factor 1 ppm = 3.69 mg/m3 at 25° C 

 
 
III. Major Uses or Sources 
 
Propylene glycol monomethyl ether (PGME) is used as a solvent for cellulose, acrylics, dyes, 
inks and stains (HSDB, 1995).  Thus, the primary use of PGME is in lacquers and paints.  Use of 
PGME is anticipated to increase due to its low systemic toxicity.  The annual specific statewide 
industrial emissions of PGME from facilities reporting under the Air Toxics Hot Spots Act in 
California, based on the most recent inventory, were estimated to be 205,769 pounds (CARB, 
1999).  (Many industries did not estimate emissions of specific glycol ethers so that in 1998 there 
were also emitted 2,922,744 pounds of the general category glycol ethers, some of which may be 
PGME.)  
 
 

Appendix D3 466 Propylene Glycol Monomethyl Ether 



Determination of Noncancer Chronic Reference Exposure Levels  March 2000  

IV. Effects of Exposures on Humans 
 
No reports or studies of human toxicity following chronic exposure to PGME were located in the 
literature. Slight eye irritation was reported by two of six human volunteers exposed to 100 ppm 
PGME for 2 hours (Stewart et al., 1970).  These subjects were exposed for a total of 3 1/2 hours 
during which no decrement in visual acuity, coordination, neurological responses or reaction 
time was measured.  The same experiment exposed 23 subjects to 250 ppm PGME.  After 15 to 
30 minutes of exposure, 8/23 reported eye irritation and 3/23 reported throat irritation; 
lacrimation was observed in 3/23 subjects.  Three subjects each reported one of the following 
symptoms: irritation, headache, and nausea.  While the subjects frequently reported the odor to 
be objectionable upon first entering the chamber, the odor was usually undetectable by the end of 
the exposure.  Clinical chemistry and urinalysis completed following exposure was not altered as 
compared to pre-exposure measurements.   
 
 
V. Effects of Exposures on Animals 
 
Male and female rats (10 per sex per concentration) and rabbits (7 per sex per concentration) 
were exposed by inhalation to 300, 1000, or 3000 ppm PGME 5 hours per day, 5 days per week 
for 13 weeks (Landry et al., 1983).  Relative liver weights were statistically significantly higher 
than controls in both male and female rats exposed to 3000 ppm PGME.  Hepatocellular 
hypertrophy was observed upon histopathologic examination of high dose females.  The authors 
conclude that these effects are the result of physiologic adaptation rather than a manifestation of 
toxicity.  The key observation in this study was sedation of rats and rabbits exposed to 3000 ppm 
PGME.  The sedative effects were no longer apparent after 1-2 weeks of exposure. 
 
Similar findings of mild CNS depression were observed by Hanley et al. (1984).  Pregnant rats 
and rabbits were exposed to 500, 1500, or 3000 ppm PGME 6 hours per day either days 6-15 or 
days 6-18 of gestation, respectively.  During the first 4-5 days of exposure, rats in the 3000 ppm 
PGME exposure group were lethargic and moderately ataxic.  Statistically significant decreases 
in food consumption and maternal body weight gain were also observed during this period.  A 
statistically significant increase in the incidence of delayed sternebral ossification was observed 
in the 3000 ppm exposure group.  Rabbits exposed to 3000 ppm exhibited mild lethargy during 
the first 1-2 days of exposure with rapid post-exposure recovery.  Overall maternal weight gain 
during the exposure (days 6-18 of gestation) was statistically significantly lower than controls.   
 
No significant effect on fetal birth weight or on pup survival indices (e.g., proportion of pups 
surviving to day 3 post-delivery) was noted following exposure of pregnant rats to 200 or 
600 ppm PGME 6 hours per day on days 6-17 of gestation (Doe et al., 1983).  Male rats were 
exposed to 200 or 600 ppm PGME 6 hours per day for 10 consecutive days.  No significant 
effects on testicular weight or pathology were observed.   
 
Increased liver and kidney weights were observed in male and female rats (10 per sex per 
concentration) following exposure to 6000 ppm for 7 hours per day, for 81 exposures over a 
114-day period (Rowe et al., 1954).  No histopathological abnormalities were observed at 
necropsy.   
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Ciezlak et al. (1998) evaluated the potential chronic toxicity/oncogenicity and the response of 
liver and kidney tissue of Fischer 344 rats to propylene glycol monomethyl ether (PGME) at 
targeted vapor concentrations of 0, 300, 1000 or 3000 ppm.  Groups of 50 male and female rats 
per sex were whole-body exposed under dynamic airflow conditions for 6 hours/day, 5 
days/week for up to 2 years.  Parameters evaluated included the general appearance and 
demeanor of animals, in-life body weights, survival, hematology, urinalysis and clinical 
chemistry determinations, survival, selected organ weights, gross and microscopic pathologic 
changes and tumor incidence.  (The metabolic and morphological bases for PGME-induced 
sedation, hepatic hypertrophy and renal toxicity were characterized in separate groups of male 
and female rats exposed to PGME for 6, 12 or 18 months.  Hepatic enzyme induction and 
cellular proliferation, as well as renal cellular proliferation and accumulation of alpha2u-globulin 
(males only) in the kidneys, were conducted in these separate groups of animals.) 
 
PGME-induced sedation at 3000 ppm resolved in all animals during the second week of 
exposure in conjunction with the appearance of adaptive changes in the liver (cytochrome P450 
induction and hepatocellular proliferation).  Cytochrome P450 (pentoxyresorufin O-
demethylase) activities dropped to near control concentrations by week 52, coinciding with a 
return of sedation at 3000 ppm PGME.  In male rats, the loss of metabolic adaptation was 
followed by a dose-related increase in altered hepatocellular foci after two years of exposure to 
1000 or 3000 ppm PGME.  The kidney toxicity observed in male rats was confirmed 
immunohistochemically as an alpha2u-globulin nephropathy.  No statistically-identified increases 
in tumors were observed in any tissue.  The authors established a NOEL of 300 ppm PGME for 
the study. 
 
Ethylene glycol methyl ether (EGME), a structurally related compound, exerts considerable 
toxicity on the blood, thymus, testes, and developing fetus.  The toxicity of EGME has been 
linked to its primary metabolite, methoxyacetic acid.  Recent comparative toxicity and 
metabolism studies (Miller et al., 1983, Miller et al., 1984) indicate that the relatively low 
systemic toxicity exerted by PGME is due to its different metabolites.  Following a single oral 
dose of PGME, the key urinary metabolites identified in rats were propylene glycol and the 
sulfate and glucuronide conjugate of PGME (Miller et al., 1983).   
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VI. Derivation of Reference Exposure Level 
 

Study Ciezlak et al., 1998 
Study population Fischer 344 rats (50/sex/concentration) 
Exposure method Discontinuous whole-body inhalation (0, 300, 

1000, or 3000 ppm) 
Critical effects Increased eosinophilic foci of altered hepatocytes 
LOAEL 1000 ppm 
NOAEL 300 ppm 
Exposure continuity  6 hours per day, 5 days per week 
Average experimental exposure 54 ppm for NOAEL group (300 x 6/24 x 5/7) 
Human equivalent concentration 54 ppm for NOAEL group (gas with systemic 

effects, based on RGDR = 1.0 using default  
assumption that lambda (a) = lambda (h)) 

Exposure duration 104 weeks 
LOAEL factor 1 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 30 
Inhalation reference exposure level  2 ppm (2000 ppb, 7 mg/m3, 7000 µg/m3) 

 
VII. Data Strengths and Limitations for Development of the REL 
 
Strengths of the PGME RfC include the observation of a NOAEL and a LOAEL in the same 
study, and the availability of chronic exposure studies involving multiple concentrations.  A 
major area of uncertainty is the lack of human data. 
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CHRONIC TOXICITY SUMMARY 
 

PROPYLENE OXIDE 
 

(1-,2-propylene oxide; methyl ethylene oxide; propene oxide) 
 

CAS Registry Number:  75-56-9 
 
 
I. Chronic Toxicity Summary 

 
Inhalation reference exposure level 30 µg/m3 (9 ppb)  
Critical effect(s) Degenerative and hyperplastic changes in the  

  respiratory epithelium of rats 
Hazard index target(s) Respiratory system 

 
 
II. Physical and Chemical Properties (HSDB, 1994) 
 

Description Colorless liquid 
Molecular formula C3H6O 
Molecular weight 58.08 
Density 0.83 g/cm3 @ 20° C 
Boiling point 34.23° C 
Melting point -112.13° C 
Vapor pressure 445 torr @ 20° C 
Solubility Soluble in water, miscible in acetone, benzene,  

  carbon tetrachloride, methanol, ether 
Conversion factor 2.38 mg/m3 per ppm at 25° C 

 
 
III. Major Uses or Sources 
 
Propylene oxide is used as a fumigant such as in the sterilization of packaged foods.  It is also 
used as a chemical intermediate in the production of propylene glycol and glycol ethers and as a 
solvent.  Propylene oxide is used in the preparation of surfactants and oil demulsifiers (HSDB, 
1994).  The annual statewide emissions from facilities reporting under the Air Toxics Hot Spots 
Act in California, based on the most recent inventory, were estimated to be 619,494 pounds of 
propylene oxide. 
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IV. Effects of Human Exposures 
 
Conclusive data regarding the effects of occupational exposure to propylene oxide were not 
located.   
 
An epidemiological study examining mortality among workers with exposure to asbestos and 
several chemicals, including propylene oxide, identified three deaths due to mesothelioma, a rare 
cancer associated with asbestos exposure, and a statistically significant increase in the number of 
deaths attributed to forms of heart disease other than ischemia and hypertension (Egedahl et al., 
1989).  The latter finding was explained by the authors to be the result of differences in 
diagnostic accuracy between rural and urban, and primary and tertiary medical care settings.  A 
statistically significant decrease in observed deaths was found for all respiratory cancers, cancer 
of the bronchus and lung, circulatory disease, digestive diseases, cirrhosis and other liver disease, 
and death due to accidents, poisonings, and violence.  These observations may be partially 
attributed to a “healthy worker effect”.   
 
 
V. Effects of Animal Exposures 
 
Male and female rats were exposed for 124 or 123 weeks (respectively) to 30, 100 or 300 ppm 
propylene oxide 6 hours per day, 5 days per week (Kuper et al., 1988).  Interim sacrifices were 
performed at 12, 18, and 24 months.  Cumulative mortality was statistically significantly 
different from controls at 115 weeks in rats of both sexes exposed to 300 ppm propylene oxide.  
Cumulative mortality was also significantly different from controls at 119 weeks in female rats 
exposed to 100 ppm.  However, a contributing factor to the increased mortality in female rats 
was the presence of mammary tumors.  Atrophy of the olfactory epithelium and degenerative 
changes in the respiratory epithelium were observed in both male and female rats following 28 
months of exposure to 30, 100, or 300 ppm propylene oxide.  Severe hyperplastic changes in the 
olfactory epithelium were observed in male and female rats following 28 months exposure to 
300 ppm propylene oxide.  Mild hyperplastic changes were observed in the olfactory epithelium 
of female rats exposed to 100 ppm propylene oxide.   
 
Rats and mice were exposed to 200 and 400 ppm propylene oxide 6 hours per day, 5 days per 
week for 103 weeks (NTP, 1985).  Survival in mice was adversely affected in all groups exposed 
to propylene oxide; a statistically significant decrease in survival was observed in male and 
female mice exposed to 400 ppm propylene oxide.  Survival in rats was not adversely affected by 
propylene oxide exposure.  Rats exhibited exposure-related increases in suppurative 
inflammation of the nasal cavity, epithelial hyperplasia and squamous metaplasia.   
 
Rats were exposed to 1500 ppm propylene oxide 6 hours per day, 5 days per week for 7 weeks 
(Ohnishi et al., 1988).  After 3-4 weeks of exposure the rats exhibited an awkward gait; the rats 
were ataxic by the seventh week.  Histopathological examination revealed axonal degeneration 
of myelinated fibers of the hindleg nerve and fasciculus gracilis indicating central-peripheral 
distal axonopathy.   
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Eldridge et al. (1995) exposed male F344 rats to 0, 10, 20, 50, 150, or 525 ppm propylene oxide 
vapor for up to 4 weeks (with up to 4 weeks of recovery).  Histopathology showed that the 
incidence and severity of respiratory epithelial hyperplasia increased with exposure time and 
regressed after termination of exposure, with complete recovery after 4 weeks.  Cell proliferation 
(determined by bromodeoxyuridine incorporation) was elevated following 1 and 4 weeks of 
exposure, but decreased to control values after 1 week of recovery.  Degeneration of the 
olfactory epithelium was found after 4 weeks of exposure with a decrease in incidence and 
severity after termination of exposure.  Proliferation of olfactory epithelium was elevated during 
the 4-week exposure period and 1 week post-exposure and returned to control values after 4 
weeks of recovery.  The authors report a 4-week NOAEL for propylene oxide effects in nasal 
epithelium of 50 ppm. 
 
Artificially inseminated rabbits were exposed to 500 ppm propylene oxide on days 1-19 or 7-19 
of gestation (Hardin et al., 1983).  Maternal toxicity as indicated by a significant reduction in 
food intake and a significant decrease in maternal body weight gain was observed in both 
exposed groups.  An increased number of resorptions per litter, with no change in total 
resorptions, was observed in rabbits exposed on days 1-19 of gestation.  Sternebral and limb 
anomalies (considered minor by U.S. EPA and the authors) were significantly increased in the 
offspring of rabbits exposed on days 1-19 of gestation.   
 
The same study also reported similar findings in sperm-positive rats exposed to 500 ppm 
propylene oxide on either days 1-16 or 7-16 of gestation or daily for 3 weeks prior to mating and 
then daily on days 1-16 of gestation.  Reproductive capacity was impaired in rats exposed prior 
to breeding; the number of corpora lutea, implantation sites, and live fetuses were reduced.  
Those dams exposed pregestationally to propylene oxide also exhibited more resorptions.  
Maternal toxicity as indicated by decreased food intake and decreased body weight gain was 
observed in all exposed rats.  Significant reductions in fetal body weight and fetal crown-rump 
length were observed in all exposed groups.  An increased incidence of wavy ribs and reduced 
ossification were observed in the offspring of rats exposed from days 1-16 of gestation.   
 
Harris et al. (1989) evaluated the developmental toxicity potential of propylene oxide in Fischer 
344 rats.  Four groups of 25 mated female rats were exposed to 0, 100, 300, and 500 ppm for 6 
hours per day on gestation days 6 through 15.  Cesarean sections were performed on all females 
on gestation day 20 and the fetuses were removed for morphological evaluation.  Exposure to 
propylene oxide did not adversely affect survival, appearance, or behavior at any level.  Maternal 
body weight gain and food consumption were reduced significantly at the 500 ppm level during 
exposure.  Only one exposure-related effect was noted with respect to maternal water 
consumption, organ weights, cesarean section, or fetal morphological observations: increased 
frequency of seventh cervical ribs in fetuses at the maternally toxic exposure level of 500 ppm.  
Thus 300 ppm was considered the NOAEL. 
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VI. Derivation of Chronic REL (U.S. EPA Reference Concentration (IRIS, 1995)) 
 

Study Kuper et al., 1988 
Study population Rats (male and female) 
Exposure method Inhalation (0, 30, 100 or 300 ppm) 
LOAEL 30 ppm 
Critical effects Degenerative and hyperplastic changes in the  

  respiratory epithelium 
NOAEL Not observed 
Exposure continuity 6 hr/day for 5 days/week 
Exposure duration 124 weeks 
Average experimental exposure 5.4 ppm for LOAEL group (30 x 6/24 x 5/7) 
Human equivalent concentration 1.2 ppm for LOAEL group (gas with  

 extrathoracic respiratory effects, RGDR = 0.23,  
 based on MV = 0.3 m3/day, SA(ET)  = 11.6 cm2) 

LOAEL uncertainty factor 3 (mild effects only observed during last 4  
  months of exposure) 

Subchronic uncertainty factor 1 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 100 
Inhalation reference exposure level 0.009 ppm (9 ppb, 0.03 mg/m3, 30 µg/m3) 

 
VII. Data Strengths and Limitations for Development of the REL 
 
The chronic REL is equivalent to the US EPA RfC.  The major strength of the REL for 
propylene oxide is the use of a well-conducted, long-term, multi-concentration study with 
adequate histopathological analyses.  Weaknesses include the lack of adquate human data and 
the lack of a chronic NOAEL observation.  
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CHRONIC TOXICITY SUMMARY 
 

SELENIUM AND SELENIUM COMPOUNDS 
(other than Hydrogen Selenide) 

 
Molecular 
Formula 

Synonyms Molecular 
Weight (g/mol) 

CAS Reg. 
No. 

Se elemental selenium 78.96  7782-49-2 
SeO2 selenium dioxide; selenium oxide; 

selenious anhydride 
110.96  7446-08-4 

H2SeO3 selenious acid 128.97  7783-00-8 
SeOCl2 seleninyl chloride; selenium 

oxychloride; selenium oxichloric 
165.86  7791-23-3 

Na2SeO3 disodium selenite 263.01  10102-18-8 
Na2SeO4 disodium selenate 188.94  13410-01-0 
SeS selenium sulfide; sulfur selenide 111.02  7446-34-6 

 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 20 μg/m3

Oral reference exposure level 0.005 mg/kg/day (USEPA RfD) 
Critical effect(s) Clinical selenosis  
Hazard index target(s) Alimentary system; cardiovascular system; 

nervous system 
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II. Chemical Property Summary (HSDB, 1995; Weast, 1980; Canady and Hodes, 1994; 
ACGIH, 1992) 

 
Description Se0 crystal: metallic gray 

H2SeO4, Na2SeO3: white crystals 
H2SeO3, Na2SeO4: colorless crystals 
SeO2: lustrous crystals; yellow vapor 
SeS: yellow to orange powder 

Molecular formula see above 
Molecular weight see above 
Vapor pressure  0.001 torr @ 20°C 
Melting point SeO2: 340°C 

SeS: decomposes at 118-119°C 
Solubility Se0: insoluble in water, alcohol; slightly soluble 

in CS2; soluble in ether 
H2SeO4: sol. in water; decomposes in alcohol 
H2SeO3: sol. in hot water, alcohol 
Na2SeO3: sol. in water  
Na2SeO4: 84 g/100 ml water at 35°C 
SeO2: 38.4 g/100 ml water at 14°C 
SeS: insoluble in water 

Conversion factor Se0: not applicable (particulate) 
SeO2: 4.5 μg/m3 per ppb at 20°C 

 
 
III. Major Uses and Sources 
 
Selenium occurs in four valence states: selenates (Se6+), selenites (Se4+), selenides (Se2-), and 
elemental selenium (Se0) (Goyer, 1991) which include compounds formed with oxygen, sulfur, 
metals, and/or halogens.  Selenium compounds are used in the glass industry as decolorizing 
agents and in the rubber industry as vulcanizing agents.  Selenium compounds are also found in 
toning baths used in photography and xerography, and in insecticides and photoelectric cells.  
Selenious acid is a component of gun cleaning chemicals (Quadrani et al., 2000).  Selenium 
sulfide is used in shampoos as an anti-dandruff agent.  The most widely used selenium 
compound in industry is selenium dioxide (SeO2) which catalyzes reactions of organic 
compounds and is produced by the oxidation of selenium with nitric acid followed by 
evaporation or by burning selenium in oxygen (HSDB, 1995).  The largest anthropogenic 
sources of atmospheric selenium are from the combustion of fossil fuels and the 
production/refining of copper; particulates are the primary expected form of the compound 
(National Academy of Sciences (NAS), 1976; U.S. EPA, 1984). The annual statewide industrial 
emissions from facilities reporting under the Air Toxics Hot Spots Act in California based on the 
most recent inventory were estimated to be 12,417 pounds of selenium and 4846 pounds of 
selenium sulfide (CARB, 1999). 
 
Selenium is an essential trace element in humans and other species; selenium deficiency leads to 
cardiomyopathy in humans (Goyer, 1991).  For dietary intake, the National Research Council has 
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set a U.S. Recommended Daily Allowance (RDA) of 0.87 μg/kg (55-70 μg/person/day) 
(Subcommittee on the Tenth Edition of the RDAs, 1989).  The average daily oral intake of 
selenium is 125 μg/person (U.S. EPA, 1991).  Organic selenium compounds (e.g., dimethyl 
selenide) are known to occur as metabolites and as microbial degradation products in the 
environment.  These compounds appear to have relatively low toxicity. 
 
 
IV. Effects of Human Exposures  
 
Acute occupational exposure to SeO2 resulted in bronchospasm, irritation of the upper 
respiratory passages, violent coughing, and gagging with nausea and vomiting (Wilson, 1962). 
 
The relationship between inhalation exposure to selenium and the presence of selenium in the 
urine was investigated in a five year study of workers at a selenium rectifying plant (Glover, 
1967).  Workers were exposed to fumes and dusts of elemental red selenium, which, the author 
reported, is converted 80% to SeO2 in the presence of air.  Average air concentrations of 
selenium were reported to be 3.6 mg/m3 in grinding processes, 0.04 mg/m3 in annealing 
processes, and a range of averages of 0.23-0.87 mg Se/m3 in various “special” processes, e.g., 
punching, scraping, sorting, refining, and testing.  The same author previously reported 
symptoms among selenium exposed workers including garlic-like odor of the breath, skin rashes, 
indigestion, and poorly-defined “socio-psychological” effects including lassitude and irritability 
(Glover, 1954). 
 
Clinical signs of toxicity were observed among a population exposed to high levels of selenium 
in soils and food supplies in China (Yang et al., 1983).  Approximately half of 248 people in this 
region showed symptoms including hair and nail loss, discoloration and decay of the teeth, and 
CNS disturbances including pain and anesthesia of the extremities.  Animals in the region were 
also affected, with hoof damage and horn sloughing reported in water buffalo, cattle, and pigs.  
Populations in low-, medium-, and high-selenium areas of China were later studied to associate 
the symptoms with selenium intake.  Estimated daily intake for adults in these areas were 70, 
195, and 1438 μg Se for males and 62, 198, and 1238 μg for females, respectively (Yang et al., 
1989).  Selenium intake was highly correlated with whole blood, breast milk, and 24-hour urine 
selenium levels.  The authors also suggested the possibility of liver dysfunction as indicated by a 
delay in prothrombin time among persons with intake of 750-850 μg Se/day.  More clearly 
recognized and characteristic clinical signs, however, were only observed in a group exposed to 
greater than 1261 μg Se/day and not among those exposed to less than 853 μg Se/day.  Assuming 
a 55 kg body weight, these respective daily dose rates were 0.023 and 0.015 mg/kg-day. 
 
A population of 142 subjects in seleniferous areas of western South Dakota and eastern 
Wyoming was examined for signs of selenosis over a two-year period with monitoring of 
selenium levels in diet, whole blood, serum, urine, and toenails (Longnecker et al., 1991).  
Subjects completed health questionnaires, underwent physical examinations, provided blood 
samples for clinical assessment, and provided blood, urine, toenails, and duplicate-plate food 
collections for selenium analysis.  About half of the 142 free-living subjects had selenium 
intakes greater than 2.54 mμmol/day (200 μg/day) (range 0.86-9.20 mμmol/day, or 68-724 
μg/day).  Average intake among the population was estimated at 239 μg Se/day.  No clinical 
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signs and no changes in hematological function, clinical chemistry, or liver function were 
observed in the population, even in subjects whose intake was as high as 9.20 mμmol/day (724 
μg/day). 
 
 
V. Effects of Animal Exposures  
 
Toxic effects from acute inhalation exposure to selenium dust were examined in rats, guinea 
pigs, and rabbits (Hall et al., 1951).  Twenty female rats were exposed once for 8 hours to 
33 ± 10 mg Se/m3.  Many animals showed signs of pulmonary effects at both one week and 4 
weeks after exposure; however, no control group was included in the experiment with which to 
compare incidence.  Similarly, six female rabbits and 10 male guinea pigs were exposed to the 
same level of selenium dust for four 4-hour periods every 48 hours (8 days total duration).  The 
animals showed signs of interstitial pneumonitis at one week (2 animals of each species) and 
lung congestion and alveolar infiltration of large macrophages.  
 
Guinea pigs exposed one time to concentrations “less than 0.021 mg H2Se/L” (22 mg Se/m3 as 
hydrogen selenide) for 2, 4, or 8 hours exhibited difficulty breathing and a red-tinged discharge 
from the nose (Dudley and Miller, 1941).  Mortality studies were conducted with guinea pigs 
(16/group) using the same exposure duration and selenium concentrations ranging from 1 to 43 
mg Se/m3.  Fifty percent mortality was observed at 30 days among animals exposed once for 2 
hours to 12 mg Se/m3.  Mortality after 30 days was 50% among animals exposed once to 1 mg 
Se/m3 for 8 hours.  Histopathological evaluation of guinea pigs exposed once for 4 hours to 8 mg 
Se/m3 showed fatty change to the liver, pneumonia, lymphoid hyperplasia, and increased 
reticuloendothelial tissue in the spleen.  These effects did not begin to resolve until more than 17 
days after the exposure. 
 
Several studies have addressed the toxicity of selenium compounds to animals when 
administered in either food or drinking water.  Mice (50/group) treated with 0, 1, 4, or 8 ppm 
Na2SeO3 in drinking water over 50 weeks showed decreased growth rates at 8 ppm (Jacobs and 
Forst, 1981).  The same group reported gross liver pathology in male mice treated by oral gavage 
for 3 days with 0.5 ml of 64 ppm Na2SeO3.  Hamsters (8/sex/group) treated with 0.1 
(unsupplemented), 1, 5, 10, or 20 ppm Na2SeO3 in the diet for 42 days showed histopathological 
changes to the liver (Beems and van Beek, 1985).  Rats (6-8/group) treated in the diet with SeS2, 
Na2Se, Na2SeO3, or Na2SeO4 showed increased relative liver weights and/or decreased body 
weight gain at 10 ppm (for each compound) over a 5 week exposure (Dausch and Fullerton, 
1993).  A 13-week drinking water study of Na2SeO3, and Na2SeO4 in rats and mice showed 
increased mortality, decreased body weights, and histopathological changes to the kidneys in rats 
and decreased body weight and decreased water consumption in mice (Abdo, 1994).  Decreased 
body weights were observed in rats treated for 6 weeks in drinking water with 2 ppm Na2SeO3 or 
Na2SeO4 (Palmer and Olson, 1974). 
 
Decreased percentage of live spermatozoa, altered sperm morphology, and decreased body 
weight gain were observed in rats (6/group) treated for 5 weeks with 2 ppm Na2SeO3 in the diet 
(Kaur and Parshad, 1994).  Rats (7-12/group) exposed to 0, 4, 8, or 16 ppm Na2SeO3 in drinking 
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water for 240 days showed alterations in testicular LDH and β-glucuronidase activity at 4 ppm 
(Nebbia et al., 1987). 
 
Developmental toxicity endpoints were examined in hamsters (5-10/group) exposed by oral 
gavage on gestational day 8 to Na2SeO3 and Na2SeO4 at concentrations ranging from 0 - 110 
μmol/kg body weight (Ferm et al., 1990).  Effects observed at 100 μmol Na2SeO3/kg included 
decreased fetal crown-rump length and increased percentage of abnormal litters.  At 90 μmol 
Na2SeO4/kg, an increased percentage of abnormal litters was observed.  Mice (10 or 14/group) 
treated with 0, 3, or 6 ppm Na2SeO3 in drinking water from 30 days pre-gestation through 
gestation showed altered estrus cycle length, decreased fetal growth, and a decreased number of 
ossified vertebrae in offspring (Nobunaga et al., 1979). 
 
 
VI. Derivation of Chronic Reference Exposure Level (REL) (for selenium and selenium 

compounds other than hydrogen selenide)  
 

Study Yang et al., 1989 
Study population 400 people in China 
Exposure method Low, medium, & high environmental levels of Se 
Critical effects Clinical selenosis (liver, blood, skin, CNS) 
LOAEL 0.023 mg/kg-day* (1.261 mg/day / 55 kg) 
NOAEL 0.015 mg/kg-day* (0.853 mg/day / 55 kg) 
Exposure continuity Continuous 
Exposure duration Lifetime 
Average experimental exposure 70, 195, and 1438 μg/day for adult males; 

62, 198, and 1238 μg/day for adult females 
LOAEL uncertainty factor 1 
Subchronic uncertainty factor 1 
Interspecies factor 1 
Intraspecies factor 3 
Cumulative uncertainty factor 3 
Oral reference exposure level 0.005 mg/kg/day (USEPA RfD) 
Inhalation extrapolation factor 3,500 µg/m3 per mg/kg-day 
Inhalation reference exposure level 20 μg/m3

 
*Factors:  NOAEL (0.853 mg/day) and LOAEL (1.261 mg/day) calculated from regression 
analysis (log Y = 0.767 log X - 2.248, where Y = blood selenium and X = selenium intake) based 
upon the correlation (r = 0.962) between dietary selenium intake and blood selenium level for 
data showing incidence of clinical selenosis in adults based on an average adult body weight of 
55 kg. 
 
The inhalation chronic REL is based on the oral chronic REL, which is the same as the USEPA’s 
oral reference dose (RfD) (U.S. EPA, 1996).  In addition to being inhaled, airborne selenium can 
settle onto crops and soil and enter the body by ingestion.  Thus an oral chronic reference 
exposure level for selenium is also required for Air Toxics Hot Spots health risk assessments.  
The chronic inhalation REL was derived by route-to-route extrapolation of the RfD.  The 
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principal study used for the REL/RfD was that of Yang et al. (1989).  Yang et al. (1989), in a 
follow-up to an earlier study (Yang et al., 1983), studied a population of approximately 400 
individuals living in an area of China with unusually high environmental concentrations of 
selenium (Se).  The subjects were evaluated for clinical and biochemical signs of Se intoxication.  
Three geographical areas with low, medium, and high selenium levels in the soil and food supply 
were chosen for comparison in the studies.  The earlier study was conducted in response to 
endemic selenium intoxication in two separate areas with sample sizes of only 6 and 3.  
Comparisons were then made to a selenium-adequate area (n=8) and low-selenium area (n=13).  
The Yang et al. (1989) studies provide a much larger sample size and include additional analysis 
of tissue selenium levels.  This allows a more accurate estimation of the dose-response 
relationship observed for selenium toxicity.  Selenium levels in soil and approximately 30 typical 
food types commonly eaten by the exposed population showed a positive correlation with blood 
and tissue Se levels.  The daily average Se intakes, based on lifetime exposure, were 70, 195, and 
1438 μg for adult males and 62, 198, and 1238 μg for adult females in the low-, medium- and 
high-selenium areas, respectively.  Significant correlations, demonstrated between Se 
concentrations of various tissues, were used to estimate the minimal daily Se intake values that 
elicited various alterations in biochemical parameters indicative of possible Se-induced liver 
dysfunction (i.e., prolongation of clotting time and serum glutathione titer) and clinical signs of 
selenosis (i.e., hair or nail loss, morphological changes of the nails, etc.).  In this manner, a 
marginal safe level of daily Se intake was estimated.  Analysis of the results indicated that 
persistent clinical signs of selenosis were observed only in 5/349 adults, a potentially sensitive 
subpopulation.  The blood selenium concentration in this group ranged from 1.054 to 1.854 mg/L 
with a mean of 1.346 mg/L.  Clinical signs observed included the characteristic "garlic odor" of 
excess selenium excretion in the breath and urine, thickened and brittle nails, hair and nail loss, 
lowered hemoglobin levels, mottled teeth, skin lesions, and CNS abnormalities (peripheral 
anesthesia, acroparesthesia, and pain in the extremities).  Alterations in the measured 
biochemical parameters occurred at dietary intake levels of 750-850 μg/day.  These alterations 
were described as a delay in prothrombin time, i.e., increase in blood coagulation time and 
reduction in blood glutathione concentration.  However, these indicators were poorly 
characterized and are not typically used as an index for clinical selenosis resulting from chronic 
exposure to selenium (NAS, 1989).  Based upon the blood selenium levels shown to reflect 
clinical signs of selenium intoxication, a whole blood selenium concentration of 1.35 mg/L 
corresponding to 1.261 mg of daily selenium intake is indicative of the lowest correlative 
selenium intake causing overt signs of selenosis.  The next lowest whole blood selenium 
concentration of 1.0 mg/L, corresponding to 0.853 mg selenium/day, produces no clinical signs 
of selenosis.  The NOAEL for this study is 0.85 mg Se/day and the LOAEL is 1.26 mg Se/day. 
 
An intraspecies uncertainty factor of 3 was applied to the NOAEL to account for sensitive 
individuals.  A full factor of 10 was not deemed necessary since similar NOAELs were identified 
in two moderately-sized human populations exposed to selenium levels in excess of the RDA 
throughout a lifetime without apparent clinical signs of selenosis.  No modifying factor was 
applied by USEPA.  OEHHA accepted the USEPA analysis. 
 
Route-to-route extrapolation assumes by default that a chemical is equally absorbed by the 
inhalation and the oral routes and that the first pass effect due to metabolism by the liver is not 
important for the chemical.  The latter assumption is applicable to most metals.  There are 
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limited data to evaluate the assumption of equal absorption across the gastrointestinal tract and 
the lungs.  Limited data indicate that 60% (range = 44-100%) of ingested Se is absorbed by the 
gastrointestinal tract, while in one study 30% (single estimate) of inhaled selenium was deposited 
in the respiratory tract (Owen, 1990).  Deposition is dependent on particle size.  The available 
data are not adequate to depart from the default assumption. 
 
The USEPA stated its confidence in the RfD as: Study - Medium; Data Base - High; and RfD - 
High.  Confidence in the chosen principal study is medium.  Although this is a human 
epidemiological study in which a sizable population with sensitive subpopulations was studied, 
there are still several possible interactions that were not fully accounted for, e.g., fluoride intake 
and protein status.  Also, except for clinical signs of selenosis there are no other reliable 
indicators, biochemical or clinical, of selenium toxicity.  Confidence in the database is high 
because many animal studies and epidemiologic studies support the principal study.  An 
additional human study with a freestanding NOAEL (Longnecker et al., 1991) provides support 
for the NOAEL identified in the principal study.  Longnecker et al. (1991) found no effects at 
238 μg Se per day, which would equate to 0.004 mg/kg-day for a 55 kg person.  Therefore, high 
confidence in the RfD is selected based upon support of the critical study and the high level of 
confidence in the database.   
 
There are insufficient data relating human inhalation exposure to selenium compounds to adverse 
health effects to use for the development of a chronic REL although toxicity has been reported 
from occupational exposure to gases of both H2Se and SeO2 (Buchan, 1947; Wilson, 1962).  
Experiments in animals have shown that H2Se is toxic following inhalation exposure, with 8-
hour exposures to concentrations as low as 1 mg H2Se/m3 causing “irritation sufficiently 
damaging to cause pneumonitis” and subsequently increasing 30-day mortality (Dudley, 1937; 
Dudley and Miller, 1941).  Thus the selenium chronic REL is not meant to be applied to H2Se, 
which may be considerably more toxic than other selenium compounds.  At this time there are 
inadequate data to develop a REL for H2Se.  It is also not intended to be applied to organic 
metabolites of selenium. 
 
 
VII. Data Strengths and Limitations for Development of the REL  
 
The strengths of the REL for selenium include its basis on a study with a large number of human 
subjects in a non-occupational setting that determined both a NOAEL and a LOAEL.  The 
weaknesses include its basis on a route of exposure other than inhalation and its lack of 
applicability to hydrogen selenide, the most toxic selenium compound. 
 
VIII. Potential for Differential Impacts on Children's Health 
 
The key study (Yang et al., 1989) included evaluation of children as young as one year old.  
Thus the chronic REL should be protective of infants and children.  No adverse reproductive 
outcomes were reported, although only 400 people were studied.  However, the inhalation REL 
is based on an oral REL of 0.005 mg/kg-day (0.06 μmol/kg-day).  Ferm et al. (1990) did not find 
adverse effects on hamster development with Se doses below 34 μmol/kg.  Thus the chronic 
REL should also be protective of infants and children. 
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CHRONIC TOXICITY SUMMARY 
 

SILICA (CRYSTALLINE, RESPIRABLE) 
(silicon dioxide, quartz, tridymite, cristobalite) 

CAS Registry Number: 7631-86-9 

I. Chronic Toxicity Summary 

Inhalation Reference Exposure Level 3 µg/m3 [respirable, as defined occupationally by 
ACGIH (2004)/ISO (1995) 

Critical effect(s) Silicosis in miners and other workers 
Hazard index target(s) Respiratory system 

II. Physical and Chemical Properties (HSDB, 2001) 

Description Transparent crystals 
Molecular formula SiO2
Molecular weight  60.09 g/mol 
Density 2.65 g/cm3 @ 0 °C (quartz) 
Melting point 1610 °C 
Boiling point 2230 °C (2503.20 °K) 
Vapor pressure 10 torr @ 1732 °C 
Solubility Practically insoluble in water or acids, except 

hydrofluoric acid; very slightly sol. in alkali. 
Conversion factor Not applicable 

In crystalline silica, the silicon and oxygen atoms are arranged in a definite regular pattern 
throughout the crystal.  The characteristic crystal faces of a crystalline form of silica are the 
outward expression of this regular arrangement of the atoms (HSDB, 2001).  This REL is meant 
to be applied only to particles of crystalline silica (quartz, cristobalite, tridymite), of respirable 
size, as defined by the occupational hygiene methods described by ACGIH (2004)/ISO (1995) 
which has a 50% cut-point at 4 μm particle aerodynamic diameter.  This occupational definition 
of respirable differs from the environmental definition of respirable, which is PM10.  (The 
occupational particle category “thoracic” has a 50% cut-point at 10 μm particle diameter 
(ACGIH, 2004) and the category “inhalable” has a 50% cut-point at 100 μm particle diameter 
(ACGIH, 2004).) 

III. Major Uses and Sources 

At least 11 chemically identical forms (polymorphs) have been described for crystalline silica.  
Alpha-quartz is the most abundant polymorph and constitutes 12% of the earth's crust (Elzea, 
1997).  Silica is also found in the amorphous (non-crystalline) state.  The amorphous silica in 
diatomaceous earth (composed mainly of the cell walls of diatoms) can be converted to the 
crystalline form cristobalite by heating to 1000-1100 ºC (calcining).  Silica is often associated 
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with silicates, which, in addition to silicon and oxygen, contain other metals such as iron, 
magnesium, aluminum, calcium, potassium, and sodium.   

The major uses of silica are in the manufacture of glass, abrasives, ceramics, and enamels, in 
scouring and grinding compounds, and in molds for castings.  Silica is also used in decolorizing 
and purifying oils and petroleum products; as a clarifying agent; in filtering liquids; and in the 
manufacture of heat insulators, firebrick, and fire- and acid-proof packing materials.  As 
diatomite (naturally occurring diatomaceous earth), silica is used as a filtration agent, as an 
abrasive, and as an industrial filler.  Sources of ambient respirable crystalline silica in California 
include mines, quarries, diatomaceous earth calcining plants, sand blasting, and entrained fines 
(e.g., PM10) from surface soil.  The annual statewide industrial emissions from facilities 
reporting under the Air Toxics Hot Spots Act in California based on the most recent inventory 
were estimated to be 2,514,981 pounds of crystalline silica (CARB, 2001.  The fraction, which is 
respirable as defined either occupationally or environmentally, is not known. 

Measurement of crystalline silica has evolved.  Instrumentation has varied by country.  In South 
Africa since the 1930s, dust was collected with a konimeter (Le Roux, 1970; Cherrie and Aitken, 
1999).  A small volume of air (e.g., 5 cm3 captured in less than a second) was collected 
(impacted) onto a small area of a glass slide coated with adhesive.  Total dust particles were 
counted and expressed as dust particles per cubic centimeter.  Later, slides were heated to 500-
550 ºC (ignition) to remove carbonaceous materials and immersed in hot 50% hydrochloric acid 
followed by a second ignition to remove acid-soluble materials.  The remainder was mostly silica 
particles, which could be counted.  The konimeter was superseded by the thermal precipitator, 
which also deposited particles onto glass but could sample larger air volumes at high flow rates 
(> 1 L/minute) for several hours.  With time, particle counting was replaced by estimation of a 
particle’s surface area, initially by examining slides but more recently by an automated method 
(Kitto, 1960; 1970). 

In the United States the impinger method was used from 1922 until 1984 (Lippmann, 2001).  Air 
was drawn into a trap containing fluid, particles in an aliquot of the fluid were counted under 
magnification, and concentrations were expressed as million particles per cubic foot of air 
sampled.  Later, gravimetric analysis was introduced.  Gravimetric analysis is dominated by the 
larger particles in any given size range. 

When it was realized that only a fraction of the dust was responsible for silicosis, respirable dust 
was collected onto filters using size-specific dust collectors, such as horizontal plate elutriators in 
South Africa and cyclones in the United States.  The sizes of particles collected on the filter were 
a function of the apparatus used and the rate of airflow through the apparatus.  Quartz dust was 
quantified by examining filters in an electron microscope with a specific X-ray diffraction beam 
absorbed by crystalline silica.  The National Institute of Occupational Sciences and Health 
(NIOSH, 2003) has approved Method 7500, which uses one of three approved cyclones and a 5 
μm PVC membrane filter to sample, and X-ray diffraction to measure crystalline silica.  The 
ARB has used Method 7500 in research projects.   

In order to harmonize respirable particulate sampling methodology in workers, an international 
agreement has been reached to use dust samplers that have a 50% cut point for particles of 4 μm 
aerodynamic diameter (ISO, 1995; ACGIH, 2004). 

