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FOREWORD

This toxicological profile is prepared in accordance with guidelines developed by ATSDR and the
Environmental Protection Agency (EPA) and in support of Department of Defense information needs. The

original guidelines were published in the Federal Register on April 17, 1987. Each profile will be revised and
republished as necessary.

The ATSDR toxicological proiile succinctly characterizes the tpxicologic and adverse health effects
information for the hazardou$ substance being described. Each proiily identifies and reviews the key literature
(that has been peer-reviewed} that describes a hazardous substance’s tgxicologic properties. Other pertinent
literature is also presented, blit described in less detail than the Key stydies. The profile is not intended to be an
exhaustive document; however, more comprehensive sources of specidlty information are referenced.

Each toxicological profile begins with a public.licalth statement, which describes in nontechnical language
a substance’s relevant toxicological properties. F¢!lowing the public Health statement is information concerning
levels of significant human ekposure and, when known, significant health effects. The adequacy of information
to determine a substance’s hdalth effects is-aescribed in a health effects summary. Data needs that are significant
to protect public health will be identified by ATSDR and the EPA. The focus of the profiles is on heaith and
toxicologic information; thergfore, we have included this information |n the beginning of the document.

Each profile must incJude the following:

(A) The examination, summary, and interpretation of available toxicologic information and epidemiologic
evaluations on a hazardous substance in order to ascertain the levels of significant human exposure for the
substance and the associated acute, subacute, and chronic health effects.

(B) A determination of whether adequate information on the health effects of each substance is available
or in the process of development to determine levels of exposure that present a significant risk to human
heaith of acute, subacute, and chronic health effects.

(C) When appropriate, identification of toxicologic testing needed to identify the types or levels of
exposure that might present significant risk of adverse health effects in humans.

The principal audiences for the toxicological profiles are health professionals at the federal, state, and
local levels, interested private sector organizations and groups, and members of the public.

The toxicological profiles are developed in response to the Superfund Amendments and Reauthorization
Act (SARA) of 1986 (Public Law 99-499) which amended the Comprehensive Environmental Response,
Compensation,.and Liability Act of 1980 (CERCLA or Superfund). Section 211 of SARA alse amended Title
10 of the U. S. Code, creating the Defense Environmental Restoration Program. Section 2704(a) of Title 10 of
the U. S. Code directs the Secretary of Defense to notify the Secretary of Health and Human Services of not less
than 25 of the most commonly found unregulated hazardous substances at defense facilities.

Section 2704(b) of Title 10 of the U. S. Code directs the Administrator of the Agency for Toxic
Substances and Disease Registry (ATSDR) to prepare a toxicological profile for each substance on the list
provided by the Secretary of Defense under subsection (b).
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Foreword

This profile reflects our assessment of all relevant toxicologic testing and information that has been peer
reviewed. It has been reviewed by scientists from ATSDR, the Centers for Disease Control and Prevention
(CDC), and other federal agencies. It has also been reviewed by a panel of nongovernment peer reviewers and
was made available for public review. Final responsibility for the contents and views expressed in this
toxicological profile resides with ATSDR.

) *\“‘C/Qf\/

David Satcher, M.DD.,-Fh.D.
Administracer

Agency for Toxic-Juabstances ahd

Diseace Registry
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PEER REVIEW

A peer review panel was assembled for gasoline. The panel consisted of the following members:

l. Dr. Carson Conaway, Research Scientist, Division of Pathology/Toxicology, American Health
Foundation, Valhalla, New York

2. Dr. Carroll Snyder, Director, Laboratory of Inhalation Carcinogenicity and Toxicology, New
York University, A.J. Lanza Laboratories, Tuxedo, New York

3. Dr. Charles Ward, Private Consultant, Pittsburgh, Pennsylvania

These experts collectively have knowledge of gasoline’s physical and chemical properties, toxicokinetics,
key health end points, mechanisths of action, human and animal exgosure, and quantification of risk to
humans. All reviewers were sele¢ted in conformity with the conditigns for peer review specified in Section
104(1)(13) of the Comprehensivel Environmental Response, Conipersation, and Liability Act, as amended.

Scientists from the Agency for Tpxic Substances and Dissase Regisfry (ATSDR) have reviewed the
peer reviewers’ comments and d¢termined which cornments will be fincluded in the profile. A listing
of the peer reviewers’ comments|not incorporatec in the profile, with a brief explanation of the
rationale for their exclusion, exists as part of th¢ administrative recofd for this compound. A list of
databases reviewed and a list of yinpublished documents cited are al§o included in the administrative
record.

The citation of the peer review panel'snould not be understood to infply its approval of the profile’s
final content. The I'CSpOIlSibﬂity for-thecontentofthts Pr ofttetres—with the ATSDR.
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GASOLINE

1. PUBLIC HEALTH STATEMENT

This statement was prepared to give you information about gasoline and to emphasize the
human health effects that may result from exposure to it. The Environmental Protection
Agency (EPA) has identified 1,397 sites on its National Priorities List (NPL). Gasoline has
been found in at least 23 of these sites. However, we do not know how many of the

1,397 NPL sites have been evaluated for gasoline. As EPA evaluates more sites, the number
of sites at which gasoline is found may change. This information is important for you to

know because gasoline may cause harmful health effects and because these sites are potential

or actual sources of human expogure to gasoline.

When a chemical is released fromh a large area, such as an iridustrial jplant, or from a
container, such as a drum or bott]e, it enters the envicciiraent as a chemical emission. This
emission, which is also called a release, may lead 1o exposure. You ¢an be exposed to a
chemical only when you come infto contact vvith the chemical. You fnay be exposed to it in
the environment by breathing, e]!ing, or arinking substances containjing the chemical or from

skin contact with it.

If you are exposed to a hazardous chemical such as gasoline, several factors will determine
whether harmful health effects will occur and what the type and severity of those health
effects will be. These factors include the dose (how much), the duration (how long), the
route or pathway by which you are exposed (breathing, eating, drinking, or skin contact), the
other chemicals to which you are exposed, and your individual characteristics such as age,

sex, nutritional status, family traits, lifestyle, and state of health.
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1. PUBLIC HEALTH STATEMENT

1.1 WHAT IS GASOLINE?

Gasoline is a complex manufactured mixture that does not exist naturally in the environment.
However, for the most part, chemicals that are in gasoline are generally present in several
physical states (gaseous, liquid, or others) in human settlements. Gasoline is produced from
petroleum in the refining process. The gasoline discussed in this profile is automotive

gasoline used as a fuel for engines in automobiles and other vehicles. Aviation gasoline and

other types of fuels, such as dies¢l and jet fuels, fuel oils, and precugts that result when
gasoline is burned, are not discugsed in this profile. The ATSDR toxicological profiles on jet

fuels, Otto Fuels II, and fuel oils|have further informatint: on other types of fuels.

Typically, gasoline contains morg than 150 cheiicals including smgll amounts of benzene,
toluene, xylene, and sometimes lpad. How the gasoline is made detefmines which chemicals

are present in the gasoline mixtufe and tiow much of each is present| The actual composition

varies with the source of the crude petroleum, the manufacturer, and the time of year.

Gasoline is a colorless, pale brown, or pink liquid. Gasoline is very flammable; it catches on
fire quite easily, evaporates quickly, and forms explosive mixtures with air. Most people can
begin to smell gasoline at 0.25 parts of gasoline per million parts of air (ppm). Gasoline may
be present in the air, groundwater, and soil. Gasoline does not dissolve readily in water.
However, some of the chemicals that make up gasoline can dissolve easily in water. See
Chapter 3 for more information on the chemical and physical properties of gasoline and

Chapter 4 for its production and use.

1.2 WHAT HAPPENS TO GASOLINE WHEN IT ENTERS THE ENVIRONMENT?

Gasoline is a mixture of many different chemicals. Small amounts of these chemicals
evaporate into the air when you fill the gas tank in your car or when gasoline is accidentally

spilled onto surfaces and soils or into surface waters. Other chemicals in gasoline dissolve in
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water after spills to surface waters or underground storage tank leaks into the groundwater.
The movement of individual chemicals in gasoline is influenced by physical and chemical
properties, such as how easily they dissolve in water, how quickly they evaporate, and
whether they stick to soil. In surface releases, most chemicals in gasoline will probably
evaporate; others may dissolve in and be carried away by water; a few will probably stick to
soil. The chemicals that evaporate are broken down by sunlight and other chemicals in the

air; the completion of this process may take from hours to weeks. The chemicals that

dissolve in water also break dowh quickly by natural processes. Vio$t chemicals in gasoline
do not build up to high levels in plants or animals. For more-iniformgtion on what happens to

gasoline when it enters the envirpnment, see Chapter 5.

1.3 HOW MIGHT I BE EXPOSED TO GASQLINE?

The most likely way that you might be‘¢xposed to gasoline is by brdgathing its vapors at a

service station when you are filling 7our car’s fuel tank. If an attendpnt fills your car’s fuel

tank, you may still be exposed to vapors, but not as much as when you fill it yourself. If the
hose from the gas tank leaks or you overfill your tank, you may be exposed to more gasoline
vapors or some gasoline may spill on your skin. If you work at a service station, you will be
exposed to more gasoline and its vapors than someone who just fills the car up occasionally.
Air levels as high as 99 ppm were measured at one gas station during filling of a car’s tank
with gasoline. When you use equipment that runs on gasoline (for example, a lawn mower),
you may be exposed to gasoline or its vapors when you fill the gas tank (especially when the

engine is hot) or. operate the machine.

You may also be exposed to gasoline if you use or drink contaminated water. However, most
of the chemicals in gasoline are usually removed by purification processes before the water
enters drinking water supplies. Gasoline can seep into groundwater from leaking underground

pipelines or storage tanks. There is no information on how much gasoline may be in
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groundwater after a leak, but in some instances gasoline has been found floating on top of
groundwater that is used to supply drinking water to homes. According to one estimate, as
many as 75,000-100,000 underground storage tanks leak millions of gallons of gasoline into
groundwater each year. Some of the chemicals making up the gasoline mix with the water;
you would be exposed to these chemicals when you drink the water, bathe or shower with it,

or otherwise use it.

Another way you might be expoged to gasoline or its vapors is b7 bging close to a spot where
gasoline has spilled or leaked intp the soil. Information on the amoupt of gasoline that has
seeped into the soil from spills, sforage tanks, or pipelines-is not avaElable.

Certain workers have a greater rigk of exposure o gasoline vapors. These include service
station attendants, drivers of gas¢line tank inicks, workers at bulk ldading terminals and
marine loading docks, workers who rericve and service undergrounf storage tanks and

gasoline pipelines, workers who [find and clean up gasoline spills anf leaks, and refinery

workers. If you have any of these jobs, you are probably exposed to small amounts of
gasoline vapors every day you work. If you work at a job using gasoline-powered
equipment or vehicles, you may be exposed to gasoline and its vapors. See Chapter 5 for

more information on exposure to gasoline.

1.4 HOW CAN GASOLINE ENTER AND LEAVE MY BODY?

Gasoline can easily enter your body when you breathe in air or drink water thatis
contaminated with gasoline. No information is available on how much gasoline enters your
body when it gets on your skin. When products like gasoline get on your skin, however, they
enter your body more slowly than when they are taken into your mouth. Some of the
chemicals in gasoline, such as benzene, are expected to penetrate the skin more easily than

some of the other chemicals in gasoline. Most of the gasoline that you breathe in or swallow
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is breathed out unchanged, but some of it can enter your blood rapidly. Gasoline in your
blood travels throughout your body. When the chemicals in gasoline reach your liver, they
are changed into several different chemical substances. Most of these new substances travel
in your blood until they reach your kidneys and then leave your body in urine. However,
some of the new substances formed in the liver do not leave your body as rapidly.

Chapter 2 has more information on how gasoline enters and leaves your body.

1.5 HOW CAN GASOLINE AFFECT MY HEALTH?

Many of the harmful effects seen| after exposure to gascira¢ are due fo the individual
chemicals in the gasoline mixtur¢, such as benzene @nd iead in very [small amounts. Inhaling

or swallowing large amounts of gasoline can caute death. The level§ of gasoline that killed

people are about 10,000-20,000 ppm when breathed in and about 12 ounces when swallowed.
High concentrations of gasoline gre irritating to the lungs when breathed in and irritating to

the lining of the stomach when swa!'owed. Gasoline is also a skin irfitant. Breathing in high

levels of gasoline for short periods of time or swallowing large amounts of gasoline may also
cause harmful effects on the nervous system. These effects become more serious as the
amount of gasoline breathed in or swallowed increases. Less serious nervous system effects
include dizziness and headaches, while more serious effects include coma and the inability to
breathe. Effects on the nervous system have also occurred in people exposed to gasoline
vapors for long periods of time, either in their jobs or because they intentionally sniff
gasoline for its ability to cause hallucinations. Harmful effects on the lungs can occur when a
person swallows large amounts of gasoline because the gasoline in the stomach can enter the

lungs during vomiting.

Some laboratory animals that breathed high concentrations of unleaded gasoline vapors
continuously for 2 years developed liver and kidney tumors. However, there is no evidence

that exposure to gasoline causes cancer in humans. There is not enough information available
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to determine if gasoline causes birth defects or affects reproduction. For more information on
the health effects of gasoline, see Chapter 2 and the ATSDR toxicological profiles for

benzene, toluene, xylene, ethylbenzene, 1,2-dibromoethane, 1,3-butadiene, and lead.

1.6 IS THERE A MEDICAL TEST TO DETERMINE WHETHER I HAVE BEEN
EXPOSED TO GASOLINE?

There are laboratory tests that cah determine if you have been exbeded to gasoline. However,
these tests are not generally available in your doctor’s office. Tne tepts involve measuring
elevated blood or urine levels of lead (as an indication @i exposure tp leaded gasoline only),
benzene, or other substances tha may result from ezposure to gasoljne or other sources.
These methods are sensitive enoyigh to measure background levels and levels when health
effects may occur. If you have these substances in your body, howeyer, they may be there as

the result of exposure from sourdes othzi than gasoline. Neverthelesp, these tests are useful if

exposure to gasoline is suspected. Refer to Chapters 2 and 6 for moge information on tests to

determine whether you have been exposed to gasoline. Also, for more information on the
tests for measuring exposure to the individual components in gasoline, refer to the ATSDR

toxicological profiles on lead, benzene, toluene, xylene, and ethylbenzene.

1.7 WHAT RECOMMENDATIONS HAS THE FEDERAL GOVERNMENT MADE TO
PROTECT HUMAN HEALTH?

The government has developed regulations and guidelines for gasoline. EPA has established
many regulations ‘to control air pollution. These are designed to protect the public from the

possible harmful health effects of gasoline. To protect workers, the Occupational Safety and
Health Administration (OSHA) has set a legal limit of 300 ppm for workroom air.

The Occupational Safety and Health Administration (OSHA) regulates levels of gasoline in

the workplace. The maximum amount of gasoline allowed in workroom air during an 8-hour
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workday of a 40-hour workweek is 900 milligrams of gasoline vapor per cubic meter of air
(mg/m’), or 300 ppm. However, this level is not intended to be used as a standard for
pollutants outside the workplace. See Chapter 7 for more information on recommendations

the federal government has made to protect human health from the effects of gasoline.

1.8 WHERE CAN I GET MORE INFORMATION?

If you have any more questions qQr concerns, please contact yaur-corhmunity or state health or

environmental quality department or:

Agency for Toxic Substances angl Disease Registry
Division of Toxicology
1600 Clifton Road NE, Mailstop|E-29
Atlanta, Georgia 30333

This agency can also tell you where to find the nearest occupational and environmental health
clinic. These clinics specialize in the recognition, evaluation, and treatment of illnesses

resulting from exposure to hazardous substances.
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2. HEALTH EFFECTS

2.1 INTRODUCTION

The primary purpose of this chapter is to provide public health officials, physicians, toxicologists, and
other interested individuals and groups with an overall perspective on the toxicology of gasoline and a
depiction of significant exposure levels associated with various adverse health effects. It contains
descriptions and evaluations of studies and presents levels of significant exposure for gasoline based

on toxicological studies and epidemiological investigations

2.2 DISCUSSION OF HEALTH|EFFECTS BY ROUTE OF 2XPOSURE

To help public health professionals address the needs. of persons living or working near hazardous
waste sites, the information in this section is onganized first by routd of exposure--inhalation, oral, and
dermal--and then by health effec--death, systemic, immunological, heurological, developmental,

reproductive, genotoxic, and car¢inogeiic effects. These data are digcussed in terms of three exposure

periods--acute (14 days or less), Intcrmediate (15-364 days), and chitonic (365 days or more).