Appendix D3 487 Silica 



Determination of Noncancer Chronic Reference Exposure Levels  February 2005 

Various attempts have been made to estimate the changes in silica levels in workplaces over time 
(e.g., Seixas et al., 1997 for diatomaceous earth facilities in California; Verma et al., 1989 for 
Ontario hard rock miners).  However, although some conversion factors have been proposed, 
correlation between dust particle number in earlier studies, when dust concentrations were 
higher, and dust particle weight in the later studies, when the dust concentrations have been 
lowered, is imprecise so it is difficult to compare the earlier silica measurements with the more 
recent ones. 

IV. Effects of Human Exposures 

Inhalation of crystalline silica initially causes respiratory irritation and an inflammatory reaction 
in the lungs (e.g., Vallyathan et al., 1995).  Acute exposures to high concentrations cause cough, 
shortness of breath, and pulmonary alveolar lipoproteinosis (acute silicosis).  After chronic but 
lower workplace exposures to silica for six to sixteen years, the small airways become obstructed 
as measured by pulmonary function tests (e.g., decreased FEV1) in granite quarry workers (no 
measurement of silica levels reported; Chia et al., 1992).  In a report on the hazards of exposure 
to crystalline silica, the American Thoracic Society (1997) stated: “Studies from many different 
work environments suggest that exposure to working environments contaminated by silica at 
dust levels that appear not to cause roentgenographically visible simple silicosis can cause 
chronic airflow limitation and/or mucus hypersecretion and/or pathologic emphysema.”  Hnizdo 
and Vallyathan (2003) also concluded that “chronic levels of silica dust that do not cause 
disabling silicosis may cause the development of chronic bronchitis, emphysema, and/or small 
airways disease that can lead to airflow obstruction, even in the absence of radiological 
silicosis.”  Fibrotic lesions associated with crystalline silica have also been found at autopsy in 
the lungs of granite workers who lacked radiological evidence of silicosis (Craighead and 
Vallyathan, 1980).  

Silicosis results from chronic exposure; it is characterized by the presence of histologically 
unique silicotic nodules and by fibrotic scarring of the lung.  The histological progression of 
silicosis has been described as: (1) granuloma composed of histiocytic cells, collagen, and 
lymphocytes; (2) cellular fibrotic nodule with irregular collagen at the center and circular 
collagen at the periphery; (3) more mature nodule with acellular and avascular center; and  
(4) late mature nodule composed of dust and collagen including a calcified center (Green and 
Vallyathan, 1996).  Lung diseases other than cancer associated with silica exposure include 
silicosis, tuberculosis/silicotuberculosis, chronic bronchitis, small airways disease, and 
emphysema (Oxman et al., 1993; Park et al., 2002; Hnizdo and Vallyathan, 2003; Balmes et al., 
2003).  Silica exposure has been implicated in autoimmune diseases (rheumatoid arthritis, 
scleroderma, systemic lupus erythematosus) in gold miners and granite workers (Steenland and 
Goldsmith, 1995; Parks et al., 1999) and in the causation of kidney disease in some occupations 
(Goldsmith and Goldsmith, 1993; Stratta et al., 2001), possibly by an immune mechanism. 

At the cellular level, silica particles are engulfed in the lung by alveolar macrophages (AM).  
According to the generally assumed pathological model, the AM subsequently release various 
growth factors and reactive oxygen species (ROS; superoxide anion, hydrogen peroxide, 
hydroxyl radical) (Lapp and Castranova, 1993; Mossman and Churg, 1998; Ding et al., 2002).  
ROS and some growth factors (e.g., activator protein-1, platelet activating factor) are 
inflammatory and attract neutrophils to the site of inflammation, while other factors (fibronectin, 
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alveolar macrophage-derived growth factor) stimulate fibroblasts to proliferate and to make 
collagen.  Since silica particles cannot be digested by the macrophage, the inflammatory process 
becomes chronic (frustrated phagocytosis).  An increased silica burden leads to more foci of 
inflammation, nodule formation, and fibrosis.  The internal process can continue after external 
exposure ends.  Silica particles also enter into alveolar Type I epithelial cells (Churg, 1996), 
which can lead to cell death of Type I cells and to hypertrophy and proliferation of Type II 
epithelial cells to replace the Type I cells.  The epithelial repair process is associated with a 
subsequent increase in collagen formation. 

The initial diagnosis of silicosis is often based on chest radiographs.  Recent papers have used 
the 1980 classification by the International Labor Organization (ILO, 1980) to identify and 
classify silicosis into categories and subcategories of seriousness by comparison of patient 
radiographs with ILO-supplied reference radiographs taken at various stages of silicosis (Table 
1):   

Table 1. International Labor Organization categorization of silicosis (ILO, 1980). 

ILO Category Qualitative Description 
0/0 No small (up to 1 cm) silicotic opacities (nodules) are present 
0/1 Probably no nodules, but some areas of radiograph are suspect 

[possible silicosis] 
1/0 Small silicotic nodules are most likely present, but not certainly 

[probable silicosis] 
1/1 Small silicotic nodules are definitely present 
1/2 Small silicotic nodules are definitely present; other areas of the 

radiograph may indicate more advanced lesions including large 
opacities (> 1 cm), pleural thickening, etc. 

2/1, 2/2, 2/3, 3/2, 3/3 More advanced stages of silicosis/increasing certainty of the presence 
of lung abnormalities 

Some reports (e.g., Kreiss and Zhen, 1996; Hughes et al., 1998) use 1/0 (probable) as the basis of 
classification of silicosis, since many cases of silicosis are not detected by chest radiographs, yet 
silicotic nodules and other lesions are found at autopsy (Craighead and Vallayathan, 1980; 
Hnizdo et al., 1993).  Other reports (e.g., Hnizdo and Sluis-Cremer, 1993) use the definite 1/1 as 
the lowest category indicating silicosis.  Some disease is missed by radiography and is 
determined only by autopsy (Hnizdo et al., 1993).  The ILO criteria are intended as an 
epidemiologic classification and comparison tool, not as a diagnostic classification on an 
individual basis.  In occupational medicine practice, a group of tests is used to clinically 
diagnose silica-related lung disease including physical examination, X-rays, and high resolution 
computed tomography (CT) scans of the lung (e.g., Begin et al., 1991; Olivetti et al., 1993).   

A. Environmental silicosis 

Several studies have reported "environmental silicosis", cases where the silicosis occurs in the 
absence of an industry usually associated with the disease (reviewed by USEPA, 1996).  In one 
of the stronger examples, Saiyed et al. (1991) investigated non-occupational pneumoconiosis in 
Ladakh, India, high in the western Himalayas where there are no mines or industries.  Among 
449 randomly selected inhabitants of three villages, there were many cases of pneumoconiosis 
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associated with progressive massive fibrosis (nodules > 1 cm) and "egg shell" calcification of 
hilar glands.  The prevalence of pneumoconiosis was 2.0% (3/150) in the village of Saboo, 
20.1% (31/149) in Shey, and 45.3% (68/150) in Chushot, and corresponded with the severity of 
dust storms and the presence or absence of chimneys in the kitchens (i.e., ventilated cooking).  
Without chimneys (Chushot), dust concentrations in kitchens averaged 7.5 mg/m3 during 
cooking periods.  The free silica content of the dust storms was 60-70%.  The authors suggested 
that exposure to free silica from dust storms and to soot from cooking with domestic fuels caused 
the pneumoconiosis.  Perhaps the interaction of silica and soot led to the disease.  Such 
exposures in this and other studies, such as Bar-Ziv and Goldberg (1974), might be considered to 
be non-industrial but occupational, since the subjects studied by Saiyed et al. (1991) were 
involved in the domestic work of cleaning and cooking (USEPA, 1996).  In any case, the 
exposures were very high and thus similar to some occupational exposures. 

B. Occupational silicosis 

Several relatively recent reports have presented data that allow a quantitative relationship 
between occupational dust exposure and the development of silicosis in workers to be calculated. 

Hard rock miners in Ontario, Canada (Muir et al., 1989)  

Muir et al. (1989) examined the relationship between cumulative exposure to silica (free 
crystalline silica, specifically alpha-quartz) and the development of silicosis in 2109 male hard 
rock (uranium, gold, mixed metals) miners in Ontario, Canada.  The miners began work between 
1940 and 1959 and were followed either until they ended their dust exposure or until December 
31, 1982 (whichever came first).  Five X-ray readers examined chest radiographs; one or more 
readers identified 32 cases of silicosis, defined as ILO category 1/1 or greater with round 
opacities.  All five readers agreed on only six cases, while 12 cases were identified by only one 
reader (Table 2).  A Weibull model of the form 

R(x) =1 ─ exp[−(αx)β] (x ≥ 0, β > 0) 

gave the best fit to the data for cumulative risk R of silicosis as a function of cumulative 
exposure in units of (mg/m3)-yr.  In this model x is the cumulative exposure (lagged five years), 
α is the Weibull scale parameter, and β is the Weibull shape parameter (Table 2).  Estimates of α 
and β for each reader are given in Table II of Muir et al. (1989). 

Table 2. Silicosis Risk vs. Cumulative Respirable Silica in (mg/m3)-y (Table IV of Muir et al.) 

Reader Cases (n) 1% risk a 2% risk 5% risk 10% risk 
1 14 3.5 (2.4-5.1) 5.7 (3.9-8.4) 11.2 (6.8-18.2) 18.6 (9.9-35.0) 
2 24 2.7 (2.0-3.6) 4.1 (3.2-5.3)   7.1 (5.5-9.1) 10.9 (8.1-14.8) 
3 24 3.0 (2.3-3.9) 4.3 (3.4-5.3)   6.9 (5.6-8.5)   9.9 (7.8-12.7) 
4 14 3.7 (2.6-5.2) 5.6 (4.1-7.7)   9.8 (6.7-14.3) 15.1 (9.3-24.4) 
5   7 5.7 (4.0-8.0) 7.8 (5.5-11.0) 11.9 (7.8-18.3) 16.5 (9.7-28.2) 
Any reader 32 2.1 (1.6-2.9) 3.3 (2.6-4.2)   6.0 (4.8-7.5)   9.6 (7.3-12.5) 
At least 3 15 3.5 (2.5-4.9) 5.4 (4.0-7.3)   9.5 (6.6-13.6) 14.6 (9.3-23.2) 
All readers   6 6.1 (4.1-8.9) 8.5 (5.6-12.8) 13.2 (7.8-22.5) 18.7 (9.7-36.1) 
a In parentheses is the 95% confidence interval (CI) for each risk estimate. 
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The Ontario cohort gives the shallowest dose-response relationship for silicosis of the several 
cohorts examined (see Summary Table 15 below) due in part to the lack of follow-up of 
members who left the mines (either for another type of work or for retirement).  Silicosis often 
develops after leaving employment (Hnizdo and Sluis-Cremer, 1993; Chen et al., 2001).  In 
Hnizdo and Sluis-Cremer (1993), for more than half the cases of silicosis radiographic signs 
developed at an average of 7.4 years after mining exposure ended.  In addition, some of the 
Ontario miners in the Muir et al. study may have changed to a less dusty job if their physician 
told them that their (annual) radiograph showed abnormalities.  The lack of follow-up, leading to 
under-ascertainment of silicosis, is a serious limitation of this study.  

Gray iron foundry workers (Rosenman et al., 1996)  

Rosenman et al. (1996) evaluated 1,072 (96.8% males) current and retired workers in a Mid-
western gray iron foundry, which produces engine blocks for the automotive industry.  Medical 
records and silica exposure data were analyzed for those with at least 5 years of employment as 
of June 1991.  Nearly half had worked at the foundry for 20 years.  Sixty had radiographic 
evidence of pneumoconiosis (ILO categories 1/0 and greater).  Twenty-eight workers had 
radiographs consistent with silicosis; of these 25 had simple silicosis and three had progressive 
massive fibrosis.  The prevalence of radiographic changes consistent with silicosis increased 
with years at the foundry, work area, quantitative silica exposure, and cigarette smoking.  In 
regard to quantitative silica exposure, the authors stated that 0.3-2.7% of workers at the OSHA 
standard (90-100 μg/m3) were silicotic, as were 4.9-9.9% of workers above 100 μg/m3.  After 
controlling for confounders, Rosenman et al. (1996) used a logistic regression analysis based on 
cumulative silica exposure to determine an odds ratio of 1.45 for developing a radiograph 
consistent with silicosis after 20 years of work at 100 μg/m3 and an odds ratio of 2.10 after 40 
years of work at 100 μg/m3 (Tables 3 and 4).  This study probably underestimates risk due to 
lack of follow-up of the current workers.  Although silica is not the only toxic chemical in a 
foundry, the unique nature of the silicotic nodule diminishes the likelihood of confounding by 
other exposures. 

Table 3. Silicosis risk based on Rosenman et al. data (Finkelstein, 2000) 

Cumulative silica exposure  Prevalence of silicosis 
< 2 (mg/m3)-y   0.4% 
2-6 (mg/m3)-y   2.7% 
> 6 (mg/m3)-y 10% 
 

Appendix D3 491 Silica 



Determination of Noncancer Chronic Reference Exposure Levels  February 2005 

Table 4.  Odds ratios for silicosis (from Table 8 of Rosenman et al.)a

Time-weighted 
average silica 
exposure (mg/m3) 

20-year 
cumulative 
exposure 
[(mg/m3)-y] 

Odds ratio 
(95% C.I.) 

40-year 
cumulative 
exposure 
[(mg/m3)-y]

Odds ratio 
(95% C.I.) 

0.010 0.2 1.04 (1.02-1.15) 0.4 1.08 (1.05-1.11) 
0.025 0.5 1.10 (1.06-1.14) 1.0 1.20 (1.12-1.30) 
0.050 1.0 1.20 (1.12-1.30) 2.0 1.45 (1.25-1.68) 
0.075 1.5 1.32 (1.18-1.47) 3.0 1.74 (1.40-2.17) 
0.100 2.0 1.45 (1.25-1.68) 4.0 2.10 (1.15-2.82) 
0.150 3.0 1.74 (1.40-2.17) 6.0 3.04 (1.96-4.72) 
0.200 4.0 2.10 (1.56-2.82) 8.0 4.40 (2.45-7.93) 
0.300 6.0 3.04 (1.96-4.72) 12.0 9.24 (3.83-22.3) 

a Additional mean silica exposures, their calculated odds ratios, and 95% confidence intervals 
(C.I.) are given in the paper. 

Diatomaceous earth workers in California (Hughes et al., 1998; Park et al., 2002)  

Hughes et al. (1998) investigated 1,809 Caucasian male diatomaceous earth workers in Lompoc, 
California, who had at least one year of exposure to cristobalite between 1942 and 1987.  The 
crystalline silica isomorph cristobalite is formed when the amorphous silica in diatomaceous 
earth is calcined at 1000-1100 ºC.  Quantitative estimates of dust exposure were made and 
published in the peer-reviewed literature by Seixas et al. (1997) based on 6395 air sampling 
records taken from 1948-1988.  The average estimated respirable dust concentrations for 135 
jobs were 3.55 ± 1.25 mg/m3 prior to 1949, 1.37 ± 0.48 mg/m3 from 1949-1953, 0.47 ± 0.16 
mg/m3 from 1954-1973, and 0.29 ± 0.10 mg/m3 from 1974-1988.  The workers had periodic 
chest radiographs.  Based on the median of radiographic readings by three independent readers, 
81 workers (4.5%) were judged to have opacities on chest radiographs (small opacities, ILO 
profusion ≥ 1/0, and/or large opacities).  Age-adjusted relative risk of opacities increased 
significantly with cumulative exposure to crystalline silica.  The concentration of respirable 
crystalline silica was an important determinant of risk after accounting for cumulative exposure.  
The workers were split into two categories: those exposed to < 0.50 mg/m3 (or hired after 1950) 
and those exposed to > 0.50 mg/m3 (or hired before 1950).  The risk of opacities for a cumulative 
exposure to crystalline silica of 2.0 mg/m3-yr is shown in Table 5.  

Table 5.  Silica exposure and silicosis based on data of Hughes et al. (1998) 

Average crystalline silica exposure Cumulative risk of silicotic opacities 
< 0.50 mg/m3 (or hired after 1950)                        1.1% 
> 0.50 mg/m3 (or hired before 1950)                        3.7% 

The findings of Hughes et al. (1998) indicate an exposure-response relationship between 
cumulative exposure to crystalline silica as cristobalite and radiographic opacities.  The 
relationship was substantially steeper among those exposed at the highest average concentrations 
of crystalline silica.  The authors believe that the data do not support the regulatory assumption 
that cristobalite is more fibrogenic than quartz (i.e., prior to 2000 the occupational limit for 
cristobalite was half that for quartz), since at average silica levels comparable to other 
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epidemiologic studies quartz gave a higher incidence of silicosis than did cristobalite in this 
study.  However, since radiography can under-diagnose silicosis, complete accounting for 
silicosis will require evaluation at autopsy.  The ACGIH recently lowered the TLV for alpha-
quartz from 100 to 50 μg/m3, so that it has the same TLV as cristobalite (ACGIH, 2000). 

Park et al. (2002) carried out a quantitative risk assessment, by Poisson regression methods, of 
the onset of silicosis among the diatomaceous earth workers in Lompoc.  A linear relative risk 
model gave the best fit to the data.  They estimated an excess lifetime risk for radiographic 
silicosis of 68-75 cases per thousand workers exposed to 50 μg/m3 silica (cristobalite) for a 45 
year work-life, then living to age 85.  At 1 μg/m3 silica the excess lifetime risk was estimated to 
be 1.6 cases of lung disease other than cancer per thousand workers exposed (Table 6). 

Table 6.  Excess lifetime risk of silicosis predicted by Park et al. (2002) 

Silica 
concentration 
(mg/m3) 

 
45 year cumulative 
exposure in mg/m3-y 

 
Radiographic 
silicosis - all workers 

Radiographic 
silicosis in workers 
with < 10 mg/m3-y 

0.001 0.045     6.2/1000*     1.6/1000 
0.005 0.225   17/1000     7.8/1000 
0.01 0.45   26/1000   16/1000 
0.02 1.8   39/1000   31/1000 
0.05 2.25   68/1000   75/1000 
0.1 4.5 100/1000 140/1000 
0.2 9 150/1000 260/1000 

* Excess risk estimates assume that workers were exposed to a constant silica concentration for 
up to 45 years (ages 20-65).  Annual risks are accumulated up to age 85. 

White South African gold miners (Hnizdo and Sluis-Cremer, 1993)  

Hnizdo and Sluis-Cremer (1993) investigated silicosis risk retrospectively in a cohort of 2,235 
white male South African gold miners.  Exposure estimates were made for nine separate 
occupational categories based on a special study of dust levels in these mines done by Beadle in 
the 1960s (Beadle, 1971).  To compensate for the fact that the average hours working in dust 
ranged among the 9 categories from 4 hours for “other officials” to 8 hours for “shaft sinkers and 
developers,” exposure was “normalized” to 8-hour shifts.  The workers had a minimum of 10 
years and an average of 24 years service from 1940 until the early 1970s.  Dust levels were fairly 
constant during this period (see, e.g., Table 2 in Gibbs and DuToit (2002)).  The miners had an 
annual chest radiograph while mining; they were followed until 1991 for radiographic signs of 
the onset of silicosis.  An ILO category 1/1 (definite silicosis) or greater was selected to 
designate silicosis.  Two independent readers initially read the chest films, but only the reader 
whose interpretations correlated better with autopsy results was used for additional analysis; the 
use of one reader is a limitation of the study.  There were 313 miners (14% of the cohort) who 
developed radiographic signs of silicosis at an average age of 55.9 years.  The latency period was 
largely independent of the cumulative dust exposure (CDE).  In 57% of the silicotics, the 
radiographic signs developed at an average of 7.4 years after mining exposure ceased.  The risk 
of silicosis determined by chest radiographs increased exponentially with cumulative dust dose.  
At the highest level of 15-(mg/m3)-years CDE (approximately 37 years of gold mining at an 
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average respirable dust concentration of 0.4 mg/m3), the cumulative risk for silicosis reached 
77% as estimated by the accelerated failure time model using the log-logistic distribution (SAS 
Proc LIFEREG): 

CR(t) = 1 – {1/[1 + exp (-μ/σ) x t(1/σ)]} 

where CR(t) = cumulative risk at time t, and μ (2.439) is the intercept and σ (0.2199) is the scale 
parameter estimated by SAS’s LIFEREG procedure.  The authors concluded that the risk of 
silicosis was strongly dose-dependent, but that the latency period was largely independent of 
dose.  The life table analysis (SAS Proc LIFETEST) below (Table 7) shows the number of 
miners who developed silicosis (“cases”), the number of miners considered by the authors to be 
at risk, and the risk per unit of CDE (also as calculated by the authors).  In the table in column 1 
(in parentheses) are OEHHA’s determination of the mg/m3–yr respirable silica exposure, based 
on Hnizdo and Sluis-Cremer’s estimate of 30% silica in the dust, and in column 4 is the total 
number of miners actually at each midpoint level of CDE or silica.  The values in column 4 of 
Table 7 are the number of workers in the group with the temporally integrated dust exposure in 
column 1. 

Table 7. Life table results - Risk of silicosis per unit Cumulative Dust Exposure (CDE) 
(from Table IV of Hnizdo and Sluis-Cremer, 1993) 

Midpoint  
in (mg/m3)-y 
of CDE 
(silica) 

Cases of 
silicosis 

Number of 
workers at risk 
based on life 
table 

Number of 
workers 
remaining 
at this CDE 
midpoint 

“Risk/ 
unit 
CDE” 

Mean 
years in 
dust 

Mean 
dust conc. 
  (mg/m3) 

  1 (0.3)   0 2218   204    
  3 (0.9)   9 2014   474 0.002 20.5 0.17 
  5 (1.5) 48 1540   556 0.016 23.5 0.24 
  7 (2.1) 85   984   469 0.045 27.2 0.30 
  9 (2.7) 93   515   318 0.099 28.0 0.33 
11 (3.3) 53   197   142 0.156 29.4 0.38 
13 (3.9) 20     55       44 0.222 31.5 0.41 
15 (4.5)   5     11       11 0.227 37.0 0.42 

a CDE = Σ number of dusty shifts x mean mass respirable dust conc. x average number of hours 
spent underground / (270 shifts/year x 8 h/shift) 

A plot of risk of silicosis per unit of Cumulative Dust Exposure (CDE) versus the mid-point unit 
CDE, as given in Figure 1 of the Hnizdo and Sluis-Cremer report, and a plot of % silicosis 
among the workers actually exposed to a given level of silica (Figure 2), as determined by 
OEHHA staff, respectively, are given below. 
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Figure 1. Risk of silicosis per unit CDE vs. CDE mid-point 
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Figure 2. Percent silicosis among workers at each silica level 
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Black South African gold miners (Churchyard et al., 2004; Murray et al., 1996) 

Black migrant contract workers constitute a large majority (85 - 90%) of South African gold 
miners.  In a cross sectional study, Churchyard et al. (2004) interviewed and took chest 
radiographs of 520 black gold miners (mean age = 46.7 years, range = 37.1 – 59.9) who were 
still mining (average service = 21.8 years, range 6.3-34.5).  Two readers examined the 
radiographs.  As in the Hnizdo and Sluis-Cremer study, silicosis was defined as an ILO (1980) 
profusion of ≥ 1/1.  The mean respirable dust concentration was 0.37 mg/m3 (0 - 0.70); the mean 
quartz concentration was 0.053 mg/m3 (0 - 0.095).  The prevalence of silicosis was determined to 
be 18.3% by one reader and 19.9% by the other (mean 19.1%) (Table 8).  This included several 
workers with more serious silicosis as indicated by ILO profusions ≥ 2/1 (see Table 1).  
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Significant trends were found between the prevalence of silicosis and: (1) length of service (OR 
= 1.69 per 5 years), (2) mean intensity of exposure (OR = 1.18 per 0.01 mg/m3), and (3) 
cumulative exposure to quartz (OR = 3.2).  The study confirms the large burden of silicosis 
among older black workers in this industry (see next paragraph).  The burden is likely to worsen 
with continuous employment in dusty jobs.  For this cohort the prevalence of silicosis will 
increase even if the miners stop mining immediately.  If, as assumed by the authors, the dust 
levels during the working life of these black miners were constant, silicosis developed while they 
were exposed to a quartz level below the workplace limit of 0.100 mg/m3. 

Table 8. Silicosis in black gold miners (Churchyard et al., 2003; 2004) 

Cumulative quartz 
exposure in 
mg/m3-yr 

Mid-point of 
cumulative quartz 
exposure 

 
Number in 
quintile* 

 
Cases of 
silicosis 

 
Percent 
silicosis 

0 – 0.80 0.4 103 11 10.7 
0.80 – 0.99 0.9 97 8   8.2 
0.99 – 1.24 1.12 103 18 17.5 
1.24 – 1.48 1.36 104 23 22.1 
1.48 –3.08 2.28 103 33 32.0 
         (Total)  (510)** (93) (18.2) 

* Personal communication from Dr. J. teWaterNaude, December 2, 2004.   
** Ten of the 520 films were unreadable. 

Murray et al. (1996) analyzed data from 16,454 black South African gold miners dying from 
unnatural causes between 1975 and 1991 in order to study change in prevalence in silicosis and 
pulmonary tuberculosis (TB).  TB prevalence increased from 0.9% in 1975 to 3.9% in 1991, 
while that for silicosis increased from 9.3% to 12.8%.  The prevalence of both increased with age 
and duration of service.  Silicosis was the most significant predictor of TB (OR = 1.78, CI = 1.27 
- 2.30, p = 0.0001).  A highly significant trend for TB, for year of autopsy, remained after 
adjustment for other variables, such as age and duration of service (OR = 1.04, CI = 1.01 – 1.06, 
p = 0.0046).  (Another 21,202 black gold miners died of natural causes during the study period.) 

Hong Kong granite workers (Ng and Chan, 1994)  

Ng and Chan (1994) investigated silicosis among 338 male workers, who had worked at least 
one year between 1967 and 1985 in two granite quarries in Hong Kong.  Three readers examined 
the chest radiographs.  Silicosis was defined as an ILO classification of at least 1/1 (for small 
rounded opacities) or greater, assigned by at least two of the three readers.  Exposure was 
estimated for each worker based on job category and particle counts.  Thirty-six workers (10.6%) 
were designated silicotic.  Both a logistic and a linear model fit the data well.  The study suffered 
because only about half of the previously employed granite workers were studied, which 
probably led to an underestimate of silicosis risk in at least the highest exposure category and 
maybe in others.  The data are summarized in Table 9.   
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Table 9. Silica exposure and silicosis in Ng and Chan (Finkelstein, 2000) 

Mean cumulative exposure (mg/m3)-y Prevalence of silicosis a

< 1 0% 
3.1 13% 
7.1 25% 

22 22% 
a rounded opacities determined by at least 2 of 3 readers (Table 3 of Ng and Chan) 

Gold miners in South Dakota (Steenland and Brown, 1995)  

Steenland and Brown (1995) studied a very large cohort (3330) of white male gold miners in 
South Dakota, who had worked at least 1 year underground between 1940 and 1965 (average = 9 
years underground).  The mine dust contained on average 13% silica (range = 1-48%).  A job-
exposure matrix was created for full-time underground workers grouped into five categories.  
The authors estimated that most miners were exposed to a median silica level of 0.05 mg/m3, but 
that those hired before 1930 were exposed to a median level of 0.15 mg/m3.  A total of 170 cases 
of silicosis (5.1% of the cohort) was determined from death certificates only (n = 128 cases), 
from two cross-sectional radiographic surveys in 1960 and 1976 (n = 29 cases; ILO category 1/1 
or greater), or from both (n = 13 cases).  Unfortunately, only 25% of living cohort members were 
surveyed radiographically.  The life-time risk of silicosis was less than 1% with a cumulative 
exposure under 0.5 mg/m3-years and increased to 68% to 84% for the highest cumulative 
exposure category (more than 4 (mg/m3)-years) (Table 10).  

Table 10. Risk of silicosis for cohort by cumulative exposure (Table 3, Steenland and Brown) 

Silica 
exposure in 
(mg/m3)-yrs: 
range 
(midpoint) 

Miners 
with 
silicosis 

Number 
entering 
exposure 
category 
(from life 
table) 

Number 
remaining 
at this 
exposure 
level 

Cumulative a

Risk 
Mean years 
of exposure 

Mean 
year first 
exposed 

0-0.2    (0.10)   5 3330  1530 0.002   2.9 1953 
0.2-0.5 (0.35)   5 1800     740 0.005   9.7 1948 
0.5-1.0 (0.75) 15 1060     376 0.017-0.022b 15.4 1942 
1.0-2.0 (1.50) 33   684     353 0.060-0.084b 13.2 1931 
2.0-3.0 (2.50) 44   331     206 0.167-0.245 b 18.8 1926 
3.0-4.0 (3.50) 42   125         73 0.403-0.534b 25.5 1921 
>4.0 26    52          52 0.678-0.844b 30.6 1914 
a Cumulative risk = 1−exp[−sum of (hazards * interval width)], where the hazards for each 

category of cumulative exposure are: 
no. cases/(width*(no. entering category − 0.5*no. cases − 0.5*no. withdrawals)) 

b Cumulative risk adjusted for age and calendar time (Steenland and Brown, 1995) 

The best predictor of disease was cumulative exposure ((mg/m3) – years), followed by duration 
of exposure (years), and then by average exposure (mg/m3).  Figure 1 of Steenland and Brown 
indicates that a plot of their data for silicosis risk versus cumulative silica exposure was similar 
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to a plot of the data of Hnizdo and Sluis-Cremer (1993).  After adjustment for competing risks of 
death, Steenland and Brown estimate that a 45-year exposure to 90 - 100 μg/m3 silica would lead 
to a lifetime risk of silicosis for gold miners of 35% to 47%.  A limitation of this study is the 
reliance on death certificates rather than on ILO interpretation of radiographs.  In addition, no 
mention was made of validating the data on the death certificates.  It was also not clear what, if 
any, autopsy data were available.  A plot of silicosis incidence among the workers (as 
determined by OEHHA staff) actually exposed to the estimated level of silica is given in Figure 
3 below.  An accompanying editorial (Wagner, 1995) commended the article for estimating both 
the risk of silicosis while working and the lifetime risk of silicosis resulting from exposure 
during work. 

Figure 3. % Silicosis vs. silica exposure in Steenland and Brown (see Table 10) 
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Miners in Leadville, Colorado (Kreiss and Zhen, 1996)  

Kreiss and Zhen (1996) investigated the exposure-response relationships for silicosis among 134 
male miners over 40 years old in Leadville, Colorado.  The men had been studied three years 
earlier in a random sample of respiratory disease in their community (Kreiss et al., 1989).  Of 
100 dust-exposed miners, 32 had radiological profusions of small opacities of ILO category 1/0 
or greater at a mean of 36.1 years since their first silica exposure.  Of miners with cumulative 
silica, exposures of 2 (mg/m3)-years or less, 20% had silicosis while 63% of miners 
accumulating greater than 2 (mg/m3)-years had silicosis.  Average silica exposure was also 
strongly associated with silicosis prevalence rates (Table 11). 

Table 11. Miners studied by Kreiss and Zhen (1996) 

Average silica exposure  % silicotics 
0.025-0.05 mg/m3 13% (5/38) 
> 0.05-0.1 mg/m3 34% (15/44) 
> 0.1 mg/m3 75% (9/12) 
Cumulative silica exposure % silicotics 
≤ 2 (mg/m3)-y 20% (14/70) 
2 − 4 (mg/m3)-y  63% (15/24) 
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Based on logistic regression models of the form R(x) = [1 + exp (−α−B'x]−1, Kreiss and Zhen 
concluded that the risk of silicosis was best predicted by elapsed time since last silica exposure 
together with either (1) cumulative silica exposure or (2) a combination of average silica 
exposure and duration of exposure.  Exposure-response relationships were substantially higher 
using measured silica exposures (compared to using estimated silica exposures based on 
measured total dust exposures and assuming a constant silica proportion of dust).  The risk of 
silicosis in this study is higher than in workforce studies having no follow-up of those leaving the 
mining industry (e.g., Muir et al., 1989) and in studies without job title-specific silica 
measurements (e.g., Hnizdo and Sluis-Cremer, 1993).  However, the risk is comparable to 
several recent studies of exposure-response relationships for mining dust (e.g., Ng and Chan, 
1994; Steenland and Brown, 1995) (see Summary Table 15 below).  A limitation relative to other 
studies is the small number of subjects (100) in the group. 

Chinese tin miners (Chen et al., 2001)  

Chen et al. (2001) found a clear exposure-response relationship between silica dust exposure and 
silicosis in a cohort of 3010 (2795 male and 215 female) miners employed for at least 1 year 
during the period 1960-1965 in any of four Chinese tin mines.  No other diseases due to silica or 
tin were mentioned.  Each cohort member was followed through 1994.  Historical Chinese total 
dust (CTD) data were used to create a job exposure matrix for each facility, job title, and 
calendar year.  The CTD data were converted to estimates of respirable crystalline silica for 
comparison with findings from other epidemiological studies of silicosis (including some of 
those above).  Each miner's work history was abstracted from employment records.  The 
diagnosis of silicosis was based on 1986 Chinese Roentgen diagnostic criteria for 
pneumoconiosis.  The criteria classified silicosis as stages I-III, similar to an ILO classification 
of 1/1 or greater.  Of the 3010 miners, 1015 (33.7%) were identified as silicotic (mean age = 48.3 
years, with a mean of 21.3 years after first exposure) (Table 12).  Among the silicotics, 684 
(67.4%) developed silicosis after their tin mine exposure had ended (mean = 3.7 years after).  
The risk of silicosis was strongly related to cumulative exposure to silica.  The Weibull 
distribution gave a very good fit to the data.  The risk of silicosis was less than 0.1% when CTD 
was less than 10 (mg/m3)-yr (= 0.36 (mg/m3)-yr of respirable crystalline silica).  The risk of 
silicosis increased to 68.7% when CTD exposure was equal to 150 (mg/m3)-yr (= 5.4 (mg/m3)-yr 
of respirable crystalline silica).  Latency period was not correlated to the risk of silicosis or to 
cumulative dose.  From their data, the authors predicted a 55% risk of silicosis for 45 years 
exposure to 0.1 mg/m3 respirable crystalline silica, the workplace exposure limit (4.5-(mg/m3)-
years silica).  Figure 4 plots the fraction of the workers in Chen et al. with silicosis (column 2 in 
Table 12 divided by column 4) exposed to a given level of silica (mid-point – in parentheses in 
column 1 of Table 12), as calculated by OEHHA staff. 
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Table 12. Cumulative silicosis risk based on cumulative total dust (CTD)  
        (Table 5, Chen et al., 2001) 

Range of CTD 
exposure  
in (mg/m3)-y/ 
(silica mid-point) 

Cases of 
silicosis 
(n)  

Workers 
entering 
category 

Workers at 
this level of 
CTD/silica 

Cumulative 
risk based 
on Weibull 
model 

Mean net 
exposure 
(years) 

Mean 
latency 
(years) 

<10             (0.18)     2 3010   333 0.001   2.2 14.7 
10-19.99     (0.54)   24 2677   334 0.010   5.3 21.3 
20-39.99     (1.08) 126 2343   626 0.070   9.3 22.0 
40-59.99     (1.80) 127 1717   429 0.145 11.9 21.5 
60-79.99     (2.52) 196 1288   386 0.285   9.9 20.3 
80-99.99     (3.24) 141   902   264 0.405 10.8 19.0 
100-149.99 (4.50) 244   638   417 0.663 13.1 20.4 
≥ 150          (≥ 5.4) 155   221   221 0.917 15.7 25.4 
 

Figure 4. Percent silicosis vs. silica level from Chen et al. 
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Industrial sand workers (McDonald et al., 2001; Hughes et al., 2001; Rando et al., 2001)  

McDonald et al. (2001) studied a cohort of 2670 men employed before 1980 for 3 years or more 
and followed through 1994 in one of nine North American sand-producing plants and in a large 
associated office complex (since most of the office employees had previously worked in the 
mines).  They found 37 deaths due to silicosis and silicotuberculosis.  The mean exposure of the 
cohort was 42 μg/m3 silica (Rando et al., 2001).  Odds ratios for silicosis mortality, determined 
using conditional multiple logistic regression (SAS software), were significantly related to 
cumulative silica exposure (Hughes et al., 2001) (Table 13).  The odds ratios are in general 
agreement with those in the gray foundry workers of Rosenman et al. (1996) (Table 4).  
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Table 13. Median cumulative silica exposure and odds ratio (Table 3 in Hughes et al., 2001) 

No lagging Lagged 15 yr 
Median 
exposure in 
(mg/m3)-y  Silicotics (n) 

Odds ratio a 

for mortality 

Median 
exposure in 
(mg/m3)-y  Silicotics (n) 

Odds ratio a,b 

for mortality 
  0.832 7 1.00 0.142 7 1.00 
  2.744 7 1.27 1.229 7 2.54 
  6.916 8 2.62 2.583 7 4.55 
12.084  7 2.13 7.990 8 5.16 
a Matched odds ratio relative to lowest cumulative exposure category.  Although labeled a cohort 

study, the data analysis compared cases of silicosis with non-silicotic controls. 
b Significant increasing trend across exposure categories (see Hughes et al. for more details) 

Ceramic workers (Cavariani et al., 1995; Legrand-Cattan et al. (1998) 

Cavariani et al. (1995) investigated the incidence of silicosis among 2,480 men in the ceramics 
industry in central Italy.  The workers were surveyed during the period 1974-1987 and followed 
through 1991 with annual chest radiographs.  The cumulative risk of silicosis (ILO category 1/1 
or greater) was 48% after 30 years of employment.  A multivariate Cox's proportional hazards 
model indicated that silicosis increased linearly up to the period of 25-29 years employment.  A 
hazard risk of 14.6 was found comparing those with ≥ 30 years exposure to those employed 10 
years.  Smoking significantly contributed to the model, but its role was unclear.   

Legrand-Cattan et al. (1998) examined the dose-response relationship in two French ceramic 
plants.  A 1992 cross-sectional study included more than 200 silica-exposed workers.  Three ILO 
certified B readers read chest radiographs.  Silica was sampled in the airborne dust.  The results 
are tabulated below (Table 14).   

Table 14. Silicosis in two French ceramic plants (Legrand-Cattan et al., 1998) 

Cumulative 
exposure to 
silica in  
(mg/m3 – years) 

Number of 
workers at this 
level  

Number with 
small opacities 
with ILO 
profusion ≥ 1/0 Percent 

< 0.35 50   2   4 
0.35 – 1.08 57   8 14 
1.09 – 1.77 55 11 20 
> 1.77 55 17 31 
                 Total 217 38 (18) 

A dose response relationship is clear; the authors reported a p value of 0.002.  However, the 
study is limited by the lack of follow-up of the workers. 
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Slate workers (Glover et al., 1980; Saiyed et al., 1985; Saiyed and Bannerjee, 1985) 

Slate contains calcium carbonate, iron oxides, silicates, amorphous silica, and crystalline silica.  
Glover et al. (1980) studied slate workers in North Wales.  The respirable slate dust contained 
13-32% crystalline silica.  In the study group were 725 current and former workers exposed only 
to slate dust, while the controls were 530 men from the same area who had never been exposed 
to dust.  Pneumoconiosis was found in 239 slate workers (33 %), and 10% had degrees of 
pneumoconiosis (category 2 or higher using the 1971 ILO scheme) that would bring worker’s 
compensation.  The prevalence of respiratory symptoms (cough, phlegm, dyspnea) was high.  
There was evidence of an effect of both simple and complicated pneumoconiosis on lung 
function (declines in FVC and FEV1) additional to the effect of age.  The high prevalence (40-
50%) of radiological lesions suggested the presence of healed tubercular lesions in men over 55.  
Either pneumoconiosis or old tubercular lesions (or both) could account for the symptomatology 
and disability of the men. 

Saiyed et al. (1985) surveyed the slate-pencil industry in India.  An industrial hygiene survey 
revealed very high levels of free silica (2-10 mg/m3), while a medical survey showed that 324 of 
593 workers (54.6%) had silicosis.  Of these, 105 had “conglomerate” silicosis (progressive 
massive fibrosis, PMF).  Some lung lesions were detectable after less than five years of exposure 
to slate dust.  Saiyed and Bannerjee (1985) conducted a follow-up examination 16 months later.  
The progression of silicosis was very rapid, and a total of 23 workers had died during this period 
(mean age = 34.7 years; mean exposure = 11.9 years).  The authors attributed the high mortality 
to high levels of silica leading to early onset of PMF.  The progression of silicosis was related to 
the intensity and duration of dust exposure, and to the severity of silicosis found initially.   

Silicosis has been reported in other groups of slate workers in Norway (Bang and Suhr, 1998; 
Suhr et al., 2003) and in Germany (Mehnert et al., 1990). 