Levels of significant exposure for each route and duration are presented in tables and illustrated in
figures. The points in the figures showing no-observed-adverse-effect levels (NOAELSs) or lowest-
observed-adverse-effect levels (LOAELSs) reflect the actual doses (levels of exposure) used in the studies.
LOAELSs have been classified into “less serious” or “serious” effects. These distinctions are intended to
help the users of the document identify the levels of exposure at which adverse health effects start to
appear. They should also help to determine whether or not the effects vary with dose and/or duration, and

place into perspective the possible significance of these effects to human health.

The significance of the exposure levels shown in the tables and figures may differ depending on the
user’s perspective. For example, physicians concerned with the interpretation of clinical findings in

exposed persons may be interested in levels of exposure associated with “serious” effects. Public
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health officials and project managers concerned with appropriate actions to take at hazardous waste

sites may want information on levels of exposure associated with more subtle effects in humans or

animals (LOAEL) or exposure levels below which no adverse effects (NOAEL) have been observed.

Estimates of levels posing minimal risk to humans (Minimal Risk Levels, MRLs) may be of interest to

health professionals and citizens

Levels of exposure associated wi

alike.

th the carcinogenic effects of gasol

ine are indicated in Table 2-1 and

Figure 2- 1.

This chapter discusses the health
the ATSDR toxicological profile
information on other types of fug
associated with exposure to the g

more information on the health ¢

effects associated with exposure to
5 on jet fuels, Ottoduels 11, and fue
Is. Furthermore this chapter will f
asoline mixiure, and not the indivig

ffects associated with exposure to §

automotive gasoline. Please see
oils (ATSDR 1992) for further
cus on the health effects

fual components of gasoline. For

pecific components of the gasoline

mixture, please refer to the ATS]

DR foxicological profiles on 1,3-bu

adiene, benzene,

1,2-dibromoethane, ethylbenzene, lead, toluene, and xylene (ATSDR 1989, 1990, 1991). In addition,

this profile will not discuss the health effects associated with exposure to automotive gasoline exhaust or

combustion products of gasoline because these products contain other substances that are not constituents

of gasoline itself.

Gasoline is a complex, highly variable mixture consisting of several hundred hydrocarbons that have

boiling points from approximately 40°C to 180°C (Mehlman 1990). The hydrocarbons present in the

gasoline mixture include alkanes, or straight-chain C4 to C;, compounds also known as paraffins,

isoparaftins, or branched-chain compounds of the same size; alkenes, or olefins, which are unsaturated

linear and branched-chain hydrocarbons; and naphthenics, or saturated cyclic hydrocarbons. Also included

in the gasoline are aromatic compounds (principally benzene, toluene, ethylbenzene, and xylene).

Tetraethyl and tetramethyl lead are being phased out of gasoline (Mehlman 1990). Many of the

toxicological effects associated with exposure to gasoline can be attributed to specific components of the

mixture (i.e., organic lead compounds, benzene). For the majority of the studies discussed in this chapter,

the exact composition of the gasoline mixture used was not specified. For those studies in which the

composition of the test mixture was indicated, the percentages of the components are
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presented in the text when the study is discussed. Many studies (i.e., those sponsored by the American
Petroleum Institute [API]) used a gasoline test mixture formulated by API in 1982 known as API
PS-6. Compositional data are available for the mixture formulated in 1982, but the percentages of the
formulation are probably atypical because of the large content of paraffinic blending stock: 12.3%
n-paraffins, 47.4% isoparaffins, 3.1% cyclopentanes, 14.5% cyclohexanes, 6.4% olefins, 28.7%
aromatics (benzene-adjusted 2.0%), 11.5% unclassified hydrocarbons (Anonymous 1989). Another

composition (expressed as volume percent) given for API PS-6 is as follows: 11.4% n-paraffins,

46.5% isoparaffins, 4.7% cyclopgraffins, 9.0% mono-olefins, 28:4% aromatics (Domask 1984). The
API PS-6 used in the chronic stufly conducted by MacFarland ct al. [1984) had the same composition
as the one used by Domask (1984), but the benzene cori«nt of this rhixture was specified as 1.69%. A
more recent blend of gasoline, API 91-1, has been reported to contajn a greater percentage of
aromatics (33.2%) and olefins (1R.5%) and a lower percentage of safurated hydrocarbons than the
API PS-6 blend (Standeven and Goldsworthy 1993).

Details regarding experimental ppotacol for most of the studies discyissed in this section are presented

in Tables 2-1, 2-2, and 2-3, and are generally not reiterated in the text.

2.2.1 Inhalation Exposure

2.2.1.1 Death

Several case reports of either accidental or intentional inhalation of gasoline vapors resulting in death
have been published (Ainsworth 1960; Boeckx et al. 1977; Poklis 1976; Wang and Irons 1961).
Inhalation of >5,000 ppm gasoline vapor (20,000 ppm for 5 minutes) has been shown to be lethal
(Ainsworth 1960; Wang and Irons 1961). It has been postulated that the cause of death following
inhalation of high concentrations of gasoline vapors is either central nervous system depression due to
asphyxia leading to respiratory failure, or cardiac sensitization to circulating catecholamines leading to

a fatal arrhythmia (Poklis 1976).
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Acute median lethal concentrations (LCsos) of gasoline vapor have not been established in
experimental animals. Intermediate-duration exposure (90 days) to up to 1,552 ppm unleaded gasoline
vapor was not lethal to rats or monkeys (Kuna and Ulrich 1984), and exposure to up to 2,056 ppm

unleaded gasoline vapors for 2 years was not lethal to rats or mice (MacFarland et al. 1984).

The highest NOAEL values for death in each species and duration category are recorded in

Table 2-1 and plotted in Figure 2-1

2.2.1.2 Systemic Effects

The highest NOAEL values and fll reliable LOAEL values for systgmic effects for each species and

duration category are recorded ir] Table 2-1 and plotted in Figure 2-1

Respiratory Effects. Adverse respiratory effects were described in ope case report of inhalation of

gasoline vapors that resulted in death (Ainsworth 1960). In this case} a 3-year-old boy was found with

his head lying in a pool of gasoline, and he died shortly thereafter. Autopsy revealed pulmonary
congestion, edema, and intrapulmonary hemorrhage. Hyperemia was evident in the tracheal and
bronchial mucosa, and there was hemorrhagic fluid in the bronchi. Intraalveolar hemorrhage and
alveolar necrosis were seen upon histopathological evaluation. According to the report, these effects
were the result of inhalation of gasoline fumes. No gasoline was found in the stomach, and there was
no evidence of oral or pharyngeal mucosal damage, thus ruling out the possibility that the lung

damage was due to aspiration of ingested gasoline.

Information on the acute respiratory effects of gasoline inhalation in experimental animals is limited to
one study in which rats were exposed to 0.1 mL gasoline in a closed container either once or
intermittently for 5-7 days. In both exposure scenarios, widespread hemorrhage of the lungs was

noted at necropsy (O’Regan and Turgeon 1986). This study is not included in Table 2-1 because the
unusual exposure conditions precluded quantification of the exposure levels; however, this study does

provide qualitative evidence of lung damage resulting from acute-duration exposure to gasoline vapors.
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TABLE 2-1. Levels of Significant Exposure to Automotive Gasoline - Inhalation

. Exposure/
Keyto  Species/ duration/

.