Silica particle size 

Data on silica particle size in the various workplaces are limited.  According to Witschi and Last 
(2001), silica particles with a diameter of 1 μm (range = 0.5 - 3 μm) appear to be the most 
fibrotic in humans.  NIOSH (1974) reviewed the existing literature and found that in five 
diatomite plants the mean silica diameter was 1.1 μm (range = 0.5 - 2 μm).  For nine potteries, 
the particle size was 1.2 μm.  For 18 foundries, more than 90% of the particles were less than 3 
μm.  The majority of particles to which shipyard sandblasters were exposed was also less than 3 
μm.  In the Vermont granite sheds, 10 mppcf (million particles per cubic foot) granite dust were 
initially estimated to be equal to 0.1 mg/m3 respirable quartz.  Steenland and Brown (1995) used 
this estimate for silica in South Dakota gold mines.  Assuming that the density of quartz is 2.65 
g/cm3 and that the quartz particles are spherical, the data indicate that the particles have a 
diameter of 0.59 μm.  NIOSH (1974) listed 0.94 μm as the median particle size in metal mines.  
No indication was given of the dispersion of the particle sizes around the average value.  Davis et 
al. (1983) used the value of 10 mppcf in granite sheds as equal to 0.075 mg/m3 silica.  For that 
estimation, OEHHA staff calculated the particle diameter to be 0.53 μm.  Thus, existing data 
indicate that the majority of silica in the workplace is respirable.  In most of the occupational 
studies examined, the exposures were measured using a calibrated cyclone sampler similar to 
that recommended in the current NIOSH (2003) method.  This allows collection of particles 
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primarily in the 0.5 – 5 μm range, with a collection efficiency profile intended to match the 
penetration of particles into the alveolar region of the human lung.  In the case of the South 
African gold mine studies (Beadle, 1971; Page-Shipp and Harris, 1972; Hnizdo and Sluis-
Cremer, 1993), particle number was determined by an optical method selecting respirable 
particles (range of 0.5 to 5 μm).  Thus, the risk estimates obtained from these studies refer to 
particles in the size range where penetration occurs into the respiratory region of the lung.  This 
corresponds to the size range of particles thought to be responsible for silicosis.  It differs from 
the definition of “respirable” particles (i.e. PM10) commonly used in environmental 
measurements, which refers to particles capable of penetrating anywhere in the lower respiratory 
tract (described as “thoracic” particles in occupational studies). 

Risk estimation for silicosis from epidemiologic studies 

The data from the above studies have been used by a number of investigators (Finkelstein, 2000; 
Chen et al., 2001; Hughes, 1995) and by OEHHA staff to estimate percent silicosis based on 
cumulative silica exposure in units of (mg/m3)-yr.  The results are summarized in Table 15. 

In Table 15, more than 14,000 workers were studied, of whom approximately 12% were 
classified as silicotic.  The 12% is likely an underestimate of the incidence of silicosis due to lack 
of follow-up by chest radiographs during life in some cohorts and to the lack of an autopsy after 
death. 
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Table 15. Summary - Estimates of % silicosis based on cumulative silica exposure 
  in (mg/m3)-y 

Study 
Population (number 
with silicosis) 

Exposure of 
2 (mg/m3)-y 

Exposure of 
4 (mg/m3)-y 

Exposure of 
4.5 (mg/m3)-y 

Muir et al., 
1989 

2109 male Ontario 
hard rock miners 
(“15”) 

0.4a,c 1.2a,c 2b

Rosenman et 
al., 1996 

1072 Midwestern 
foundry workers (28) 

2a 10a 3b

Graham et 
al., 1991 

408 Vermont granite 
workers (35) 

~3c ─ ─ 

Hughes et 
al., 1998 

1809 white male 
diatomaceous earth 
workers (81)  

1.1 (low intensity)
3.7 (high intens.)a

  4 (low) 
12 (high)a

 
─ 

Park et al., 
2002 

2342 white male 
diatomaceous earth 
workers (80) 

~7e 13e 14e

Hnizdo & 
Sluis-
Cremer 1993 

2235 white male 
South African gold 
miners (313) 

  5a

10c
52a

60c
77b

Ng & Chan, 
1994 

338 male Hong Kong 
granite workers (36) 

6a 15a 15-20b

Steenland & 
Brown, 1995 

3330 male S. Dakota 
gold miners (170) 

8a 53a 70b

Kreiss & 
Zhen, 1996 

100 miners in 
Leadville, CO (32) 

11a 53a 92b

Chen et al., 
2001 

3010 Chinese tin 
miners (1015) 

14d 47d 55b

Churchyard 
et al., 2004 

510 black gold 
miners (93) 

~28 - - 

a From Table II of Finkelstein (2000) 
b From Table 6 of Chen et al. (2001) 
c From Tables 3 and 4 of Hughes (1995) 
d Interpolated by OEHHA staff from Fig. 2 of Chen et al. (2001). 
e Estimated by OEHHA staff from Table 4 of Park et al. (2002) 
f 158 had an ILO reading ≥ 1/0, while 103 had an ILO reading ≥ 1/1. 
 

Appendix D3 504 Silica 



Determination of Noncancer Chronic Reference Exposure Levels  February 2005 

Determination of LOAEL and NOAEL for silicosis (Rice and Stayner, 1995)  

In another approach to the data, Rice and Stayner (1995) identified the NOAEL and LOAEL for 
silicosis in several studies (Table 16).  The study of Hnizdo and Sluis-Cremer (1993) yielded 
both a LOAEL and a NOAEL. 

   Table 16. Estimates of NOAELs and LOAELs for silicosis (Rice and Stayner, 1995) 

Study Subjects NOAEL in μg/m3 LOAEL in μg/m3  
Davis et al., 1983 969 granite workers 67.5  
Hnizdo and Sluis-
Cremer, 1993 

2235 gold miners   7 20 

1321 gold miners -   8aMcDonald and 
Oakes, 1984 64 gypsum miners 35 49 
Muir et al., 1989 2109 gold miners Could not 

determine 
Could not 
determine 

Rice et al., 1986 888 dusty trade 
workers 

80-100 200-252 

a McDonald and Oakes (1984) considered this value to be only an approximation. 

Proposals to change the occupational exposure limit 

Silicosis is still being diagnosed at death in workers who were supposed to be exposed to 
occupational levels of 50-100 μg/m3.  Thus, there have been recommendations that the 
occupational exposure limit for respirable, crystalline silica (specifically alpha-quartz) be 
lowered from the current level of 100 μg/m3 to 50 μg/m3 (NIOSH, 1974; Rosenman et al., 1996; 
ACGIH, 1999; Finkelstein, 2000).  In 2000, the ACGIH lowered its TLV for quartz from 100 to 
50 μg/m3.  In 1986, WHO recommended that the occupational level be set at 40 μg/m3 (WHO, 
1986).  Greaves (2000) recommended that the TLV be lowered to 10 μg/m3.  Based on existing 
data Greaves (2000) estimated that at 10 μg/m3 the incidence rate for ILO grade 1/0 silicosis 
would be less than 5%, while for grade 1/1 it would be less than 2%.  Chen et al. (2001) 
recommended that the TLV be lowered to 5 μg/m3.  "If the lifetime risk of silicosis is to be under 
1 in 1000 (a criterion used by OSHA) for a lifetime exposure of 45 years, then the mean Chinese 
total dust concentration must be lower than 0.14 mg/m3 (or lower than 0.005 mg/m3 respirable 
crystalline silica)" (Chen et al., 2001).  Mannetje et al. (2002) pooled data from six occupational 
cohorts.  These included four groups discussed above: diatomaceous earth workers, Vermont 
granite workers, U.S. industrial sand workers, and South Dakota gold miners.  Among them 170 
deaths from silicosis were reported.  The estimated mortality risk from silicosis to age 65 after 45 
years of exposure at 100 μg/m3 silica was 13 per 1000, while the risk of death at 50 μg/m3 was 
estimated at 6 per 1000.  Both estimates are above the 1 per 1000 risk acceptable to OSHA.  
Mannetje et al. also concluded that the occupational standards for silica should be lowered, but 
they did not specify a level.  They further state that their estimates of silicosis mortality are 
probably underestimates due to exposure misclassification and to outcome misclassification, 
since deaths due to silicosis might have been coded to tuberculosis or chronic obstructive 
pulmonary disease. 
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C. Silica exposure and lung cancer in workers 

In 1997, IARC classified respirable crystalline silica in Class 1, a Known Human Carcinogen, 
based on occupational epidemiologic studies.  However, chronic RELs are not based on cancer 
endpoints.  Further, there is no approved cancer potency factor for silica.   

V. Effects of Animal Exposures 

Several papers have reported that freshly fractured quartz, which has increased surface activity, 
causes greater inflammation than "aged" quartz.  Vallyathan et al. (1991) reported that “fresh” 
silica was 4.2-fold more potent than silica aged for 1-2 days in decreasing the membrane 
integrity of male rat macrophages; 50% more potent in activating hydrogen peroxide secretion 
by macrophages; and 4.6-fold more potent in stimulating cellular chemiluminescence.  
Vallyathan et al. (1995) reported that inhalation of 19.3 mg/m3 aged (for 2 months) quartz for 
five hours/day for 10 days by male Fischer 344 rats increased the number of cells recoverable by 
bronchoalveolar lavage (BAL) (Table 17).  Aged quartz also gave histopathological evidence of 
increased pulmonary infiltrates, showed higher levels of biochemical markers of lung injury, 
increased lipid peroxidation, and increased the ability of pulmonary phagocytes to produce more 
oxygen radicals than air-exposed controls.  These pulmonary responses were significantly more 
pronounced after inhalation of 22.4 mg/m3 freshly fractured quartz. 

Table 17. Cells recovered in bronchoalveolar lavage from rats (Vallyathan et al., 1995) 

Cell type Room air Aged quartz Freshly fractured Fresh/aged 
Total cells 7.1±0.78* 9.3±1.2 20.4±2.2 2.2 
Macrophages 6.7±0.69 4.7±0.79   5.4±0.78 1.1 
Neutrophils ≥ 0.038 5.3±0.66 10.4±1.44 2.0 
Lymphocytes ≥ 0.038 1.7±0.25   3.6±0.27 2.1 
Red blood cells ≥ 0.038 1.7±0.26   6.0±0.57 3.5 

* Cell counts are in millions.  Each value is the mean ± standard error of 5 rats. 

Burns et al. (1980) exposed female Balb/c mice for up to 39 weeks to 4.9 mg/m3 Min-U-Sil 
brand crystalline silica.  By 24 weeks, silica-laden macrophages were present in the lungs.  After 
39 weeks of exposure, silicotic lesions were seen in the lungs and adjacent lymph nodes (Table 
18).   

Davis et al. (1998) exposed mice to an aerosol of cristobalite silica (mass median aerodynamic 
diameter (MMAD) = 1.7 μm) for five hours/day in order to examine (1) the effects of exposure 
dose, (2) the evolution of disease over time, and (3) the variation in responses among strains.  In 
C3H/HeN mice, incremental, cumulative exposure doses of cristobalite (10 mg/m3 for 8 days, 43 
mg/m3 for 9 days, and 70 mg/m3 for 12 days) caused (1) increased initial lung dust burden at 12 
to 16 weeks post-exposure, (2) progressively intense pathological responses, and (3) increased 
total lung collagen (as measured by hydroxyproline).   

The histopathological changes and total lung collagen increased with time after exposure.  
Silicosis was compared in four inbred strains of mice (BALB/c, C3H/HeN, MRL/MpJ, New 
Zealand Black) 16 weeks after aerosol inhalation exposure to cristobalite (70 mg/m3, 5 
hours/day, 12 days).  C3H/HeN mice had histopathological silicotic lesions, enlarged 
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intrapulmonary lymphoid tissue, and increased lung wet weight, increased bronchoalveolar 
lavage (BAL) recoverable macrophages, lymphocytes, and neutrophils, and increased total lung 
collagen (hydroxyproline analyses).  BALB/c mice developed slight pulmonary lesions.  
MRL/MpJ mice showed prominent pulmonary infiltrates with lymphocytes.  New Zealand Black 
(NZB) mice developed extensive alveolar proteinaceous deposits, inflammation, and fibrosis.  
The authors found both dose-time-response relationships and a substantial variation of responses 
among mouse strains to the high level, short duration exposure.  

At Brookhaven National Laboratory, groups of Fischer 344 rats were exposed to 0, 2, 10, and  
20 mg/m3 Min-U-Sil brand silica (alpha-quartz) for six months (Kutzman, 1984a; as summarized 
by USEPA, 1996).  Other groups of rats had the same exposure, but were allowed to "recover" in 
air for an additional 6 months (Kutzman, 1984b; as summarized by USEPA, 1996).  Significant 
alterations in total lung weight, total lung collagen, total elastin per unit lung dry weight, and 
total protein per unit lung dry weight at 2 mg/m3 silica and microscopic evidence of silicotic 
lesions at the higher silica levels indicated that 2 mg/m3 was a LOAEL for silica effects.  After 
six months in clean air, the silica-induced lesions appeared to worsen. 

Muhle et al. (1989) exposed groups of 50 male and 50 female rats to 1 mg/m3 DQ12 quartz six 
hours/day, five days/week for 24 months.  DQ12 contains 87% crystalline alpha-quartz, has a 
mass median aerodynamic diameter (MMAD) of 1.3 μm, and is 74% respirable.  Moderate 
fibrosis was seen in 85 animals, slight fibrosis in 13, and very slight fibrosis in 1 (total rats with 
fibrosis = 99/100).  Varying amounts of peribronchial granulomatous foci were noted in 95 rats.   

Muhle et al. (1998) reported lung fibrosis in hamsters exposed to 3 mg/m3 DQ12 silica.  After 18 
months of exposure to DQ12 for 6 h/day, 5 days/week, all hamsters in the group of 15-19 
animals necropsied had very slight fibrosis.  Approximately 100 silica-exposed animals were 
exposed for five more months to air only.  Afterward 22.2% had very slight fibrosis, 68.7 % had 
slight fibrosis, and 1% had moderate fibrosis (i.e., more than 90/100 hamsters had lung fibrosis).  
No collagen measurements were reported.  Thus, rats, mice, and hamsters show pulmonary 
fibrosis after crystalline silica exposure at and above 1 mg/m3. 

Wagner et al. (1968) exposed dogs up to 2.5 years, guinea pigs up to 18 months, and rats up to 2 
years for 6 hours/day, 5 days/week to 61% cristobalite (in calcined diatomaceous earth).  Dust 
exposures were 2 and 5 million particles per cubic foot (mppcf), equivalent to 0.2 and 0.5 mg/m3 
cristobalite (USEPA, 1996), with occasional excursions to 50 mppcf.  No lung fibrosis was 
detected at these levels but all levels caused accumulation of inflammatory cells in the lung 
parenchyma.  However, in dogs fibrotic nodules developed in the hilar lymph nodes with more 
nodules at 5 mppcf than at 2 mppcf.   

Scheuchenzuber et al. (1985) examined immunologic responses in Balb/c mice following 
inhalation of 1.954 mg/m3 silica for 150, 300, or 570 days.  Mice exposed for 570 days were 
tested immediately post-exposure.  Those exposed for 150 or 300 days were tested immediately 
or were rested for 30 or 150 days to allow for possible recovery from effects of dust inhalation.  
Silica inhalation suppressed the number of specific plaque-forming cells (PFC) in the spleen 
produced in response to aerosolized E. coli.  After 570 days of inhalation, silica also reduced the 
ability of alveolar macrophages to phagocytize Staphylococcus aureus in vitro and impaired the 
ability to lyse allogeneic tumor cells (from mice other than Balb/c) in vitro.  Silica inhalation did 
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not affect antibody-dependent cell-mediated cytotoxic and mitogenic responses by splenic 
lymphocytes.  (Fibrosis was not an endpoint measured, but the effect level is similar to the 
LOAELs in other animal studies.) 

Table 18. Animal studies of silica inhalation analyzed by USEPA (1996) 

Study Species Duration a LOAEL 
Muhle et al., 1989 Rat 24 mo 1.0 mg/m3

Scheuchenzuber et al., 1985 Mice 150-570 d 2.0 
Burns et al., 1980 Mice 3-39 wk 4.9 
Kutzman, 1984a Rat 6 mo 2.0 
Kutzman, 1984b Rat 6 mo + 6 mo 

recovery 
2.0 

Wagner et al., 1986 Dog Up to 2.5 yr 0.2 
a Inhalation exposure was generally for 6 h/day, 5 d/wk. 

Quartz has the ability to induce the generation of free radicals and to cause oxidative stress in 
tissues.  Many substances that affect the quartz surface can modify this ability.  Some of these 
modifiers could originate from other minerals, which exist together with quartz in nature.  
Donaldson and Borm (1998) proposed that the hazard posed by quartz may vary widely 
depending on the origin of the silica sample or on its contact with other chemicals/minerals.  
Such mechanistic data could assist in the interpretation of epidemiological studies such as those 
above.  Experimentally their group found that DQ12 quartz, a European quartz standard which is 
often used in experimental studies of silica effects, is much more inflammatory in rat lung than 
respirable silica collected from two workplaces (Clouter et al., 2001). 

Humans appear to show adverse effects of silica exposure at lower levels than animals (compare 
LOAELs in Table 18 to LOAELs/NOAELs in Table 16).  Rodents tend to be obligate nose-
breathers and to have extensive nasal turbinates, which may result in less silica reaching the 
lower lung.  For silica, results in animals may not be a good predictor of human effect levels. 
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VI. Derivation of Chronic Reference Exposure Level (REL) 

Key study Hnizdo and Sluis-Cremer, 1993 
Study population  2235 white South African gold miners 
Exposure method Workplace inhalation 
Critical effects Silicosis (313 miners) (14 %) 
LOAEL 3 mg/m3-years CDE (9 miners with silicosis) 
NOAEL 2 mg/m3-years CDE (0 miners with silicosis) or 

600 μg/m3-years silica (dust = 30% silica) 
BMCL01 2.12 (mg/m3)–yr CDE or 0.636 (mg/m3)–yr silica 
Exposure continuity 8 h/day, 5 d/wk 
Exposure duration Average of 24 years dust exposure (10-39 years) 
Average experimental exposure 235 μg/m3-yr silica at BMC01 

(636 x 10 m3/20 m3 x 270 shifts/365 days) 
235 μg/m3-yr/24 yr = 9.8 μg/m3

Human Equivalent Concentration (HEC) 9.8 μg/m3  
LOAEL uncertainty factor Not needed in BMC approach 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 1 
Intraspecies uncertainty factor 3 
Cumulative uncertainty factor 3 
Inhalation Reference Exposure Level 3 μg/m3 (based on 30% silica in mine dust) 

[respirable, as defined occupationally by 
ACGIH/ISO] 

 

First supportive study Steenland and Brown, 1995 
Study population  3330 S. Dakota gold miners 
Exposure method Workplace inhalation 
Critical effects Silicosis (170 miners) (5.1%) 
LOAEL 0-0.2 mg/m3-years (5 miners with silicosis) 
NOAEL Not found 
BMCL01 0.34 (mg/m3)–yr (see text below) 
Exposure continuity 8 h/day, 5 d/wk 
Exposure duration 3-36 years (average 9 years underground) 
Average experimental exposure 112 μg/m3-y  

(340 x 10 m3/20 m3 x 5 d/7 d x 48 wk/52 wk) 
112 μg/m3-y/9 y = 12.4 μg/m3  

Human Equivalent Concentration (HEC) 12.4 μg/m3

LOAEL uncertainty factor Not needed in BMC approach 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 1 
Intraspecies uncertainty factor 3 
Cumulative uncertainty factor 3 
Inhalation Reference Exposure Level 4 μg/m3 [respirable, as defined occupationally] 
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Second supportive study Hughes et al., 1998 
Study population  1809 California diatomaceous earth workers 
Exposure method Workplace inhalation 
Critical effects Silicosis (81 workers) (4.5%) 
LOAEL > 1, ≤ 3 mg/m3-years (17 workers with silicosis) 
NOAEL ≤ 1 mg/m3-years (6 cases). (Six cases were 

observed, but Hughes et al. assigned the group a 
Relative Risk = 1 for silicosis.) 

Exposure continuity 8 h/day, 5 d/wk 
Exposure duration 1-45 years (mean = 11.5 years) 
Average experimental exposure ≤ 330 μg/m3-y (1000 x 10/20 x 5/7 x 48/52) 

≤ 330 μg/m3-y/ 11.5years = ≤ 29 μg/m3

Human Equivalent Concentration (HEC) 29 μg/m3

LOAEL uncertainty factor 3 (authors’ NOAEL actually is a LOAEL) 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 1 
Intraspecies uncertainty factor 3 
Cumulative uncertainty factor 10 
Inhalation Reference Exposure Level 3 μg/m3 [respirable, as defined occupationally]  

 

Third supportive study Chen et al. (2001) 
Study population  3010 Chinese tin miners 
Exposure method Workplace inhalation 
Critical effects Silicosis (1015 workers) (33.7 %) 
LOAEL 10-19.99 mg CTD/m3-years (24 cases) 
NOAEL ≤ 10 mg CTD/m3-years (2 cases)  

≤ 360 μg silica/m3 - years 
BMCL01 132 μg silica/m3 - years 
Exposure continuity 8 h/day, 5 d/wk 
Exposure duration 2.2 years for NOAEL group 
Average experimental exposure 40 μg/m3-y (132 x 10/20 x 5/7 x 48/52) 

40 μg/m3-y/2.2 years = 18 μg/m3

Human Equivalent Concentration (HEC) 18 μg/m3

LOAEL uncertainty factor Not needed in BMC approach 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 1 
Intraspecies uncertainty factor 3 
Cumulative uncertainty factor 3 
Inhalation Reference Exposure Level 6 μg/m3 [respirable, as defined occupationally] 
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Fourth supportive study Churchyard et al., 2004 
Study population 510-520 black South African gold miners 
Exposure method Workplace inhalation 
Critical effects Silicosis (93 cases) 
LOAEL 0-0.80 mg/m3-yr (11 cases) 
NOAEL Not identified 
BMCL05 0.673 (mg/m3)-yr 
Exposure continuity 270 shifts/year 
Exposure duration 21.8 yr (6.3-34.5) 
Average experimental exposure 249 (μg/m3)-yr (673 x 10/20 x 270shifts/365) 

249 (μg/m3)-yr/21.8 yr= 11.4 μg/m3

Human equivalent concentration (HEC) 11.4 μg/m3

LOAEL uncertainty factor Not needed in BMC approach 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 
Intraspecies uncertainty factor 
Cumulative uncertainty factor 
Inhalation Reference Exposure Level 

The study of 2235 white South African gold miners by Hnizdo and Sluis-Cremer (1993) not only 
determined a NOAEL of 2 (mg/m3)-yr CDE (600 μg/m3-yr silica), but also had sufficient dose-
response data for a BMC derivation.  This study was powerful enough to detect a 1.9% incidence 
of silicosis (9 cases out of 474 exposed) at 0.9 mg/m3-yr silica (0/204 vs. 9/474, p = 0.064 by 
Fisher exact test, two-tailed).  Because this incidence represents approximately the sensitivity 
limit of the data, and silicosis is a severe irreversible endpoint, the BMCL01 (i.e., the lower 
bound estimate of the concentration at which 1% of the population develops silicosis) was 
selected as the basis of the chronic REL.  In benchmark analysis of chronic animal studies, 
BMCL05 is typically regarded by OEHHA as equivalent to a NOAEL.  However, the power of 
this large-scale study is sufficient to demonstrate measurable responses below the 5% incidence 
level (which cannot then be logically considered a no-effect level).  Furthermore, the endpoint 
measured in this epidemiological study is considered to be severe, since it represents the 
occurrence of clinically recognizable and irreversible disease, rather than an adverse 
physiological or biochemical response or a histopathological result seen at autopsy.   

1 
3 
3 
4 μg/m3 [respirable, as defined occupationally] 

Benchmark Concentration (BMC) models, developed by the USEPA (BMDS versions 1.3, 1.3.1, 
and 1.3.2), were fit to the human data in Hnizdo and Sluis-Cremer (1993) (Table 7 and Figure 2 
above).  Fitting the probit model to the log dose of the Hnizdo and Sluis-Cremer (1993) data 
yielded an MLE01 of 2.45 (mg/m3)–yr CDE and a BMCL01 of 2.12 (mg/m3)–yr CDE (χ2 = 0.64; 
p value for fit = 0.9957) (Figure 5, Table 19).  (For comparison the BMCL05 was 3.73 (mg/m3)–
yr CDE.)  Fitting the logistic model to the same data yielded a BMCL01 of 1.73 (mg/m3)–yr CDE 
(χ2 = 2.71; p value for fit = 0.8446) (Table 19).  The BMCL01 from these data is about the same 
as the apparent NOAEL.  In general, a BMC is preferred to a NOAEL because the BMC takes 
into account all the dose response data in a study.  The apparent NOAEL may be either above or 
below an actual effect level, depending on the study design and distribution of the data. 
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Figure 5.  Probit model fit to the log dose of the Hnizdo and Sluis-Cremer data. 
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Table 19. Fits of benchmark models to the Hnizdo and Sluis-Cremer (1993) data 

 

BMDS Model MLE01 BMCL01 p value for fit 

Probit-log-dose 2.45 (mg/m3)–yr CDE 2.12 (mg/m3)–yr CDE 0.9957 

Logistic-log-dose 2.07 1.73 0.8446 

Multistage (n=2) 2.47 1.89 0.7213 

Quantal-quadratic 1.62 1.54 0.5017 

Probit 1.56 1.32 0.0079 

Logistic 1.48 1.28 0.0003 

Quantal-linear 0.37 0.34 0.0000 

For the estimate of 30% silica in the South African gold mine dust, Hnizdo and Sluis-Cremer 
(1993) relied on estimates for the years 1956-1960 by Beadle (Beadle and Bradley, 1970; 
Beadle, 1971).  The original data, obtained by Corner House Laboratories for the South African 
Bureau of Mines, are partly presented by Beadle and Bradley (1970), but a more detailed 
presentation of exposures for various classes of workers is given by Page-Shipp and Harris 
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(1972).  The latter paper also describes in some detail the methodology used to obtain the 
particle counts, and to convert those data into either respirable surface area or respirable mass 
values.  Gibbs and Du Toit (2002) reviewed the data and methodology used by Hnizdo and 
Sluis-Cremer (1993) to estimate silica exposures of workers, which apparently depended on an 
unpublished analysis of the Corner House Laboratories’ data done by Du Toit in 1991.  Gibbs 
and Du Toit state that the exact relationship between the observed particle counts and 
theoretically derived mass concentrations cannot be determined, but that the uncertainties in this 
conversion do not appear to be severe for the dust characteristics observed in the South African 
mines.  They accept the estimates by Beadle and Bradley (1970) of the quartz percentages in the 
dust, i.e. 54% for incinerated and acid-washed dust and 30% for unmodified dust.   

However, Gibbs and Du Toit (2002) assert that Hnizdo and Sluis-Cremer (1993) incorrectly 
applied the 30% (total dust) silica content to figures for acid-treated dust in calculating the silica 
exposures of each occupational group.  This contention is supported by the footnote to Table II 
in Hnizdo and Sluis-Cremer (1993) where the respirable dust concentration is described as 
“After heat and acid treatment”.  In order to clarify this point, OEHHA reviewed the independent 
reporting of the underlying data by Page-Shipp and Harris (1972).  For most occupational 
groups, the silica exposures (shown in Table 20) calculated from Appendix I of Page-Shipp and 
Harris (1972), using the 54% silica content appropriate for acid-washed dust, correspond more 
closely to those calculated by Hnizdo and Sluis-Cremer (1993) (applying the 30% quartz content 
to their reported “respirable dust concentrations,” i.e., the untreated dust), than to the modified, 
and higher, quartz exposures proposed by Gibbs and Du Toit (2002).  For example, 113 exposure 
samples were taken for stopers. 
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Occupation 
Shaft 
Sinkers Developers Stopers 

Assistant 
miners/ 
Trammers Shift Bosses

Other 
Officials 

Banks/ 
Skips 

Workers 
Near shafts 

Boiler-
makers 

Other 
Artisans 

Miscellan-
eous 

Page-Shipp and Harris (1972)    (Table III and Appendix I)        

Hours/shift 
(t) 7.70 8.00 7.80 7.70 5.20 4.00 7.50 6.50 6.30 5.70 7.20 

Number of 
samples 10 37 113 157 43 106 33 34 41 61 11 

RM x t 4.44 1.96 1.57 1.20 0.87 0.77 1.31 0.56 1.00 0.64 1.01 

s.d. 3.94 1.59 1.00 0.93 0.71 0.53 1.38 0.57 0.71 0.51 0.79 

Respirable 
Mass (RM) 0.58 0.25 0.20 0.16 0.17 0.19 0.17 0.09 0.16 0.11 0.14 

Silica (54%) 0.31 0.13 0.11 0.08 0.09 0.10 0.09 0.05 0.09 0.06 0.08 

    (after acid treat  m t)en           

Hnizdo and Sluis-Cremer (1993)      (Table II)        

RM  0.48 0.37 0.27 0.30 0.30 0.13 0.10 0.19 0.19  

Silica (30%)  0.14* 0.11* 0.08* 0.09* 0.09* 0.04 0.03 0.06 0.06*  

 (before acid treat  m t)en           

Gibbs and Du Toit (2002)       (Table 4)         

RM  0.48 0.37 0.27 0.30 0.30 0.13 0.10 0.19 0.19  

Silica (54%)  0.26 0.20 0.15 0.16 0.16 0.07* 0.05* 0.10* 0.10  

    (after acid treatment)           

Table 20. Estimates of silica exposures in mg/m3 for different occupational groups in South African gold mines. 

* denotes that value is equal to or closer to the value based on Page-Shipp and Harris  
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The last line of Appendix I of Page-Shipp and Harris (1972) gives a mean value for stopers of 
1.57 (mg/m3)-hours respirable dust mass after acid treatment.  Since the average work shift for 
stopers was 7.8 hours (Page-Shipp and Harris, 1972, Table III, last row), the average exposure 
level was 0.20 mg/m3.  If 54% of this were quartz, the quartz level would be 0.11 mg/m3.  Table 
II of Hnizdo and Sluis-Cremer (1993) lists 0.37 mg/m3 respirable dust for stopers. Thirty % of 
0.37 mg/m3 equals 0.11 mg/m3, the same value reported by Page-Shipp and Harris.  In Table 4 of 
Gibbs and Du Toit (2002) stopers are also reported to be exposed to 0.37 mg/m3 respirable dust.  
If 54% were quartz, as Gibbs and Du Toit contend, the quartz level would be 0.2 mg/m3.  For 6 
of the 9 categories of workers comprising 83% of the samples taken the silica levels correspond 
more closely to values used by Hnizdo and Sluis-Cremer than to those suggested by Gibbs and 
Du Toit.   

Several more recent analyses of quartz content of South African mining rock have been reported 
(Table 21).  Kielblock et al. (1997) give the overall silica content of the dust as 15% for the late 
1980s to early 1990s.  Dr. Eva Hnizdo (personal communication, 2003), now with the U.S. 
National Institute of Occupational Safety and Health (NIOSH), provided a summary of various 
other estimates that have been made.  “Past surveys indicate that the amount of airborne 
respirable dust in SA gold mines in 1980's and in 1970's was on average around 0.4 mg/m3 with 
average quartz concentration of 0.08 mg/m3” (about 20%).  In a Ph.D. thesis submitted by the 
late R.E.G. Rendall (1999) on dust in the air of gold mines, the silica percentage averaged 22% 
during the period from 1964 to 1988.  In summary,  

(1) Notwithstanding some apparent contradictions in the various accounts, the silica 
concentrations in air proposed by Hnizdo and Sluis-Cremer, based on the Corner House 
Laboratory data, are a reasonable contemporary estimate of the exposures experienced by 
the workers examined in the study by Hnizdo and Sluis-Cremer (1993). 

(2) Other, more recent estimates of percent silica in the mine dust were lower than the value 
of 30% used by Hnizdo and Sluis-Cremer (1993).  Newer studies, which using more 
sophisticated methods to measure silica in the dust, indicate lower silica concentrations in 
the various occupational settings.  Since dust levels in the mines were fairly constant for 
decades and quantification of silica was improving, 30% is more likely to be an 
overestimate than an underestimate of silica levels. 

(3) Analysis of the data of Page-Shipp and Harris (1972) by OEHHA staff indicated that 
Hnizdo and Sluis-Cremer (1993) used the correct silica content, despite an erroneous 
statement in a footnote to Table II of their paper1. 

 

                                                 
1 Dr. Eva Hnizdo reviewed this analysis of the silica content of the dust and agrees with the 
assessment.  (“I am very pleased that you studied carefully all the reports and came to the 
conclusion that our study was after all reasonably correct. Based on the Churchyard study and 
the measurements data I have seen in SA during the 1990s, I am also convinced that our results 
are reasonable estimates of the exposure of the cohort.”  (Hnizdo, personal communication 
October 2004) 
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Table 21.  Estimates of respirable silica fraction of South African gold mine dust 

Authors Time 
frame 

% silica   Number of 
samples 

Methods 

Beadle and Bradley, 
1970 

1958-
1967 

total dust: 
25.7%; 
gravimetric: 
28.5%; 
microscopy. 
acid-washed: 
54% 

 142 grav; 
143 elect 
ppt 

gravimetric; 
precipitator + 
microscopy 

Hnizdo and Sluis-
Cremer (1993) 

1956-
1960 

30%   precipitator + 
microscopy 

Rendall 
(unpublished thesis) 
 Survey 1 
 Survey 2  
 Survey 3  
 Survey 4a 

 
 
1987-8 
1977 
1977 
1964-7 

 
 
17% 
20% 
17% 
22% 

  
 
588 
166 
90 
112 

 
 
gravimetric 
gravimetric 
gravimetric 
gravimetric 

Hnizdo (personal 
communication) 

1970-
1989 

20%    

Kielblock (1997) ~1990 15.08%   Not stated 
Churchyard (2004) 2000-1 14.3%   Gravimetric + 

X-ray 
diffraction 

In the first supportive study Steenland and Brown (1995) found five cases of silicosis in the 
lowest dose group of 0 – 0.2 (mg/m3)-yr and considered the group to be a LOAEL (Table 10 
above).  None of the BMDS models gave an acceptable fit at the p ≥ 0.05 level using six or seven 
silica levels.  The closest was the quantal quadratic model (χ2 = 9.62; p = 0.0473), which resulted 
in a BMC01 for silica of 0.43 (mg/m3)–yr using the six lowest levels of silica.  In risk assessment, 
the highest dose or doses are often dropped in order to obtain an acceptable fit of the model to 
the data.  This is reasonable with the benchmark approach since the highest doses should be least 
informative and the doses in the low dose region near the benchmark should be most informative 
for the benchmark concentration (USEPA, 1995; Filipsson et al., 2003).  Fitting the probit model 
to the log dose of the five lowest silica levels from Steenland and Brown yielded a BMCL01 of 
0.34 (mg/m3)–yr CDE (χ2 = 1.32; p value for fit = 0.5177).  [For comparison, BMCL05 = 0.85 
(mg/m3)–yr CDE.]  Fitting the quantal quadratic model gave a BMCL01 of 0.45 (mg/m3)–yr (χ2 = 
3.36; p = 0.3395).  Use of the BMC01 value of 0.34 (mg/m3)–yr CDE from the log dose probit 
model resulted in a chronic REL estimate for crystalline silica of 4 μg/m3.  Steenland and Brown 
stated that “silicosis has no background rate for non-exposed populations that changes with age 
or calendar time” and thus they assumed that the five silicotics in the 0 – 0.2 (mg/m3)-yr were 
exposed to silica in the mines.   

In a second supportive study, Hughes et al. (1998) found six cases of silicosis in the lowest 
exposure group of ≤ 1 mg/m3-yr but considered that group to be a NOAEL, not a LOAEL.  If the 
lowest exposure group is used as a NOAEL, a chronic REL of 10 μg/m3 is calculated from the 
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data.  Hughes et al. (1998) cite examples of possible non-occupational chest radiograph opacities 
(due, for example, to age or smoking) to explain the six cases in the lowest exposure group.  
However, due to the rarity of silicosis the six cases are biologically significant.  OEHHA 
considers that the six cases may be work related, not cases of environmental or background 
silicosis.  When a LOAEL to NOAEL UF of 3 is applied to the data of Hughes et al. (1998), the 
estimated REL is 3 μg/m3.   

In a third supportive study, Chen et al. (2001) found two cases of silicosis in the lowest exposure 
group of ≤ 10 mg CTD/m3-years and considered that exposure level to be a NOAEL.  One of the 
advantages of the benchmark dose analysis is that a NOAEL/LOAEL controversy, such as the 
one above with the Hughes et al. (1998) data, does not impact the procedure.  The chart of the 
Chen et al. data above (Figure 4) indicates that the dose response is linear at low doses.  Fitting 
the probit model to the log dose of the four lowest data points yielded a BMC01 of 0.132 (mg/m3) 
- yr CDE (χ2 = 2.19; p value for fit = 0.335).  Use of five, six, or seven data points gave BMC01s 
of 0.14 to 0.17, but the p values were less than 0.1.  For comparison, fitting the logistic model to 
the log dose of the four lowest data points yielded a BMCL01 of 0.093 (mg/m3) - yr CDE (χ2 = 
4.86; p value for fit = 0.0879).  An inhalation chronic Reference Exposure Level for crystalline 
silica of 6 μg/m3 was estimated from the Chen et al. data.   

The fourth supportive study is that of black South African gold miners by Churchyard et al. 
(2003, 2004).  A problem with this data set is the statistical “noise” in the lower exposure 
groups; e.g., the lowest exposure group has a higher incidence of silicosis (11/103) than the next 
group (8/97).  This noise causes problems in estimating a low benchmark such as the BMCL01 
used with the Hnizdo and Sluis-Cremer (1993) data and with data from Steenland and Brown 
(1995) and Chen et al. (2001).  The calculation therefore uses a 5% BMCL of 0.673 (mg/m3)-yr 
from the probit log dose model as the benchmark, which is reasonably well within the range of 
the reliably observed data and which does not differ too widely from the MLE05 estimate of 
0.955 (mg/m3)-yr for that parameter.  This BMCL05 is not strictly comparable to the BMCL01 
calculated from the data of Hnizdo and Sluis-Cremer, but the concerns about the severity of the 
effect noted in the discussion of that derivation apply with equal or greater force here.   

On the other hand, the variability in the low-dose data in this study implies that an unobserved 
factor is affecting the data.  All the models predict that the “background” is substantially (as 
much as 5 – 10%) above zero, which is intrinsically implausible for silicosis unless there is an 
unrecorded additional source of silica exposure.  Possibly, there were occasional excursions in 
the exposure of the workers in less exposed jobs, which were not captured by the systematic 
assessments for these job classifications.  Alternatively, perhaps the assignment of an assumed 
zero exposure value to “non-dusty” job classifications noted in the paper was in fact inaccurate 
for some individuals.  There may also be some distortion of the curve resulting from the 
“binning” of the exposure categories; certainly, the bin widths hinder the attempt to calculate a 
BMDL01 in this case.  In relation to the model fit, other models (including the quantal linear 
model, which emphasizes the likely more reliable incidences at higher dose levels) are consistent 
with the BMCL05 results from the log probit model used here.  Finally, the total number of cases 
and controls examined is fewer than in Hnizdo and Sluis-Cremer’s study, which reduces the 
precision.   
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None of these issues can be resolved without recourse to the individual data, which were not 
available for this analysis, and may not be resolved even then.  However, the derivation of an 
HEC of 11.2 μg/m3 (and thus a comparison REL of 4 μg/m3) indicates at least that the results of 
the earlier analysis are unlikely to have underestimated the proper value of the REL.  Although 
the uncertainties in the Churchyard et al. data prevent us from being more precise, we cannot 
eliminate the possibility that the REL should be set lower.  However, the California ambient 
monitoring data, although subject to considerable uncertainty as to the relevant particle size 
distributions, suggest a plausible lower bound on the REL, which is consistent with our analysis 
of Hnizdo and Sluis-Cremer’s data. 

Other investigators have approached the possibility that some opacities on radiographs may be 
due to background influences such as age and smoking.  In regard to smoking, Blanc and Gamsu 
(1988) reviewed the literature and concluded that smoking would not interfere with the 
determination of silicosis by the ILO system.  Based on reading 1422 films of unexposed blue-
collar workers, Castellan et al. (1985) stated that the use of the median result of 3 readers (the 
same number used by Hughes et al.) rarely results in interpreting a chest radiograph as ILO 
category ≥ 1/0 in workers who were not exposed to dust (and regardless of smoking status).   

The USEPA (1996) did a benchmark analysis with the Hnizdo and Sluis-Cremer (1993) data.  
They estimated that the lower bound for a 1% risk for silicosis (BMCL01) was 1.31 (mg/m3)-yr, 
which by their methods is equivalent to a continuous, 70-year exposure to 6.7 μg/m3 silica.  
However, USEPA did not do a formal Reference Concentration (RfC) derivation for silica by 
either the BMC/UF or NOAEL/UF approach. 

The key (Hnizdo and Sluis-Cremer, 1993) and supporting (Steenland and Brown, 1995; Hughes 
et al., 1998; Chen et al., 2001) studies were of human adults, nearly all males, who were 
presumably healthy, at least initially, since they were able to work.  Thus there is need to protect 
the sensitive members of the population, especially children, in whose airways penetration of 
silica particles will be greater (Phalen et al., 1985; Schiller-Scotland et al., 1994; Oldham et al., 
1997; Bennett and Zeman, 1998).  In addition, women may be more sensitive than men to the 
development of silicosis (Gerhardsson and Ahlmark, 1985; Katsnelson et al., 1986).  The 
selection of three as the intraspecies uncertainty factor (UFH) was based on several 
considerations.   

(1) The workers who developed silicosis at low silica concentrations are by definition the 
most sensitive workers to silica-induced silicosis.  Because of the large population of 
workers examined in these studies (more than 14,000), the sensitive individuals represent 
at least part of the range of sensitivity to be expected in the general population.  This may 
justify reducing the UFH from the default value of 10.  Since these workers did not 
include children, the elderly, or females (except for the 215 females in Chen et al.), some 
uncertainty related to inter-individual variability remains.  Therefore, a UFH of 3 rather 
than 1 is chosen. 