NOAEL

System (ppm)

Less serious

Reference/

figure (strain) _frequency (ppm) Chemical form
ACUTE EXPOSURE
Systemic
1 Rabbit 2hr Cardio 70,180 (ECG disturbances, Przybylowski 1971
NS dee-'eajed heart rate;
decreased myocardial
acioon leaded
sodium
and ma
altered
ATPasd
Neurological
2 Rabb“ 2 hl’ 70,180 NS (convulsions' Pnyby'DWSk' 1971
NS once restlessness, narcosis)
leaded
Developmental
3 RBRat 10d 1600 Litton Bionetics
CD(SD)BR Gd6-15 1978
6hr/d

unleaded

S103443 HIV3H ¢

INITOSVYD

el
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TABLE 2-1. Levels o

t Significant Exposure to Automotive Gasoline - Inhalation (continued)

a Exposure/ . LOAEL
Keyto  Specles/  duratlon/ NOAEL Less serlous Serlous Reference/
figure  (straln)  frequency System (ppm) (ppm) (ppm) Chemical torm
INTERMEDIATE EXPOSURE
Systemic
4 Monkey 90 d Resp 1552 Kuna and Ulrich
Squirrel 5d/wk 1984
6hr/d
unleaded
Card 1552
Hemato 1552
Hepaic 1552
Reng 1552
Endacr 1552
Bdw 1552
5 Ral 90 d Cardjo 3866 Halder et al. 1984
Sprague- 6hr/d
Dawley 5d/iwk
unleaded
Hempto 3466
Hepatic 3866
Renal 40 M 379 M (renal tbular dilation
3666 andTecrosis)
Endocr 3866
Bd wt 3866

S103443 H1ITV3IH ¢

ANITOSVYD

vi
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TABLE 2-1. Levels of Significant Exposure to Automotive Gasoline - inhalation (continued)

. Exposure/ LOAEL
Keyto  Specles/  duration/ ‘ NOAEL Less serlous Serlous Reference/
figure  (straln)  frequency System {(ppm) (ppm) (ppm) Chemical form
6 Rat 21d Cardio 3316 Halder et al. 1984
Sprague- 5d/wk
Dawley 6hr/d
unleaded
Hemato 3316
Hepatic 3316
Rena 3316 F 29 M (miid tubilar
degcnergtive and
rzgerierative changes
with hyal[ne droplets)
Endogr 3316
Bd wt 3316
7 Hal 90d Resp 1552 Kuna and Ulrich
Sprague- 5d/wk 1984
Dawley 6hr/d
unleaded
CardiJ) 1552
Hemgto 1852
Hepalic 1552
Rena 1552 F 384 M (regenerhted
ithaliuin:
dilated tubules)
Endocrine 1552
Body wt 1552
8 Rat 5-45d Resp 100 F (decreased levels of Le Mesurier et al.
Wistar shr/d surfactant) . 1979
5d/wk t
’ leaded
9 Rat 12 wk Resp 100 F (respiratory distress; Lykke et al. 1979
NS 5d/iwk fibrosis; alveolar
8hi/d collapse) leaded

S103443 H1TVAH 2

aANITOSVYD

St
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TABLE 2-1. Levels of Significant Exposure to Automotive Gasoline - Inhalation (continued)

N Exposure/ LOAEL
Keyto  Specles/  duration/ ' NOAEL Less serlous Serlous Reference/
figure  (straln)  frequency System (ppm) (ppm) (ppm) Chemical form
10 Rat 3 wk Renal 20M 200 M (hyperplasia; necrosis Short et al. 1987
F344 5d/wk of proximal tubular
/ celis
hrid ) unieaded
11 Rat 3-50 wk Ren 300 F 10 M o2p-globulin Short et al. 1989a
Sprague- 5d/wk
Dawle!
! Bhrid unleaded
12 Mouse 13 wk Hepdtic 300 F 20390~ (increasg liver weight, Standeven and
B6C3F, 5d/wk microsofmal enzyme Goldsworthy 1993
6hr/d inductiof, hypertrophy) \rleaded
13  Mouse 16 wk Hepatic 292°F 2056 F liver weight, Standeven et al.
B6CJF, 5d/wk hy, increase 1994a
6hr/d
enase) unleaded
14 Mouse 13 wk HepTIin 292F 2056 F (increask liver weight, Tilbury et al. 1993
B6C3F, 5d/wk e te cell
6 hr/id proliferation) \rteaded
immuno/Lymphoret
15  Monkey 90d 1552 . Kuna and Ulrich
Squirrel 5d/wk i 1984
Shrid unieaded
16 Rat 90d 1552 Kuna and Ulrich
Sprague- 5d/wk 1984
Dawtey 6hr/d
unleaded

S103443 H1IV3H ¢

INITOSVYD

9l
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TABLE 2-1. Levels of Significant Exposure to Automotive Gasoline - Inhalation (continued)

. Exposure/ LOAEL
Kﬂey to  Specles/  duration/ g NOAEL Less serlous Serlous Reference/
gure  (straln)  frequency ystem {(ppm) {ppm) {ppm) Chemical form
Neurological '
17 Monkey 90d 1552 Kuna and Ulrich
Squirrel 5d/wk 1984
6hr/d
unleaded
18 Rat 90d 1552 Kuna and Ulrich
Sprague- 5d/wk 1984
Dawley 6hr/d
unleaded
Reproductive
19  Mouse 8 wk 1600 M Litton Bionetics
CcD-1 5d/wk 1980
6hr/d
unleaded
20 Mouse 16 wk 2058 F Standeven et al.
B6CAF, 5d/wk 1994a
6hr/d
unleaded
Cancer
21 Rat 24 wk 300 M (CEL-renal cell adenomas) Short et al. 19890
F344 5d/wk
6hr/d
. unleaded
22 Mouse 13 wk ! 2039 F (promotion of Standeven and
CriBr Sd/wk preneoplastic hepalic Goldsworthy 1993
6 hr/d foci)
unleaded

S103443 H1TV3IH 2

3NITIOSVYD

FAS
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. TABLE 2-1. Levels of Significant Exposure to Automotive Gasoline - Inhalation (continued)

a Exposure/ . LOAEL
Keyto  Specles/  duration/ NOAEL Less serlous Serlous Reference/
figure  (straln)  frequency System {(ppm) (ppm) (ppm) Chemical form
23 Mouse 16 wk 2056 F (promotion of Standeven et al.
BBC3F, 5diwk preneoplastic altered 1994a
6hr/d hepatic foci)
unleaded

S103443 H1VaH ¢

ANIIOSYD

8}
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TABLE 2-1. Levels of Significant Exposure to Automotive Gasoline - Inhalation (continued)

a Exposure/ LOAEL
Keyto  Species/  duration/ NOAEL Less serlous Serious Reference/
figure  (straln)  frequency  System {(ppm) (ppm) (ppm) Chemical form
CHRONIC EXPOSURE
Systemic
24 Rat 107-109 wk Resp 292 F 2056 F (mild muitifocal MacFarland et al.
F344 5d/wk pulmonary 1984
6hr/d inflammatory
responsp) unleaded
Res| 2056 M
Cargio 2056
Gasjro 2056
Hemato 2056
Must/skel 2056
Hephtic 2056
Rengl 2056 F 67 M (nephropathy)
Derpal 2058
Bd 252 2056 (decreasged body
weight dain)
25 Mouse 103-113wk Res 2056 MacFariand et al.
B6C3F, 5d/wk 1984
6hr/d
unleaded
Cardio 2056
Gastro 2056
Hemato 2056
Musc/skel 2056
Hepatic 2056
Renal 2056
Dermal 2056
Body wt 292 M 2056 M (decreased body
2056 F weight)

S103443 HIIV3H 2

ANITOSVYD

6}


http://www.chinatungsten.com

TABLE 2-1. Levels of Significant Exposure to Automotive Gasoline - inhalation (continued)

a Exposure/ LOAEL
Keyto  Specles/  duration/ NOAEL Less serious Serlous Reference/
figure  (strain)  frequency  SYSIOM (ppm) (ppm) (ppm) Chemical form
Immuno/Lymphoret
26 Rat 107-109 wk 2056 MacFarland et al.
F344 5d/iwk 1984
Sheld unleaded
27 Mouse 103-113 wk 2056 MacFarland et al.
B6C3F, 5d/wk 1984
hrid unieaded
Neurological
28 Rat 107-109 wk 2056 MacFarland et al.
F344 5d/wk 1984
heid unieaded
29 Mouse 103-113wk 2056 MacFarland et al.
B6C3F, sd/wk 1984
hr/d unleaded
Reproductive
30 Rat 107-109 wk 2056 MacFarland et al.
5d/wk 1984
Shrid unleaded
31 Mouse 103-113wk 2056 MacFarland et al.
B6C3F, sd/iwk 1984
f
Shrid . unleaded

S103443 HITV3H ¢

INFIOSYD

0c
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TABLE 2-1. Levels of Significant Exposure to Automotive Gasoline - inhalation (continued)

a Exposure/ LOAEL
':IGY to  Specles/  duration/ Less serlous Serlous Reference/
gure  (straln)  frequency {ppm) {ppm) Chemical form
32 Mouse 103-113 wk MacGregor et al.
B6C3F, Sd/wk 1993
6hr/d
unleaded
Cancer
33 Rat 107-109 wk 292 (CEL renal adenomas, MacFarland et al.
F344 5d/wk carcinomas, and 1984
6hr/d sarcomas)
unleaded
34 Mouse 103-113wk 2056 F (CEL hepatoceliular MacFarland et al.
B6C3F, sd/iwk adenomas, and 1984
6hr/d carcinomas)
unleaded

*The number corresponds to entries in Figure 2-1.

Bd wi = body weight; Cardio = cardiovascular; CEL = canc
Gd = gestation day; Hemato = hematological; hr = houxz:;
mo = month(s); Musc/skel = musculoskeletal; NOARL. = no-observed-a

e effect level; d = day(s); ECG = electrocardiogram; Endor =
tmmuno/Lymphoret = immunological/lymphoreticular; LOA

ndocrine; F = female(s); Gastro = gastrointestinal;
e vel; M = male(s);

dverse-cffect level; NS = not specificd; Resp = respiratory; wk = week(s); x = time(s)

S103443 HITV3H

INIIOSVYD

%4
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Figure 2-1. Levels of Significant Exposure to Automotive Gasoline — Inhalation
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Figure 2-1. Levels of Significant Exposure to Automotive Gasoline — Inhalation

(continued)
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Figure 2-1. Levels of Significant Exposure to Automotive Gasoline - Inhalation (continued)
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Intermediate-duration exposure of rats to approximately 453 ppm gasoline vapors resulted in an

increase in the relative weight of the lungs in animals sacrificed after 30 days of exposure. This effect

was no longer apparent in animals sacrificed after 60 days of exposure (Vyskocil et al. 1988). No

biochemical, functional, or histopathological evidence of adverse respiratory effects was reported in

this study, so the toxicological significance of the change in organ weight is not known. Rats and

monkeys failed to exhibit any consistent adverse respiratory effects following intermediate-duration

exposure to 1,552 ppm gasoline y
pulmonary function were signifi
compared to the controls in this s

observed between the sexes, and

antly altered in monkeys exposed I

tudy, there was a lack of censisten

there was a large degree of variabil

ough various parameters of
1,552 ppm gasoline vapors as
y with respect to the effects

ity in the responses. Therefore,

the evidence is insufficient to conclude that these changes in pulmonary function were treatment

related. When the lungs of rats exposed to 100 pm of gasoline vapgrs for 12 weeks were examined
by electron microscopy, a progression of lesions characteristic of fifrosing alveolitis (interstitial
fibrosis and alveolar collapse) was obseived (Lykke et al. 1979). These lesions were not apparent at

the light microscopic level. The gnimals began to exhibit signs of reppiratory distress in this study

after about 7 weeks of exposure, which is consistent with the alveolar collapse seen. Also, consistent
with these findings was the observation that surfactant levels in the lung were markedly decreased in
animals exposed to 100 ppm gasoline vapors for 5-15 days (Le Mesurier et al. 1979). This
observation led the authors to suggest that the sutfactant deficiency was probably involved in the
pathogenesis of the fibrosing alveolitis observed in the Lykke et al. (1979) study. The results of these
two studies indicate that gasoline-induced pulmonary changes may occur at levels previously thought
to cause no effect because the tissues were not examined ultrastructurally and/or other sensitive

parameters of pulmonary function were not measured.

Chronic exposure of female rats to 2,056 ppm gasoline vapors for 2 years resulted in an increase in
the incidence of mild multifocal pulmonary inflammatory response (compared to respective controls)
that was thought to be due to the irritant effect of gasoline (MacFarland et al. 1984). Although the
incidence of the pulmonary response was slightly increased in male rats exposed to 292 or 2,056 ppm,
the increase was not dose-related, and the incidence was comparable to those of female control rats.
This effect was not observed in mice similarly exposed (MacFarland et al. 1984), suggesting that rats

are more susceptible to the pulmonary irritating effects of gasoline.
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Cardiovascular Effects. Cardiac sensitization to circulating catecholamines leading to a fatal

arrhythmia has been postulated as one possible cause of death in humans following inhalation of high

concentrations of gasoline vapors (Poklis 1976). Abnormal electrocardiograms (ECGs) of a

nonspecific nature have been recorded in individuals with a history of chronic leaded gasoline sniffing

(Seshia et al. 1978).

A single 2-hour exposure to 70,1

0 ppm leaded gasoline vapors was

reported to induce ECG changes

and disturbances in myocardial ¢

The ECG readings were taken fr

evipan and again “immediately affter intoxication” (elapsed time not

gasoline vapor resulted in a slow|
ventricular repolarization such ag
T-wave (3/20), ST depression (1
QRS complex (7/20). Decreased

nzyme activities and electrolyte leV

m the animals prior to exposure w

flattening of tihe' [-wave (10/20), i
D/20), prolongation of the QT intery

myocardial acid phosphatase, decry

els in rabbits (Przybylowski 1971).
hile they were anesthetized with

specified). Exposure to leaded

ing of heart rate inull exposed aninpals and evidence of disturbed

hverted T-wave (7/20), biphasic
ral (16/20), and prolongation of the

based myocardial sodium,

potassium, and magnesium level

5, and altered acid phosphatase and

ATPase (adenosinetriphosphatase)

activity in the myocardium were also observed. A decrease seen in myocardial alkaline phosphatase
was not statistically significant. The author concluded that the decreased heart rate was a centrally
mediated effect. He also concluded that the prolongation of the QRS complex, which is indicative of
disturbed intracellular conduction, was a result of a direct effect on the myocardial electrical
conduction system, and that the disturbed ventricular repolarization suggested by the ECG changes
may have resulted in myocardial electrolyte disturbances (i.e., the changes in sodium, potassium, and
magnesium observed). Furthermore, various enzyme activities also appear to be affected by exposure
to gasoline vapor. While these conclusions appear valid, there are a number of limitations associated
with this study. Only one exposure level was tested, precluding the determination of a dose-response
relationship. The effects observed may have been due to oxygen deprivation because the gasoline
vapor concentration was so high (approximately 7%). Therefore, a control group exposed to
comparably low levels of oxygen would have been appropriate. The baseline ECGs were done on
anesthetized animals, and the postexposure ECGs were done on animals that were apparently in a
“narcotic sleep.” It is difficult to compare the ECGs obtained under these different conditions.

Furthermore, although the authors state that the ECGs were done “immediately after exposure,” the
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time between exposure and the ECGs was not quantified, and the animals could have been in various
stages of recovery from any effects that occurred during exposure. It is possible that the
cardiovascular effects may have been due to lead in the gasoline mixture since no cardiovascular
effects have been observed in animals exposed to unleaded gasoline vapor (discussed in next

paragraph).

No changes in heart weight or in the microscopic anatomy of the heart were observed in rats or

monkeys exposed to up to 1,552 ppmunleaded gascline vapors for 90 days (Kuna and Ulrich 1984).

Similarly, rats and mice exposed|to 2,056 ppm unleaded gasoliné vapors for 2 years exhibited no
exposure-related cardiovascular ¢ffects (MacFarland et al. 19&4). A|decrease in relative heart weight
was observed in the rats from thif chronic study, but in f5c absence pf any biochemical, functional, or
histopathological evidence of cajdiovascular toxicity; the toxicologifal significance of a change in

heart weight is not known.

Gastrointestinal Effects. No effe¢ts on itic gastrointestinal system were observed in humans after

inhalation exposure to gasoline (Aissworth 1960; Carlson 1981).

One study in experimental animals was located in which the gastrointestinal tract was examined after
inhalation exposure to gasoline vapors. No evidence of adverse effects was found upon
histopathological evaluation of the gastrointestinal tract of rats and mice exposed to 2,056 ppm

unleaded gasoline vapors for 2 years (MacFarland et al. 1984).

Hematological Effects. Several human case studies have been reported that describe the occurrence
of hematological effects in individuals with known long-term exposure to gasoline vapors. However,
in all of these cases, the hematological effects reported were most likely due to a constituent of
gasoline rather than the gasoline mixture itself. For example, basophilic stippling, increased
erythrocyte protoporphyrin, and increased 6-aminolevulinic acid dehydratase (ALAD) activity have
been noted in individuals exposed to leaded gasoline vapor (Boeckx et al. 1977; Chessare and
Wodarcyk 1988; Young et al. 1977). These effects are also known to occur with exposure to lead (see
ATSDR toxicological profile for lead [ATSDR 1991]), and so may be due to the presence of organic
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lead compounds in the gasoline. An increased incidence of various blood dyscrasias (anemia,
hypochromia, thrombocytopenia, and neutropenia) has been observed in Nigerian males with known
exposure to gasoline in their occupations as motor mechanics and road-side vendors of heavy motor
oil and/or gasoline as compared to controls with no known exposure to gasoline (Niazi et al. 1989).
The authors attributed the increased incidence of these disorders to benzene which is present in

gasoline (see ATSDR toxicological profile for benzene [ATSDR 1991)).