(2) Mukherji et al. (1993) reported mean ambient silica levels (in PM10) at three locations in 
the northern part of Santa Barbara County, California (see the Appendix to this report).  
At Santa Maria (an urban site) the level was 2.3 μg/m3; in Santa Ynez (a rural site) 0.6 
μg/m3; and in Buellton (a remote background site) 0.2 μg/m3 crystalline silica.  Thus, use 

Appendix D3 518 Silica 



Determination of Noncancer Chronic Reference Exposure Levels  February 2005 

of a human intraspecies uncertainty factor (UFH) of 10 with the data from the key study 
would result in an estimated chronic REL of 0.9 μg/m3 (ACGIH method), a level in the 
range of ambient levels in California.  Although the reported levels at the urban site may 
(according to the authors) have reflected some anthropogenic contributions such as 
disturbance and tracking of siliceous road dust, the rural and remote site values are 
apparently (perhaps conservatively) reflective of the natural background to which all 
California residents are exposed.  (U.S. EPA (1996) found slightly higher average 
ambient levels of silica in PM10; this average may include some sites affected by 
disturbance and emissions.)  There is no evidence that these background levels of silica 
are causing silicosis.  On the other hand, silicosis in the general population is not a target 
for medical attention, and autopsy rates are very low, so the possibility of a low 
frequency of response at these levels cannot be entirely dismissed.  On balance, it appears 
plausible that a REL of 3 μg/m3 (benchmark + UFH = 3) would be protective of the 
general population. 

(3) The dose-response curve for silicosis due to inhalation of crystalline silica is steep, and 
an upward curvature of this dose response was seen in some studies (Figure 7-1 in 
USEPA, 1996).  It is notable that, whereas exposures in the 1-3 μg/m3 range are 
apparently without effect (based on the benchmark calculations and the California 
ambient background data), Rice and Stayner (1995) described a LOAEL for silicosis of 
8 μg/m3 in gold miners (Table 16; based on data from McDonald and Oakes [1984]).  
This finding may partly reflect differences in physical state of the silica, and co-
exposures, but it might indicate that, although the chronic REL should be protective of 
public health, chronic exposures only moderately exceeding the REL may lead to 
clinically observable disease. 

The animal studies gave LOAELs for silica of 0.2 mg/m3 in dogs and from 1 to 4.9 mg/m3 in 
rodents.  After extrapolation to equivalent continuous time and application of LOAEL to 
NOAEL, interspecies, and intraspecies UFs, the estimated chronic RELs from animal data are all 
less than 1 μg/m3.  This reflects in part the greater uncertainty in extrapolating from animal 
studies to predicted human health effects. 

The silica particles of concern in the causation of silicosis are those of respirable size.  California 
EPA defines ‘respirable’ as particles 10 μm or less MMAD.  This reflects one usual type of 
sampler (for “PM10”) used for ambient air sampling in the general environment.  The other usual 
type of environmental sampler, PM2.5, collects even smaller particles.  There are differences in 
the size range distribution between a typical PM10 measuring device and the NIOSH type 
personal samplers, or other devices with similar size selection properties, used by the 
investigators in the epidemiological studies.  The NIOSH-type samplers capture 50% of particles 
with a MMAD of 4 μm, and higher percentages of smaller particles.  A smaller proportion of 
larger particles between 4 and 10 μm in aerodynamic diameter will also be collected.  Figure 5, 
from Volume I of U.S. EPA’s Third External Review Draft of Air Quality Criteria for Particulate 
Matter (April 2002), includes particle penetration curves for PM10, PM2.5, and occupational 
samplers. 
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Figure 5. Size cut curves of particle penetration 

 

The NIOSH samplers are designed to mimic the size range of particles that reach into the 
bronchiolar and alveolar spaces (what the occupational community calls respirable).  PM10 
samplers are meant to capture particles that penetrate the entire length of the lower respiratory 
tree, including those that penetrate to the tracheobronchial and alveolar regions.  Penetration (and 
therefore presumably deposition) by particle size is complex, and is dependent on the 
aerodynamic diameter, hygroscopicity, and electrostatic charge of the particles, and on a number 
of host factors including airway structure and geometry, as well as depth, rate, and mode of 
breathing (nasal vs. oronasal).  The fractional penetration in the various regions of the respiratory 
tract is not linear with respect to size.  Generally, though, larger particles impact higher in the 
respiratory tree (the extrathoracic and tracheobronchial regions), while smaller particles show 
greater penetration to the lower tracheobronchial and alveolar regions.  There are a number of 
models of regional penetration and deposition in the respiratory tract, as well as some 
measurements.  Chan and Lippmann (1980) showed peak alveolar deposition for particles about 
3 μm MMAD with deposition dropping above and below that.  Their data and model indicate 
that tracheobronchial deposition rises rapidly above about 3 μm MMAD.  Available data also 
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indicate significant inter-individual variability in fractional deposition.  The ICRP (1994) model 
used in evaluating risk from radioactive particles indicates that total deposition in the respiratory 
tract for particles 3 μm in activity median thermodynamic diameter (AMTD) is about 0.78 with a 
regional deposition fraction of 0.077 for the alveolar region for a reference male worker during 
nasal breathing.  The same model predicts a total deposition in the respiratory tract of 0.77 for 
10 μm AMTD particles and a deposition fraction of 0.024 in the alveolar region.  Thus, many 
particles with a 10 μm MMAD get into the alveolar space.  A smaller difference in regional 
penetration and deposition is predicted for mouth breathers.  Therefore, if only the size range 
measured by the samplers used in the studies were considered, the measurement might 
underestimate the amount of silica that reaches the gas exchange regions of the lung, depending 
on the actual particle size distributions in the occupational studies and in the environments in 
which the REL is to be applied.  Unfortunately, neither the occupational nor the environmental 
silica particle size distributions are known in detail; measurements have been reported only in 
terms of NIOSH sampler results or PM10 cutoff values. 

It is generally assumed that the silicosis is induced by that fraction of the silica that reaches the 
alveoli.  Nevertheless, no actual data exonerate the coarser particles in the 4 - 10 μm range.  A 
fraction of these particles can enter the bronchioles and alveoli.  However, some data from South 
African gold mines indicate that more than 99% of the crystalline silica dust can be in the PM2.5 
fraction (Sichel, 1957).  Thus, the samplers used in the key study appear to be collecting the 
biologically relevant range of particles in that situation. 

In the absence of comprehensive data on the silicosis-inducing activity of different particle sizes, 
it is not possible to adjust the REL for different particle size distributions, which might be found 
in the general environment, or for different measurement methods.  The REL is therefore 
specified as applicable to concentrations of particles having a size range (and reactivity) similar 
to those measured in the occupational studies [respirable as defined occupationally  (ISO, 1995; 
NIOSH, 2003; ACGIH, 2004)].  Results obtained by other sampling methods would need to be 
corrected for any difference in size selectivity of the method used.  Such a correction factor 
would be specific to the particle size distribution present at the site studied, so no general 
correction factors can be proposed.  A more inclusive sampling procedure, such as that used for 
PM10, would overestimate the relevant exposure in any situation, and so would be inappropriate 
for precise risk quantification.  However, PM10 would be useful as a screening method to 
establish that a particular situation is unlikely to present a hazard.  For example, if the silica 
concentration in PM10 modeled at a receptor is less than the REL (3 μg/m3), occupationally 
respirable silica will also be less than 3 μg/m3, so a facility would not pose a risk due to silica at 
that receptor.  If the silica concentration in PM2.5 modeled at a receptor is less than 3 μg/m3 but 
PM10 is greater than 3 μg/m3, further testing would be needed.  If both PM2.5 and PM10 exceeded 
the REL, the chronic Hazard Index would exceed 1 to an undetermined extent, suggesting a need 
for risk management.  More precise determination of the amount of material in the respirable size 
fraction for environmental samples may require further work on measurement methodology, 
since ISO (1995) and similar occupational methods have not been validated for the lower levels 
encountered in environmental samples. 
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VII. Data Strengths and Limitations for Development of the REL 

The strengths of the inhalation REL for silica include:  

(1) The availability of several long-term studies of inhalation in workers at varying 
exposure concentrations (see Summary Table 15 above), with adequate 
histopathological and radiological analysis, and with adequate follow-up.  

(2) The finding of a dose-response effect for silicosis in several of the studies (e.g., Hnizdo 
and Sluis-Cremer, 1993; Steenland and Brown, 1995; Chen et al., 2001).  

(3) The observation of a NOAEL in some studies including the key study (summarized by 
Rice and Stayner, 1995).   

(4) The power of the Hnizdo and Sluis-Cremer (1993) data to detect a small effect. 

Major areas of uncertainty are:  

(5) The limited follow-up of the cohort members in some studies (e.g., Muir et al., 1989; 
Rosenman et al., 1996) with consequent under-ascertainment of silicosis (even to the 
extent that such studies are useless for determining exposure-response).  

(6) The general underestimation of silicosis by radiography alone (Hnizdo et al., 1993), 
which results in higher, less health-protective chronic REL estimates.  

(7) The possible underreporting of silicosis where complete radiographic data and autopsy 
data are not available (Steenland and Brown, 1995).  

(8) The uncertainties in exposure estimation, especially when reconstructing historical 
levels of silica exposure (Seixas et al., 1997; Gibbs and Du Toit, 2002) including the 
variability in the estimates of percent quartz in the South African mine dust (Beadle, 
1971; Hnizdo and Sluis-Cremer, 1993; Kielblock et al., 1997; Gibbs and Du Toit, 2002; 
Hnizdo, personal communication) and when converting particle counts to mass. 

(9) The differences in percent silicosis in different studies at what were considered similar 
silica levels and similar exposure duration (see Summary Table 15 above).  

(10) The variability in toxicity of various forms of silica (e.g., freshly fractured vs. aged 
quartz; cristobalite vs. quartz) although all forms have toxicity (Table 17).  

(11) The limited information on silica particle size (including its variability) in the 
epidemiological studies, other than that the silica was respirable, and the variability in 
particle penetration and deposition as a function of particle size in the respiratory tract in 
the human population (e.g., Heyder et al., 1982; ICRP, 1994; Hattis et al., 2001). 

(12) The use of area samplers rather than personal samplers to estimate exposure, which 
usually results in an underestimation of silica exposure (Cherrie, 1999). 

 

Appendix D3 522 Silica 



Determination of Noncancer Chronic Reference Exposure Levels  February 2005 

VIII. Potential for Differential Impacts on Children's Health 

Silica is a respiratory irritant and a modifier of immune function.  Since the key study involved 
over 2000 men, some were likely to be more sensitive to silica than others.  In addition, we used 
a benchmark of 1% adverse effect, rather than the usual 5 %.  Thus, use of the human 
intraspecies uncertainty factor (UFH) of 3 should result in a REL that adequately protects most 
members of the general population.  Exacerbation of asthma, which has a more severe impact on 
children than on adults, is a known response to some respiratory irritants.  However, there is no 
data on such a response to silica in infants or children.  The epidemiological studies used in the 
derivation of the REL did not include children.  If children’s susceptibility were much greater 
than that of adults, it would be expected that clinical disease would be evident in children 
following exposures in the upper range of the respirable silica levels measured in ambient air in 
California.  No such reports have been identified in the literature.  There are no data on silica’s 
effects on the immune system of children. 

OEHHA is currently evaluating its risk assessment methodology, in particular the UFH, for its 
adequacy in protecting infants and children.  Since children have smaller airways than adults and 
breathe more air on a body weight basis, penetration and deposition of particles in the airways 
and alveoli in children is likely greater than that in adults exposed to the same concentration 
(Phalen et al., 1985; Schiller-Scotland et al., 1994; Oldham et al., 1997; Bennett and Zeman, 
1998).   
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X. Appendix 
Particulate Levels of Interest for Exposure to Respirable Crystalline Silica Isomorphs 
 
150 μg/m3  Federal 24 hour PM10 standard 
 
65 μg/m3  Federal 24 hour PM2.5 standard 
 
50 μg/m3 California 24 hour PM10 standard 
50 μg/m3 Federal PM10 annual standard (chronic exposure) 
50 μg/m3 8 hour TLV for quartz, cristobalite, and tridymite for workers (ACGIH Method) 
50 μg/m3 estimated workplace LOAEL for silicosis from studies by Theriault et al. (“) 
 
20 μg/m3  CA annual PM10 standard (chronic exposure) (arithmetic mean) 
 
15 μg/m3 Federal annual PM2.5 standard (chronic exposure) 
 
12 μg/m3 CA annual PM2.5 standard (chronic exposure) (arithmetic mean) 
 
12 μg/m3 current silica TLV adjusted to equivalent continuous exposure  

(50 μg/m3 x 8 h/24 h x 5 d/7d) (ACGIH) 
 
10 μg/m3 TLV for silica proposed by Greaves (2000) (ACGIH) 
 
8 μg/m3 current silica TLV further adjusted by 46/70 years occupational exposure  
                                                                                                                              (ACGIH) 
8 μg/m3 estimated high-end ambient crystalline silica level in US (USEPA, 1996) (PM10) 
 
6.7 μg/m3 lower bound on 1% risk of silicosis estimated by USEPA (1996) (PM10) 
 
5 μg/m3 TLV for silica proposed by Chen et al. (2001) (ACGIH) 
5 μg/m3 “acceptable” ambient level for silica (10% of PM10) (USEPA, 1996) 
5 μg/m3 RfC for diesel exhaust particulate, a respirable PM (PM2.5) 
 
3 μg/m3 estimated average ambient exposure to crystalline silica (USEPA, 1996) (PM10) 
3 μg/m3 draft silica chronic REL proposed by OEHHA (ACGIH) 
 
2.3 μg/m3 (1.17-3.46; n=12)* silica level during 1989 in Santa Maria, CA (urban site) (PM10) 
0.6 μg/m3 (0-1.44; n=16)*  silica level during 1989 in Santa Ynez, CA (rural site)           (“) 
0.2 μg/m3 (0-1.15; n=18)* silica level during 1989 in Buellton, CA (remote background)(“) 
 
* mean, range, and number of crystalline silica measurements (Mukherji et al., 1993) 
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CHRONIC TOXICITY SUMMARY 
 

STYRENE 
 

(ethenylbenzene, phenylethylene, vinylbenzene) 
 

CAS Registry Number:  100-42-5 
 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level  900 μg/m3 (200 ppb)  
 

Critical effects(s) Neuropsychological deficits in humans as 
measured by memory and sensory/motor 
function tests 

Hazard index target(s) Nervous system 
 
 
II. Chemical Property Summary 
 

Description Colorless to slightly yellow liquid with sweet, 
floral odor (HSDB, 1999) 

Molecular formula C8H8
Molecular weight 104.16 
Boiling point 145.2 oC 
Melting point -31oC (HSDB, 1999) 
Vapor pressure 10 torr at 31oC, polymerizes at 82oC and above 

(Weast, 1979) 
Solubility 310 μg/ml (Dean, 1985) 
Conversion factor 4.26 μg/m3 per ppb at 25oC 

 
 
III. Major Uses and Sources 
 
The major source of styrene is industrial synthesis in which ethylbenzene is the starting material 
(ATSDR, 1992).  The major uses of styrene are in polystyrene manufacturing, the butadiene-
styrene rubber industry, and in the reinforced plastics industry (RPI) (WHO, 1983).  Major non-
styrene contaminants in the butadiene-styrene rubber industry are butadiene, benzene, carbon 
disulfide, and trichloroethylene, whereas the main co-contaminants associated with the RPI are 
glass fibers and acetone (WHO, 1983).  Environmental exposures to styrene may result from 
mainstream cigarette smoke (Newhook and Caldwell, 1993) and newly installed carpets 
containing a styrene-butadiene rubber latex adhesive (Hodgson et al., 1993).  The Third National 
Health and Nutrition Examination Survey (NHANES) (Ashley et al., 1994) reported a mean 
blood styrene level among ≥ 600 individuals as 0.074 ppb.  In 1996, the latest year tabulated, the 
statewide mean outdoor monitored concentration of styrene was less than 0.1 ppb (CARB, 
1999a).  The annual statewide industrial emissions of styrene from facilities reporting under the 
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Air Toxics Hot Spots Act in California based on the most recent inventory were estimated to be 
2,365,873 pounds (1999b). 
 
 
IV. Effects of Human Exposure 
 
Chronic exposures to styrene (to be discussed below) result in central nervous system (CNS) and 
peripheral nervous system effects, although the latter are not as pronounced (ATSDR, 1992; 
Rebert and Hall, 1994; Murata et al., 1991).  Irritation or discomfort of the upper respiratory tract 
resulting from styrene exposure has not been reported in long-term occupational studies 
(Foureman, 1994).  However, sensory irritation and neurological impairment does occur in acute 
human studies at concentrations above 100 ppm (Stewart et al., 1968).  The evidence for styrene 
induced hepatic changes is either negative or equivocal (ATSDR, 1992).  Evidence for 
nephrotoxicity due to long-term occupational exposure is also negative or equivocal (ATSDR, 
1992; Verplanke and Herber, 1998; Kolstad et al.,1995). Some human studies suggest that 
chronic exposure to styrene results in reproductive effects, but the limited data are difficult to 
interpret because of the small sample numbers (Brown, 1991; Lindbohm, 1993).  Immunologic 
alterations (e.g., altered phenotypic profiles among lymphocyte subsets, decreased natural killer 
cell activity, and decreased chemotaxis) have also been observed, but the limited data prevent 
quantitative interpretation (Bergamaschi et al., 1995; Governa et al., 1994). 

The CNS depressant effects of acute exposures to high styrene levels are probably mediated by 
the direct effect of the lipophilic, unmetabolized styrene on nerve cell membranes.  Long-term 
effects of styrene exposure may result from the action of one or more metabolites of styrene 
(Savolainen, 1977; Mutti et al., 1988).  In humans, styrene metabolism is initiated by 
cytochrome P450 (P450)-mediated oxidation of styrene to a reactive metabolite, styrene oxide.  
The reaction takes place in human liver and, to a minor extent, in lung (Nakajima et al., 1994).  
The P450 enzymes responsible for the epoxidation of styrene to stryene oxide are also found in 
human brain, but the brain isozymes have not been tested specifically with styrene as a substrate 
(Bhamre et al., 1993).  Styrene may also be oxidized to styrene oxide by enzymes which share 
specific iron and porphyrin components with P450 and those that utilize active oxygen species 
(Belvedere et al., 1983; Tursi et al., 1983; Miller et al., 1992). 

The major end product of styrene metabolism in humans is urinary mandelic acid (MA) and 
phenylglyoxylic acid (PGA) (Bardodej and Bardodejova, 1970; Leibman, 1975; Guillemin and 
Bauer, 1979).  Other pathways that may be present in other animals are either absent or are 
quantitatively negligible in humans, except when high styrene levels are encountered (Guillemin 
and Berode, 1979; Chakrabarti et al., 1993; Hallier et al., 1995).  Confounders of the quantitative 
relationship between styrene exposure and urinary MA+PGA are the consumption of ethanol 
(Berode et al., 1986) and exposure to ethylbenzene (Bardodej and Bardodejova, 1970).  An 
important consequence of ethanol related decreased levels of urinary mandelic acid is the 
potential underestimation of exposure to styrene (Guillemin and Bauer, 1979; Berode et al., 
1986).  However, the urinary metabolite levels return to control values 4-5 hours after the 
ethanol consumption (Berode et al., 1986). 

Indicators of human styrene exposure include exhaled styrene, blood styrene, urinary MA, and 
urinary MA+PGA (Guillemin and Berode, 1988).  Exposure to styrene by inhalation results in 89 
percent absorption (Guillemin and Berode, 1988).  In the occupational studies that are the basis 
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for quantifying the relationship between chronic styrene exposure and health effects, end-of-shift 
or next-morning MA+PGA have been used. The next-morning measurements are more reflective 
of past exposures due to the high fat solubility of styrene (fat:blood partition coefficient = 94 
(Csanady et al., 1994)), the presence of a second, long biological half-life for MA = 25 hours., 
and a long biological half-life for PGA = 11 hours (Guillemin and Bauer, 1979).  Following 
inhalation, the half-life for styrene is 41 minutes in blood (Wigaeus et al. 1983) and 32-46 hours 
in fat tissue (Perbellini et al., 1988). 

One postulated mechanism for the chronic non-cancer toxicity of styrene is the binding of the 
highly reactive styrene oxide to components of nervous tissue.  Another postulated mechanism is 
an alteration in the levels of circulating catecholamines (e.g., dopamine) due to the binding of 
PGA to these biogenic amines (Mutti, 1993; Mutti et al., 1984a; Checkoway, 1994) and the 
subsequent changes in physiological functions that are under biogenic amine control.  Although 
long-term exposures to styrene are associated with decrements in physiological functions, the 
exact mechanism(s) for these effects have not been clearly established (see reviews by ATSDR, 
1992; Mutti, 1993; Rebert and Hall, 1994). 

Kolstad et al. (1995) estimated excess deaths due to four major non-malignant disease groups for 
53,847 male workers in the Danish RPI. Low and high styrene exposures were based on 
companies with less than 50% (low) and those with 50% or more (high) employees involved 
with reinforced plastics.  An internal comparison was made with workers unexposed to styrene 
to account for more similar activities and lifestyles.  Statistically significant (p < 0.05) excess 
deaths due to pancreatitis and degenerative disorders of the myocardium and non-significant 
excess deaths due to degenerative diseases of the nervous system were observed.  Non-
significant excess deaths due to glomerulonephritis were also observed. 

Checkoway et al. (1994) described a cross-sectional study of 59 male boat plant workers 
exposed to <1 to 144 (mean = 37.2) ppm styrene.  Monoamine oxidase B (MAO-B) activity in 
platelets was measured as an indicator of catecholamine metabolism.  When the styrene exposed 
workers were divided into quartile exposures, a dose dependent decrease in MAO-B activity was 
observed after adjustments were made for age, smoking, alcohol and medication use. 

Female workers employed in the reinforced plastics industry (RPI) were studied for levels of 
substances associated with neuroendocrine function (Mutti et al., 1984a).  Serum prolactin, 
thyroid stimulating hormone, human growth hormone, follicle stimulating hormone, and 
luteinizing hormone were measured in 30 women who were between the 5th and 15th day of the 
menstrual cycle. Exposure was based on the next-morning MA+PGA, and levels of the 
neuroendocrine substances were measured in venous blood samples taken the next morning 
before the start of work.  On the basis of a relationship (not detailed in the report) between 
urinary metabolites and styrene air concentration, the authors estimated that the average styrene 
TWA/8 hr was about 130 ppm.  Controls consisted of women factory workers living in the same 
area as the styrene-exposed women, but not knowingly exposed to styrene.  After controlling for 
age and exposure time, the increased prolactin and thyroid stimulating hormone levels were 
correlated with the concentration of next-morning urinary MA+PGA, although only the 
increased prolactin levels were statistically significant.Numerous occupational studies have 
noted CNS disturbances in styrene-exposed workers.  Decreased manual dexterity, increased 
reaction times, and/or abnormal vestibuloocular reflex (ability to track moving objects) were 
observed by Gotell et al. (1972), Gamberale et al. (1975), Lindstrom et al. (1976), Mackay and 
Kelman (1986), Flodin et al. (1989), Moller et al. (1990), and Cherry and Gautrin (1990) for air 
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styrene levels of about 12 ppm to more than 100 ppm.  However, in each of these studies, there 
were difficulties in quantifying the effect.  The difficulties included small sample size, unknown 
exposure duration, lack of concurrent control group, lack of dose-response data, and either 
unknown ethanol consumption or lack of adjustment for ethanol consumption.  In the Cherry and 
Gautrin (1990) investigation, however, the authors determined that accounting for ethanol 
consumption did not reduce the correlation between increased reaction time and exposure. 

Decrements in other CNS functions were observed among workers in the well controlled studies 
of Fallas et al. (1992), Chia et al. (1994), and Mutti et al. (1984b).  Fallas et al. (1992) studied 60 
male workers (average age = 29.5 years, average air styrene = 24.3 ppm).  The styrene-exposed 
population was compared to non-exposed worker controls and matched for age, intellectual level, 
and ethnic origin.  The results from a standardized test battery showed decrements in the aiming 
response and 22/60 styrene exposed workers exhibited increased reaction times compared to 7/60 
controls.  Acquired color vision loss (dyschromatopsia) was also observed in the styrene-exposed 
workers compared to controls.  Chia et al. (1994) also observed decrements in CNS function as 
defined by altered visual retention, audio-digit recognition, and digit recognition.  However, a 
dose-response relationship did not exist.  These workers also exhibited a statistically 
nonsignificant dose-dependent dyschromatopsia. 

 

In the most comprehensive occupational study to date on CNS effects of styrene exposure, Mutti 
et al. (1984b) assessed memory and sensory/motor function in a group of 50 male styrene-
exposed workers (average exposure = 8.6 years) and a control group of 50 manual workers.   In 
addition to matching for age, sex, and educational level, a vocabulary test was included to match 
for general intelligence.  Eligibility criteria included absence of metabolic, neurologic, or 
psychiatric disorders, limited ethanol intake, and limited cigarette usage. All subjects were 
instructed to avoid intake of alcohol and drugs for two days prior to testing.  Styrene exposure 
was assessed from urinary MA+PGA levels the morning after the last workday in the week, 
followed immediately by participation in a battery of 8 neuropsychological tests designed to 
measure CNS function. The tests included reaction time, short and long term logic memory, 
short and long term verbal memory, digit-symbol association (using a reference code), block 
design (reproducing a displayed design using colored blocks), and embedded figures (timed 
identification of figures in Rey’s table).  The mean + 2 SDs of the values found in the control 
group was set as the normal range limit for each neuropsychological test. The results were 
expressed as continuous and quantal data.  Expressed as continuous data, styrene-exposed 
workers exhibited significantly poorer performances than controls in all tests, except in the digit-
symbol test.  Also, urinary metabolite concentration and duration of exposure were found to be 
significantly correlated with the scores of several tests.  As a subgroup, workers with metabolite 
levels of up to 150 mmoles MA+PGA/mole creatinine (mean = 75 mmoles/mole creatinine + 33 
[SD], which is equivalent to a mean styrene concentration of 15 ppm) appeared to have no 
significant effects.  The authors state that this level of urinary metabolites corresponds to a mean 
daily 8-hour exposure to air styrene of 25 ppm (106 mg/m3).  Based on greater urinary excretion 
of styrene metabolites, significantly poorer performances in four or more neuropsychological 
tests were recorded in the other three subgroups (150-299, 300-450, and > 450 mmoles MA + 
PGA/mole creatinine). 

.  
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Mutti et al. (1984b) expressed the quantal data as the fraction of tested subjects who responded 
abnormally to ≥ 1, ≥ 2, and ≥ 3 tests (see Table 1).  Positive dose-response relationships existed 
between intensity of styrene exposure (mmoles MA + PGA/mole creatinine) and abnormal 
scores, whether it was expressed as abnormal responses in at least one, at least two, or at least 
three neuropsychological tests.  The chi-square test and validity calculations were performed by 
constructing 2 x 2 tables selecting different levels of urinary excretion of MA and PGA as a cut-
off point.  The highest values for chi-square and predictive validity were found when the cut-off 
of 150 mmol/mol creatinine was chosen, suggesting that the quantal isolation of the low dose 
subgroup from the next subgroup is appropriate. When the quantal data for the low dose 
subgroup were analyzed by OEHHA using the Fisher’s Exact Test, a significant level of 
abnormal responses were observed for >1 (p = 0.005) and >3 (p = 0.04) tests.  The abnormal 
responses for >2 tests were statistically marginal (p = 0.06).  For each of the remaining exposure 
groups, the p-values were <0.05.  Unlike the assumptions made concerning the continuous data, 
quantal data results suggest that the low dose subgroup represents a LOAEL, and that a NOAEL 
is not available from the data.  Mutti et al. (1984b) also expressed the data in a quantal three-way 
representation including prevalence (number of respondents for at least one, two or three 
abnormal tests), duration (years at work), and intensity (metabolite level). This representation 
revealed a positive correlation of neuropsychological deficits with duration as well as intensity.  

 

 

Table 1. Subjects Classified Positive on Neuropsychological Tests as a Function of Styrene 
Exposure a. 

 
     
MA+PGA, mmoles per mole 
creatinineb  

Total 
Subjects 

 
Number of Abnormal Tests 

  > 1 > 2 > 3c

     
Controls 50 4/50 2/50 0/50 
< 150 (mean = 75 ± 33)d 14 6/14 3/14 2/14 
150-299 (mean = 216 ± 45) 9 6/9 5/9 3/9 
300 - 450 (mean = 367 ± 49) 14 10/14 7/14 5/14 
> 450 (mean = 571 ± 108) 13 11/13 8/13 6/13 
 

 
a  Data from Table IV in Mutti et al. (1984b). 
b  “Next-morning” styrene urinary metabolites. 
c  The quantal grouping of the number of subjects that performed abnormally in >3 tests based 
on their styrene urinary metabolite concentrations, both shown in bold, were used in a 
benchmark concentration (BMC) analysis for the derivation of the REL (see Section VI 
below). 

d  Based on Guillemin et al. (1982), a linear relationship exists for converting the urinary 
metabolite concentrations to ppm air styrene levels (4.97 mmoles MA+PGA/mole creatinine is 
equivalent to 1 ppm styrene).  Thus, the mean styrene concentrations per group are 0, 15, 44, 74, 
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and 115 ppm.In addition to dyschromatopsia observed by Chia et al. (1994), Gobba and 
Cavalleri (1993) and Campagna et al. (1995) also reported this visual dysfunction among styrene 
workers in the reinforced plastics industry.  Workers (n=36) exposed to an average of 16 ppm 
styrene exhibited significantly greater dyschromatopsia than controls, matched for age, ethanol 
consumption and tobacco smoking (Gobba and Cavalleri, 1993).  Among the study population, 
only 1/36 styrene-exposed workers (compared to 16/36 controls) performed the test with 100 
percent accuracy.  When a different group of styrene-exposed workers was tested, those exposed 
to > 50 ppm styrene exhibited greater dyschromatopsia than those exposed to ≤ 50 ppm, and 
within this group, a subset exhibited a similar decrement after returning from a one month 
vacation.  In the Campagna et al. (1995) study, the test for dyschromatopsia was given to 81 
reinforced plastics industry workers (79 male and 2 female) exposed to 4.6, 10.1, and 88.8 ppm 
styrene (first quartile, median, and third quartile, respectively).  No control group was used in 
this study.  Statistical analysis revealed a correlation of color vision loss with exposure to styrene 
(defined as next-morning urinary mandelic acid), age, and ethanol consumption. 

Exposure to styrene may affect the peripheral nervous system (PNS).  In a case report (Behari et 
al., 1986), a man working for 5 years with a photostat process that used styrene was diagnosed 
with peripheral neuropathy.  However, in occupational studies, the relationship between 
exposure to styrene and PNS effects has been inconsistent (Triebig et al., 1985; Cherry and 
Gautrin, 1990).   A major difficulty in understanding the potential for this relationship is the lack 
of knowledge about the appropriate surrogate for dose that leads to PNS disturbance (Murata et 
al., 1991).  In one study, however, chronic exposure indices were developed which included 
work method, years at work, time spent laminating (source of high exposure), styrene air 
concentration, and end-of-shift urinary mandelic acid (Matikainen et al. (1993).  Numbness in 
the extremities increased with the exposure index, although statistically the effect was marginally 
insignificant (p < 0.1).  The styrene TWA/8 hr was 32 ppm for the 100 study subjects. 

Female reproductive toxicity has been inconsistently reported among humans (Brown, 1991; 
Lindbohm, 1993).  These studies are difficult to interpret because of the high background rates of 
endpoints such as spontaneous abortion and menstrual disorders in combination with 
confounding exposures.  In those studies that showed no reproductive effects due to styrene 
exposure, the power of the studies was low due to the small numbers of women.  Hence the 
evidence for any adverse effects of exposure to styrene on female reproductive function is 
inconclusive. 

Male workers employed in the reinforced plastics industry were examined for effects on sperm 
chromatin structure and semen quality (Kolstad et al., 1999a) and time to pregnancy (Kolstad et 
al., 1999b).  No indications of an exposure-response relationship were seen when individual 
changes in semen quality were related to the postshift urinary mandelic acid concentrations 
among 23 exposed workers.  A weak increase in sperm DNA-susceptibility to in situ 
denaturation as a function of mandelic acid concentration was indicated, but was within the 
interassay variability.  No detrimental effect of styrene exposure was observed with regard to 
male fecundity among 188 exposed workers when compared to 353 unexposed workers. 

Immune system alterations were reported in a study conducted by Bergamaschi et al. (1995).   
Reinforced plastics industry workers (n=32 female/39 male, average age = 32 years, average 
exposure duration = 7 years) were compared with non-styrene exposed factory workers and 
matched for age, sex, tobacco use and ethanol consumption.  Air styrene levels, among the 
different factories, varied between 10 - 50 ppm, and individual worker exposure was measured 

Appendix D3 539 Styrene 



Determination of Noncancer Chronic Reference Exposure Levels April 2000  

by urinary metabolites the morning after the last shift (15 hours post-exposure).  Among all 
workers in the study (median exposure = 16 ppm - according to the data of Guillemin et al. 
(1982)), the proportion of 12/18 lymphocyte subsets and the prevalence of abnormal values of 
immunologic phenotypes for 11/18 subsets were statistically different from the controls (p < 
0.001 to < 0.05).  When the workers were placed into three exposure groups (0, < 25 ppm, and > 
25 ppm styrene), dose-response relationships were observed for prevalences of abnormal 
responses for four lymphocyte subsets and, in the case of two subsets, abnormal responses were 
observed in the group exposed to < 25 ppm styrene.  Natural killer cell activity (a lymphocyte 
function), measured in a different group of workers in the same study, was decreased compared 
to unexposed worker controls.  The median exposure, given in terms of urinary metabolites, was 
calculated as 21 ppm based on the data of Guillemin et al. (1982).  The data show that exposure 
of these workers to air styrene levels below 50 ppm, and probably at levels near 25 ppm, resulted 
in alterations of the immune system. 

Governa et al. (1994) observed reduced chemotactic responses of polymorphonuclear 
lymphocytes (PMNs) obtained from 21 styrene-exposed workers.  However, the lack of exposure 
data prevents a quantitative assessment.  In the same study, 0.1 - 0.6 mM styrene inhibited the 
chemotaxis of isolated healthy PMNs. 

 

V. Effects of Animal Exposure 
In a subchronic study, carried out under the auspices of NTP (NTP, 1992), mice and rats were 
exposed by inhalation to styrene vapors to establish a maximum tolerated dose for chronic 
studies.  Mice were exposed to 0, 62.5, 125, 250, or 500 ppm styrene (6 hr/d, 5 d/wk, 13 wks).  
Among males deaths occurred in the 250 ppm group.  Body weights among all exposed mice 
were lower than controls, and the difference was about 9 percent.  Lung, olfactory epithelial, and 
forestomach lesions were observed in females and males.  In females, degeneration of the 
adrenal gland cortex was observed.  An effect not discussed in the chairperson’s report, but 
recorded in the original laboratory report, was an increased estrous cycle length among the 
female mice at all styrene doses.  A LOAEL of 62.5 ppm is indicated by the olfactory epithelial, 
forestomach and respiratory tract lesions in mice of both sexes and for lesions in the adrenal 
cortex in the female mice.  Rats were exposed to 0, 125, 250, 500, 1000, or 1500 ppm styrene (6 
hr/d, 5 d/wk, 13 wks).  No deaths occurred, but reduced body weights were observed at the two 
highest doses.  Lesions of the respiratory tract were observed at all dose levels.  A LOAEL of 
125 ppm is therefore indicated for the rats.   

Rats were exposed by ingestion for 2-years to styrene in drinking water (0, 125, and 250 ppm).  
(The water solubility of styrene is 310 ppm.)  The only effect was a styrene-related reduction in 
water consumption (Beliles et al., 1985). 

Kishi et al. (1995) carried out a developmental study on rat pups born to dams exposed by 
inhalation to styrene (0, 50, 300 ppm; 6-hr/d; gestation days 7-21).  Although the small number 
of litters (n=2) at the 50 ppm dose prevented detailed statistical analysis, the data suggest that 
exposure of the dams to 50 ppm styrene resulted in deficits and delays in some motor and 
coordination abilities among the pups.  Pups born to dams exposed to 300 ppm exhibited 
statistically significant increases in spontaneous activity and in the delay of some 
neurobehavioral functions.  Many of the effects became diminished as the pups aged.  
Measurements of reproductive toxicity (maternal weight gain, length of gestation, number of live 
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births) did not change.  Postnatal body weights were lower among the styrene-exposed pups, but 
the differences became less as the pups aged to 125-days.   

A follow-up developmental study by the same research group investigated neurochemical levels 
in rat pups born to dams exposed by inhalation to styrene (0, 50, 300 ppm; 6 hr/day on gestation 
days 6-20) (Katakura et al., 1999).  Cerebrum weights of day 0 pups were significantly lower 
when compared to cerebrum weights of ad libitum fed animals, but not pair-fed animals.  At the 
highest dose, occasional reductions in neuroamines, i.e. 5-hydroxytryptamine, homovanillic acid, 
and 5-hydroxyindoleacetic acid, were seen in various parts of the brains of rat pups compared to 
one or both control groups on day 0 and day 21.  No reproductive or histopathological changes 
were seen. 

Rosengren and Haglid (1989) investigated whether long term inhalation exposure (three months) 
to styrene (90 and 320 ppm) could induce long lasting astroglial alterations in Sprague Dawley 
rats, traceable four months after exposure ceased.  Styrene exposure at 320 ppm induced the 
alterations as shown by raised concentrations of the glial cell marker, glial fibrillary acidic 
protein (GFA), in the sensory motor cortex and in the hippocampus.  GFA is the structural 
protein of the astroglial filaments.  These filaments form after damage to the central nervous 
system from any cause.  The authors concluded that exposure to styrene at moderate exposure 
levels induces regional, long lasting astroglial reactions that serve as an indicator of solvent 
induced brain damage.  

Mice, exposed acutely (14 days) by inhalation to 125 - 500 ppm styrene, exhibited decreased 
spleen / body weight, splenic hypocellularity, altered lymphocyte proportions among subsets, 
and increased proliferative response to mitogens (Corsini et al., 1994).  Mice and rats, exposed 
by gavage to high levels of styrene (18, 27, 45 mg/kg - mouse; 118, 177, 294 mg/kg - rat) for 5 
days/week for 4 weeks, exhibited decreased resistance to encephalomyocarditis virus, 
Plasmodium berghie (a malaria parasite), and Nippostrongylus braseleinisi (a parasitic worm) 
(Dogra et al., 1992). 
 
Groups of 70 male and 70 female Charles River CD (Sprague-Dawley-derived) rats were 
exposed whole body to styrene vapor at 0, 50, 200, 500, or 1000 ppm 6 h/day 5 days/week for 
104 weeks (Cruzan et al., 1998).  A battery of hematologic and clinical pathology examinations 
was conducted at 13, 26, 52, 78, and 104 weeks.  Nine or 10 rats per sex per group were 
necropsied after 52 weeks of exposure and the remaining survivors were necropsied after 104 
weeks.  Control and high-exposure rats received a complete histopathologic examination, while 
target organs, gross lesions, and all masses were examined in the other 3 groups.  Styrene had no 
effect on survival in males, but females exposed to 500 or 1000 ppm had a dose-related 
increasein survival.  Levels of styrene in the blood at the end of a 6-h exposure during week 95 
were proportional to exposure.  Levels of styrene oxide in the blood of rats exposed to 200 ppm 
or greater styrene were proportional to styrene exposure concentration.  The authors found no 
changes of toxicologic significance in hematology, clinical chemistry, urinalysis, or organ 
weights.  Styrene-related non-neoplastic histopathologic changes were confined to the olfactory 
epithelium of the nasal mucosa.  (The authors also found no evidence of cancer induction.)  
 
Groups of 70 male and 70 female CD-1 mice were exposed in whole body inhalation chambers 
to styene vapor concentrations of 0, 20, 40, 80, and 160 ppm 6 hrs/day, 5 days/week, over a 
period of up to 2 years (Huntingdon Life Sciences, 1998).  Ten mice per sex per group were 
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necropsied after 52 and 78 weeks of exposure, and the remaining survivors necropsied after 104 
weeks. Due to increased mortality in female control mice, terminal sacrifice for this group 
occurred at 98 weeks.  Two female mice exposed to 160 ppm styrene died during or immediately 
following the first week of exposure.  Histopathology revealed liver necrosis that was a likely 
contributor to the deaths.  Reduced body weight gain and increased food consumption were 
observed in male mice at the two highest exposure levels and in female mice at the highest 
exposure level.  Both styrene monomer and styrene oxide in blood increased with exposure 
concentration.  No changes of toxicologic significance in hematology, ophthalmology, clinical 
chemistry, urinalysis, or organ weights were noted.  Styrene-related non-neoplastic 
histopathologic changes were seen in the lungs (bronchiolar-alveolar hyperplasia) and nasal 
olfactory epithelium (respiratory metaplasia, degeneration or necrosis, and changes to the 
underlying Bowman’s glands) from all exposure groups.  The nasal lesions showed progression 
with time.  Focal loss of bone from the turbinate was also seen more frequently as the study 
progressed.  In addition, atrophy of the olfactory nerve fibers was present in mice at the three 
highest exposure concentrations. 

 
VI. Derivation of the Chronic Reference Exposure Level (BMC Approach) 
.  

Study Mutti et al. (1984b) 
Study populations Human (occupational) 
Exposure method Inhalation 
Critical effects Central nervous system 
LOAEL 15 ppm 
NOAEL 
BMC05

Not established 
1.7 ppm 

Exposure continuity 8 hr/d (10 m3 per 20 m3 day), 5 d/wk 
Exposure duration 8.6 years (average years at work) 
Average occupational exposure 0.61 ppm (1.7 x 10/20 x 5/7) 
Human equivalent concentration 0.61 ppm 
LOAEL uncertainty factor Not needed in the BMC approach 
Subchronic uncertainty factor 1 (average exposure 12.3% of lifetime) 
Interspecies uncertainty factor 1 
Intraspecies uncertainty factor 3 
Cumulative uncertainty factor 3 
Inhalation reference exposure level 0.2 ppm (200 ppb; 0.9 mg/m3; 900 µg/m3) 

 

The most relevant chronic noncancer effect due to styrene exposure is neurotoxicity.  The Mutti 
et al. (1984b) occupational study presented convincing dose-response information and was well 
designed and executed in terms of experimental protocol and statistical evaluation, which 
included tests for false positive and false negative responses.  While not all confounders could be 
ruled out (e.g., compensatory mechanisms, biorhythms, workers who leave because of styrene 
related illness), careful attention was paid to include eligibility criteria for the control group that 
correct for confounders unique for this population (e.g., limited ethanol intake, a control work-
force not exposed to neurotoxic substances, and a test to allow a match for general intelligence).  
The use of urinary metabolites to measure exposure dose is based on the observation that the 
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next-morning urinary MA+PGA is directly related to the air level of styrene.  The Guillemin et 
al. (1982) study provides the basis for the conversion of urinary MA+PGA levels to styrene 
exposure levels used by Mutti et al. (1984b).  
 
The quantal dose-response data by Mutti et al. (1984b) is applicable for use in a benchmark 
concentration (BMC) approach.  The quantal grouping of the number of subjects that performed 
abnormally in >3 tests based on their urinary metabolite concentrations was chosen for a BMC 
analysis (see Table 1).  Basing the BMC on abnormal responses to >3 tests reduces the 
complexity of multiple test comparisons and the potential for inappropriate comparison of 
different neuropsychological tests between control and exposure groups for statistical purposes.  
Also, the potential for false positive responses is reduced due to the zero background level of 
abnormal responses in the control group when the criteria are >3 abnormal tests.  Using a log-
normal probit analysis (Tox-Risk, version 3.5; ICF-Kaiser Inc., Ruston, LA) with the data 
(emphasized in bold typeface) in Table 1 (above) the maximum likelihood estimate (MLE) for a 
5% response was 4.0 ppm.  The resulting 95% lower confidence limit at the MLE provided a 
BMC05 of 1.7 ppm.  A BMC05 is considered to be similar to a NOAEL in estimating a 
concentration associated with a low level of risk.  Following adjustment for exposure continuity 
(10 m3 per 20 m3 day for 5 d/wk) and application of an UF of 3 to account for human 
intraspecies variability, a REL of 0.2 ppm (0.9 mg/m3) was attained.  For exposure data that 
utilizes healthy human subjects, the resulting BMC represents a less than 10% incidence in the 
general population.  When combined with an UF of 3, as carried out above, the resulting REL 
will be protective of the vast majority of individuals. 

This analysis of the quantal data is supported by recognizing that, in a population of 50 subjects, 
individual test-specific effects that occur at low doses may not have been observed.  If the 
criterion for abnormality is expressed in terms of CNS dysfunction, defined by all tests, the 
sensitivity of the testing procedure is increased and the low dose effects are more easily 
observed.  The quantal data of Mutti et al. (1984b), i.e., the proportion of subjects responding 
abnormally to the tests, therefore provide a more sensitive approach to detecting low dose 
effects.  Collasping a battery of test data to increase sensitivity may introduce the dilemma of 
multiple test comparisons, as noted above.  However, OEHHA believes that a statistical method 
to correct for this, known as a Bonferroni correction, is unnecessary.  The REL development is 
based on calculating a statistic of one effect of a complex of responses (or a syndrome) that 
results from CNS dysfunction, and not based on calculating a statistic for each test within the 
group of tests.  The apparent global nature of the neurological syndrome resulting from long-
term styrene exposure, in addition to basing the BMC on abnormal responses to >3 tests, should 
more than adequately address any concerns that may result from combining neurological test 
data. 
Applying NOAEL/LOAEL methodology to the Mutti et al. (1984b) quantal data yields an 
exposure value similar to that attained with the BMC approach.  The LOAEL of 15 ppm is 
adjusted to an equivalent continuous exposure of 5.36 ppm (15 ppm x 10/20 m3 x 5/7 d/wk).  Use 
of a LOAEL UF of 3 and an intraspecies UF of 10 resulted in an estimated REL of 0.2 ppm (0.8 
mg/m3). 

The U.S. EPA (1996) calculated a reference concentration (RfC) of 0.3 ppm (1 mg/m3), which is 
slightly higher than the OEHHA-derived chronic REL of 0.2 ppm (0.9 mg/m3).  The RfC for 
styrene is also based on the findings of Mutti et al. (1984b), but utilized the continuous data for 
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development of the RfC and used standard NOAEL methodology for the RfC derivation.  U.S. 
EPA (1996) established a NOAEL for the lowest exposure group (<150 MA+PGA mmole/mole 
creatinine; equivalent to < 25 ppm styrene).  However, OEHHA staff believe that the use of the 
continuous data to establish a NOAEL overlooks the advantages of using the BMC approach 
using the quantal data.  These advantages are that the BMC05 reflects the shape of the dose-
response curve and takes into account the number of subjects involved in the study.  In addition, 
OEHHA staff evaluated the quantal data with the Fisher’s Exact Test and determined the 
probabilities of abnormal responses among the exposed subjects based on the unexposed subjects 
whose responses were assumed to be normal.  At the lowest exposure, the probability that the 
proportion of subjects responding abnormally to >1 and >3 tests was within the expected range 
was p = 0.005 and p = 0.04, respectively, indicating that neuropsychological deficits due to 
styrene occur in the low dose subgroup.  Thus, the quantal data indicate that a NOAEL was not 
established in this study. 

With regard to application of uncertainty factors, U.S. EPA (1996) applied a UF of 3 for 
intraspecies variability and a partial UF of 3 for lack of information on chronic studies because 
the critical study was considered intermediate, i.e., between subchronic and chronic duration 
(Foureman, 1994).  OEHHA applied a UF of 1 because the mean exposure duration, 8.6 years, 
was greater than 12 percent of expected lifetime (8.6/70 = 12.3%).  The U.S. EPA (1996) also 
included a modifying factor of 3 for database deficiencies.  The criteria for use of modifying 
factors are not well specified by U.S. EPA.  Such modifying factors were not used by OEHHA. 
In addition to the OEHHA and the U.S. EPA hazard assessments, the Agency for Toxic 
Substances and Disease Registry (ATSDR) also calculated a chronic inhalation minimal risk 
level (MRL) for styrene (ATSDR, 1992).  The calculation was based on the same Mutti et al. 
(1984b) worker study.  ATSDR (1992) identified the lowest exposure group as a LOAEL and 
assigned an air styrene level of 25 ppm.  To derive the MRL, ATSDR corrected the LOAEL for 
discontinuous exposure and applied uncertainty factors (UFs) for the use of a LOAEL and for 
intraspecies variability.  The MRL was calculated as: 25 x (8/24 x 5/7) / 10 x 10 equal 0.06 ppm 
(ATSDR, 1992).  The MRL was a factor of 3 different from the proposed REL. 

For comparison, chronic exposure levels for styrene can be developed from chronic inhalation 
studies in rats (Cruzan et al., 1998) and mice (Huntingdon Life Sciences, 1998).  The mice were 
more sensitive to the styrene vapors than were rats, and a LOAEL of 20 ppm was identified 
based on lesions in various organs in both sexes.  The adjustment factor for discontinuous 
exposure is (6/24 x 5/7) = 0.18.  The uncertainty factors are: 10 for intraspecies variability, 3 for 
interspecies sensitivity, and 10 for adjustment from a LOAEL to a NOAEL.  The resultant 
exposure level is (20 ppm x 0.18) / 300 which equals 0.01 ppm or 10 ppb (40 μg/m3).  Besides 
the different toxic endpoints between the chronic mouse exposure study and human occupational 
studies, the well designed human study of Mutti et al. (1984b) is preferable for REL 
development because it does not introduce the uncertainties associated with interspecies 
extrapolations.  
 
The NOAEL of 50 ppm from the chronic rat study of Cruzan et al. (1998) may be adjusted to an 
equivalent continuous exposure of 8.9 ppm.  Use of an RGDR of 1, an interspecies UF of 3, and 
an intraspecies UF of 10 resulted in an estimated REL of 300 ppb (1300 μg/m3) for styrene. 
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VII. Data Strengths and Limitations for Development of the REL 
The strengths of the REL for styrene include the excellent database available on styrene effects 
and the availability of a suitable human study for use as the key study.  Limitations include the 
lack of direct exposure data and selection bias.  Although a NOAEL was not observed in the key 
study, the BMC05 is considered to be similar to a NOAEL in estimating a concentration 
associated with a low level of risk. 

Use of urinary metabolite concentrations to indirectly determine styrene exposure, while an 
accepted approach, still introduces another level of uncertainty in the hazard assessment.  In 
addition, potential absorption of styrene via dermal exposure in the reinforced plastics industry 
has not been addressed and may overestimate the air concentration determined by urinary 
metabolite levels.  However, unlike air levels, the presence of urinary metabolites of styrene 
gives an unequivocal indication that an individual has been exposed to styrene.  At the present 
time, a system does not exist to obtain direct exposure information, although a recent report 
suggests a methodology is being developed (Jensen et al., 1995).   

A potential bias in the key study was the finding that general intelligence, as measured by the 
vocabulary test, appeared to be negatively correlated with both age and exposure intensity.  This 
finding suggests that age may also be a factor in poor neuropsychological test scores of highly 
exposed subgroups.  Another source of uncertainty is that the reinforced plastics industry, from 
which the workers in the Mutti et al. (1984) study were taken, is characterized by a large 
turnover of highly exposed workers (Wong, 1990; Kogevinas et al., 1993).  This possible 
selection bias may result in more sensitive workers leaving employment while more tolerant 
workers remain.   
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CHRONIC TOXICITY SUMMARY 
 

SULFURIC ACID 
 

(dithionic acid; pyrosulphuric acid) 
 

CAS Registry Number: 7664-93-9 
 
II. I. Chronic Toxicity Summary   
 

Inhalation reference exposure level 1 µg/m3

Critical effect(s) Bronchiolar epithelial hyperplasia, and thickening 
of the bronchial walls in monkeys 

Hazard index target(s) Respiratory system 
 
 
III. Physical and Chemical Properties (HSDB, 1995; CRC, 1994; CARB, 1997) 
 

Description Colorless liquid 
Molecular formula H2SO4
Molecular weight 98.1 g/mol 
Density 1.84 g/cm3 @ 15° C 
Boiling point 330±0.5°C (100%) 
Melting point 10.36°C (100%) 
Vapor pressure <0.001 torr @ 25° C; 1 torr @ 145.8° C 
Solubility Soluble in water 
Conversion factor Not applicable 

 
 
III. Major Uses or Sources 
 
Sulfuric acid is a strong acid used as an intermediate in the synthesis of linear alkylbenzene 
sulfonation surfactants used in dyes, in petroleum refining, for the nitration of explosives, in the 
manufacture of nitrocellulose, in caprolactam manufacturing, as the electrolyte in lead-acid 
batteries, and as a drying agent for chlorine and nitric acid.  Sulfuric acid is formed in the 
atmosphere from sulfur dioxide, from sulfur trioxide, and from oleum (a combination of sulfur 
trioxide and sulfuric acid used industrially).  The annual statewide industrial emissions from 
facilities reporting under the Air Toxics Hot Spots Act in California based on the most recent 
inventory were estimated to be 4460 pounds of sulfuric acid (CARB, 1999). 
 
 
IV. Effects of Human Exposures 
 
Workers in the lead battery industry showed etching and erosion of the teeth after 4 months 
exposure to an average concentration of 0.23 mg/m3 H2SO4 (Gamble et al., 1984).  Dental 
erosion increased in a dose-dependent manner with longer duration of exposure. 
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A study of 33 storage battery plant workers exposed to H2SO4 concentrations as high as 35 
mg/m3 showed a greater group mean decrease in FEVl across the time of their work shift 
compared to workers who were not exposed to sulfuric acid (El-Saddik et al., 1972).  The 
salivary pH of the sulfuric acid exposed workers, a qualitative measure of acid exposure, was 
lower than the controls during the course of the work shift. 
 
OEHHA recently reviewed the California Ambient Air Quality Standard (CAAQS) for sulfates 
(25 μg/m3 for 24 hours) to see if it adequately protects children (OEHHA, 2000).  The report was 
peer-reviewed by the Air Quality Advisory Committee.  The report indicates that H+ itself may 
play a role in the effects seen in epidemiological studies of sulfate air pollution.  Controlled acute 
inhalation studies in humans and laboratory animals of pH neutral or nearly neutral sulfate salts 
(e.g., ammonium sulfate) (Utell et al., 1983; Lippman et al., 1987; Schlesinger et al., 1990), even 
at relatively high concentrations, do not produce the effects reported from epidemiologic studies 
of sulfates (asthma exacerbation, bronchoconstriction, decrements in lung function) that might be 
expected from short-term excursions.  The controlled exposure studies show that sulfate aerosols 
containing strong acids, such as sulfuric acid and, to a lesser extent, ammonium bisulfate, 
produce functional and structural changes in healthy subjects consistent with those observed in 
epidemiological studies.  A working hypothesis is that H+ is a causal factor for adverse human 
health effects (e.g., see Lippmann and Thurston, 1996) and that, among the commonly measured 
particulate matter (PM) indices, SO4

= is the best surrogate metric for H+.  
 
A large number of epidemiologic studies have been conducted showing that elevated levels of 
several air pollutants, including acid aerosols, sulfur and nitrogen oxides, and particulate sulfates 
are correlated with an increased prevalence of pulmonary disease (U.S. EPA, 1989; OEHHA 
2000).  Elevated sulfate levels (1.6 ppb or 6.6 μg/m3) have been associated with statistically 
significant decrements in FVC and FEV1 in a cohort of Canadian children (Stern et al., 1989).  
Further analysis of these data led Bates and Sitzo (1989) to conclude that H2SO4 was the most 
likely cause for the pulmonary changes observed.  Similarly, Ostro et al. (1989) reported a 
statistical association between asthma-related symptoms reported by 209 asthmatics and sulfate 
and acidity levels in ambient air in Denver.  Delfino et al. (1997) found that ambient H+ was 
associated with emergency room visits by children for respiratory symptoms in a study in 
Montreal.  Additionally, Damokosh et al. (1993) in a follow-up analysis of the 6-City study 
suggested associations between average H+ concentration and chronic bronchitic symptoms.  
The relative odds of bronchitic symptoms with the highest acid concentration (58 nmoles/m3 
H+)_ versus the lowest concentration (16 nmoles/m3) was 2.4 (95% CI:1.9 to 3.2).  Furthermore 
in a study of children in 24 U.S. and Canadian communities (Dockery et al., 1996) in which the 
analysis was adjusted for the effects of gender, age, parental asthma, parental education, and 
parental allergies, bronchitic symptoms were confirmed to be significantly associated with  
strongly acidic PM (OR= 1.66; 95% CI 1.11-2.48).  It was also found that FVC and FEV1 were 
lower in locales with high particle acidity (Raizenne et al., 1996). Gwynn et al. (2000) reported 
an association between both H+ and sulfate particles and respiratory hospital admissions and 
mortality in Buffalo, NY.  Acidic sulfates may act to increase the toxicity of particles by 
enhancing the availability of metals present in the particles to generate reactive oxygen species in 
the respiratory epithelium.  This may account for some of the effects seen in these 
epidemiological studies and makes it difficult to use these studies as a basis for a Reference 
Exposure Level for sulfuric acid. The relationship between the effect levels observed in these 

Appendix D3 552 Sulfuric acid 



Determination of Noncancer Chronic Reference Exposure Levels  December 2001 

studies and the proposed REL is discussed in the section below on the potential for differential 
impacts on children's health. 
 
The occupational standard for sulfuric acid is based on a study in human subjects by Amdur et 
al. (1952).  In their study, 22 healthy male subjects were exposed to 0, 0.35, 0.4, 0.5, 1, 2, or 5 
mg/m3 for 5-15 minutes.  The odor, taste, and irritation threshold was 1 mg/m3.  Since the basis 
for this standard is an acute exposure, it is not useful in determining a chronic non-cancer REL 
for sulfuric acid.  A review of chronic human exposures to sulfuric acid and resulting 
carcinogenicity outcomes can be found in IARC (1992).  However, none of the studies in that 
review examined non-cancer endpoints. 
 
Sulfuric acid and oleum (supersaturated anhydrous sulfuric acid with varying concentrations of 
free sulfur trioxide) are absorbed as salts of sulfate anion (SO4

2-), and are excreted as organic 
sulfates, neutral sulfur, or neutral sulfur compounds such as sulfur-containing amino acids.  The 
low systemic toxicity of these metabolites is likely of secondary importance to the irritation 
caused by the inhaled acid. 
 
V. Effects of Animal Exposures 
 
An exposure of 9 cynomolgus monkeys per group to H2SO4 concentrations of 0, 0.38, 0.48, 2.43, 
and 4.79 mg/m3 continuously for 78 weeks resulted in dose-dependent adverse histological 
changes in lung and bronchiolar epithelial and parenchymal tissue in addition to a dose-
dependent decrease in blood oxygenation (Alarie et al., 1973).  In the animals exposed to 
0.38 mg/m3, significant bronchiolar epithelial hyperplasia was observed in 5 of 9 animals; 
thickening of the bronchiolar walls was observed in 3 of 9 animals.  A slight focal bronchial 
epithelial hyperplasia was present in 4 of the 9 animals.  One animal died after 4 weeks exposure 
to 0.38 mg/m3.  Although signs of pulmonary edema and cardiac hypertrophy were found, the 
cause of death was not determined.   

 
Respiratory system effects of H2SO4 exposure in monkeys (Alarie et al., 1973) 

 
 
H2SO4 
(g/m3) 

Particle
size 
MMD 

Bronchiolar epithelial 
hyperplasia 
Incidence – severity 

Thickening of walls of 
respiratory bronchioles  
Incidence – severity 

Increase in thickness of 
alveolar walls  
Incidence – severity 

0  0/9 0/9 0/9 
0.38 2.15 5/8 – slight 3/8 - slight 0/8 
0.48 0.54 0/8 0/8 0/8 
2.43 3.60 8/8 – moderate 8/8 – moderate 8/8 – moderate 
4.79 0.73 8/8 – moderate to severe 8/8 – moderate to severe 0/8 
 
Alarie et al. (1973) also exposed groups of 50 guinea pigs of each sex to 0, 0.08, or 0.1 mg/m3 
H2SO4 continuously for 52 weeks.  The group exposed to 0.1 mg/m3 also received larger sized 
particulates than the 0.08 mg/m3 group (2.78 μm vs. 0.84 μm, respectively).  No exposure related 
effects were observed in the animals exposed to 0.08 mg/m3, whereas exposure of 0.1 mg/m3 
resulted in decreased body weights in the female guinea pigs.  No other histological changes in 
any organs were observed at the end of the 52-week study. 
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Rabbits (4 per group) were exposed to 250 μg/m3 H2SO4 1 hour/day, 5 days/week for 4, 8, or 12 
months.  They showed significantly increased bronchoconstriction upon acetylcholine challenge 
after 8 and 12 months exposure, compared with a control group of 4 animals that received no 
H2SO4 (Gearhart and Schlesinger, 1986, 1988).  Mucociliary clearance was also impaired by 
H2SO4 exposure and did not improve 3 months after cessation of exposure.  A decline in 
dynamic lung compliance was observed after 12 months exposure.  There was no evidence of 
inflammatory cell infiltration in the lungs of the exposed animals. 
 
In guinea pigs, significantly slower and irregular breathing patterns were noted when the animals 
had inhaled albumin followed by 30 minute exposures to H2SO4 at 1.91 mg/m3 twice per week 
for 5 weeks (Kitabatake et al., 1979).  Similarly, when guinea pigs were exposed to 2.49 mg 
H2SO4/m3 for 4 hours/day, 6 days/week for 4 weeks, in vitro lung histamine release was 
significantly enhanced following heterogeneous albumin inhalation, compared to control animals 
unexposed to albumin (Fujisawa et al., 1986; Iguchi et al., 1986).  In guinea pigs, sulfuric acid 
caused significantly greater lung function changes when adsorbed on the surface of zinc oxide 
particles as compared with pure sulfuric acid (Amdur and Chen, 1989).  An exposure to 
24 µg/m3 sulfuric acid, layered on zinc oxide, produced significant reductions in lung function 
when followed by a brief exposure to 0.15 ppm ozone (Chen et al., 1991). 
 
A chronic exposure of beagle dogs to an average concentration of 889 μg/m3 H2SO4 for 21 
hours/day over a 620 day period resulted in increased expiratory resistance, reduced carbon 
monoxide diffusing capacity, reduced total and residual lung volume, and decreased lung and 
heart weights (Lewis et al., 1973). 
 
In apparent contrast to the above studies, rats and guinea pigs exposed to H2SO4 at 10 mg/m3 for 
6 hours/day, 5 days/week for 6 months exhibited no adverse histologic changes in lung tissue.  
Lung function measurements were not reported in this study (Cavender et al., 1978). 
 
Mice inhaled sulfuric acid mist at a concentration of 1.4 mg/m3 in combination with a carbon 
particle mixture (1.5 mg/m3) for 3 hours/day, 5 days/week for up to 20 weeks.  The exposure 
resulted in significant alterations in specific antibody titer (decreased IgG, Ig2a, IgM; increased 
IgG2b), depression of primary splenic antibody response, and decreased resistance to respiratory 
infection as measured by mortality and survival time compared to controls (Fenters et al., 1979). 
 
There are no reliable studies indicating that sulfuric acid is a developmental or reproductive 
toxicant.  In the absence of massive overexposure leading to maternal acidemia, H2SO4 will be 
neutralized in the maternal circulation and is unlikely to reach the fetus.  
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VI. Derivation of Chronic Reference Exposure Level 
 

Study Alarie et al., 1973 
Study population Cynomolgus monkeys (5 males and 4 females per 

group or vice versa) 
Exposure method Continuous inhalation exposures (0, 380, 480, 

2400, or 4800 μg/m3) for 78 weeks 
Critical effects Significantly increased bronchial epithelial 

hyperplasia and bronchial thickening 
LOAEL 380 μg/m3

NOAEL Not observed 
Exposure continuity The exposure was continuous during the 

experiment. 
Exposure duration 78 weeks 
Average experimental exposure 380 μg/m3 for the LOAEL group 
Human equivalent concentration 380 μg/m3  
LOAEL uncertainty factor 3 (slight effects) 
Subchronic uncertainty factor 3 
Interspecies uncertainty factor 3 (non-human primate) 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 300 
Reference exposure level 1 μg/m3

 
The study by Alarie et al. (1973) identified a LOAEL for chronic exposure to sulfuric acid of 
380 μg/m3.  The principal uncertainties of this study are the small sample size of the test groups 
and the absence of an observed NOAEL.  A lower chronic LOAEL for bronchial reactivity is 
presented by Gearhart and Schlesinger (1986, 1988) for rabbits (250 μg/m3).  This study was not 
selected as the basis of the REL because Gearhart and Schlesinger used only a single 
concentration of sulfuric acid, exposed the animals only for 1 hour per day for 5 days/week, used 
only 4 animals per group, and measured effects over the course of up to 12 months.  The 
predominant weakness in the rabbit study, however, was the extreme discontinuity of the 
exposures (1 hour/day, 5 days/week), which would have necessitated use of a very large 
continuity adjustment.  For these reasons, in addition to obvious physiological and genetic 
similarity arguments, the study in monkeys by Alarie et al. (1973) was felt to be more 
appropriate as the basis for the chronic REL for sulfuric acid.  Alarie et al. (1975) determined a 
NOAEL for sulfuric acid in monkeys of 0.1 mg/m3.  However, other particulate matter (fly ash) 
was also present during the exposure.  The Alarie et al. (1973) report provides data from 
exposure to sulfuric acid alone.  
 
A free-standing NOAEL for histological changes in 100 guinea pigs exposed continuously for 1 
year to 0.08 mg/m3 was reported by Alarie et al. (1973).  Guinea pigs respond to high 
concentrations of sulfuric acid by occasional laryngeal spasms that appear similar to a human 
asthmatic attack (Silbaugh et al., 1981; Amdur and Chen, 1989).  As a result, guinea pigs are 
thought to be sensitive models for the acute effects of sulfuric acid.  For chronic effects of 
sulfuric acid on the lung, monkeys are likely a suitable model due to their physiological and 
structural similarites to humans.   
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For comparison, a chronic REL based on the guinea pig free-standing NOAEL of 0.08 mg/m3 in 
animals exposed continuously for one year (Alarie et al., 1973) would be 0.8 μg/m3. 
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The major strength of the study on sulfuric acid is the use of health effects observations from 
continuous long-term exposures to a primate.  The major weaknesses are the lack of adequate 
human health effects data and the lack of a NOAEL observation. 
 
 
VIII. Potential for Differential Impacts on Children's Health 
 
There are no reliable studies indicating that sulfuric acid is a developmental or reproductive 
toxicant.  Children are likely to be at greater risk from long-term exposures because their bodies 
are growing, and their developmental processes, especially in the lung, may well be impacted by 
air pollution exposures.  Elevated sulfate levels (1.6 ppb or 6.6 μg/m3) have been associated with 
statistically significant decrements in FVC and FEV1 in a cohort of Canadian children (Stern et 
al., 1989).  The chronic REL for sulfuric acid of 1 μg/m3 is below the level associated with those 
decrements in pulmonary function.  However, in a study of moderately to severe asthmatic 
children (ages 7-13) (Thurston et al., 1997), a sensitive subpopulation for sulfate effects, 
approximately 1 μg/m3 was the lowest level of ambient sulfate measured.  The mean daily 
morning to afternoon peak airflow change, the use of beta-agonist medication, and the number of 
chest symptoms versus sulfate concentration in these children extrapolated linearly down to 1 
μg/m3.  Thurston et al. (1997) also examined earlier data from Ontario (Burnett et al., 1994) on 
respiratory admissions to hospitals, and concluded that the sulfate threshold of effects, if it exists, 
lies below 5 μg/m3, perhaps at about 2 μg/m3.  It should be noted that the sulfate and hydrogen 
ion effects are difficult to disentangle from each other and from the effcts of other PM 
constituents.  The chronic REL of 1 μg/m3 appears to have a relatively low margin of safety with 
respect to the epidemiological studies, but these observations are consistent with the proposed 
REL of 1 μg/m3 since asthmatic children appear to be the critically sensitive human population 
for exposure to sulfuric acid (or sulfate). 
 
 
IX. References 
 
Alarie Y, Busey WM, Krumm AA, Ulrich CE, and Va V. 1973. Long-term continuous exposure 
to sulfuric acid mist in cynomolgus monkeys and guinea pigs. Arch. Environ. Health 27:16-24. 
 
Alarie YC, Krumm AA, Busey WM, Urich CE, and Kantz RJ. 1975. Long-term exposure to 
sulfur dioxide, sulfuric acid mist, fly ash, and their mixtures. Results of studies in monkeys and 
guinea pigs. Arch. Environ. Health 30(5):254-262. 
 
Amdur MO, and Chen LC. 1989. Furnace-generated acid aerosols: Speciation and pulmonary 
effects. Environ. Health Perspect. 79:147-150. 

Appendix D3 556 Sulfuric acid 



Determination of Noncancer Chronic Reference Exposure Levels  December 2001 

 
Amdur MO, Silverman L, and Drunker P. 1952. Inhalation of sulfuric acid mist by human 
subjects. Arch. Ind. Hyg. Occup. Med. 6:305-313. 
 
Bates DV, and Sitzo R. 1989. The Ontario air pollution study: Identification of the causative 
agent. Environ. Health Perspect. 79:69-72. 
 
Burnett RT, Dales RE, Raizenne ME, Krewski D, Summers PW, Roberts GR, Raad-Young M, 
Dann T, and Brook J. 1994.  Effects of low ambient levels of ozone and sulfates on the 
frequency of respiratory admissions to Ontario hospitals.  Environ Res 65:172-194. 
 
CARB. 1997. California Air Resources Board. Toxic Air Contaminant Identification List 
Summaries.  
 
CARB. 2000. California Air Resources Board. California Emissions Inventory Development and 
Reporting System (CEIDARS). Data from Data Base Year 1998. February 12, 2000. 
 
CRC. 1994. CRC Handbook of Chemistry and Physics, 75th edition. Lide DR, ed. Boca Raton, 
FL: CRC Press Inc. 
 
Cavender FL, Singh B, and Cockrell BY. 1978. The effects in rats and guinea pigs from six 
months exposures to sulfuric acid mist, ozone, and their combination. J. Environ. Pathol. 
Toxicol. 2:485-492. 
 
Chen LC, Miller PD, Lam HF, Guty J, and Amdur MO. 1991. Sulfuric acid-layered ultrafine 
particles potentiate ozone-induced airway injury. J. Toxicol. Environ. Health 34:337-352. 
 
Damokosh AI, Spengler JD, Dockery DW, Ware JH, and Speizer FE. 1993. Effects of acidic 
particles on respiratory symptoms in 7 US communities. Am Rev Respir Dis 147:A632. 
 
Delfino RJ, Murphy-Moulton AM, Burnett RT, Brook JR, and Becklake MR. 1997. Effects of air 
pollution on emergency room visits for respiratory illnesses in Montreal, Quebec.  Am J Respir 
Crit Care Med 155:568-576. 
 
Dockery DW, Cunningham J, Damokosh AI, Neas LM, Spengler JD, Koutrakis P, Ware JH, and 
Speizer FE 1993. Health effects of acid aerosols on North American children: respiratory 
symptoms. Environ Health Perspect 104:500-505. 
 
El-Saddik YM, Osman HA, and El-Gazzar RM. 1972. Exposure to sulfuric acid in 
manufacturing of storage batteries. J. Occup. Med. 14:224-226. 
 
Fenters JD, Bradof JN, Aranyi C, Ketels K, Ehrlich R, and Gardner DE. 1979. Health effects of 
long-term inhalation of sulfuric acid mist-carbon particle mixtures. Environ. Res. 19:244-257. 
 
Fujisawa T, Iguchi K, and Uchida Y. 1986. Effects of exposure to sulfuric acid mist on the 
induction of experimental asthma in guinea pigs. Japan J. Allergol. 35(2):137-144. 

Appendix D3 557 Sulfuric acid 



Determination of Noncancer Chronic Reference Exposure Levels  December 2001 

 
Gamble J, Jones W, Hancock J, and Meckstroth R. 1984. Epidemiologic environmental study of 
lead acid battery workers. III. Chronic effects of sulfuric acid on the respiratory system and teeth. 
Environ. Res. 35:30-52. 
 
Gearhart JM, and Schlesinger RB. 1986. Sulfuric acid-induced airway hyperresponsiveness. 
Fundam. Appl. Toxicol. 7:681-689. 
 
Gearhart JM, and Schlesinger RB. 1988. Response of the tracheobronchial mucociliary clearance 
system to repeated irritant exposure: effect of sulfuric acid mist on function and structure. Exp. 
Lung Res. 14:587-605. 
 
Gwynn RC, Burnett RT, and Thurston GD. 2000. A time-series analysis of acidic particulate 
matter and daily mortality and morbidity in the Buffalo, New York region.  Environ Health 
Perspect. 108:125-133. 
 
HSDB. 1995. Hazardous Substances Data Bank. National Library of Medicine, Bethesda, MD 
(TOMES® CD-ROM Version). Denver, CO: Micromedex, Inc. (Edition expires 7/31/96). 

IARC. 1992. International Agency for Research on Cancer. IARC Monographs on the 
Evaluation of Carcinogenic Risks to Humans. Vol. 54. Occupational Exposure to Mists and 
Vapours from Strong Inorganic Acids and other Industrial Chemicals. Lyon, France: IARC, pp. 
41-130 
 
Iguchi K, Fujisawa T, and Uchida Y. 1986. Effects of exposure to sulfuric acid mist on the 
induction of experimental asthma in guinea pigs. Japan J. Allergol. 35(6):402-408. 
 
Kitabatake M, Imai M, Kasama K, Kobayashi I, Tomita Y, and Yoshida K. 1979. Effects of air 
pollutants on the experimental induction of asthma attacks in guinea pigs: Sulfuric acid mist and 
mixture of the mist and sulfur dioxide. Mie Med. J. 29(1):29-37. 
 
Lewis TR, Moorman WJ, Ludmann WF, and Campbell KI. 1973. Toxicity of long-term exposure 
to oxides of sulfur. Arch. Environ. Health 26:16-21. 
 
Lippman M, Gearhart JM, Schlesinger RB. 1987. Basis for a particle size-selective TLV for 
sulfuric acid aerosols.  Appl Ind Hyg 2:188-199. 
 
Lippmann M, Thurston GD. 1996. Sulfate concentrations as an indicator of ambient particulate 
matter air pollution for health risk evaluations. J. Expo. Anal. Environ. Epidemiol. 6(2):123-146. 
 
OEHHA. 2000. Office of Environmental Health Hazard Assessment. Staff report. Adequacy of 
California Ambient Air Quality Standards: Senate Bill No. 25 - Children's Environmental Health 
Protection. 
 
Ostro B, Lipsett M, Wiener M, and Selner JC. 1989. A panel study of the effect of acid aerosols 
on asthmatics. J. Air Waste Management Assoc. 89-94.1:1-15. 
 

Appendix D3 558 Sulfuric acid 



Determination of Noncancer Chronic Reference Exposure Levels  December 2001 

Raizenne M, Neas LM, Damokosh AI, Dockery DW, Spengler JD, Koutrakis P, Ware JH, and 
Speizer FE. 1996. Health effects of acid aerosols on North American children: pulmonary 
function.  Environ Health Perspect 104: 506-514. 
 
Schlesinger RB, Chen LC, Finkelstein I, and Zelikoff JT. 1990. Comparative potency of inhaled 
acidic sulfates: speciation and the role of hydrogenion. Environ Res 52:210-224. 
 
Silbaugh SA, Mauderly JL, Macken CA. 1981. Effects of sulfuric acid and nitrogen dioxide on 
airway responsiveness of the guinea pig. J. Toxicol. Environ. Health 8(1-2):31-45.  
 
Stern B, Jones L, Raizenne M, Burnett R, Meranger JC, Franklin CA. 1989. Respiratory health 
effects associated with ambient sulfates and ozone in two rural Canadian communities. Environ. 
Res. 49(1):20-39.  
 
Thurston GD, Lippmann M, Scott MB, Fine JM. 1997. Summertime haze air pollution and 
children with asthma. Am. J. Respir. Crit. Care Med. 155(2):654-660. 
 
U.S. EPA. 1989. U.S.Environmental Protection Agency. An Acid Aerosols Issue Paper: Health 
Effects and Aerometrics. EPA/600/8-88/00SF. OHEA/ORD. Research Triangle Park, NC: U.S. 
EPA. 
 
Utell MJ, Morrow PE, Speers DM, Darling J, Hyde RW. 1983. Airway responses to sulfate and 
sulfuric acid aerosols in asthmatics: an exposure-response relationship. Am Rev Resp Dis 
128:444-450. 
 

Appendix D3 559 Sulfuric acid 



Determination of Noncancer Chronic Reference Exposure Levels April 2000  

CHRONIC TOXICITY SUMMARY  
 

TOLUENE 
 

(Methyl benzene; methyl benzol; phenyl methane; toluol) 
 

CAS Registry Number:  108-88-3 
 
I. Chronic Toxicity Summary 

 
Inhalation reference exposure level 300 µg/m3 (70 ppb)  

 
Critical effect(s) Neurotoxic effects  (decreased brain [subcortical 

limbic area] weight, altered dopamine receptor 
binding). 

Hazard index target(s) Nervous system; respiratory system; teratogenicity 
 
 
II. Physical and Chemical Properties (HSDB (1999) except as noted) 
 

Description Colorless liquid 
Molecular formula C7H8
Molecular weight 92.13 g/mol 
Density 0.8661 g/cm3 @ 20°C 
Boiling point 110.6 ° C (CRC, 1994) 
Melting point −94.9° C (CRC, 1994) 
Vapor pressure 28.1 torr @ 25°C (U.S. EPA, 1984) 
Solubility miscible in most organic solvents 
Conversion factor 1 ppm = 3.76 mg/m3 @ 25°C 

 
 
III. Major Uses or Sources 
 
Toluene occurs naturally as a component of crude oil and is produced in petroleum refining and 
coke oven operations; toluene is a major aromatic constituent of gasoline (HSDB, 1999).  It is 
used in household aerosols, nail polish, paints and paint thinners, lacquers, rust inhibitor, 
adhesives and solvent based cleaning agents.  Toluene is also utilized in printing operations, 
leather tanning and chemical processes.  Benzene and other polycyclic aromatic hydrocarbons 
are common contaminants of toluene.  Toluene is considered a sentinel chemical for benzene in 
the context of air and water sample monitoring.  In 1996, the latest year tabulated, the statewide 
mean outdoor monitored concentration of toluene was approximately 2.2 ppb.  For 1998, annual 
statewide industrial emissions of toluene from facilities reporting under the requirements of the 
Air Toxics Hot Spots Act in California were estimated to be 5,176,626 pounds (CARB, 1999).  
Note that this estimate is for stationary sources, and does not include emissions from mobile 
sources. 
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IV. Effects of Human Exposures 
 
Neurological Effects 
Most studies reporting adverse effects due to chronic toluene exposures involve either toluene-
containing solvent abuse or occupational exposure to toluene.  Solvent abusers are generally 
exposed to higher levels of toluene than are workers.  A continuum of neurotoxic effects ranging 
from frank brain damage to degraded performance on psychometric tests which roughly track 
exposure levels has been observed. 
 
Solvent abusers 
Chronic toluene abuse has been shown to cause permanent changes in brain structure (loss of 
grey and white matter differentiation; cerebral, cerebellar and brainstem atrophy) which 
correlated with brain dysfunction as measured by magnetic resonance imaging (MRI) and 
brainstem auditory evoked response (BAER) evaluations (Caldemeyer et al., 1996; Filley et al., 
1990; Ikeda and Tsukagoshi, 1990; Rosenberg et al., 1988a; Rosenberg et al., 1988b; 
Yamanouchi et al., 1995; reviewed by Agency for Toxic Substances and Disease Registry 
(ATSDR), 1999). 
 
Eleven chronic solvent (spray lacquer; ≈ 60% toluene, 10% dichloromethane) abusers were 
examined using MRI and BAER tests (Rosenberg et al., 1988b). Neurological abnormalities 
were seen in four of 11 subjects and included brainstem, cerebellar, cognitive and pyramidal 
findings.  Brain MRIs were abnormal in three of 11 subjects and indicated the occurrence of 
diffuse cerebral, cerebellar, and brainstem atrophy and loss of differentiation between the gray 
and white matter throughout the CNS.  BAERs were abnormal in five of 11 individuals.  All 
three individuals with abnormal MRI scans also had abnormal neurological examinations and 
BAERs.  However, two of five individuals with abnormal BAERs had normal neurological 
examinations and MRI scans.  The authors suggested that BAERs may detect early CNS injury 
from toluene inhalation, even at a time when neurological examination and MRI scans are 
normal. 
  
Two subjects of a group of 22 hospitalized solvent abusers (primarily abusing toluene-based 
solvents) demonstrated decreases in intelligence quotient (IQ) as measured by the comparison of 
tests administered before the commencement of solvent abuse with tests administered during 
hospitalization for long-term solvent abuse (Byrne et al., 1991). 
 
Filley et al. (1990) studied 14 chronic toluene abusers using MRI and neuropsychological 
evaluations.  The neuropsychological testing indicated that three patients functioned normally, 
three were in a borderline range, and eight were impaired.  Independent analyses of white matter 
changes on MRI demonstrated that the degree of white matter abnormality was strongly 
correlated (p < 0.01) with neuropsychological impairment.  The authors concluded that dementia 
in toluene abuse appears to be related to the severity of cerebral white matter involvement. 
 
Six chronic toluene abusers were examined using MRI by Caldemeyer et al. (1996).  All patients 
examined demonstrated white matter atrophy and T2 hyperintensity (T2: “Spin-spin” relaxation 
time; a time constant that reflects the rate at which protons stop rotating in phase with each other 
because of the local magnetic fields of adjacent nuclei; OTA, 1984), and five of six demonstrated 
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T2 hypointensity of the basal ganglia and thalami.  The authors noted a correlation between the 
severity of white matter degeneration and degree of neurological dysfunction.  However, there 
was no correlation between the severity of imaged white matter changes and the presence of T2 
hypointensity or duration of toluene abuse.  Additionally, no definite clinical evidence of damage 
to the basal ganglia and thalami was found despite the MR imaging finding of T2 hypointensity.. 
 
Ungar et al. (1994) developed a physical bilayered model of dipalmitoylphosphatidylcholine 
(DPPC) and toluene, and subjected DPPC control and toluene-mixed bilayers to MRI.  T1 (T1: 
“Spin-lattice” relaxation time; a time constant that reflects the rate at which excited protons 
exchange energy with the surrounding environment; OTA, 1984) and T2 were measured as a 
function of toluene and lipid concentrations.   Measurements of the DPPC-toluene model 
indicated that toluene-containing lipid bilayers substantially shortened T2 and had little effect on 
T1.  By comparison, DPPC alone had little effect on either T1 or T2.  The authors believe that 
these results suggest that partitioning of toluene into the lipid membranes of cells in cerebral 
tissue may be responsible for the hypointensity of basal ganglia noted on T2-weighted MR 
images of brains of toluene abusers. 
 
Occupational exposure 
Solvent workers exposed to 42.8 ppm toluene (estimated as a time-weighted average) for an 
average duration of 6.8 years reported a significantly greater incidence of sore throat, dizziness 
and headache than controls; the sore throat and headache incidence demonstrated a rough dose-
response (Yin et al., 1987). 
 