No exposure-related adverse effdcts on any hematological parameiefs measured or on the bone marrow
have been noted in rats or monkdys exposed to 1,552 ppm unleaded|gasoline vapors for 90 days (Kuna
and Ulrich 1984) or in rats and njice exposed to 2,056 rim unleaded gasoline vapors for 2 years,

despite the presence of benzene (MacFarland et al. 1984).

Musculoskeletal Effects. An 18-year-old miaie with a history of sniffing leaded gasoline vapors

was admitted to the hospital on two occasions complaining of muscle weakness and pain (Kovanen et

al. 1983). He claimed to sniff I-1.p L at a time irregularly over the pdst year. Neurological

examinations were normal on both hospital admissions, but his serum creatinine kinase was markedly
elevated, and his urine was positive for myoglobin. Furthermore, his blood and urine lead levels were
also elevated. The authors concluded that the boy suffered from acute severe myopathy associated
with leaded gasoline sniffing. The mechanism by which gasoline could have induced this myopathy is
not known. The authors speculated that the myopathy may have been due to individual susceptibility
or that the patient may have had a subclinical, possibly metabolic, myopathy that was exacerbated by
gasoline sniffing. The myopathy may also have been the result of lead toxicity (see ATSDR
toxicological profile for lead [ATSDR 1991]).

No exposure-related effects were noted upon histopathologic examination of the bones in rats or mice

exposed to 2,056 ppm unleaded gasoline vapors for 2 years (MacFarland et al. 1984).
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Hepatic Effects. No studies were located regarding hepatic effects in humans after inhalation

exposure to gasoline.

No adverse hepatic effects were noted in rats or monkeys exposed to 1,552 ppm unleaded gasoline
vapors for 90 days (Kuna and Ulrich 1984) or in rats exposed to 2,056 ppm unleaded gasoline vapors
for 2 years (MacFarland et al. 1984). Hepatic hypertrophy and increased hepatic cytochrome P-450

content were observed in mice exposed to 2,039 ppm unleaded gasoline vapor for 13 weeks; however,

there was no evidence of hepatic|necrosis (Standeven and Goldswerthy 1993). Hepatic hypertrophy
without accompanying necrosis yas also noted in mice expesca to 2,056 ppm for 13 or 16 weeks
(Standeven et al. 1994a; Tilbury ft al. 1993). Mice chronically expoped to unleaded gasoline vapors
exhibited necrosis and hemorrhage associated with Liver tumors (sed Section 2.2.1.8), but no other

exposure-related hepatic effects were seen (MacFarland et al. 1984)

Renal Effects. No studies were 1gcated tegarding renal effects in huinans after inhalation exposure

to gasoline.

Unleaded gasoline is one of a diverse group of hydrocarbons that have been shown to induce a unique
syndrome of nephropathy in male rats following subchronic or chronic inhalation exposure (Halder et
al. 1984; Kuna and Ulrich 1984; MacFarland et al. 1984; Short et al. 1987, 1989a, 1989b). The
components of gasoline determined to be largely responsible for the hydrocarbon-induced nephropathy
in the male rat were identified as branched alkane compounds with six or more carbons. The gasoline
used in the studies conducted by Halder et al. had the following composition: 45% alkanes,

12% alkenes, 43% aromatics. The mixture used by MacFarland et al. (1984) and in the studies
conducted by Short et al. (1987, 1989a, 1989b) was the API PS-6 specified in the introduction to this
chapter. Kuna and Ulrich (1984) used two mixtures of gasoline: “Fuel A - Unleaded EPA Reference Fuel”
and “Fuel B - Leaded Commercial.” Fuel A contained 30.1% aromatics, 8.2% olefins, and

61.7% saturates. Fuel A was further described as containing 0.2% benzene, 16.7% toluene, 1.0%
n-butane, 5.4% isopentane, and 4.8% n-pentane. Fuel B contained 27.4% aromatics, 7.8% olefins, and
64.4% saturates with 0.4% benzene, 11.4% toluene, 0.4% n-butane, 5.5% isopentane, and 4.0%

n-pentane. The lead content of Fuel B was not specified, but the concentrations of lead in the two
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exposure levels of Fuel B used in the study were 0.19 ug lead/L at the 384-ppm level and
0.72 pg lead/L at the 1,552-ppm level.

This syndrome of nephropathy is characterized by excessive accumulation of hyaline droplets
containing ocy,-globulin in the P2 segment of the proximal tubule region. The accumulation of these
droplets may lead to single-cell necrosis and exfoliation of P2 tubular epithelial cells, followed by
tubular epithelial cellular proliferatton-which-ts-oftenrassoetated-with tubular dilation and tubular
epithelial necrosis. In addition tofinducing this syndrome in youig male rats, gasoline has been shown
to exacerbate the rat nephropathy commonly seen in aging -tiale rats| (MacFarland et al. 1984; Short et
al. 1989a). ocy, -Globulin is prodpiced in large amounts5¥ male rats,|accounting for 26% of their total
urinary protein. There is no evid¢nce that humang produce ooy, -glofulin. In addition, human urine
contains relatively little protein: pnly 1% of thc.total concentration theasured in male rats. Of this
amount, only trace quantities are[within the same protein family as qc5, -globulin (Olson et al. 1990).

This suggests that humans are prpbaklyv not at risk for the type of nephropathy induced by gasoline in

male rats. In addition, oc,,,-globutim=imduced mephropatiy cammot be induced in female rats (Halder et
al. 1984; Kuna and Ulrich 1984; Short et al. 1989a), mice of either sex (MacFarland et al. 1984), or
monkeys of either sex (Kuna and Ulrich 1984). Thus, it appears to be unique to male rats. Therefore,
even though these nephrotoxic effects were seen at exposure levels that are lower than those required
to induce other toxic effects, this end point was not used for the derivation of an acute, intermediate,

or chronic inhalation MRL for gasoline.

Endocrine Effects. No studies were located regarding endocrine effects in humans after inhalation

exposure to gasoline.

A decrease in relative adrenal weight was noted in rats following intermediate-duration exposure to . -.
gasoline vapors, but no exposure-related histopathological effects were observed in the adrenal gland
(Kuna and Ulrich 1984). Therefore, the toxicological significance of this change in adrenal weight is

not known.
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Dermal Effects. No studies were located regarding dermal effects in humans after inhalation

exposure to gasoline.

No exposure-related effects on the skin were observed in rats or mice exposed to 2,056 ppm unleaded

gasoline for 2 years (MacFarland et al. 1984).

Ocular Effects. Gasoline vapor af concentrations of about 200, 500, or 1,000 ppm caused eye
irritation in volunteers during a 30-minute exposure period (Davis et al. 1960). Ocular irritation was
also noted in subjects exposed to| 500 ppm for 1 hour (Drinker ¢t al. [1943). Both the Drinker et al.
1943 and the Davis et al. 1960 studies are limited in that the subject$ were exposed to atomized

gasoline vapors, which has the sgme composition as liquid gasoline pnd is not the same as the gasoline

vapors that humans would be exposed to in amb:ent conditions.

No studies were located regardinig ocular effects in animals after inhalation exposure to gasoline.

Body Weight Effects. No studies were located regarding body weight effects in humans after

inhalation exposure to gasoline.

Intermediate- and chronic-duration exposures to gasoline vapors have been reported to cause
significant decreases in body weight gain in rats (MacFarland et al. 1984; Vyskocil et al. 1988) and
mice (MacFarland et al. 1984).

2.2.1.3 Immunological and Lymphoreticular Effects

No studies were located regarding immunological or lymphoreticular effects in humansafter inhalation

exposure to gasoline.