Orbaek and Nise (1989) examined the neurological effects of toluene on 30 rotogravure printers, 
33-61 years of age (mean 50), employed at two Swedish printing shops for 4-43 years (median 
29) in 1985.  Mean exposure levels at the two printing shops were 43 and 157 mg/m3 of toluene, 
respectively; however, before 1980 the exposure levels had exceeded 300 mg/m3 in both shops.  
The authors noted that rotogravure printing provides an occupational setting with practically pure 
toluene exposure.  Comparisons were made to a reference group of 72 men aged 27-69 (mean 
47).  The alcohol consumption of both the workers and referents was also determined (< 200 
g/week or > 200 g/week).  Neurological function in the workers and referents was evaluated 
using interviews and psychometric testing; the results from each of the two printing shops were 
pooled.   The printers reported statistically significantly higher occurrences of fatigue (60%), 
recent short-term memory problems (60%), concentration difficulties (40%), mood lability 
(27%), and other neurasthenic symptoms.  The printers also scored significantly worse than 
referents in a number of psychometric tests, including synonym, Benton revised visual retention 
and digit symbol tests, even after adjustment for age.   For all comparisons, tests of interaction 
between the effects of toluene exposure and alcohol consumption were not statistically 
significant. 
 
A battery of neurobehavioral tests was performed in 30 female workers exposed to toluene 
vapors in an electronic assembly plant (Foo et al., 1990).  The average number of years worked 
was 5.7 ± 3.2 for the exposed group and 2.5 ± 2.7 years for the controls.  Study subjects did not 
smoke tobacco or drink alcohol, were not taking any medications, and had no prior history of 
central or peripheral nervous system illness or psychiatric disorders.  The exposed group of 
workers inhaled a time-weighted average (TWA) of 88 ppm (330 mg/m3) toluene while the 
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control workers inhaled 13 ppm (49 mg/m3).  A significant decrease in neurobehavioral 
performance was observed in the exposed workers in 6 out of 8 tests.  Irritant effects were not 
examined, and concurrent exposures to other chemicals were not addressed.  In this study, 88 
ppm was considered a LOAEL for central nervous system effects.  However, the workers 
designated by the authors to be controls did not comprise a true control group, since they were 
exposed to 13 ppm toluene.  This may have resulted in an underestimation of the effects of 
exposure to 88 ppm toluene.  Similar effects were noted in a follow-up study by Boey et al. 
(1997). 
 
Abbate et al. (1993) evaluated alterations induced in the auditory nervous system by exposure to 
toluene in a group of rotogravure workers.  A sample of 40 workers of normal hearing ability 
was selected from a group of 300 workers who were apparently in good health but were 
professionally exposed to toluene (12 – 14 years exposure, 97 ppm average exposure, exposure 
assessment not described).  They were subjected to an adaptation test utilizing a BAER 
technique with 11 and 90 stimulus repetitions a second. The results were compared with an age 
and sex-matched control group not professionally exposed to solvents.  A statistically significant 
alteration in the BAER results was noted in the toluene-exposed workers with both 11 and 90 
stimuli repetitions.  The authors suggested that these results can be explained as a toluene-
induced effect on physiologic stimulus conduction mechanisms, even in the absence of any 
clinical sign of neuropathy.  Furthermore, this effect could be observed in the responses of the 
entire auditory system, from peripheral receptors to brainstem nuclei. 
 
A group of 49 printing-press workers occupationally exposed to toluene for approximately 21.6 
years was studied by Vrca et al. (1997).  Toluene exposure levels were determined from blood 
toluene and urinary hippuric acid levels, and were estimated to range from  40-60 ppm.  No 
control group was used.  Brain evoked auditory potential (BEAP; similar to BAER) and visual 
evoked potential (VEP) measurements were performed on a Monday morning after a 
nonworking weekend.  There was a significant increase in the latencies of all the BEAP waves 
examined, except for P2 waves, as well as in the interpeak latency (IPL) P3-P4, while IPL P4-P5 
decreased significantly with the length of exposure. No correlation was noted between the 
amplitude of BEAP waves and the length of exposure.  The amplitude but not the latency of all 
the VEPs examined decreased significantly with the length of exposure. 
  
The effects of acute and chronic toluene exposure on color vision were studied in a group of 
eight rotogravure printing workers (Muttray et al., 1999).  The workers had been employed as 
printers for an average of 9.8 years.  The color vision acuity of the workers before and after an 
acute toluene exposure (28 – 41 minutes in duration, concentration 1115 – 1358 mg/m3) was 
evaluated using the Farnsworth panel D-15 test, the Lanthony desaturated panel D-15 test, and 
the Standard Pseudoisochromatic Plates part 2.  A control group of 8 unexposed workers was 
also tested.  Acute toluene exposure had no effect on color vision.  Print worker performance 
prior to acute toluene exposure (chronic effects) was similar to controls on the Farnsworth panel 
D-15 and Standard Pseudoisochromatic Plates part 2 tests.  Print worker performance on the 
Lanthony desaturated panel D-15 test was worse than that of controls (median scores of 1.18 and 
1.05 for exposed and controls (higher number indicates degraded performance), respectively,  
but not significantly (p = 0.06).  The authors noted that the small number of subjects limited the 
statistical power of the study. 
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Zavalic et al. (1998) examined the effects of chronic occupational toluene exposure on color 
vision using a group of 45 exposed workers (mean toluene exposure concentration = 120 ppm) 
and 53 controls.  Color vision was evaluated using the Lanthony desaturated panel D-15 test; test 
scores were age and alcohol consumption-adjusted.  Color vision was significantly impaired in 
toluene-exposed workers (p < 0.0001) compared to controls.  It was also observed that there was 
no significant difference between test scores on Monday morning (prework) and Wednesday 
morning.  The authors stated that the effect of toluene on color vision can be chronic and that the 
possible recovery period is longer than 64 hours. 
 
Hepatic Effects 
 
Greenburg et al. (1942) reported liver enlargement in 32 of 106 (30.2%) painters employed in an 
aircraft factory compared to 7% in a control group.  However, there was some exposure to other 
solvents (ethanol, ethyl acetate, butyl acetate) and paint ingredients such as zinc chromate. 
 
Liver toxicity has been reported in toluene solvent abusers (Fornazzari et al., 1983).  Eight of 24 
solvent abusers demonstrated abnormal results in three liver function tests; however, the tests 
used were not specified.  The test parameters returned to normal after two weeks of toluene 
abstinence, suggesting that any liver damage caused by toluene abuse in those patients was not 
long lasting. 
 
A cross-sectional study by Boewer et al. (1988) showed no significant correlation between 
toluene exposure and the levels of serum enzymes (serum aspartate aminotransferase (ASAT), 
alanine aminotransferase (ALAT), γ-glutamyltransferase (GGT)) considered to be indicators of 
hepatic damage.  In another  cross-sectional study of 289 printing workers exposed to less than 
200 ppm for 8 hours/day, 8 workers had significantly elevated serum enzymes (ALT/AST ratio, 
mean = 1.61) potentially indicative of liver damage.  In each case, liver biopsy indicated a mild 
pericentral fatty change (Guzelian et al., 1988).  However, the mean toluene exposure 
concentration was not reported (only an upper bound), and no control group was included in the 
study. 
 
V. Effects of Animal Exposures 
 
Neurotoxic Effects 
Sprague-Dawley rats (15/sex/group) were exposed to 0, 100, or 1481 ppm toluene for 6 
hours/day, 5 days/week for 26 weeks (API, 1981).  Neurohistopathological examinations were 
conducted in 3-5 rats/sex/group at weeks 9, 18, and 27.  No significant treatment-related effects 
were reported. The study usefulness was limited because there were no other 
neurohistopathological examinations or organ weight measurements conducted on the animals. 
 
Forkman et al. (1991) studied the potential neurotoxicity of toluene inhalation exposure (3700 
mg/m3 (1000 ppm), 21 hours/day, 5 days/week for 4 weeks) in male Sprague-Dawley rats.  The 
rats were either trained in behavior meant to be performance tested and then exposed to toluene, 
or exposed and then trained.  The rats were then subjected to several behavioral tests, including 
an operant test with baseline performance and extinction, motor coordination, and exploratory 
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activity.  All tests were performed from 11 to 35 days after the end of the exposure.  Exposure of 
trained rats to toluene resulted in a significantly different overall test performance when 
compared to controls.  Rats trained after toluene exposure also had test performances different 
from controls, but the difference was not statistically significant.  
 
Rats exposed to toluene concentrations of 1000 ppm or 100 ppm, 6 h/day, 5 days/week, for 3 or 
6 months, respectively, demonstrated statistically significant decreased motor function as 
measured by degraded performance (approximately 60% and 65% of control at 1000 and 100 
ppm toluene, respectively) on a rotarod performance test and decreases in spontaneous motor 
activity (approximately 62% of control at 100 ppm toluene) (Korsak et al., 1992). 
 
von Euler et al. (1993) studied the effects of subchronic toluene inhalation exposure (80 ppm, 4 
weeks, 5 days/week, 6 hours/day) on spatial learning and memory, dopamine-mediated 
locomotor activity and dopamine D2 agonist binding in rats.  Spatial learning (postexposure days 
3-6) and memory (postexposure day 14) were tested using a water maze. Spontaneous and 
apomorphine-induced locomotor activity was evaluated on postexposure day 17.   Effects on 
binding parameters of the dopamine D2 agonist S(-)[N-propyl- 3H(N)]-propylnorapomorphine 
([H]NPA) were determined using membrane preparations of the neostriatum of the rat brain.  
Toluene exposure caused a statistically significant impairment in spatial learning and memory.  
Toluene also significantly increased apomorphine-induced locomotion and motility but not 
rearing.  Spontaneous locomotion, motility and rearing were not affected by toluene.  Toluene 
exposure significantly increased the BBmax and KD values for [ H]NPA binding.  These results 
indicate that subchronic toluene exposure of rats to toluene causes persistent deficits in spatial 
learning and memory, a persistent increase in dopamine-mediated locomotor activity and an 
increase in the number of dopamine D

3

2 receptors in the neostriatum. 
 
Male rat exposure to toluene (0, 40, 80, 160 or 320 ppm, 4 weeks, 6 hours/day, 5 days/week) , 
followed by a postexposure period of 29-40 days, resulted in decreased brain wet weights of the 
caudate-putamen (trend test for dose-response significant at p < 0.05) and subcortical limbic 
areas (trend test for dose-response significant at p < 0.01; significantly less than controls (p < 
0.001) at concentrations of 80 ppm and higher) (Hillefors-Berglund et al., 1995).  Toluene 
exposure also significantly altered dopamine receptor activity (trend test for dose-response) as 
indicated by decreased IC50 (inhibition constant) (significantly less than controls (p < 0.05) at 80 
ppm), KH (inhibition constant for high-affinity receptor sites), KL (inhibition constant for low-
affinity receptor sites), and RH% (high-affinity receptor site specific binding) values for 
dopamine competitive inhibition of [3H]raclopride-binding in the caudate-putamen.  Toluene 
exposure did not significantly affect the wet weights of the whole brain, serum prolactin levels, 
the KD (disassociation constant) or the BBmax (maximal specific binding) values of [ H]raclopride-
binding in the caudate-putamen and the subcortical limbic area, or the effect of dopamine on IC

3

50 
values at [ H]raclopride-binding sites in the subcortical limbic area. Exposure to xylene or 
styrene (80 and 40 ppm, respectively; 4 weeks, 6 h/day, 5 days/week) followed by a 
postexposure period of 26-32 days had no effect on the parameters described above.  The authors 
concluded that long-term exposure to low concentrations of toluene (≥ 80 ppm), but not xylene 
(80 ppm) or styrene (40 ppm), leads to persistent increases in the affinity of dopamine D

3

2 agonist 
binding in the rat caudate-putamen.  The authors also suggested that the enhancement of 
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apomorphine-induced locomotor activity seen after toluene exposure by von Euler et al. (1993) 
may be related to the increased D2 agonist activity described above (IC50, KH, KL values). 
 
Respiratory Effects 
A study of the chronic effects of toluene in rats (5-20 animals per group) exposed for 106 weeks 
to 0, 30, 100, or 300 ppm (0, 113, 375, or 1125 mg/m3) toluene showed no treatment-related 
effects on histopathology of major organs, including the nasal turbinates (CIIT, 1980).  In this 
study, the nasal histopathology examination sampling may have been inadequate to demonstrate 
the nasal lesions reported by the NTP (1990). 
 
Rats (20 per group) exposed for 2 years to 0, 600, or 1200 ppm (0, 2261, or 4523 mg/m3) toluene 
6.5 hours/day, 5 days/week for 103 weeks were examined for hematological and 
histopathological effects in addition to gross observations of toxicity (NTP, 1990).  Significant 
erosion of the olfactory epithelium was observed in male rats while degeneration of the 
respiratory and nasal epithelium was observed in both sexes at 600 ppm. 
 
Mice were exposed chronically to 0, 120, 600, or 1200 ppm (0, 452, 2261, or 4523 mg/m3) 
toluene 6.5 hours/day, 5 days/week, for 2 years (NTP, 1990).  The only treatment-related effect 
was a significant increase in the number of animals with hyperplasia of the bronchial epithelium 
in the 1200 ppm exposure group. 
 
Reproductive and Developmental Toxicity 
Reproductive toxicity to maternal rats was observed during exposure to 1500 ppm toluene, 24 
hours/day on days 9 to 14 of gestation (Hudak and Ungvary, 1978).  Two dams out of 19 died 
during exposure.  Fetuses from the 1500 ppm group showed increased incidence of sternebral 
alterations, extra ribs and missing tails.  The same exposure on days 1 through 8 of gestation 
resulted in 5 deaths out of 14 dams.  Fetuses in this regimen showed increased incidence of 
hydrocephaly and growth retardation compared to controls.  A third regimen that exposed 
maternal rats to 1000 ppm on days 1 through 21 of gestation resulted in no maternal deaths or 
toxicity, and an increase in the incidence of skeletal variations in the fetuses.  When exposed to 
1500 ppm continuously, maternal mice died within 24 hours of exposure whereas exposure to 
500 ppm had no apparent effect.  Examination of the fetal mice showed significant growth 
retardation in the 500 ppm group.  
 
A 2-generation study of the effects of 0, 100, 500, or 2000 ppm (0, 377, 1885, or 7538 mg/m3) 
toluene in rats (males, 10-40 per group; females, 20-80 per group) was done by the American 
Petroleum Institute (API)(1985). Rats were exposed for 6 hours/day, 7 days/week for 80 days 
and a 15 day mating period.  The mated females were then exposed to the same concentrations 
during days 1-20 of gestation and days 5-20 of lactation.  After weaning, the F1 pups were 
exposed 80 times to the appropriate exposure level and then randomly mated to members of the 
same exposure group.  The F1 generation showed significantly decreased body weight which 
persisted throughout lactation. No effects were observed on histopathology.  No data were 
presented for the F2 generation. 
 
Da Silva et al. (1990) exposed rats and hamsters to 0 or 800 mg/m3 toluene for 6 hours/day on 
gestation days 14-20 (rats), or days 6-11 (hamsters).  Exposed rats demonstrated a significant 

Appendix D3 566 Toluene 



Determination of Noncancer Chronic Reference Exposure Levels April 2000  

exposure-related decrease in birth weight compared with controls.  In addition to low birth 
weight, the number of live pups was significantly lower in the 800 ppm group.  No deficits in 
any parameter were noted in the hamsters. In this study, no neurobehavioral effects were noted in 
the offspring. 
 
Hass et al. (1999) exposed rats to 0 or 1200 ppm toluene for 6 h per day from day 7 of pregnancy 
until day 18 postnatally. Developmental and neurobehavioral effects in the offspring were 
investigated using a test battery including assessment of functions similar to those in the 
proposed Organization for Economic Cooperation and Development (OECD) Testing Guidelines 
for Developmental Neurotoxicity Study (physical development, reflex development, motor 
function, motor activity, sensory function, and learning and memory).  The exposure did not 
cause maternal toxicity or decreased offspring viability.  However, lower birth weight, delayed 
development of reflexes, and increased motor activity in the open field was noted in the exposed 
offspring.  The exposed female offspring had poorer scores on a Morris water maze test (they 
took longer to locate a hidden platform after platform relocation) at the age of 3.5 months 
indicating impaired cognitive function.  The difference was not related to impaired swimming 
capabilities since swim speeds were similar to control values. The authors stated that exposure to 
1200 ppm toluene during brain development caused long-lasting developmental neurotoxicity in 
rats. 
 
Toluene has been listed under Proposition 65 as being known to the State of California to cause 
reproductive toxicity (OEHHA, 1999).  Its NSRL is 7,000 micrograms per day. 
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VI. Derivation of Chronic Reference Exposure Level (REL) 
 
Study Hillefors-Berglund et al. (1995); supported by Orbaek 

and Nise (1989), Foo et al. (1990) 
Study population  Male Sprague-Dawley rats 
Exposure method Inhalation 
Critical effects Decreased brain (subcortical limbic area) weight,  

  altered dopamine receptor (caudate-putamen) binding 
LOAEL 80 ppm 
NOAEL 40 ppm 
Exposure continuity 6 hours/day, 5 days/week 
Exposure duration 4 weeks, followed by 29-40 days recovery 
Average experimental exposure 7 ppm (40 × 6/24 hours × 5/7 days) 
Human equivalent concentration 7 ppm (gas with systemic effects, based on RGDR = 

1.0 using default assumption that λa = λh
Subchronic uncertainty factor 10 
Interspecies uncertainty factor 1 (see below) 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 100 
Inhalation reference exposure level 0.07 ppm (70 ppb; 0.3 mg/m3; 300 µg/m3) 

 
 
Supportive human study Foo et al., 1990 
Study population  30 female workers in an electronic assembly plant 
Exposure method Occupational inhalation 
Critical effects Neurobehavioral deficits in 6 out of 8 tests 
LOAEL 88 ppm 
NOAEL Not observed 
Exposure continuity 10 m3/day occupational inhalation rate,  

5 days/week 
Average occupational exposure 31.4 ppm (88 ppm x 10/20 x 5/7) 
Exposure duration 5.7 + 3.2 years (exposed group);  

2.5 + 2.7 years (controls) 
LOAEL uncertainty factor 10 
Subchronic uncertainty factor 3 
Interspecies uncertainty factor 1 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 300 
Inhalation reference exposure level 0.1 ppm (100 ppb; 0.4 mg/m3; 400 μg/m3) 

 
 
The critical animal study (Hillefors-Berglund et al., 1995) used to derive an REL for toluene 
describes adverse neurological effects in rats after a well characterized inhalation exposure to 
toluene.  The study results contain both a LOAEL and a NOAEL.  Decreased brain (subcortical 
limbic area) weight and altered dopamine receptor binding compared to controls were noted at 
the NOAEL, but the changes were not statistically significant; this suggests that if a threshold for 
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adverse neurological effects exists in this study, it would be at or below the observed NOAEL.  
The study LOAEL for altered dopamine receptor binding agrees qualitatively with results from 
similar studies (von Euler et al., 1994).  Additionally, toluene-induced neurotoxicity has been 
described in many studies by a variety of endpoints in both animals and humans (ATSDR, 1999).  
The adverse neurotoxic effects associated with toluene exposure in the rat study by Hillefors-
Berglund et al. (1995), decreased brain (subcortical limbic area) weight and altered dopamine 
receptor binding, occur in areas of the rat brain that are structurally and functionally similar to 
brain areas (basal ganglia, thalami) of some human toluene abusers that demonstrate MRI 
alterations (T2 hypointensity).  The altered MRI parameters may be the result of the partitioning 
of toluene into the lipid membranes of brain cells (Ungar et al., 1994).  Table 1 lists several 
Reference Exposure Levels (RELs) calculated from the most sensitive animal and human 
neurotoxicity studies available.  These RELs are also protective for other adverse endpoints, such 
as respiratory tract damage and teratogenicity. 
 
Table 1:  Reference Exposure Levels (RELs) from Selected Neurotoxicity Studies 
Study Duration Effect LOAEL LOAEL NOAEL NOAEL total REL REL 

  (ppm) (ppm) (ppm) (ppm) UFa (ppb) (µg/m3)
   (TWA)  (TWA)    

VonEuler et 
al. (1988) 

4 weeks rat: altered brain dopamine 
receptor binding 

80 14.3   1000 14 54 

Orbaek and 
Niseb (1989) 

29 years human: impairment on  
neuropsychometric tests 

11.2 - 41 4 - 14.6   100 40 - 
146 

150 - 
551 

Foo (1990) 5.7 years human: neurobehavioral 
tests 

88 31.4   300 105 394 

Korsak (1992) 6 months rat: impaired motor 
function 

100 17.9   100 179 671 

Hillefors-
Berglund 
(1995) 

4 weeks rat: decreased brain 
(subcortical limbic area) 
weight; altered brain 
dopamine receptor binding

80 14.3 40 7.1 100 71 271 

LOAEL: Lowest Observable Effect Level; NOAEL: No Observable Effect Level 
REL: Reference Exposure Levels; TWA: time-weighted average 
 
a: Uncertainty Factors used to derive RELs 

VonEuler et al. (1988) LOAEL to NOAEL UF = 10, subchronic to chronic UF = 10, animal to human UF = 
1, intraspecies variability = 10; total UF = 1000. 

Orbaek and Nise (1989) LOAEL to NOAEL UF = 10, intraspecies variability = 10; total UF = 100 
Foo et al. (1990) LOAEL to NOAEL UF = 10, subchronic to chronic UF = 3, intraspecies variability 

= 10; total UF = 300 
Korsak et al. (1992) LOAEL to NOAEL UF = 10, animal to human UF = 1, intraspecies variability = 10; 

total UF = 100. 
Hillefors-Berglund et al. 
(1995) 

subchronic to chronic UF = 10, animal to human UF = 1, intraspecies variability = 
10; total UF = 100. 

b: Pooled psychometric data from two printing plants with different toluene concentrations (11.2 and 41 ppm) were 
used to determine significant neurotoxic effects by Orbaek and Nise (1989).  The range of RELs derived from that 
study lists the upper and lower bounds for risk associated with the pooled population exposures.  ATSDR (1999) 
used the Orbaek and Nise (1989) study data, assuming an exposure concentration of 11.2 ppm, to derive a chronic 
inhalation minimal risk level (MRL). 
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If both human and animal adverse effect data on a chemical are available, OEHHA prefers to use 
the human data to develop a REL when possible.  However, the study by Hillefors-Berglund et 
al. (1995) provides data (decreased brain [subcortical limbic area] weight and altered brain 
dopamine receptor binding) which are specific and sensitive measures of neurotoxicity that 
would not be obtainable in human studies.  In contrast, the psychometric tests used to generate 
the neurotoxicity data in the human occupational exposure studies described above tend to be 
less sensitive and suffer from greater measurement uncertainty.  Additionally, the Hillefors-
Berglund et al. (1995) study has better exposure characterization than the human occupational 
exposure studies.  Nonetheless, the human studies are useful in supporting the derivation of the 
REL for toluene.  Ordinarily, an interspecies uncertainty factor of 3 would be applied, in addition 
to the human equivalent concentration calculation, to reflect the uncertainty associated with 
extrapolating from animals to humans.  However, in this case the uncertainty in the interspecies 
extrapolation is reduced by the availability of human epidemiological data with generally 
consistent effect levels, after appropriate duration corrections.  Based on comparison of the data 
in both animals and humans, it appears that a REL of 271 µg/m3 (rounded to 300 µg/m3 in the 
final derivation) would protect exposed humans from experiencing chronic neurotoxic effects. 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The major strength of the REL for toluene is the use of an animal study with accurate exposure 
characterization and both LOAEL and NOAEL observations for an effect (neurotoxicity), 
supported by observations from other animal and human studies.  A weakness is the uncertainty 
in predicting human health risk from animal adverse effect data.  However, this is mitigated by 
the availability of human data showing effect levels that are, after appropriate corrections, 
broadly consistent with the animal data. 
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CHRONIC TOXICITY SUMMARY 
 

2,4- and 2,6-TOLUENE DIISOCYANATE 
 

(2,4- and 2,6-TDI; 2,4- and 2,6-diisocyanato-1-methylbenzene; 2,4- and 2,6-diisocyanatoluene) 
 

CAS Registry Number: 584-84-9 or 26471-62-5 (mixture) 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 0.07 µg/m3 (0.01 ppb) 
Critical effect(s) Decreased lung function in occupationally 

exposed workers 
Hazard index target(s) Respiratory system 

 
 
II. Chemical Property Summary (HSDB, 1995; CRC, 1994) 
 

Description Colorless to pale yellow liquid 
Molecular formula C9H6N2O2
Molecular weight 174.15 g/mol 
Boiling point 2,4-TDI: 251°C 
Melting point 2,4-TDI: 20.5°C 

2,6-TDI: 18.3°C 
Vapor pressure 2,4-TDI: 0.008 torr @ 20°C 
Solubility Miscible with ether, acetone, benzene, carbon 

tetrachloride, chlorobenzene, diglycol 
monomethyl ether, kerosene, olive oil, alcohol; 
soluble in ethyl acetate 

Conversion factor 7.1 µg/m3 per ppb at 25ºC 
 
 
III. Major Uses and Sources 
 
Commercial toluene diisocyanate is comprised of approximately 80% 2,4-TDI and 20% 2,6-TDI.  
TDI is used in the manufacture of polyurethane foams, elastomers, and coatings (HSDB, 1995; 
Howard, 1989).  It is also used in the manufacture of floor and wood finishes, lacquers, foam 
plastics, polyurethane foam coated fabrics, and insulation materials (HSDB, 1995; Howard, 
1989; Duncan et al., 1962).  Emissions of TDI to the atmosphere can occur during production, 
handling, and processing of polyurethane foam (Howard, 1989) and coatings.  The annual 
statewide industrial emissions from facilities reporting under the Air Toxics Hot Spots Act in 
California based on the most recent inventory were estimated to be 13,223 pounds of toluene 
diisocyanates, 35,663 pounds of toluene-2,4-diisocyanate, and 754 pounds of toluene-2,6-
diisocyanate (CARB, 1999). 
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IV. Effects of Human Exposures 
 
Diem et al. (1982) conducted a prospective study beginning in 1973 of 277 male workers 
involved in the production of TDI.  The study examined pulmonary function, with nine 
examinations conducted over a five year period.  A large group of workers (168) with no 
previously reported TDI exposure was examined 6 months prior to TDI production in the plant to 
provide baseline pulmonary function measurements.  Personal sampling by continuous tape 
monitors provided exposure levels, but was not used until 2 years after the study was initiated.  
Sampling information resulted in a division of the workers into two groups: those exposed to 
levels below 68.2 ppb-months (which reflects the level of exposure of a worker for the entire 5 
year duration in the low-exposure area (geometric mean = 1.1 ppb)) and those above this level.  
The arithmetic mean exposure level for the non-smokers was 1.9 ppb TDI in the high-exposure 
group and 0.9 ppb TDI in the low-exposure group (calculated by Hughes, 1993).  The higher 
exposure group was further limited to those individuals who showed a normal FEV1 to height 
ratio.  Data were analyzed by the maximum likelihood weighted regression approach (Diem and 
Liukkonen, 1988).  Both FEV1 and forced expiratory flow (25-75%) [FEF (25-75%)] among 
workers who never smoked were found to be significantly reduced in the high-exposure group  
(n = 21) compared to the low-exposure group (n = 35).  Categorizing workers based on time 
spent at exposure levels above 20 ppb demonstrated a significant difference in FEV1 and 
FEF(25-75%) and this effect was also observed among current smokers.  Among low-exposure 
workers, a smoking effect was observed, with smokers showing a significant decline in FEV1. 
 
A similar longitudinal study of lung function was conducted among workers exposed to TDI 
during the course of polyurethane foam production (Jones et al., 1992).  Participants (181 males 
and 46 females) were required to have 3 or more spirometric examinations over the 5 year study 
period.  Exposure of males was evaluated by personal monitors and resulted in arithmetic mean 
low exposure levels of 0.3, 0.4, and 0.4 ppb TDI for never-smokers, ex-smokers, and current 
smokers, respectively.  Among workers with high-level exposure, mean TDI levels were 
reported to be 1.3, 1.2, and 1.2 ppb for never-, ex-, and current smokers, respectively.  Stepwise 
multiple linear regression methods (excluding asthmatics) were used in evaluating the data 
(Diem and Liukkonen, 1988).  No relationship between TDI exposure and change in lung 
function was observed, although the prevalence of chronic bronchitis was significantly 
associated with exposure. 
 
A longitudinal study of 780 workers exposed to TDI in the production of polyurethane foam was 
also conducted (Bugler et al., 1991; unpublished).  Exposure levels were established using 
continuous-tape personal monitoring devices.  The mean exposure level was 1.2 ± 1.1 (SD) ppb 
TDI among 521 workers and 0.3 ± 0.18 ppb TDI in the control group.  Another control group 
who handled cold urethane products had an 8 hour time-weighted average exposure of 0.6 ppb 
TDI.  No significant longitudinal changes in FEV1 were found after regression analysis, although 
FEV1 decline was high among the control group.  Exposure levels among the different groups 
were close, limiting the power of the study to detect changes.  Approximately 3% of the 780 
workers showed signs of TDI sensitization and, of these, over 80% were in the group exposed to 
1.2 ppb. 
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Meta-analysis of the three data sets (Jones et al., 1992; Bugler et al., 1991; Diem et al., 1982) 
showed that the difference in significance among the findings of each of the studies could have 
been due to chance.  The change in the probability density for the decline in FEV1 shifted in the 
same direction for all data sets and the smoker/non-smoker slope difference became less 
meaningful with the data set combination (Hasselblad, 1993). 
 
Another toxicological area of concern with exposure to TDI is the development of sensitization, 
resulting in a well-documented condition known as “isocyanate asthma” of either immediate or 
delayed-type onset (Moscato et al., 1991).  The level of exposure required to either develop or 
trigger a sensitization reaction is not well documented, however.  Weaknesses of studies showing 
pulmonary effects of TDI exposure include use of area sampling vs. breathing-zone 
measurement of exposure, poor statement of criteria for evaluating hypersensitivity, and the 
presence of other compounds in the environment which may influence lung function. 
 
 
V. Effects of Animal Exposures 
 
Mice were exposed to TDI concentrations ranging from 0.007 to 1.18 ppm for 3 hours/day for 5 
days consecutively (Sangha and Alarie, 1979); decreased respiratory rate was observed in groups 
exposed to levels higher than 0.023 ppm TDI.  Groups of four mice were also exposed to 0.031 
and 0.250 ppm TDI for 3 hours/day for 3 days.  Lesions of the external nares and respiratory 
epithelium were observed in the high dose group. 
 
Female guinea pigs were exposed to 0.12, 0.36, 0.61, 0.96, and 10.00 ppm TDI (head-only) for 3 
hours/day for 5 consecutive days (short protocol) or to 0.02 ppm TDI (whole body) plus controls 
for 6 hours/day, 5 days/week for 70 days (long protocol).  The animals showed decreased 
respiration rate two hours into exposure at levels above 0.12 ppm TDI and had a cytophilic 
antibody response at 0.96 ppm and above (Karol, 1983).  All animals exposed to 10 ppm died.  
Dermal sensitivity was evident among animals in the short protocol down to 0.12 ppm TDI.  No 
antibody response or dermal sensitivity developed in the animals exposed to 0.02 ppm TDI in the 
long protocol. 
 
Similarly, guinea pigs (8 females) were exposed head only to 1.40 ppm TDI for 3 hours/day for 4 
days (no control group).  In a second exposure regimen, animals (n = 24) were exposed to 0.02 
ppm TDI for 6 hours/day, 4 days/week for 70 days (whole body) including a control group  
(n = 8) exposed to room air in a similar manner (Wong et al., 1985).  Half the animals (4/8) 
exposed to 1.40 ppm TDI showed pulmonary hypersensitivity (measured on days 37 and 38) and 
all developed TDI-specific IgE antibodies, whereas none of the animals in the 0.02 ppm TDI 
group showed either of these effects.  Histopathological effects in the 1.40 ppm TDI group 
included interstitial inflammation, pleural thickening, and peripheral lymphoid hyperplasia.  
Interstitial inflammation was noted in 2/24 animals exposed to 0.02 ppm TDI.  
 
SD rats and CD-1 mice were exposed to 0.05 or 0.15 ppm TDI for 6 hours/day, 5 days/week for 
2 years (Loeser, 1983; nasal histopathology reported by Owen, 1984).  Among female rats at 
both dose levels and male rats at the high dose level, histopathological effects observed included 
necrotic rhinitis, metaplasia, and inflammation of the respiratory epithelium.  Female animals 
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showed dose-dependent increases in incidence and severity of this effect.  Similar lesions were 
reported in mice, although they were not well characterized. 
 
Reproductive toxicity of TDI was evaluated in a two-generation study conducted in rats (Tyl and 
Neeper-Bradley, 1989).  Weanling rats (28/sex/dose) were exposed to 0, 0.020, 0.079, and 0.290 
ppm TDI for 6 hours/day, 5 days/week, for 10 weeks, at which time the animals were randomly 
mated.  Exposure of the females continued through gestation (excepting gestational day 20 
through the fourth day postpartum), and exposure of the males continued only until the delivery 
of the F1 generation.  Weanlings in the F1 generation were exposed in a manner similar to the 
parental (P0 ) generation and bred after weaning to produce the F2 generation.  Body weights 
were significantly reduced among animals of both sexes in the highest dose group and weight 
gain was reduced among males in the highest dose group.  Effects on the respiratory system in 
the P0 generation animals included rhinitis of the epithelium in the two highest dose groups of 
both male and female animals.  Hyperplasia of the respiratory epithelium was also increased in 
the high dose groups of both sexes among P0 animals.  Among males in the F1 generation, the 
incidence of rhinitis was significantly increased at all exposure levels and the incidence of 
submucosal lymphoid infiltrates of the larynx and trachea was increased in the highest dose 
group.  F2 generation animals showed reduced pup weight and weight gain during the lactation 
period in the two highest dose groups. 
 
Developmental toxicity of TDI was evaluated by exposing pregnant Sprague-Dawley rats 
(25/group) for 6 hours/day on gestational days 6-15 to 0, 0.021, 0.120, or 0.48 ppm TDI (Tyl, 
1988).  Reduced maternal body weight, decreased food consumption, and rales occurred among 
the dams in the 0.48 ppm TDI dose group.  A significant fetal effect, a statistically significant 
increase in a specific skeletal malformation, was reported in the highest dose group. 
 
 
VI. Derivation of the Chronic Reference Exposure Level 
 

Study Diem et al., 1982 
Study population Human TDI production workers (n = 168) 
Exposure method Occupational inhalation exposure 
Critical effects Decreased lung function 
LOAEL 0.014 mg/m3 (1.9 ppb) 
NOAEL 0.006 mg/m3 (0.9 ppb) (non-smokers) 
Exposure continuity 8 h/day (10 m3/day occupational exposure), 5 d/wk 
Exposure duration 5 years 
Average occupational  exposure 0.002 mg/m3 for NOAEL group 

(0.006 x 10/20 x 5/7) 
Human equivalent concentration 0.002 mg/m3 for NOAEL group 
LOAEL uncertainty factor 1 
Subchronic uncertainty factor 3 
Interspecies uncertainty factor 1 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 30 
Inhalation reference exposure level 0.00007 mg/m3 (0.07 µg/m3; 0.01 ppb) 
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The chronic REL is equivalent to the U.S. EPA RfC.  OEHHA agreed with the U.S. EPA 
analysis and the selection of Diem et al. (1982) as the most appropriate study to use for the REL.  
The rationale for selection of this study is as follows.  This study presented evidence of a decline 
in lung function, as indicated by decrements in FEV1, among workers involved in TDI 
production.  Other factors supporting its quality include:  

(1) the absence of other confounding compounds in the work environment,  
(2) the establishment of baseline lung function prior to exposure to TDI,  
(3) a “parallel internal comparison” of study groups for lung function,  
(4) an appropriate statistical analysis which took into account interindividual variability,  
(5) breathing zone measurement of TDI (although commenced 2 years into the study), and  
(6) a smoking effect on lung function.   

 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The major strengths of the chronic REL for TDI are the use of human exposure data from 
workers exposed over a period of years and the observation of a NOAEL.  The major 
weaknesses are the uncertainty in estimating exposure, the potential variability in exposure 
concentration, and the limited nature of the study that focused on lung effects. 
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CHRONIC TOXICITY SUMMARY 
 

TRICHLOROETHYLENE 
 

(trichloroethylene; 1,1-2-trichloroethylene, 1,1-dichloro-2-chloroethylene, acetylene trichloride, 
and ethylene trichloride) ) 

 
CAS Registry Number:  79-01-6 

 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 600 µg/m3 (100 ppb) 
Critical effect(s) Neurotoxicological effects (drowsiness, fatigue, 

headache) and eye irritation in workers. 
Hazard index target(s) Nervous system;  eyes 

 
 
II. Physical and Chemical Properties (Fan, 1988; CRC, 1994) 
 

Description Colorless liquid/vapor; sweetish, chloroform-like
  odor 

Molecular formula C2HCl3
Molecular weight 131.4 
Density 1.47 g/cm3 @ 20°C  
Boiling point 87.2 °C 
Melting point −84.7°C 
Vapor pressure 77 torr @ 25°C 
Vapor density 4.5 (air = 1) 
Solubility Soluble in alcohol, ethers, petroleum distillates  

  and other halogenated solvents 
Conversion factor 1 ppm = 5.37 mg/m3 @ 25° C 

 
 
III. Major Uses or Sources 
 
Trichloroethylene was once used as an extractant in food processing and has been used as an 
anesthetic and analgesic for medical purposes (Waters et al. 1977).  Currently, it is widely used 
as a solvent in the industrial degreasing of metals, with secondary solvent uses in adhesive paint 
and polyvinyl chloride production (U.S. EPA, 1985).  Trichloroethylene is used as a solvent in 
the textile industry, as a solvent for adhesives and lubricants, and as a low-temperature heat 
transfer fluid (IARC, 1979).  Trichloroethylene is also implemented in the manufacturing of 
pesticides and other chemicals (Feldman, 1979).  In 1996, the latest year tabulated, the statewide 
mean outdoor monitored concentration of trichloroethylene was approximately 0.035 ppb 
(CARB, 1999a).  The annual statewide emissions from facilities reporting under the Air Toxics 
Hot Spots Act in California based on the most recent inventory were estimated to be 176,908 
pounds (CARB, 1999b) 
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IV. Effects of Human Exposure  
 
An occupational study of trichloroethylene (TCE) vapor emissions in a pump room was 
conducted by Vandervort and Polnkoff (1973).  Workers were an average age of 40 and had been 
employed for an average of 8 years.  For 11-day shift workers, individual 8 hour time weighted 
average (TWA) TCE exposure concentrations were extrapolated from two area samples; these 
averages ranged from 170-420 mg/m3 (32-78 ppm).  Nineteen workers (including the 11 workers 
whose work areas were sampled) completed a questionnaire and reported the following 
symptoms: 73% eye irritation, 70% drowsiness, 58% heart palpitations, 58% cough, 53% 
weakness and 52% dizziness.  About half of the 19 exposed workers reported that consumption 
of small amounts of alcohol outside of work resulted in changes of skin color and severe 
intoxication.  One worker of the 19 reported no adverse effects from the occupational exposure.  
Nine control workers experienced none of the above symptoms.  Urine samples from the 19 
exposed and 9 unexposed workers were collected before and after the work shift and examined 
for the TCE metabolites trichloroacetic acid (TCA) and trichloroethanol (TRI).  TRI levels 
ranged from 4-260 mg/l and TCA levels ranged from 4-197 mg/l.  Results of the urine assays 
showed a range of TCE metabolite concentrations and, therefore, confirmed that the workers 
were exposed to a variety of concentrations in their environments. 
 
Nomiyama et al. (1977) examined 36 trichloroethylene workers, of which 9 males and 12 
females were occupationally exposed to a constant concentration of trichloroethylene (TCE) and 
18 males were exposed to variable concentrations (duration of exposure unspecified).  The 
control group consisted of 6 males and 10 females who were of similar educational, sociologic 
and economic status to the trichloroethylene workers.  Researchers used urinary excretion of 
TCE metabolites as an indicator of the level of TCE exposure in the working environment; total 
excreted trichloro-compounds of 100 mg in 4 hours corresponded to 100 ppm TCE present in the 
working environment (Bardodej, 1958; Medek, 1958).  Of the 36 exposed workers, 5 were 
exposed to 0-25 ppm; 14 were exposed to 25-50 ppm; 6 were exposed to 50-100 ppm; 8 were 
exposed to 100-150 ppm; and 3 were exposed to 150-200 ppm TCE.  In the low exposure group, 
workers experienced mucous membrane irritation in the eyes, nose and throat, in addition to 
drowsiness, fatigue and headache.  These symptoms were persistent through the higher 
concentration exposures with an increase in eye irritation, headache, fatigue, and nasal 
obstruction above 100 ppm TCE.  Increases in rhinorrhea and drowsiness were seen above 50 
ppm TCE exposure. 
 