In animals, exposure to hydrocarbons has been associated with Goodpasture’s syndrome
(glometulonephritis and pulmonary hemorrhage caused by the binding of circulating autoantibodies to

basement membrane antigens on the glomerular and alveolar basement membranes, respectively)
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(O’Regan and Turgeon 1986; Yamamoto and Wilson 1987). To determine whether gasoline exposure
causes pulmonary alveolar damage thereby allowing autoantibodies to pass into the alveoli and bind to
lung basement membrane, rats were exposed in a closed container to unleaded gasoline once or

5-7 times daily at half-hour intervals for 5-8 days (O’Regan and Turgeon 1986). The animals were
then injected with sera containing anti-glomerular basement membrane (anti-GBM) antibodies,
sacrificed, and the lungs were taken for light and immunofluorescence microscopy. The anti-GBM

failed to bind to alveolar basemept membrane (ABM) in the gasoling-exposed animals as determined

by immunofluorescence. Based qn these results, it does not appear-that exposure to gasoline in this
manner damages the alveolar endothelium to allow passage-o1-anti-(zBM to cause the pulmonary

hemorrhage associated with Goodpasture’s syndrome.

Rats and monkeys exposed to up|to 1,552 ppm gasoline for 90 days were evaluated for the presence
and deposition of IgG, a class of [immunogtobulin, in the renal glompruli and lungs (Kuna and Ulrich

1984). There was no evidence of|IgG d«position in either the renal glomeruli or the lungs in the

exposed animals based on immunofiuorescence studies.

No evidence of adverse histopathological effects was noted in the thymus or the bone marrow of rats
or mice exposed to 2,056 ppm gasoline vapors for 2 years (MacFarland et al. 1984).
The highest NOAEL values and all reliable LOAEL values for immunological effects in each species

and duration category are recorded in Table 2-1 and plotted in Figure 2-1.

2.2.1.4 Neurological Effects

Acute exposure of humans to high levels of gasoline vapors is characterized by a spectrum of
neurological effects that progress in severity with increasing dose and duration and can include
dizziness, headaches, giddiness, euphoria, vertigo, blurred vision, nausea, numbness, drowsiness,
anesthesia, and coma (Poklis and Burkett 1977). Chronic exposure to gasoline (i.e., in those
individuals who habitually sniff gasoline for its euphoric/hallucinogenic effects and in those

occupationally exposed to gasoline) is associated with neurological effects as well.
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In a 2-year retrospective study, hospital records on 40 male and 10 female patients of Native American

or Native Canadian origin who sniffed gasoline indicated that exposed individuals exhibited signs of

jaw jerk, postural tremor, ataxia, abnormal gait, deep tendon reflexes, and affected speech (Seshia et

al. 1978). A study of 51 gasoline station workers reported complaints of headaches, fatigue, sleep

problems, memory loss, and general weakness (Pandya et al. 1975). The benzene content of the

gasoline was high; values ranged from 10-17%. Therefore, it is difficult to determine the contribution

of benzene exposure to the repor

ed symptoms. Gasoline odors wer

detected periodically by office

workers for several years but inc

Feased during a 9-month period. ity

reported by 18 individuals (Kullman and Hill 1990). Measuvrerients

made on a day when gasoline od
approximately 3-22 ppm. These
concentrations. Furthermore, the

gasoline (e.g., lead, benzene) as ¢

studies lacked adeghaic details on t
investigators aid not assess the con

L potential spurce of the neurotoxic

The majority of the data on the n|

vhich headaches and nausea were

unspecified method) that were

brs were present indicaicd total hydrocarbon concentrations of

ne exposure duration and
tribution of other constituents of

effects.

puroiogical effects of gasoline havg

come from case reports

describing patients, usually adolescents, who were chronic gasoline sniffers (Owens et al. 1985). In
most instances, the exposure concentrations could not be determined and the lead content in the
gasoline was not specified. Cerebellar dysfunction (e.g., ataxia, poor coordination, decreased muscle
tone, broad-based gait, myoclonic movements), generalized convulsions, and hallucinations, as well as
elevated blood lead levels, are typical symptoms observed in gasoline sniffers (Carroll and Abel 1973;
Coulehan et al. 1983; Goldings and Stewart 1982; Goodheart and Dunne 1994; Kaelan et al. 1986;
Moss and Cooper 1986; Rischbieth et al. 1987; Young et al. 1977). Some exposed individuals were
also found to have abnormal electroencephalograms (EEG) and/or slowing of nerve conduction
velocity (Goldings and Stewart 1982; Hall et al. 1986; Hansen and Sharp 1978; Rischbieth et al. 1987;
Robinson 1978; Seshia et al. 1978). A 14 year-old male who inhaled gasoline 10-20 times a day
complained of a loss of strength and paresthesia in the limbs. Motor nerve conduction velocity was
slowed on his right side, and Wallerian degeneration and segmental demyelination were reported
(Gallassi et al. 1980). Neuropathological changes reported in eight patients who were diagnosed as
“chronic gasoline sniffers” included neuronal loss and gliosis in the cerebral cortex, cerebellum, and
brainstem, including the reticular formation (Goodheart and Dunne 1994). It is difficult to discern if

these effects were due to the lead in the mixture or to the long-term exposure to hydrocarbon mixtures.
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A male patient was hospitalized four times during ages 17-21 years for acute lead encephalopathy due
to gasoline sniffing (Valpey et al. 1978). He experienced insomnia, anorexia, agitation, irritability,
poor memory, nystagmus, and slurred speech, as well as characteristic cerebellar effects (e.g., ataxia,
involuntary movements). He gradually developed permanent dementia and dysmetria and died after
his fourth admission. An autopsy revealed mild congestion and atrophy of the brain, as well as a
patchy loss of Purkinje cells, neuronal loss, gliosis, and early hemorrhagic pneumonia. Necrosis and

demyelination of nerve cells and edema of the brain were noted in a 14-year-old boy who died having

repeatedly inhaled gasoline for oyer 4 years (Robinson 1978). A cethputerized tomographic scan of a
25-year-old man exposed to gasdline for 5 years indicated cercbellaf atrophy (Kaelan et al. 1986).
After his death, an autopsy showgd decreased brain weight, increasgd brain lead content, and severe
atrophy in the cerebellum as well as the loss of neariy ail of the PurKinje cells, some neuronal loss,

and severe gliosis.

Many of the neurological changgs that weare observed in these subje¢ts are related to organic and

inorganic lead encephalopathy (Robmson 1978; Valpey et al. 1978)] Tetraethyl lead can produce

symptoms of nausea, vomiting, diarrhea, irritability, restlessness, and anxiety, progressing to the
appearance of tremors, weakness, and confusion, followed by the onset of mania and convulsions
(Goldings and Stewart 1982; Robinson 1978). Tetraethyl lead itself is not toxic but is converted to
triethyl lead which is water soluble and becomes concentrated in the brain where it induces these
neurological changes. Triethyl lead is probably degraded to inorganic lead which explains the slowed
nerve conduction velocity (Robinson 1978). Chelation therapy, which increases the excretion of
inorganic lead, is commonly given to reduce effects due to the lead exposure (Robinson 1978). In
another case report, authors concluded that n-hexane, a component of gasoline, was the probable cause
of the motor neuropathy exhibited in a 4-year-old boy who was found comatose beside a can of
gasoline (Hall et al. 1986). On admission, he had elevated blood lead level and decreased nerve

conduction velocity; he had reportedly demonstrated abnormal gait and imbalance 3 months earlier.

Behavioral and intellectual changes have been observed in humans exposed to gasoline (Carroll and
Abel 1973; Kumar et al. 1988; Robinson 1978). Ninety exposed gasoline-pump workers had

significantly affected immediate and delayed visual memory and perception (p<0.01), psychomotor
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disturbances (p<0.05), and visuomotor learning ability (p<0.05) compared to a control group consisting

of 64 subjects matched for age, economic status, education, and location (Kumar et al. 1988). The

workers exposed for more than a year had a greater decrease in visual memory and intellectual

capacity compared to those workers exposed to gasoline for a shorter duration, while psychomotor

disturbances were similar in all workers. Psychological testing was conducted on a 13-year-old boy

who sniffed gasoline daily for 6 years (Carroll and Abel 1973). The Wechsler-Bellevue Intelligence

Scale indicated an intelligence q
test revealed severe motor incoo
an 1Q of 44 (moderate retardatio
gasoline sniffer, had an 1Q of 62

gasoline abuse. Following a 6-m

dination. A follow-up exam 10:weq
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Therefore, the low 1Q:this case
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tual motor skiiis‘and an abnormal }§

ardation), and the Bender-Gestalt
ks after discharge demonstrated
in brother, who was not a

may well have preceded the

5 year-old girl had an 1Q of

FEG (Robinson 1978). It is not

64 with severely impaired percef]

|

esiing of intellectual functioning w

possible to determine if the psychological and motor impairment segn in this case was a direct result

of gasoline sniffing because no ipformation was available on these garameters before the period of

gasoline sniffing. No follow-up t hs conducted after the girl stopped

sniffing gasoline.