Kimmerle and Eben (1973) exposed 4 human subjects (3 males and 1 female) to a subacute 
regimen of 48 + 3 ppm trichloroethylene (TCE) for 4 hours a day over a period of 5 days.  Levels 
of TCE and the metabolites trichlororethanol (TRI) and trichloroacetic acid (TCA) were 
determined.  Trichloroethanol-blood levels were elevated immediately after exposure, and 
detection of trichloroethanol occurred up to 7 days after the last exposure.  TCE-blood 
concentration increased slightly over the 5 days.  Levels of urinary excreted trichloroethanol, as 
well as the TCA-concentration, increased throughout the study, with the female showing a 
significantly higher excretion of TCA.  Levels of TCA were detected up to 12 days after the final 
exposure. 
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Okawa and Bodner (1973) studied the occupational exposure of 24 electrical plant workers to 
trichloroethylene (TCE).  The plant worker group consisted of 22 males and 2 females ranging in 
age from 21-52 years old.  Environmental samples of TCE were collected over three days and 
yielded varying concentrations of TCE related to the task performed in certain areas (duration of 
exposure unspecified).  Spray booth operators were exposed to an average of 25.3 ppm TCE (13-
40 ppm range) in addition to averages of 15.2 ppm n-propyl acetate (NPA) and 6 ppm toluene 
(TOL).  Workers involved in washing board units were exposed to an average value of 39 ppm 
(6-82 ppm range) TCE.  Although the workers wore respiratory protection during the washing 
procedure, the overall average of airborne TCE in this area was 48.3 ppm.  In the testing area of 
the plant, researchers report that the amounts of toluene and n-propyl acetate were insignificant.  
Here, TCE levels were an average of 24.4 ppm (range = 8-44 ppm).  The solder machine 
operators were exposed to an average of 44.0 ppm TCE (range = 23-87 ppm) with no NPA or 
TOL present.  During the cleaning of the soldering machines, TCE levels rose to an average of 
70.5 ppm (range = 30-106 ppm).  Concentrations were only at these elevated levels for 20-30 
minutes a day.  Researchers note that although other agents were used in the work area, TCE was 
the only chemical found in significant amounts throughout the work area and that the levels of 
NPA and TOL were insignificant.  An analysis of urinary TCE metabolites indicated that the 
workers were exposed to a time weighted average concentration of <50 ppm TCE.  Three of the 
24 workers reported that they were unaffected by their working conditions, but the most 
prominent complaints consisted of 70.8% workers experiencing nausea, 54.2% headache, 33.3% 
dizziness, 25.0% fatigue, 25% nose and throat irritation, and 20.8% eye irritation.  Workers 
reported that these symptoms were alleviated hours after leaving the work environment.  
Researchers collected 8 hour urine samples from 20 of the workers and from 9 controls and 
analyzed them for TCE metabolites.  Results of urinary analysis showed that the controls had 
exposure to an unspecified amount of TCE.  TCA levels in exposed workers were elevated from 
that of the controls and correlated to the different exposures in specific work areas. 
 
Phoon et al. (1984) reported on 5 cases of Stevens-Johnson syndrome (erythema multiforme 
major) with liver involvement which followed exposure to TCE.  In two cases, reactions to the 
exposure began with a fever followed by an itchy rash on the face spreading over the body.  
Lesions were observed on the face, arms and in the mouth.  Liver function tests were abnormal.  
One of the two developed jaundice with hepatomegaly.  Case #3 developed a similar reaction 
after 5 weeks of exposure to 216-912 mg/m3 TCE (40-170 ppm) as did case #5 after two weeks 
of exposure to 370 mg/m3 TCE (69 ppm).  Case #4 involved a 39 year old man exposed to  
<50 mg/m3 TCE (< 9.3 ppm) for three weeks who developed the characteristic rash, lesions and 
jaundice with slight hepatomegaly.  Upon returning to work over the next three weeks, he 
developed generalized erythrodermia and facial oedema, hepatosplenomegaly and liver failure 
with septicemia from which he died 14 days later. 
 
Stewart et al. (1974) studied the effects of subacute trichloroethylene (TCE) exposure in 
combination with alcohol consumption.  Seven men exposed to 200 ppm TCE ingested 1 quart of 
beer or 90 ml of 100-proof vodka and developed red blotches on their faces 30-40 minutes later.  
These lesions enlarged with time until they reached a peak intensity, whereupon they faded.  One 
subject experienced facial flush with the consumption of alcohol for three weeks after the last 
TCE exposure, while another showed flushing six weeks after the last exposure. 
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V. Effects of Animal Exposure 
 
Kjellstrand et al. (1983) studied the effects of both intermittent and continuous exposures of 
various concentrations of trichloroethylene on male and female mice over a period of 30 days.  
The concentrations used range from 37-3600 ppm, and 7 of the 14 groups were continuously or 
intermittently exposed to lower concentrations of 37, 75, 150, 225 and 300 ppm TCE.  
Continuous exposure studies were conducted over a period of 30 days for exposure groups of 37, 
75, 150 and 300 ppm TCE.  All groups consisted of 10 males and 10 females (except the 37 ppm 
group, consisting of 20 males and 20 females) and were compared to identical groups of air-
exposed controls.  Liver weights increased in a non-linear fashion as the concentration level of 
TCE increased.  All groups exhibited statistically significant increases in liver weights as 
compared to the controls.  In both the 37 and the 75 ppm groups, the increase in females was less 
than in males.  No increase in spleen weight was detected at either the 37 or 75 ppm exposure 
level.  At the 37 ppm level, a slight increase in plasma butyrylcholinesterase (BuChE) activity 
(not statistically significant) was also detected.  A significant increase in kidney weight was seen 
in the male 75 ppm group and was more pronounced with increasing concentration.  Male mice 
in the 75 ppm group also showed statistically significant increases in BuChE activity.  In the 150 
ppm group, male and female liver weight increases were statistically significant and of equal 
magnitude.  A statistically significant increase was seen in the BuChE activity of the 150 ppm 
male mice.  It was not until female mice were exposed to 300 ppm, that they showed slight 
increase in BuChE activity, while the males increased 3.5 times the controls.  Liver weight 
increases for the 300 ppm group were close to the maximum with females showing greater 
increase than the males.  Ten male and 10 female mice were continuously exposed to 150 ppm 
TCE for 30 days, but then allowed a 120 day rehabilitation period.  Following rehabilitation, 
liver weights returned to levels comparable to the controls.  The elevated BuChE activity 
returned to a normal level.  No significant effects were seen after the period of rehabilitation.  A 
continuous study was performed on 10 male and 10 female mice for 120 days at an exposure 
level of 150 ppm TCE.  No further increase in liver weight occurred beyond the level reached in 
the 30 day study.  Body weight gain was slightly decreased, and the same level of BuChE 
activity was seen as in the 30 day exposure.  The intermittent study consisted of 30 days 
exposure to 225 ppm TCE for 16 hours a day, 7 days a week.  A significant increase was seen in 
the BuChE activity of male mice, while females did not exhibit an increase in BuChE activity.  
Both males and females showed statistically significant increases in liver weight.  Kidney weight 
increased in the same manner as in the continuous exposures.  The authors noted that 
“extrapolation of the concentration-effect curve suggests that both liver weight and BuChE 
activities are influenced at still lower concentration.” 
 
Briving et al. (1986) examined neurotoxicity as a result of chronic trichloroethylene (TCE) 
inhalation exposure.  Two groups of gerbils (6 in each group) were exposed to 50 or 150 ppm 
TCE for a period of 12 months.  Two equivalent groups were used as controls.  Two areas of the 
brain were specifically observed, the hippocampus and the posterior part of the cerebellar 
vermis.  These discrete brain areas were previously shown to be sensitive towards chlorinated 
aliphatic solvents (Haglid et al., 1981).  Following exposure, gerbils were decapitated and 
measurements were made of total free tissue amino acids as well as high-affinity uptake and 
release of 3H-aminobutyric acid (GABA) and 14C-glutamate.  A significant increase in 
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glutathione was seen in the hippocampus of the 150 ppm gerbils, but amino acid levels were not 
significantly affected.  In the posterior part of the cerebellar vermis, glutamate and GABA 
accumulation levels increased in a dose-dependent manner, with significant increases seen at 
both 50 and 150 ppm TCE.  Evaluation of the hippocampus revealed no significant changes.  The 
authors suggest that the stimulation of transport functions for GABA and glutamate may be 
triggered by the presence of the TCE metabolite, trichloroethanol.  Therefore, the levels of 
GABA and glutamate are indicative of the amount of trichloroethanol from TCE in the brain. 
 
Kligerman et al. (1994) exposed 20 male CD rats to 0, 5, 50, or 500 ppm trichloroethylene 
(TCE) for 6 hours a day, over a period of 4 days.  Groups at each concentration consisted of 5 
rats.  One of the cytogenetic effects measured was peripheral blood lymphocytes (PBLs), 
abnormal with regard to sister chromatid exchanges.  Also analyzed, were the cell cycle, bone 
marrow micronuclei in polychromatic erythrocytes (MN-PCEs/1000) and micronuclei in 
cytochalasin B-blocked binucleated cells (MN-BN/1000).  The 5 ppm and 500 ppm exposure 
groups showed a decrease (not statistically significant) in cell cycle.  In addition, the 50 ppm 
group exhibited a statistically significant decrease in cell cycle.  For all concentrations, there was 
an overall increase in the PCE percentage.  The number of PCEs with micronuclei also rose with 
the increasing concentrations of 50 ppm and 500 ppm TCE (not statistically significant due to 
high control values).  The researchers conclude that the resulting increase of MN in exposed rats 
is indicative of aneuploidy induction as opposed to chromosomal breakage, and that the lack of 
chromosome aberrations corresponds to spindle effects such as aneuploid induction.  Concurrent 
results of increased levels of leukocyte aneuploidy were also found by Konietzko et al. (1978) in 
degreasing workers occupationally exposed to TCE. 
 
Haglid et al. (1981) continuously exposed gerbils to 60 ppm or 320 ppm trichloroethylene (TCE) 
for 3 months.  Following the exposure period, gerbils were maintained for 4 months in TCE-free 
conditions in order to observe any restoration of neuronal function.  Both of the exposed groups 
as well as the control group consisted of six pairs of males and females.  Brain samples were 
collected from the gerbils after the 4 month non-exposure period and used for determination of 
DNA and proteins.  In order to determine areas of the brain that were sensitive to TCE, 
researchers examined biochemical and morphological changes in the hippocampus, the posterior 
part of the cerebellar vermis, and the brain stem.  In addition to the biochemical tests, the 
cerebellum, brain stem, and cerebrum of two gerbils from each group, including the control, 
were used for neuropathological examination.  Brain tissue from 2 gerbils in the control group 
and the 320 ppm group were examined under the electron microscope.  No difference was seen 
in the body and brain weights of the exposed gerbils compared with controls.  A slight but 
significant increase in soluble proteins was detected in the frontal cerebral cortex of the 60 ppm 
group, and a more significant elevation was seen in the visual cerebral cortex of both the 60 ppm 
and 320 ppm groups.  In the 60 ppm group, a slight but significant decrease was seen in the 
soluble proteins of the sensory-motor cortex.  Both groups exhibited significant decreases in  
levels of soluble proteins in the hippocampus, the brain stem, and in the posterior part of the 
cerebellar vermis.  Soluble protein levels in the cerebellar hemisphere and anterior part of the 
vermis of gerbils in both exposed groups did not differ from the controls.  The 320 ppm group 
showed significantly increased DNA levels in the posterior part of the sensory motor cortex and 
cerebellar vermis.  The glial cytoplasmic protein (S 100 fraction) level of the 60 ppm group was 
decreased in the frontal and visual cerebral cortex, but increased in the posterior part of the 
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cerebellar hemisphere and the sensory-motor cortex.  However, only a slight decrease of S 100 
protein was observed in the visual cerebral cortex of 320 ppm exposed gerbils.  The most notable 
S 100 increase occurred in the hippocampus, brain stem and the posterior part of the cerebellar 
vermis, indicating that either the glial cells were directly affected or that damage to surrounding 
neuronal cells caused an indirect response.  There was an increase in DNA in the posterior part 
of the cerebellar vermis in the exposed gerbils, suggesting that TCE induced astroglial cell 
mitosis.  Light microscopy revealed shrinkage of cell bodies and axon swelling occurred in 
various parts of the brain.  The electron microscopy performed on control and 320 ppm brain 
tissues revealed increased levels of filament bundles in the cytoplasm of some Purkinje and 
Golgi cell perikarya, lysosomes, myelin bodies and lipid containing lysosomal structures in the 
exposed gerbils.  Unique arrangements of filament bundles were seen in Purkinje and Golgi cell 
dendrites of the exposed group.  A significant decrease in the number of microtubules was 
observed as well as a decrease in the number of synaptic vesicles in the granular layer.  Also, the 
granular layer had decreased maximal nerve cell surface area.  Nerve cells were affected by the 
exposure as several types were reduced in size with fewer organelles and more lysosomes and 
myelin bodies.   Many axons and dendrites had reduced numbers of microtubles, and there were 
filament bundles observed that were not present in the controls.  Lysosomal structures were 
increased in the synaptic terminals. 
 
Kimmerle and Eben (1973) performed a subchronic study on 20 male rats for a period of 14 
weeks.  Rats were exposed to a mean concentration of 55.0 +4 ppm trichloroethylene (TCE) for 
8 hours a day, 5 days a week.  The control group consisted of 20 rats who in similar inhalation 
chambers under similar conditions to that of the exposed rats.  Ten exposed rats were analyzed 
for TCE metabolite excretion on a daily basis.  Blood levels of trichloroacetic acid (TCA), 
trichloroethanol (TRI) and chloral hydrate (CH) were measured during the 2nd, 3rd, 4th, 6th, 9th 
and 14th weeks.  Weekly measurements of body weights were recorded.  Macroscopic 
examinations were performed on the thyroid gland, heart, lungs, liver, kidneys, testes and adrenal 
glands.  Hematological evaluations, liver function tests, and renal function tests were also 
conducted following exposure.  Urinary levels of TRI varied individually among the rats, but a 
continuous increase in TRI was observed through the 10th week.  TCA levels remained fairly 
constant throughout the duration of the experiment.  TCE was not detectable in the blood or the 
tissues of exposed rats.  Although liver and renal function tests did not reveal abnormalities, 
there was an increase in the liver weights of the exposed rats.  The weights of the other organs 
examined were similar to the controls. 
 
Norpoth et al. (1974) observed an increase in liver cytochrome P450 activity in 9 rats exposed to 
50 ppm trichloroethylene for 28 days, compared with 9 control rats. 
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VI. Derivation of Chronic Reference Exposure Level 
 

Study Vandervort and Polnkoff (1973) 
Study population  19 workersand 9 controls  
Exposure method Discontinuous occupational inhalation exposure 
Critical effects Drowsiness, fatigue, headache, and eye irritation 
LOAEL 32 ppm (170 mg/m3) in the heavy assembly area 
NOAEL Not observed 
Exposure continuity 8 hours a day (10 m3/day occupational inhalaton 

rate), 5 days a week 
Exposure duration 8 years 
Average occupational exposure 11.4 ppm for LOAEL group (32 x 10/20 x 5/7) 
Human equivalent concentration 11.4 ppm for LOAEL group 
LOAEL uncertainty factor 10 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 1 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 100 
Inhalation reference exposure level 0.1 ppm (100 ppb; 0.6 mg/m3; 600 µg/m3) 

 
The Vandervort and Polnkoff (1973) study accounted for 8 years of human occupational 
exposure to TCE vapors.  Sensitive, non-specific neurotoxicological endpoints were exhibited by 
a majority of those workers exposed.  Although the time-weighted averages (TWAs) included a 
wide range of concentrations, the TWA of 32 ppm (170 mg/m3) was shown to contribute to the 
high incidence (52 - 73%) of adverse effects experienced by the workers.  Many of the 
symptoms reported by the workers may have been due to short-term fluctuations in the 
concentrations in the workplace.  The symptoms were not reported separately for the various 
TWAs, therefore, the lowest TWA (32 ppm) was chosen as a LOAEL.  Uncertainty includes the 
small number of workers studied, the limited extent of the effects mentioned, and the lack of a 
NOAEL.  Strengths include the use of human data, the demonstration of a dose-response 
relationship, and exposure estimates correlated with urinary excretion measurements. 
 
This study was the best chronic account of the non-carcinogenic effects of TCE on humans, but 
several other studies show similar results.  Nomiyama et al. (1977) found similar endpoints of 
drowsiness, fatigue and eye irritation in 36 workers occupationally exposed to trichloroethylene.  
Okawa et al. (1973) also saw non-specific neurological endpoints in 24 electrical plant workers 
who were similarly exposed to TCE. 
 
For comparison with the proposed REL of 100 ppb based on human studies, the LOAEL of 50 
ppm trichloroethylene obtained by Briving et al. (1986) in gerbils exposed continuously for 12 
months was used to estimate a REL based on animal data.  Use of a LOAEL UF of 3, a 
subchronic UF of 1, an interspecies UF of 10, and an intraspecies UF of 10 resulted in an 
estimated REL of 200 ppb for trichloroethylene. 
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VII. Data Strengths and Limitations for Development of the REL 
 
The strengths of the inhalation REL for trichloroethylene include the use of human exposure data 
from workers exposed over a period of years.  Major areas of uncertainty are the lack of 
reproductive and developmental toxicity studies and the lack of observation of a NOAEL.  
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CHRONIC TOXICITY SUMMARY 
 

TRIETHYLAMINE 
 

(diethylaminoethane; ethanamine; N,N-diethylethanamine) 
 

CAS Registry Number: 121-44-8 
 
 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 200 μg/m3 (40 ppb) 
Critical effect(s) Eye effects in rats and humans 
Hazard index target(s) Eyes 

 
 
II. Physical and Chemical Properties (Nelson and Bull, 1990, except as noted) 
 

Description Colorless, volatile liquid 
Molecular formula C6H15N 
Molecular weight 101.9 g/mol 
Density 0.726 g/cm3 @ 25°C 
Boiling point 89.3°C 
Melting point −114.7°C (CRC, 1994) 
Vapor pressure 400 torr @ 31.5°C 
Odor threshold 480 ppb (Amoore and Hautala, 1983) 
Solubility soluble in acetone, benzene and chloroform 
Conversion factor 1 ppm = 4.14 mg/m3 25°C 

 
 
III. Major Uses or Sources 
 
Triethylamine (TEA) is primarily used as a cross-linking catalyst in the production of 
polyurethane foam used in the manufacture of cores for metal castings (Albrecht and 
Stephenson, 1988).  Triethylamine is also used as a catalyst for epoxy resins, and as a corrosion 
inhibitor for polymers (Nelson and Bull, 1990).  TEA is one of the amines emitted from cattle 
feedlots (Mosier et al., 1973).  In the gas phase TEA can react with nitric acid to form amine 
nitrates that become part of atmospheric particulates.  The annual statewide industrial emissions 
from facilities reporting under the Air Toxics Hot Spots Act in California based on the most 
recent inventory were estimated to be 4152 pounds of triethylamine (CARB, 2000). 
 
 
IV. Effects of Human Exposures 
 
Acute, high level triethylamine exposures (20 mg/m3 (4.8 ppm) for 8 hours) resulted in reversible 
ocular effects that included corneal swelling and halo vision in 4 out of 5 volunteer subjects 
(Akesson et al., 1988).  Jarvinen et al. (1999) reported exposure chamber studies of ocular 
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responses to TEA in volunteer subjects, who were industrial workers exposed to TEA during the 
course of their normal jobs (but had good general and ocular health).  Four people were exposed 
for 4 hours to 3.0, 6.5, or 40.6 mg/m3 triethylamine.  Corneal thickness was measured by 
ultrasonography, clinical observations were recorded using ocular microscopy, and statistical 
analysis of the size, density and distribution of corneal endothelial cells was performed by 
automated analysis of photographs.  Visual acuity and contrast sensitivity were evaluated using 
test charts.  After exposure to 40.6 mg/m3 there was a marked edema in the corneal epithelium, 
and subepithelial microcysts.  However, corneal thickness increased only minimally.  Vision was 
blurred in all subjects and visual acuity and contrast sensitivity decreased in three of the four.  
After exposure to 6.5 mg/m3 two subjects experienced symptoms (e.g., blurred vision), and 
contrast sensitivity decreased in three of the four.  There were no symptoms or decreases in 
contrast sensitivity after exposure to 3.0 mg/m3 triethylamine for 4 hours. 
 
A medical examination of 19 workers exposed at a polyurethane foam production plant to a 
time-weighted average concentration of 13 mg/m3 (3.1 ppm) TEA showed reversible corneal 
edema in 5 workers (Akesson et al., 1986).  Peak concentrations were up to twice the time-
weighted average level.  A questionnaire on self-reported symptoms of visual disturbances 
revealed repeated occurrences of temporary eye irritation and “foggy vision.”  Small quantities 
of dimethylethanolamine, toluene diisocyanate, and methylene diphenyl isocyanate were also 
present in the workplace atmosphere. 
 
Jarvinen and Hyvärinen (1997) reported loss of visual acuity and contrast sensitivity in 41 
foundry workers (core makers) exposed to TEA.  Concentrations of TEA were reported to have a 
mean of 46 mg/m3 and a maximum of 486 mg/m3, but were highly variable with numerous large 
excursions above a background of about 20 mg/m3 during a two-hour period of continuous 
monitoring.  It is therefore difficult to determine an effect level for the observed symptoms.  
Jarvinen (1998) also reported that cold box core makers exposed to TEA had a somewhat 
increased incidence of mild headaches. 
 
 
V. Effects of Animal Exposures 
 
Lynch et al. (1990) exposed male and female Fischer 344 rats to triethylamine at concentrations 
of 0, 25, or 247 ppm (0, 103.4, or 1022.2 mg/m3) for 6 hours/day, 5 days/week.  Groups of rats 
were necropsied at approximately 30, 60, and 120 days of exposure.  The last corresponds to an 
elapsed time of 28 weeks.  Endpoints examined included gross and histopathological 
examination of all major organs, including the lungs, nasal passages, and eyes.  Clinical enzyme 
and nitrogen levels (BUN, ALT, AST, CPK, and creatinine), and hematological values 
(hemoglobin, RBC count) were also measured.  No gross or histological effects in any organ 
were observed in any group.  Clinical and hematological parameters were unchanged with 
exposure.  However, all rats exposed to 247 ppm TEA manifested irritation.  “At 247 ppm TEA 
the rats kept their eyes closed and noses buried in their fur during the entire exposure period.”  
Thus 247 ppm is a LOAEL and 25 ppm is a NOAEL for eye and nose irritation in the rat.  
 
In a short-term study by the same authors for Virginia Chemicals (1987), necrotizing 
inflammation of the nasal cavity, metaplasia of the trachea, and thymic atrophy were observed 
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after exposure to 1000 ppm (4140 mg/m3) triethylamine 6 hours per day for 10 days.  Two of 
five males and one of five females died from pulmonary edema after the seventh day.  Thymic 
atrophy was noted in 7 out of 10 animals, and all animals exhibited necrotizing inflammation in 
the nasal epithelium. 
 
Rabbits (6-12 per group), exposed to 48 or 100 ppm (199 or 414 mg/m3) triethylamine for 7 
hours/day, 5 days/week, for 6 weeks, showed concentration-dependent pathology in the eyes, 
lungs, liver, kidney, and heart (Brieger and Hodes, 1951).  The eyes showed multiple punctate 
erosions of the corneal epithelium, and corneal edema at 48 ppm.  Lung lesions included 
thickening of vascular walls; liver lesions included parenchymal degeneration.  Overall the 
lesions in the 48 ppm group were less severe than those seen in the 100 ppm group.  No control 
animals were included in this study, nor were the incidences of histologic effects among the 
exposed animals reported.  All animals did survive the exposures.  The lesser effects at 48 ppm 
in the rabbit (compared to those at 100 ppm) are consistent with the findings of Lynch et al. 
(1990) where 25 ppm was a NOAEL in the rat for eye and nose irritation.  
 
A chronic 3-generation reproductive study in rats (10/sex/group) was inconclusive due to 
excessive mortality in controls (Davison et al., 1965).  In this study, rats were exposed to 0, 2, or 
200 ppm triethylamine.  The third generation of the 200 ppm group was changed to 500 ppm 
since no effects were noted in the 200 ppm group.  Exposure of this group to 500 ppm resulted in 
decreased body weight and decreased water consumption. 
 
 
VI. Derivation of Reference Exposure Level  
 

Study Lynch et al., 1990; Brieger and Hodes, 1951 
Study population  Rats; rabbits 
Exposure method Discontinuous whole-body inhalation 
Critical effects Eye irritation; lung and liver toxicity  
LOAEL 48 ppm (Brieger and Hodes, 1951) 
NOAEL 25 ppm (Lynch et al., 1990) 
Exposure continuity 6 or 7 hours/day, 5 days/week 
Exposure duration 28 weeks; 6 weeks 
Average experimental exposure 4.46 ppm for NOAEL group (25 x 6/24 x 5/7) 
Human equivalent concentration 4.46 ppm (18.5 mg/m3) for NOAEL group  
LOAEL uncertainty facto 1 
Subchronic uncertainty factor 1 (NOAEL is based on a 28 wk study in rats) 
Interspecies uncertainty factor 10 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 100 
Reference exposure level 0.04 ppm (40 ppb; 200 μg/m3) 

 
The U.S. EPA (1995) based its Reference Concentration (RfC) of 7 μg/m3 (2 ppb) for 
triethylamine on Lynch et al. (1990) but included a Modifying Factor (MF) of 10 for “database 
deficiencies” - “lack of developmental and reproductive effects, and of appropriate data in a 
second species.”  The criteria for use of modifying factors are not well specified by U.S. EPA.  
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Such modifying factors were not used by OEHHA.  In addition OEHHA applied a subchronic 
UF of 1 since 24 male and 24 female rats in the NOAEL group were exposed to 25 ppm TEA for 
28 weeks, while USEPA used a subchronic UF of 10.  U.S. EPA considered 247 ppm to be a 
NOAEL.  However, the Lynch et al. (1990) study indicates that the animals closed their eyes and 
buried their noses in their fur, likely to prevent the irritant effects of TEA on their eyes and 
respiratory tract.  Thus adverse effects occurred at 247 ppm, although they could be considered 
repeated acute effects.  Brieger and Hodes (1951) observed adverse effects in the eyes, lungs, 
and livers of rabbits after six weeks of discontinuous exposure to TEA.  Thus 48 ppm is a 
LOAEL in this study. 
 
For comparison, the five affected workers studied by Akesson et al. (1986) showed symptoms at 
12-13 mg/m3 TEA, which is equivalent to 4.5 mg/m3 continuous exposure.  (Other tasks were at 
4-5 mg/m3 TEA or 1.6 mg/m3 continuous exposure.)  Selection of a LOAEL UF of 3 (26% 
incidence of a reversible effect), a subchronic UF of 1 since the workers had been employed for 
9.7 years (range = 4-11), and an intraspecies UF of 10 results in an estimated REL of 200 μg/m3 
based on human data.  These workers experienced some short-term peak exposures to TEA and 
were also exposed to dimethylethanolamine (<0.1 mg/m3), toluene diisocyanate, and methylene 
diphenyl isocyanate.   
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The major strengths of the triethylamine REL are the observation of a NOAEL in a controlled 
exposure experiment and finding of the same adverse effect, eye irritation, in humans and 
animals.  The major weaknesses are the minimal amount of adequate human health effects 
information, the lack of dose-response data in a single experiment, and the lack of long-term 
exposure data. 
 
 
VIII. Potential for Differential Impacts on Children's Health 
 
There is no direct evidence in the literature to quantify a differential effect of TEA in infants and 
children.  However, it is a respiratory irritant and thus has the potential to exacerbate asthma.  In 
addition, other alkylamines are known to be associated with occupational asthma (Bernstein et 
al., 1999).  There is some concern that TEA could have a similar effect. 
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CHRONIC TOXICITY SUMMARY  

 

VINYL ACETATE 
 

(1-acetoxyethylene; acetic acid, vinyl ester; acetic acid, ethenyl ester; VAC; vinyl A monomer; 
ethenyl ethanoate) 

 
CAS Registry Number: 108-05-4 

 
I. Chronic Toxicity Summary 
 

Inhalation reference exposure level 200 µg/m3 (50 ppb) 
Critical effect(s) Nasal epithelial lesions in rats and mice 
Hazard index target(s) Respiratory system 

 
 
II. Physical and Chemical Properties (HSDB, 1994) 
 

Description Colorless liquid 
Molecular formula C4H6O2
Molecular weight 86.09 g/mol 
Density 0.932 g/cm3 @ 20°C 
Boiling point 72.7° C 
Melting point −93.2°C 
Vapor pressure 115 torr @ 25°C 
Solubility Slightly soluble in water, soluble in ethane, acetone, 

chloroform; >10% soluble in ethanol and benzene 
Conversion factor 1 ppm = 3.52 mg/m3 @ 25°C 

 
 
III. Major Uses and Sources 
 
The major use of vinyl acetate monomer is in the manufacture of polyvinyl and vinyl acetate 
copolymers, which are used in water-based paints, adhesives, paper coatings, and applications 
not requiring service at extreme temperatures (HSDB, 1994).  It is also used in safety glass 
interlayers and in hair sprays (HSDB, 1994).  In the atmosphere vinyl acetate breakdown can 
result in formation of acetaldehyde.  The annual statewide industrial emissions from facilities 
reporting under the Air Toxics Hot Spots Act in California based on the most recent inventory 
were estimated to be 3855 pounds of vinyl acetate (CARB, 2000). 
 
 
IV. Effects of Human Exposures 
 
Deese and Joyner (1969) conducted an occupational study of 21 chemical workers with a mean 
length of employment of 15.2 years and exposed to a time-weighted average of 8.6 ppm (30.3 
mg/m3) VA.  No adverse effects were noted following chest x-ray, electrocardiogram, blood 

Appendix D3 596 Vinyl acetate 



Determination of Noncancer Chronic Reference Exposure Levels December 2001  

chemistry, and urinalysis.  The control group (sample size unspecified) consisted of workers in 
units not exposed to VA.  Deese and Joyner (1969) also showed intolerable eye irritation in 3 out 
of 3 subjects exposed for an unspecified extended period of time to 21.6 ppm (76 mg/m3) VA.  
Upper respiratory irritation was also experienced by a majority of 5 subjects.  Odor was detected 
at 0.4 ppm (1.4 mg/m3) in 3 out of 3 subjects. 
 
 
V. Effects of Animal Exposures 
 
A 104-week inhalation study in rats and mice (90/sex/group) was conducted using concentrations 
of 0, 50, 200, or 600 ppm (0, 176, 704, or 2113 mg/m3) vinyl acetate (VA) (Owen, 1988).  The 
study was later published by Bogdanffy et al. (1994).  Exposures were for 6 hours/day, 5 
days/week.  Histology was performed on all major organs.  There was no mortality resulting 
from these exposures.  A close examination of the effects of VA on the lung and nasal passages 
showed significant lesions in the nasal cavity, bronchi, and lungs of rats exposed to 600 ppm 
VA.  Lesions included olfactory epithelial metaplasia/atrophy (see table below) and nest-like 
epithelial folds in the nasal cavity, exfoliation of bronchial epithelium, fibrous intraluminal 
projections in the bronchi, and pigmented histiocyte accumulation in the lungs.  Body weight 
gain of rats was significantly decreased in the 600 ppm VA group.  Rats treated with 200 ppm 
VA showed some evidence of epithelial atrophy and metaplasia in the nasal cavity.  No effects 
were observed in the rats exposed to 50 ppm VA.   
 
    Number of male rats with olfactory epithelial atrophy (Bogdanffy et al. 1994) 
VA (ppm) N in group Very slight Slight Moderate Severe 
0 58 0 0 0 0 
50 59 1 2 0 0 
200 60 4 47*** 2 0 
600 60 0 7* 33*** 10*** 
* p<0.05; ***p<0.001 by Fisher’s pair-wise test compared to control group 
 
Mice also exhibited significant histological lesions in the respiratory tract following exposure to 
200 ppm VA or greater.  The lesions included atrophy of the olfactory epithelium and 
submucosal gland.  At 600 ppm, hyperplasia of the trachea was observed, in addition to 
exfoliation/flattening of the bronchial epithelium and decreased body weight gain.  Relative 
brain and kidney weights were increased in the 600 ppm group at the end of the study, and 
absolute liver, heart and kidney weights were also significantly elevated.  No adverse effects 
were observed in the 50 ppm group. 
 
A 13-week study on the effects of VA in mice was conducted by Owen (1980a).  Mice 
(10/sex/concentration) were exposed to 0, 50, 200, or 1000 ppm (0, 176, 704, or 3520 mg/m3) 
VA for 6 hours/day, 5 days/week for 13 weeks.  A concentration-dependent increase in the 
incidence of diffuse rhinitis, beginning at the 200 ppm concentration, was detected using 
histopathological examination.  Focal pneumonitis was observed in the 1000 ppm treatment 
group.  No adverse effects were seen in the 50 ppm treatment group.  An identical study in rats 
was also conducted by Owen (1980b).  In this study, body weight gain was significantly reduced 
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in male and female rats exposed to 1000 ppm VA.  An increase in the incidence of mild 
histiocytic alveolitis was observed in the 1000 ppm group. 

Irvine (1980) conducted a study on the developmental toxicity of VA in rats.  Groups of 24 
pregnant female rats were exposed to 0, 52, 198, or 1004 ppm (0, 182, 696, or 3533 mg/m3) VA 
for 6 hours/day on days 6-15 of gestation.  Significant maternal toxicity, as measured by reduced 
weight gain from day 10 through day 15, was observed in animals exposed to 1004 ppm.  
Fetotoxicity, as measured by reduced crown-rump length, reduced body weight, and increased 
incidence of ossification defects in the sternebrae and occipital regions, was observed in the 1004 
ppm group.  No maternal or fetal effects were seen at the lower two VA treatments. 
 
In another developmental toxicity study, groups of 23-24 Crl:CD(SD)BR rats were given 0, 200, 
1000, or 5000 ppm VA in drinking water or exposed 6 hr/day to 0, 50, 200, or 1000 ppm VA on 
gestation days 6-15 of gestation.  The authors (Hurtt et al., 1995) estimated that the doses by 
both routes were approximately 0, 25, 100, or 500 mg/kg/day.  VA in the drinking water 
produced no evidence of maternal or developmental toxicity at any dose.  In the inhalation study, 
maternal toxicity was indicated by a reduction in weight gain of dams exposed to 1000 ppm.  
Fetal toxicity was evident by a significant decrease in mean fetal weight and mean crown-rump 
length in fetuses from the 1000-ppm group and by a significant increase in the incidence of 
minor skeletal alterations (especially delayed ossification) in fetuses from dams exposed to 1000 
ppm VA.  These results indicated to the authors that VA is not uniquely toxic to the conceptus.  
The NOAEL was greater than 5000 ppm via the drinking water and 200 ppm by the inhalation 
route. 
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VI. Derivation of Chronic Reference Exposure Level 
 

Study Bogdanffy et al., 1994 
Study population  Male and female Sprague-Dawley rats and CD-1 

mice (90/sex/group) 
Exposure method Discontinuous inhalation exposures  

   (0, 50, 200, or 600 ppm) over 104 weeks 
Critical effects Histological lesions of the nasal epithelium 
LOAEL 200 ppm 
NOAEL 50 ppm 
Exposure continuity 6 hours/day, 5 days/week 
Exposure duration 104 weeks 
Average experimental exposure 8.9 ppm for NOAEL group (50 x 6/24 x 5/7) 
Human Equivalent Concentration 
(HEC) 

1.4 ppm for NOAEL group (RGDR = 0.15 based 
on a gas with respiratory effects in both rats 
and mice) 

LOAEL uncertainty factor 1 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 3 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 30 
Inhalation reference exposure level 0.05 ppm (50 ppb, 0.2 mg/m3, 200 μg/m3) 

 
The chronic REL is the U.S. EPA RfC (U.S. EPA, 1995) for vinyl acetate.  Acetaldehyde, a 
hydrolysis product of vinyl acetate, was present in the Owen (1988) study at a concentration of 
49 ppm (89 mg/m3).  The duration-adjusted concentration for acetaldehyde was 16 mg/m3, 
whereas the NOAEL for histological lesions in rats by Appleman et al. (1982) was 48.75 mg/m3 
acetaldehyde.  Therefore, the concentration of acetaldehyde was not considered to account for 
significant irritation in the Owen (1988) study.  OEHHA accepted the U.S. EPA analysis. 
 
For comparison, Irvine (1980) obtained a NOAEL of 198 ppm for fetotoxicity in rats exposed 6 
hours/day on days 6-15 of gestation.  This is equivalent to 50 ppm continuous exposure during 
development.  Multiplying by an RGDR of 1 and dividing by a total UF of 30 (3 for interspecies 
and 10 for intraspecies) results in a REL estimate based on fetotoxicity of 1.7 ppm.  The results 
of Hurtt et al. (1995) also yield an estimate of 1.7 ppm. 
 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The strengths of the inhalation REL for vinyl acetate include the availability of controlled 
exposure lifetime inhalation studies in multiple species at multiple exposure concentrations and 
with adequate histopathological analysis, and the observation of a NOAEL.  The major area of 
uncertainty is the lack of adequate human exposure data. 
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VIII. Potential for Differential Impacts on Children's Health 
 
Since the chronic REL (0.05 ppm) is lower than the comparison estimate based on 
developmental effects (1.7 ppm), the REL is likely to be protective of children.  However, there 
is no direct evidence in the literature to quantify a differential effect of vinyl acetate in infants 
and children relative to adults. 
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CHRONIC TOXICITY SUMMARY  
 

XYLENES 
 

(Xylol or commercial xylenes (mixture of 60-70% m- and remaining percentage is mix of o- and 
p- xylenes), technical grade xylenes or mixed xylenes (20%  o-xylene, 40% m-xylene, 20% p-
xylene, 20% ethyl benzene, and traces of toluene and C9 aromatics), o-xylene (1,2-
dimethylbenzene or 2-xylene), m-xylene (1,3-dimethylbenzene or 3-xylene), p-xylene (1,4-
dimethylbenzene or 4-xylene), also noted as methyltoluene, benzene-dimethyl, dimethylbenzene) 

 
CAS Registry  Numbers.:  1330-20-7 (technical mixture of o-, p-, and m-xylene); 

95-47-6 (o-xylene); 108-38-3 (m-xylene); 106-42-3 (p-xylene) 
 
 
I. Chronic Toxicity Summary  
 

Inhalation reference exposure level 700 µg/m3 (200 ppb) (for technical or mixed 
xylenes or sum of individual isomers of xylene) 

Critical effect(s) CNS effects in humans; irritation of the eyes, nose, 
and throat 

Hazard index target(s) Nervous system; respiratory system 
 
 
II. Physical and Chemical Properties  (ATSDR, 1995; HSDB, 1995; CRC, 1994) 
  

Description Colorless liquid 
Molecular formula C8H10
Molecular weight 106.16 g/mol 
Density 0.864 g/cm3 @ 20°C(technical mixture);  

0.881 (o-); 0.860 (m-); 0.861 (p-) 
Boiling  point 137-140°C @ 760 TorrHg (technical mixture); 

144.5 °C (o-); 139.1°C (m-); 138.3 °C (p-) 
Melting point −25.2 °C (o-); −47.8°C (m-); +13.2 °C (p-) 
Vapor pressure 6.6 torr (o-); 8.39 torr (m-); 8.87 torr (p-) all @ 

25°C. 
Solubility Practically insoluble in water; miscible with 

absolute alcohol, ether and many other organic 
solvents 

Conversion factor 1 ppb = 4.34 μg/m3  
 
 
III. Major Uses or Sources 
 
Mixtures of o-, p-, and m-xylenes are extensively used in the chemical industry as solvents for 
products including paints, inks, dyes, adhesives, pharmaceuticals, and detergents (HSDB, 1995).  
In the petroleum industry xylenes are used as antiknock agents in gasoline, and as an 
intermediate in synthetic reactions.  Of the three isomers, p-xylene is produced in the highest 
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quantities in the U.S. for use in the synthesis of phthalic, isophthalic, and terephthalic acid used 
in manufacture of plastics and polymer fibers including mylar and dacron.  In 1996, the latest 
year tabulated, the statewide mean outdoor monitored concentration of meta/para-xylene was 
approximately 1 ppb (CARB, 1999a).  The annual statewide emissions from facilities reporting 
under the Air Toxics Hot Spots Act in California based on the most recent inventory were 
estimated to be 3,568,318 pounds of xylenes (CARB, 1999b).  Also reported were speciated 
emissions of p-xylene - 51,203 pounds, of o-xylene - 34,573 pounds, and of m-xylene - 30,440 
pounds.  (Xylenes are also present in motor vehicle exhaust.) 
 
 
IV. Effects of Human Exposure 
 
Information on the toxicity of xylenes to humans is almost exclusively limited to case reports of 
acute exposures and studies of occupational exposures in which persons often inhaled a mixture 
of hydrocarbon solvents 8 hours per day, 5-6 days per week.  These studies often have 
incomplete information on the airborne concentrations of xylene and other hydrocarbons.  One 
study examining chronic effects in humans from inhalation of predominantly mixed xylenes was 
identified (Uchida et al., 1993) and one 4-week controlled exposure study examining the effects 
of p-xylene exclusively was identified (Hake et al., 1981).  No studies examining the chronic 
effects of oral or dermal xylene exposure in humans were identified. 
 
Pharmacokinetic studies have documented the absorption of xylene in humans through 
inhalation, oral, and dermal routes of exposure.  Approximately 60% of inspired xylene is 
retained systemically (Sedivec and Flek, 1979).  The majority of ingested xylene (~90%) is 
absorbed into the systemic circulation (ATSDR, 1995).  Xylene is also absorbed dermally; the 
rate of absorption of xylene vapor is estimated as 0.1-0.2% of that by inhalation (Riihimaki and 
Pfaffli, 1978).  Loizou et al. (1999) exposed human volunteers to 50 ppm m-xylene for 4 hours 
and determined that the dermal route of exposure contributed 1.8% of the total body burden.  
Measurement of the rate of absorption through direct contact with the skin produced variable 
results ranging from 2 µg/cm2/min (Engstrom et al., 1977) to 75-160 µg/cm2/min (Dutkiewicz 
and Tyras, 1968). 
 
Xylene exposure has been associated with effects in a number of organ systems including the 
lungs, skin and eyes; neurological system; heart and gastrointestinal system; kidney; and 
possibly the reproductive system.   
 
Pulmonary effects have been documented in occupational exposures to undetermined 
concentrations of mixed xylenes (and other solvents) and include labored breathing and impaired 
pulmonary function (Hipolito 1980; Roberts et al., 1988).  High levels of xylene exposure for 
short periods are associated with irritation of the skin, eyes, nose and throat (ATSDR, 1995).  
Chronic exposure to xylenes has been associated with eye and nasal irritation (Uchida et al., 
1993).   
 
The central nervous system is affected by both short term and long term exposure to high 
concentrations of xylene with: 100-200 ppm associated with nausea and headache; 200-500 ppm 
with dizziness, irritability, weakness, vomiting, and slowed reaction time; 800-10,000 ppm with 
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lack of muscle coordination, giddiness, confusion, ringing in the ears, and changes in sense of 
balance; and >10,000 ppm with loss of consciousness (HESIS, 1986).  Other documented, 
neurological effects include impaired short term memory, impaired reaction time, performance 
decrements in numerical ability, and impaired equilibrium (dizziness) and balance (Carpenter et 
al., 1975; Dudek et al., 1990; Gamberale et al., 1978; Riihimaki and Savolainen, 1980; 
Savolainen and Linnavuo, 1979; Savolainen and Riihimaki 1981; Savolainen et al., 1979; 1984; 
1985).   
 
Chronic exposure to xylenes (with other hydrocarbons) has been associated with cardiovascular 
and gastrointestinal effects.  Heart palpitations, chest pain, and abnormal electrocardiogram were 
noted (Hipolito, 1980; Kilburn et al., 1985) as were effects on the gastrointestinal system 
producing nausea, vomiting and gastric discomfort in exposed workers (Goldie, 1960; Hipolito, 
1980; Uchida et al., 1993; Klaucke et al., 1982; Nersesian et al., 1985).   
 
Results of studies of renal effects of xylene are mixed and come from case reports and 
occupational studies where multiple chemical exposures are common.  The effects from 
subchronic exposure documented by Hake et al. (1981) and from chronic exposure documented 
by Uchida et al. (1993) did not include renal effects.  However, Morley et al. (1970) found 
increased BUN and decreased creatinine clearance; Martinez et al. (1989) found distal renal 
tubular acidemia; Franchini et al. (1983) found increased levels of urinary β-glucuronidase; and 
Askergren (1981, 1982) found increased urinary excretion of albumin, erythrocytes, and 
leukocytes.   
 
Reproductive effects were documented by Taskinen et al. (1994) who found increased incidence 
of spontaneous abortions in 37 pathology and histology workers exposed to xylene and 
formaldehyde in the work place.  The multiple chemical exposures and the small number of 
subjects in this study limit the conclusions that can be drawn as to reproductive effects of xylene 
in humans.   
 
No hematological effects have been identified in studies where exposure was to xylene only.  
Previous studies identifying hematological effects included known or suspected exposure to 
benzene (ATSDR, 1995; ECETOC, 1986).  One series of case reports identified lowered white 
cell counts in two women with chronic occupational exposure to xylene (Hipolito, 1980; 
Moszczynsky and Lisiewicz, 1983; 1984), although they may also have had multiple chemical 
exposures.   
 
Groups of male volunteers (1 to 4 subjects/group) were exposed to p-xylene in a controlled-
environment chamber for 7.5, 3, or 1 hr/day, 5 days/week for 4-weeks (Hake et al., 1981).  The 
p-xylene concentration was changed on a weekly basis starting at 100 ppm the first week, 
followed by 20 ppm, 150 ppm, and 100 ppm (average, with a range of 50 to 150 ppm) over 
subsequent weeks.  In addition, groups of female volunteers (2 or 3/group) were exposed to 100 
ppm p-xylene for 7.5, 3, or 1 hr/day for 5 days.  The volunteers acted as their own controls, with 
exposure to 0 ppm p-xylene occurring for two days (males) or one day (females) the week before 
and the week after the xylene exposures.  No serious subjective or objective health responses, 
including neurological tests, cognitive tests and cardiopulmonary function tests were observed.  
Odor was noted, but the intensity decreased usually within the first hour of exposure.  The 
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authors concluded that p-xylene may have a weak irritating effect on the soft tissues starting at 
100 ppm, but overall, the small sample size and high variability among the volunteers made all 
results difficult to interpret. 
 
The Uchida et al. (1993) study included a relatively large number of workers studied, exposure 
for an average of 7 years to xylenes predominately and a comprehensive set of medical 
examinations to document potential effects.  A survey of 994 Chinese workers involved in the 
production of rubber boots, plastic coated wire and printing processes employing xylene solvents 
was carried out.  The survey consisted of fitting individual workers with diffusive samplers for 
an 8 hour shift.  At the end of the 8 hour shift the samplers were recovered for analysis of solvent 
exposure, and urine samples were collected for analysis of xylene metabolites.  The following 
day workers answered a questionnaire concerning subjective symptoms, and blood and urine 
were collected for analysis.  Out of this group of xylene-exposed workers, 175 individuals (107 
men and 68 women) were selected for further study and analysis based on completion of their 
health examinations and on results from diffusive samplers showing that xylene constituted 70% 
or more of that individual’s exposure to solvents in the workplace.  The control population 
consisted of 241 (116 men and 125 women) unexposed workers from the same factories or other 
factories in the same region, of similar age distribution, of similar time in this occupation 
(average of 7 years), and having a similar distribution of alcohol consumption and cigarette 
usage.  The xylene-exposed and unexposed groups were given health examinations which 
evaluated hematology (red, white, and platelet cell counts, and hemoglobin concentration), 
serum biochemistry (albumin concentration, total bilirubin concentration, aspartate 
aminotransferase, alanine aminotransferase, gamma-glutamyl transferase, alkaline phosphatase, 
leucine aminopeptidase, lactate dehydrogenase, amylase, blood urea nitrogen, creatinine), and 
subjective symptoms (survey of symptoms occurring during work and in the previous three 
months).   
 
Results of analysis of the diffusive samplers showed that workers were exposed to a geometric 
mean of 14.2 ± 2.6 ppm xylene (arithmetic mean of 21.3 ± 21.6 ppm).  This was broken down 
into geometric means of 1.2 ppm o-xylene, 7.3 ppm m-xylene, 3.8 ppm p-xylene, 3.4 ppm ethyl 
benzene, and 1.2 ppm toluene.  N-Hexane was rarely present and no benzene was detected.  
Analysis of data from the health examinations found no statistically significant difference 
(p<0.10) between hematology and serum biochemistry values for xylene-exposed and unexposed 
populations. The frequency of an elevated ratio of aspartate aminotransferase to alanine 
transferase and of elevated ratio of alkaline phosphatase to leucine aminopeptidase was 
significantly (p<0.01) higher in exposed men than in the control population of men.  Results of 
the survey of subjective symptoms found differences in symptoms occurring during work and 
during a similar analysis over the preceding three month period, apparently related to effects on 
the central nervous system and to local effects on the eyes, nose and throat.  The frequency of 
five symptoms experienced during work was significantly (p<0.01) elevated in either xylene-
exposed men or women including: dimmed vision, unusual taste, dizziness, heavy feeling in the 
head, and headache.  The frequency of four symptoms experienced during work were 
significantly (p<0.01) elevated in both men and women including irritation in the eyes, nasal 
irritation, sore throat, and floating sensation.  Ten subjective symptoms occurring in the previous 
three months were significantly (p<0.01) elevated in exposed men and women including nausea, 
nightmare, anxiety, forgetfulness, inability to concentrate, fainting after suddenly standing up, 
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poor appetite, reduced grasping power, reduced muscle power in the extremities, and rough skin.  
Dose dependency appeared to exist for 3 subjective symptoms noted during work: irritation in 
the eyes, sore throat, floating sensation, and for one symptom occurring in the last three months, 
poor appetite.   
V. Effects of Animal Exposure 
 
A limited number of chronic toxicity studies are available for xylene including two inhalation 
studies with o-xylene (Tatrai et al., 1981; Jenkins et al., 1970) and one oral chronic study with 
mixed xylenes (NTP, 1986).  No chronic dermal studies could be identified.  A spectrum of 
adverse effects has been documented in shorter term studies which potentially could occur with 
chronic exposure.  These studies are presented here along with a brief description of the three 
chronic studies identified.  Xylene affects a number of organ systems including the pulmonary 
system, the cardiovascular system, the gastrointestinal system, the hepatic system, the renal 
system, the dermis, and the eye, and it has numerous neurological effects and developmental 
effects.   
 
Animal data are consistent with human data in documenting respiratory effects from xylene 
exposure.  Acute and subacute exposures in mice, rats, and guinea pigs have been associated 
with decreased metabolic capacity of the lungs; decreased respiratory rate; labored breathing; 
irritation of the respiratory tract; pulmonary edema; and pulmonary inflammation (Carpenter et 
al., 1975; De Ceaurriz et al., 1981; Elovaara et al., 1987; 1989; Furnas and Hine, 1958; Korsak 
et al., 1988; 1990; Patel et al., 1978; Silverman and Schatz, 1991; Toftgard and Nilsen, 1982). 
 
Limited evidence is available in animal studies for cardiovascular effects resulting from xylene 
exposure.  Morvai et al. (1976; 1987) conducted two studies.  The first study observed rats 
following acute and intermediate duration inhalation exposure to very high (unspecified) levels 
of xylene and recorded ventricular repolarization disturbances, atrial fibrillation, arrhythmias, 
occasional cardiac arrest and changes in electrocardiogram (Morvai et al., 1976).  In a 
subsequent study morphological changes in coronary microvessels were seen in rats exposed to 
230 ppm xylene (isomer composition unspecified) (Morvai et al., 1987).  However the chronic 
toxicity studies conducted by the National Toxicology Program (NTP, 1986) and by Jenkins et 
al. (1970), as well as other shorter term studies (Carpenter et al., 1975; Wolfe, 1988), have not 
identified histopathological lesions of the heart. 
 
Studies identifying adverse gastrointestinal effects, hematological effects, or musculoskeletal 
effects in animals were not identified.  Studies reporting no hematological effects include 
Carpenter et al. (1975) (rats exposed to 810 ppm of mixed xylenes for 10 weeks, 5 days/week, 6 
hours/day and dogs exposed for 13 weeks to 810 ppm mixed xylenes, 5 days/week, 6 hours/day) 
and Jenkins et al. (1970) (rats, guinea pigs and dogs exposed for 6 weeks to 780 ppm o-xylene, 5 
days/week, 8 hours per day).  Carpenter et al. (1975) and the NTP (1986) reported no effects on 
the musculoskeletal system. 
 
Hepatic effects have been documented after acute exposure to high concentrations of xylene 
(2,000 ppm) or subacute exposure to lower concentrations (345-800 ppm) of mixed xylene or 
individual isomers.  These effects include increased cytochrome P-450 and b5 content, increased 
hepatic weight, increased liver to body weight ratios, decreased hepatic glycogen, proliferation 
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of endoplasmic reticulum, changes in distribution of hepatocellular nuclei, and liver degeneration  
(Bowers et al., 1982; Condie et al., 1988; Elovaara, 1982; Elovaara et al., 1980; Muralidhara and 
Krishnakumari 1980; Patel et al., 1979; Pyykko 1980; Tatrai and Ungvary, 1980; Tatrai et al., 
1981; Toftgard and Nilsen, 1981; 1982; Toftgard et al., 1981; Ungvary et al., 1980). 
 
Renal effects have been identified in studies with rats, guinea pigs, dogs, and monkeys exposed 
to 50-2,000 ppm of xylenes.  These effects include increased cytochrome P-450 content and 
increased kidney to body weight ratios (Condie et al., 1988; Elovaara 1982; Toftgard and Nilsen, 
1982).  Condie et al. (1988) also noted tubular dilation, atrophy, and increased hyaline droplets 
in the kidney of Sprague-Dawley rats administered 150 mg/kg/day orally of mixed xylenes.  This 
response is consistent with early nephropathy. 
 
Xylene has been found to affect the dermis and eyes of animals.  Hine and Zuidema (1970) 
found skin erythema and edema, epidermal thickening, and eschar formation in response to 
xylene exposure.  Direct instillation of xylenes into the eyes of rabbits produces eye irritation 
(Hine and Zuidema, 1970; Smyth et al., 1962) 
 
Numerous neurological effects have been documented in response to acute and subchronic 
xylene exposures ranging from 100 to 2,000 ppm.  This is consistent with effects on 
neurofunction documented in humans.  These effects include narcosis, prostration, 
incoordination, tremors, muscular spasms, labored respiration, behavioral changes, hyperactivity, 
elevated auditory thresholds, hearing loss, and changes in brain biochemistry (Andersson et al., 
1981; Carpenter et al., 1975; De Ceaurriz et al., 1983; Furnas and Hine, 1958; Ghosh et al., 
1987; Gralewicz et al., 1995; Kyrklund et al., 1987; Molnar et al., 1986; NTP, 1986; Pryor et al., 
1987; Rank 1985; Rosengren et al., 1986; Savolainen and Seppalainen, 1979; Savolainen et al., 
1978; 1979a; Wimolwattanapun et al., 1987). 
 
Developmental effects have been documented in pregnant animals exposed to xylenes.  ATSDR 
(1995) concluded that the body of information available for developmental effects is consistent 
with the hypothesis that xylene is fetotoxic and many of the fetotoxic responses are secondary to 
maternal toxicity.  However, the ATSDR also observed that there was a large variation in the 
concentrations of xylene producing developmental effects and of those producing no 
developmental effects.  The ATSDR thought that these differences were influenced by a number 
of factors (strain and species of animal, purity of xylene, method of exposure, exposure pattern 
and duration, etc.).  The two most common test species have been the rat and the mouse.   
 
With respect to rats, Mirkova et al. (1983) exposed groups of pregnant rats (unspecified strain of 
white rats) to clean air or 2.3, 12, or 120 ppm of xylene (unspecified composition) for 6 h/day on 
days 1-21 of gestation.  They reported increased postimplantation losses and fetotoxicity 
(reduced fetal weights) as well as a statistically increased incidence of visceral abnormalities 
(including ossification defects in bones of the skull) at xylene air concentrations of 12 ppm and 
above.  The ATSDR has suggested that the Mirkova et al. (1983) study results may have been 
influenced by poor animal husbandry as indicated by the low conception rates and the high 
incidence of fetal hemorrhages seen in the controls.  Hass and Jakobsen (1993) attempted to 
replicate the findings of Mirkova et al. (1983).  Hass and Jakobsen (1993) exposed groups of 36 
pregnant Wistar rats to clean air or 200 ppm of xylene for 6 h/day on days 4-20 of gestation.  
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Unlike Mirakova et al. (1983), there was no sign of maternal toxicity and no decrease in fetal 
weights and no increase in soft-tissue or skeletal malformations.  A large increase in the 
incidence of delayed ossification of the os maxillare of the skull, however, was observed (53% 
of experimental fetuses as opposed to 2% of the controls).  Potential neurological/muscular 
changes measured as performance on a rotorod were also noted upon testing of 2-day-old rat 
pups.   
 
Ungvary et al. (1985) exposed CFY rats by inhalation to air concentrations of xylene (60 ppm, 
440 ppm, 800 ppm) for 24 h/day on days 7-15 of gestation.  Maternal toxicity was described as 
moderate and dose-dependent.  They observed weight retarded fetuses at all air concentrations.  
However, there was no increase in malformations, and an increase in minor anomalies and 
resorbed fetuses occurred only at the highest concentration.  In a separate study investigating the 
interactions between solvents and other agents, Ungvary (1985) exposed CFY rats to either 140 
ppm or 440 ppm of xylene on days 10-13 of gestation and also reported increases for either 
condition in weight retarded and skeletal retarded fetuses without any increase in malformations.  
Hudak and Ungvary (1978) had earlier examined the effect of 230 ppm xylene (24 h/day, days 9-
14 of pregnancy) in the CFY rat and reported effects on skeletal development (e.g., fused 
sternebrae).  In contrast to the other Ungvary findings, no effect on fetal weight was observed.  
Bio/dynamics (1983) conducted an inhalation exposure study in the rat (CrL-CD (SD) BR 
strain).  Rats were exposed 6 h/day during premating, mating, gestation and lactation.  Exposure 
concentrations were 0, 60, 250, and 500 ppm.   Most measures for adverse effects on fetal 
development were not significantly increased.  Mean fetal weights at the highest exposure level 
were lower than controls, but this difference was significant only for the female fetuses.  These 
depressed weights were, however, still significant on day 21 of lactation.  Other adverse effects 
(such as increased soft tissue and skeletal abnormalities, increased fetal resorptions) were not 
increased significantly at any of the test concentrations.  
 
Ungvary et al. (1980a) tested by inhalation the individual ortho, meta, and para isomers of 
xylene in the CFY rat.  Pregnant rats were exposed 24 h/day on days 7 –14 of pregnancy to 35, 
350, or 700 ppm of each isomer.  An increased incidence of weight retarded fetuses was 
observed for each isomer at the 700 ppm level, and for the ortho isomer at the 350 ppm level.  
Post implantation losses were increased only at the 700 ppm level in the para-xylene exposed 
group.  Skeletal anomalies were increased only at the 700 ppm level for the meta and para 
isomers of xylene.  Rosen et al. (1986) evaluated the effects of prenatal exposure to para-xylene 
in the rat.  They exposed pregnant Sprague-Dawley rats by inhalation to either 800 ppm or 1600 
ppm of p-xylene from days 7-16 of gestation.  Despite the high concentrations, no effects were 
seen on litter size or weight at birth or on the subsequent growth rates of the pups.     
 
Hass et al. (1995) examined postnatal development and neurobehavioral effects in rats following 
prenatal exposure to 0 or 500 ppm technical xylene 6 hr/day on gestation days 7-20 of 
pregnancy.  Xylene exposure caused no signs of maternal toxicity and no difference in the 
number of live or dead fetuses.  The mean birth weight in exposed litters was about 5% lower 
compared to control litters but the difference was not statistically significant.  Body weights were 
similar between groups during the preweaning and postweaning period but lower absolute brain 
weights were observed in exposed animals.  Exposed offspring showed a delay in the ontogeny 
of the air righting reflex and exhibited impaired performance in behavioral tests for neuromotor 
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abilities (Rotorod) and for learning and memory (Morris water maze).  In a follow-up study 
under the same exposure conditions, exposed offspring exhibited impaired performances in the 
Morris water maze at 16, 28, and 55 weeks of age, although the difference was not statistically 
significant at 55 weeks (Hass et al., 1997).  These data indicate that xylene exposure during 
development may cause long-lasting deficits on learning and memory in offspring. 
 
With respect to mice, Ungvary et al. (1985) exposed CFLP mice by inhalation to air 
concentrations of xylene (120 ppm, 230 ppm) for 24 h/day on days 7-15 of gestation.   In the 
mouse, they observed increased incidences of weight-retarded fetuses and increased skeletal 
retarded fetuses at 230 ppm.  Shigeta et al. (1983) exposed pregnant ICR mice to approximately 
0, 120, 230, 460, and 920 ppm of xylene in an exposure chamber for 6 h/day on days 6-12 of 
gestation.  Shigeta et al. (1983) reported significant decreases in fetal weight in the 460 ppm and 
920 ppm dose groups only.  There was no difference in the number of live or dead fetuses.  
Decreased weight gains and delayed development of body hair and teeth were observed at the 
920 ppm exposure level.  Dose-response relations were reported for delayed ossification of the 
sternebrae.  Marks et al. (1982) noted that 2060 mg/kg/day of mixed xylene administered orally 
is associated with cleft palate and decreased fetal weight in the mouse. 
 
Ungvary et al. (1985) also tested the individual ortho, meta, and para isomers of xylene at 120 
ppm in the CFLP mouse.  Each isomer of xylene also increased the incidence of weight-retarded 
fetuses and skeletal retarded fetuses at 120 ppm.   There was no increase in malformations. 
 
Of the three chronic studies available (Tatrai et al., 1981; Jenkins et al., 1970; NTP 1986) none 
comprehensively examined systemic effects.  The study by Tatrai et al. (1981) exposed rats for 
one year, 7 days/week, 8 hours per day to 1096 ppm o-xylene.  This exposure was a LOAEL for 
body weight gain in males and a NOAEL for hepatic effects in male rats.  Jenkins et al. (1970) 
exposed rats, guinea pigs, squirrel monkeys, and beagle dogs for 90-127 days continuously to 78 
ppm of o-xylene.  The study examined body weight gain; hematological parameters including 
white cell counts, red blood cell counts, and hematocrit; serum biochemistry including 
bromosulfophthalein retention, blood urea nitrogen, alanine aminotransferase, aspartate 
aminotransferase, alkaline phosphatase, and creatinine and liver function including alkaline 
phosphatase, tyrosine aminotransferase, and total lipids.  No effects were observed in any of the 
parameters examined in this study.  This study found a NOAEL for all effects examined of 78 
ppm o-xylene.  The NTP (1986) study administered 0, 250, or 500 mg/kg/day doses of mixed 
xylene in corn oil by gavage 5 days/week for 103 weeks to groups of F344/N rats of both sexes, 
50 animals per group.  B6C3F1 mice were treated in a similar manner but given 0, 500 or 1000  
mg/kg/day of mixed xylenes in corn oil by gavage.  A complete histopathological examination of 
all tissues was made as well as determination of body weight gain.  Based on histopathology of 
all organ systems, a NOAEL of 500 mg/kg/day was observed for rats and a NOAEL of 1000 
mg/kg/day was observed for mice. 
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VI. Derivation of Chronic Reference Exposure Level (REL) 
 

Study Uchida et al. (1993) 
Study population 175 xylene-exposed factory workers and control 

population of 241 factory workers 
Exposure method Inhalation  
Critical Effects Dose related increase in the prevalence of eye 

irritation, sore throat, floating sensation, and 
poor appetite.  

LOAEL  14.2 ppm (geometric mean of exposure 
concentrations) 

NOAEL Not applicable 
Exposure continuity 8 hr/d (10 m3/day occupational inhalation rate),   

5 d/wk  
Exposure duration Occupational exposure for an average of 7 years 
Average occupational exposure  5.1 ppm for LOAEL group (14.2 x 10/20 x 5/7)  
Human equivalent concentration 5.1 ppm for LOAEL group 
LOAEL uncertainty factor 3 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 1 
Intraspecies uncertainty factor 10 
Cumulative uncertainty factor 30 
Inhalation reference exposure level   0.2 ppm (200 ppb; 0.7 mg/m3; 700 µg/m3) for 

mixed xylenes or for total of individual 
isomers 

 
A number of issues are important in considering the uncertainty associated with this REL.  For 
ATSDR (1995)  the animal and human toxicity data suggest that mixed xylenes and the different 
xylene isomers produce similar effects, although different isomers are not equal in potency for 
producing a given effect.  Therefore exposure of workers to a mix of xylenes in the Uchida et al. 
(1993) study would be expected to generate a similar spectrum of responses as exposure to single 
isomers, however the intensity of particular effects could be different.  The use of a neurological 
endpoint for derivation of a REL is supported by the large number of inhalation and oral studies 
associating neurological effects with xylene exposure.  ATSDR (1995) indicates that 
neurological effects are a sensitive endpoint.  The observation that floating sensation is 
apparently related to dose further supports the concept that this subjective symptom related to 
neurological effects was due to xylene exposure.   
 
A UF of 3, rather than 10, was applied for the LOAEL to NOAEL extrapolation due to the 
generally mild adverse effects observed and the principally low incidence (<50%) of the effects. 
A factor of 1 was used for subchronic uncertainty.  Although the average occupational exposure 
was only 7 years, there were 176 xylene-exposed workers of average age 29.7±9.0 years 
(arithmetic mean ±SD) for whom, according to the report, there had been essentially no change 
in workplace in their working life.  Thus, many workers would likely have been exposed for 
more than 8.4 years, the cut-off point for chronic human exposure.  Another issue is the use of 
diffusive samplers in the Uchida et al. (1993) study.  These samplers provide a time weighted 
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average concentration of hydrocarbon and cannot indicate the maximum concentrations a worker 
is exposed to.  It is unknown whether peak concentrations alter the response to xylenes in 
humans. 
 
For comparison with the proposed REL of 200 ppb based on human studies, (1) the free-standing 
NOAEL of 78 ppm o-xylene obtained by Jenkins et al. (1970) in rats and guinea pigs 
continuously exposed for 90 days was used to estimate a REL based on animal data.  Use of an 
RGDR of 1, a subchronic UF of 3, an interspecies UF of 3, and an intraspecies UF of 10 result in 
a REL of 800 ppb for o-xylene for systemic effects.  (2) Tatrai et al. (1981) found a free standing 
LOAEL of 1096 ppm o-xylene for body weight gain in male rats exposed every day for 8 hours.  
Time adjustment to continuous exposure and use of an RGDR of 1, a LOAEL UF of 3 for a mild 
effect, an interspecies UF of 3, and an intraspecies UF of 10 result in a REL of 4000 ppb.  (3) 
Ungvary et al. (1985) exposed mice by inhalation continuously to 120 ppm or 230 ppm xylene 
for 24 h/day on days 7-15 of gestation.  The LOAEL was 230 ppm and the NOAEL was 120 
ppm.  No time adjustment is needed.  Use of an RGDR of 1, a subchronic UF of 1, an 
interspecies UF of 3, and an intraspecies UF of 10 results in a REL of 4000 ppb for xylene for 
developmental effects. 
 
VII. Data Strengths and Limitations for Development of the REL 
 
The strengths of the inhalation REL for xylene include the use of human exposure data from 175 
workers exposed over a period of years.  Major areas of uncertainty are the uncertainty in 
estimating exposure, the potential variability in exposure concentration, and the lack of 
observation of a NOAEL in the key study. 
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Written Testimony of John S. Bresland
U.S. Chemical Safety Board
Before the U.S. House of Representatives Committee on Education and Labor
Subcommittee on Workforce Protections
Hearing on “Examining the Tragic Explosion at the Kleen Energy Power Plant
in Middletown, Connecticut” 
June 28, 2010

Good morning Chairman Woolsey and distinguished members of Congress.  I am John Bresland, board member of the U.S. Chemical Safety Board.  Thank you for convening this important field hearing of the House Education and Labor Committee and for inviting me to appear before you.  

My statement today is on my own behalf and does not necessarily reflect the views of the other board members.  This week we are welcoming two new members to the Chemical Safety Board:  Dr. Rafael Moure-Eraso, who will serve as the new chair, and Mr. Mark Griffon.  Dr. Moure and Mr. Griffon were confirmed by the Senate just last Wednesday evening.

The Chemical Safety Board or CSB is an independent, non-regulatory federal agency that investigates major industrial accidents involving hazardous substances.  We were established in 1998 and have investigated approximately 70 industrial fires, explosions and toxic gas releases across the country.  These include the West Pharmaceutical explosion of 2003, the BP Texas City refinery explosion of 2005, and the Imperial Sugar explosion of 2008.  Most recently, we have been called in to investigate the causes of the explosion and fire at the Deepwater Horizon oil rig in the Gulf of Mexico.

For the past four-and-a-half months, the CSB has conducted an intensive investigation of the root causes of the February 7, 2010, accident at the Kleen Energy power plant under construction here in Middletown.  That investigation began less than 24 hours after the explosion and has involved a large number of our personnel.

I myself observed portions of the site on the Tuesday immediately following the explosion (Figure 1).  It was a scene of devastation and of tragedy.  For us, it was one of the most challenging investigations we have ever conducted.

Our team has interviewed more than 90 witnesses, has gathered large numbers of documents from all the parties involved, and has painstakingly examined the site and key pieces of evidence.   We have also conducted an exhaustive review of applicable federal and state regulations, codes, and standards governing the gas power industry and the work activities underway on the morning of the explosion.

CSB Investigation of Kleen Energy Explosion Reveals Significant Gap in Current Standards

Madam Chairman, the CSB team has uncovered what we believe is a significant gap in these standards – a gap that threatens the continued safety of workers at facilities that handle flammable natural gas.

CSB investigators have determined that no specific federal workplace safety standards prohibit intentional, planned releases of natural gas into workplaces, as occurred here on February 7.  We also determined that there are safe, feasible, economical alternatives to the unsafe gas-handling practices that caused this accident.

The tragedy that took six lives and injured many others at Kleen Energy was not the first explosion involving natural gas that the CSB has investigated.  On June 9, 2009, a similarly destructive accident occurred at the ConAgra Slim Jim meat processing plant in Garner, North Carolina (Figure 2).  That explosion during what is known as “gas purging” of a process pipe killed four workers and injured 67 others.  It substantially destroyed the facility, leading to a permanent shutdown that cost more than 600 jobs in the region. 

A mere three days before the accident at Kleen Energy, on February 4, the CSB held a public meeting in North Carolina to present our preliminary findings on the ConAgra explosion and to issue urgent safety recommendations for changes to the National Fuel Gas Code to prevent the unsafe indoor venting of gas during purging operations.

At the hearing, accident victims spoke to the Board – none more poignantly than Debra Pettiway, who worked for ConAgra and whose only son, 33-year-old Lewis Watson, also worked at the Slim Jim plant and was killed in the explosion, leaving behind a wife and child.  Ms. Pettiway implored the Board, “For the people that did die, please don't let them die for nothing.”  Ms. Pettiway’s plea has, I believe, inspired our continuing work to promote the safer handling of fuel gases – the work that we plan to complete here today in Middletown.

Madam Chairman, I am here to testify that these deadly accidents in Connecticut and North Carolina were preventable.  There are readily available alternative practices that will completely eliminate the hazard.  It is my earnest hope that standards will be put in place that will require these safer practices in the future.

Natural Gas Blow Released Huge Volume of Flammable Gas at Kleen

The explosion at Kleen Energy occurred during what has been termed a “natural gas blow.”  This was a procedure to clean out debris from large, newly constructed natural gas piping that provided fuel to the plant’s large electricity-generating gas turbines.

The cleaning of natural gas piping is a necessary activity when putting new piping into service at gas power plants, because even small debris particles can cause damage to the turbines, which are very large and costly.  The turbine manufacturers – including companies like Siemens and General Electric – require cleaning of the piping as a condition of the warranty on the turbines.

Although contractors involved in constructing the Kleen Energy plant had considered using high-pressure air to clean out the piping, it was eventually decided to use high-pressure natural gas for this purpose.   Using natural gas, we determined, has generally been done as a matter of custom and convenience at new power generation facilities, since an abundant supply of high-pressure natural gas is readily available from nearby gas pipelines that are already connected into these plants.

Gas blows of this kind can result in vast releases of natural gas to the atmosphere.  Figure 3 shows a gas blow conducted at Kleen Energy about a week prior to the accident; a geyser-like plume of gas and debris towers over the large plant.

Over a four-hour period on the morning of February 7, workers were conducting a series of 15 planned gas blows involving different sections of piping within the plant.  The gas was supplied at a high pressure of approximately 650 pounds per square inch gauge (psig).

This gas was vented directly to the atmosphere, without being captured or combusted.  The venting occurred through large, horizontal, open pipe ends that were less than 20 feet off the ground and were located in congested areas adjacent to the power generation building.

Our investigators obtained gas company records that show that some two million standard cubic feet of natural gas were released to the atmosphere during these gas blows on February 7.  To put that into some perspective, that is more than two billion BTUs worth of gas – enough to fuel a typical American home every day for more than 25 years.

During the final ten minutes prior to the blast, approximately 480,000 cubic feet of gas were released.  That is enough gas to fill a pro basketball arena with an explosive fuel-air mixture.

Workers Were Not Adequately Involved in Safety Planning

No safety meeting was held that morning among the workers involved in the gas blows.  About 150 workers were present at the site.  Although workers were evacuated from the area south of the power generation building, there was no effort to evacuate nonessential personnel from the building itself; however, a few workers evacuated themselves due to concern about the odor from the gas that was being released.

While efforts were made to eliminate or control ignition sources outside the building, some ignition sources were difficult or impossible to eliminate.  In addition there were abundant ignition sources that remained inside, including electrical devices and welding equipment.  We view that the formation of a flammable gas cloud was the fundamental hazard, and thus determining a specific ignition source has not been a major focus of our investigation.

At approximately 11:15 a.m. the gas found one of the numerous available ignition sources and exploded.

Two Previous Fires or Explosions Occurred During Natural Gas Blows at Power Plants

CSB investigators discovered that this was not the only explosion that has occurred during a natural gas blow at a power plant.  In October 2001, a fire occurred during a natural gas blow at a First Energy power plant in Ohio.  Flames reportedly shot 30-40 feet in the air following a sudden, unexpected ignition of the gas.  In that case, operators were able to shut off the supply of gas within a period of seconds, before injuries or serious damage occurred. 

The next occurrence was even more serious.  On January 26, 2003, a similar explosion occurred at the Calpine Wolfskill Energy Center in Fairfield, California.  This blast, which was actually photographed as it began (Figure 4), also happened during a gas blow to clean piping, using high-pressure (630 psig) natural gas.

The explosion was powerful enough to be heard 10 miles away.  However, workers were 80 to 140 feet away from the location of the vent and were spared injury.  Investigators from Calpine noted that one of the causes of the accident was that available alternative cleaning methods such as compressed air were not being used.

Perhaps because these previous accidents did not cause severe injuries or damage, they were not widely publicized or acted upon by the gas power industry, which has continued to use natural gas for pipe cleaning.

Natural Gas Blows Remain Common, Despite Safer Alternatives

Following the explosion at Kleen Energy, we enlisted the help of an industry organization called the Combined Cycle Users’ Group to conduct a survey of gas power companies concerning their pipe cleaning practices.  The survey confirmed that there are a number of alternatives to using natural gas blows for cleaning debris from pipes.

These alternatives include blowing with air, nitrogen, or steam, or using a cleaning device known as a “pig” which can be pushed through the piping.  Although no method is completely free of any risks, using compressed air, for example, completely eliminates the catastrophic fire and explosion hazard associated with using natural gas.  Other methods, such as using a cleaning pig with compressed air as the motive force, also eliminate the fire hazard.

These methods are practical and affordable and work as well if not better than natural gas.  Many companies use these alternative techniques.  Despite the availability of these alternative methods, we were disturbed to find that natural gas blows remain the most popular single technique, practiced by 37% of respondents in our survey.  We even learned of several natural gas blows that were performed after the CSB’s announcement at a news conference on February 25th that these operations were inherently unsafe and should be avoided.

General industry safety guidelines dating back for several decades emphasize the importance of eliminating process hazards to the greatest degree possible, rather than trying to control the hazards of inherently dangerous activities.  This approach, often termed “inherent safety,” recognizes that despite the best of intentions, efforts at controlling serious hazards are ultimately prone to failure over time.  In the safety hierarchy, permanent elimination of a hazard is always preferable whenever it is possible to do so.

While not every natural gas blow leads to an explosion or to injuries, the activity is inherently dangerous and difficult to conduct in a way that reliably results in safe dispersion of the gas before it contacts an ignition source.  In fact, there are even indications that natural gas blows can self-ignite due to static electricity or impact sparks from metal debris.

Madam Chairman, the hazard of natural gas releases into workplaces is one that can and should be eliminated.

Current Regulations and Guidance Allow Natural Gas Blows

CSB investigators examined numerous standards, codes, and guidance from the U.S. Occupational Safety and Health Administration (OSHA), the National Fire Protection Association (NFPA), the American Society of Mechanical Engineers (ASME), the Electric Power Research Institute (EPRI), and the State of Connecticut.  Yet we found nothing that specifically prohibits natural gas blows or mandates the use of feasible alternatives.

What we did find in our investigation was a series of exemptions governing the natural gas power industry.  For example, we found that the National Fuel Gas Code (NFPA 54), which has been adopted by at least 35 states across the U.S., has a specific exemption for power plants and for piping above a pressure of 125 psig.  We found that other NFPA documents that provide guidance for power plants, including NFPA 37 and NFPA 850, are silent on the issue of gas blows.

In addition we were told that industry representatives have resisted the development of NFPA or other consensus codes that would contain potential mandatory safety requirements for the power industry.  NFPA 850, a document focused on fire protection in the electric power industry, has thus been designated a “recommended practice” rather than a code and it remains completely voluntary in all jurisdictions.

Urgent Safety Improvements Are Warranted

Madam Chairman, I would submit to you that the present patchwork of inadequate codes and voluntary practices does not protect America’s workers from the kind of explosions that killed six at Kleen Energy, killed four at ConAgra, and threatened many others with death or injury.

That’s why today, at our CSB public meeting later this evening, I intend to vote for and support new urgent safety recommendations calling for OSHA to enact new regulations to control this hazard, and I will encourage the other Board members to do the same.

The two accidents at Kleen Energy and ConAgra – and many others over the years – underscore the fact that OSHA currently has no regulatory standard for the safe handling of natural gas.  In contrast, OSHA has specific regulatory standards for other flammable gases, including the liquefied petroleum gases propane and butane as well as acetylene and hydrogen.

Data gathered by our investigators demonstrate, however, that natural gas is far more widely used than the other common flammable gases.  For example, natural gas use exceeds that of propane by a factor of 15 (Figure 5).  Propane use is specifically regulated by OSHA; natural gas is not.

I will not seek to catalogue here all the accidents that have resulted from unsafe natural gas releases in industrial workplaces – they are both serious and numerous.   Our draft urgent recommendations mention some of the most severe examples, including the catastrophic coal dust explosion that was ignited by an inadvertent gas release during the purging of a natural gas line at the Ford River Rouge power plant in Dearborn, Michigan, in 1999.  That single accident killed six workers, injured dozens of others, and caused an estimated one billion dollars in property losses.

Other jurisdictions have gone further than federal OSHA.  In California, state construction regulations prohibit work in an atmosphere where flammable gas exceeds 20% of the lower explosive limit (LEL).  Similar regulations prohibit any work activity in an atmosphere above 20% of the LEL in a majority of Canadian provinces.

OSHA Should Develop Safety Standards for Natural Gas

The draft urgent recommendations that the CSB will consider tonight would call upon OSHA to enact new gas safety regulations that will:

· Prohibit the use of natural gas for pipe cleaning, the cause of the explosion at Kleen Energy

· Prohibit the venting or purging of fuel gas indoors, the cause of the explosion at ConAgra

· Prohibit any work activity where the flammable gas concentration exceeds a fixed, low percentage of the lower explosive limit

· Require that companies involve their workers and contractors in developing safe procedures and training for handling fuel gas

I believe OSHA should proceed with developing these regulations as quickly as possible, as a matter of considerable urgency.  In the electrical generating sector alone, there are some 125 new gas-fired power plants planned for completion between 2010 and 2015 (Figure 6).  These plants not only represent a major financial investment, but unless steps are taken to prevent unsafe gas blows, many workers may be placed in harm’s way over the next five years.

Additional draft urgent recommendations will seek safety improvements from the NFPA, the American Society of Mechanical Engineers, the Electric Power Research Institute, the major gas turbine manufacturers, and the State of Connecticut and other states.

All these recommendations remain “draft” until they are voted on and approved by the full Board.  I ask consent to have the 18 draft recommendations – together with more than 60 findings of fact that support the recommendations, included in the record of this morning’s hearing.

If the Board approves the recommendations this evening, our intention is to conclude the CSB investigations of the explosions at Kleen Energy and ConAgra.  We believe that the 18 urgent recommendations proposed today – together with the two urgent recommendations we issued on February 4 – address all of the principal root causes of these two tragic accidents.  If adopted by the recipients, I have no doubt that future accidents will be avoided and lives will be saved as a result.

We need to put an end to the unsafe and potentially deadly practice of venting huge volumes of natural gas in the vicinity of workers and ignition sources.  The CSB’s draft recommendations represent a comprehensive, multi-layered strategy for doing just that.

Let me add, Madam Chairman, that we had an encouraging meeting just over a week ago with the OSHA Assistant Secretary, Dr. David Michaels, and his deputies to discuss the proposed recommendations.  I know that Dr. Michaels and the other dedicated leaders and staff of OSHA are just as concerned about these recent fuel gas accidents as we are.

I hope that as you proceed with your work on this issue, you will consider providing OSHA with whatever specific fiscal resources, personnel, or statutory tools it may need to proceed quickly with the new recommended standards.

I thank you again, Madam Chair, for convening today’s hearing and I thank you and the entire Connecticut Congressional delegation for your unwavering support of the CSB’s investigation and our work to improve worker safety.  I will be happy to answer any questions you may have.
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Figure 1.  Aerial photograph taken shortly after the devastating gas explosion February 7, 2010, at the $1 billion Kleen Energy power plant in Middletown, Connecticut.
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Figure 2. ConAgra Slim Jim meat processing plant in Garner, North Carolina, following the natural gas explosion of June 9, 2009, which killed 4 workers, injured 67 others, and caused much of the building to collapse.
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Figure 3. Natural gas blow conducted at the Kleen Energy plant a week prior to the explosion on February 7, 2010, showing plume of gas and debris hundreds of feet high.
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Figure 4. Previous explosion during a natural gas blow on January 26, 2003, at a Calpine natural gas power plant in Fairfield, California.  The explosion was heard 10 miles away.






Figure 5. Graph showing annual U.S. consumption of various flammable gases.  Although propane and other liquefied petroleum gases, hydrogen, and acetylene are regulated by specific OSHA safety standards, OSHA currently has no specific standard for the safety of natural gas (methane), which is by far the most common gas.
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Figure 6.  Approximately 125 new gas-fire power plants are expected to come into operation over the next five years across the United States.  The majority of states have new plants under construction.

Annual U.S. Production and Consumption of Flammable Gases (2008)

Million BTU consumed in 2008	Natural Gas	Propane	Hydrogen	Ethane	Butane	Acetylene	Isobutane	23853730524	1620476004	1207800000	772913206	175436604	6489915.0410209671	5337082	

Billion BTU
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