Rabbits (15-20/group) of unspecified strain and sex were exposed to 0 or 70,180 ppm leaded gasoline
for 2 hours (Przybylowski 1971). All the exposed animals exhibited periods of restlessness,
equilibrium disturbances, convulsions, and narcosis after 35 minutes. However, no histopathology of
the brain tissue was conducted. These effects may have been partially due to the presumably low
oxygen concentration in the exposure atmosphere, as discussed in Section 2.2.1.2, Cardiovascular

Effects.

Rats and monkeys exposed to 1,552 ppm gasoline for 90 days exhibited no evidence of neurotoxicity,
as assessed by neuropathological examination, either during exposure or at necropsy (Kuna and Ulrich

1984).

In a chronic inhalation study, Fischer-344 rats (three/sex/group) were exposed to 2,056 ppm unleaded
gasoline for 7, 12, or 18 months (API 1982). The control groups for each exposure period consisted

of only one male and one female rat. Pigmentation of the neuronal cytoplasm was observed in an
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unspecified number of exposed animals, and Wallerian degeneration was reported in two rats at the
7-month sacrifice. Age-related axonal degeneration and dystrophy in the distal gracile tract of the
spinal cord were exhibited in the control and exposed groups with increasing severity at each exposure
period. The effects were more prominent in the exposed rats compared to the controls at 18 months.
No statistical analyses were conducted, and the number of animals per group was inadequate for

evaluating changes.

Fischer-344 rats and B6C3F;, migce inhaled 2,056 ppm unleaded gaspline for 107-109 weeks with
interim sacrifices performed at 3] 6, 12, and 18 months (MacFarland et al. 1984). There were no
treatment-related changes in the prain weight or the histopathology ¢f the brain, spinal cord, and

peripheral nerves. No other detaifs were reported.

The highest NOAELSs and all relfable LOAELSs for neurological effdcts in each species and duration

category are recorded in Table 24 1 and plotted in Figure 2-1.

2.2.1.5 Reproductive Effects

No studies were located regarding reproductive effects in humans after inhalation exposure to gasoline.
A reproductive toxicity study in animals reported no evidence of dominant lethal effect on sperm.
Inhalation exposure of male CD-I mice to either 400 or 1,600 ppm unleaded gasoline vapor,

6 hours/day, 5 days/week, for 8 weeks, produced no significant increase in pre- or postimplantation
loss of embryos in treated animals compared to controls (Litton Bionetics 1980). The composition of
the gasoline used in this study was reported to be 47% paraffins, 4% olefins, 10% naphthenes, and
39% aromatics, which is similar to the mixtures used in other studies sponsored by API. The NOAEL

for reproductive effects in male mice was 1,600 ppm; the LOAEL was not established.

No exposure-related histopathological effects were noted in the reproductive organs of rats or mice that
were exposed to 2,056 ppm unleaded gasoline vapors for 2 years (MacFarland et al. 1984). A recent
reexamination of histological sections from the McFarland et al. 1984 cancer bioassay revealed a

marked decrease in the severity of uterine cystic endometrial hyperplasia (a common spontaneous
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condition) in female mice exposed to 2,056 ppm unleaded gasoline (MacGregor et al. 1993). In
addition, there was an increase in the incidence and severity (primarily graded trace to mild) of uterine
atrophy in aged female mice exposed to 2,056 ppm unleaded gasoline. However, the majority of the
lesions were observed only at the end of the study. At terminal sacrifice, 14 of 40 female mice
exhibited uterine atrophy. Uterine atrophy was not present at terminal sacrifice in control animals or
in those exposed to 67 or 292 ppm. A decrease (40%) in uterine weight was observed in female mice

following exposure to 2,056 ppmunleaded gasoline for 16 weeks (Standeven et al. 1994a). However,

there were no significant histological changes in reproductive orzang or significant effects on serum
17B-estradiol levels, uterine pergxidase activity, or uterine eytusolic|estrogen receptor levels.
The highest NOAEL values for rgproductive effects in.¢2sh species fand duration category are recorded

in Table 2- 1 and plotted in Figute 2- 1.

2.2.1.6 Developmental Effects

Anecdotal data have suggested a[possible link between chronic gasdline vapor exposure of pregnant

mothers and congenital central nervous system defects in their children. A gasoline abuse case study
reported profound growth retardation and initial hypotonia of muscles progressing to hypertonia,
scaphocephaly, a prominent occiput, poor postnatal head growth, and minor anomalies in two children
from a small Native American community. The mothers of both children had inhaled leaded gasoline
during pregnancy (Hunter et al. 1979). The results of the study are difficult to assess because of the
small sample size, possibility of concomitant exposure to alcohol, lack of quantification of exposure

levels, and presence of lead which may have contributed to the developmental defects in the children.

A teratogenicity study in animals exposed to gasoline vapors failed to reveal significant developmental
effects. In this study, groups of 25 pregnant rats were exposed to atomized unleaded gasoline vapors

at 0, 400, or 1,600 ppm for 6 hours/day from day 6 through day 15 of gestation. No adverse effects
were noted in maternal animals, and there was no evidence of variation in sex ratio, embryotoxicity,
reduced fetal growth, or teratogenic effects in fetuses. The results provide no evidence of

developmental toxicity in rats associated with exposure to gasoline vapor at concentrations as high as
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1,600 ppm. Thus, the NOAEL for developmental effects was 1,600 ppm; the LOAEL was not
established (Litton Bionetics 1978).

The highest NOAEL value for developmental effects in rats after acute inhalation exposure to gasoline

is recorded in Table 2-1 and plotted in Figure 2-1.

2.2.1.7 Genotoxic Effects

One cytogenetic monitoring study of workers occupationally ¢xposdd to gasoline in Sweden was
found. Peripheral lymphocytes j(;m 15 male gasoline pu:mp mecharjics were analyzed for micronuclei
induction; the results were compared to those obtairea {rom 15 mal¢ construction workers (Hogstedt et
al. 1991). Seven of the exposed workers and 8 ofthe controls were §mokers. Ages ranged from 20 to
56 and from 19 to 56 years for the exposed and control groups, respgctively. Exposure concentrations,

durations, and gasoline type (i.e.] leaded versus unleaded) were not feported; however, the authors

indicated that gasoline in Swede Ay contain up to 5% benzene. Bpsed on the findings from recent

studies cited by the authors, parallel lymphocyte cultures from gasoline-exposed and control donor
groups were incubated in the presence of pokeweed mitogen (PWM), which stimulates both B- and
T-lymphocytes, and phytohemagglutinin (PHA), which primarily activates T-cells. The analysis
showed a significant (p<0.02) increase in the frequency of micronuclei in the exposure group
lymphocytes stimulated by PWM but not by PHA. However, the presence of up to 5% benzene in the
gasoline mixture, which is approximately 2-10 times more than the level found in typical American
automotive fuels (based on a typical benzene concentration of 0.5-2.5% in American gasoline; see

Chapter 3), confounds the interpretation of the results.

In a dominant lethal experiment, groups of 12 male CD-1 mice were exposed to 400 or 1,600 ppm
unleaded gasoline for 6 hours per day, 5 days per week, for 8 weeks (Litton Bionetics 1980). The
composition of the gasoline used in this study is discussed in Section 2.2.1.6. Two days after the final
treatment, each male was housed with two untreated virgin females for 5 days. The females were
replaced with two new females, and the mating sequence was continued for 2 weeks. One male in the
high-dose group and two males in the low-dose group died prior to mating, thereby reducing the

sample size of mated females. Fourteen days following the midweek of mating, the uteri of all
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females were examined for the numbers of live, dead, and total implants. When these results were
statistically compared to the controls, no significant increases in pre- or postimplantation embryo loss
were observed. Although the pregnancy rates of the treated groups were comparable to those of the
untreated groups, the sample size of pregnant females was less than 20 for the majority of treatment
and control groups. The results suggest that exposure of male mice to unleaded gasoline did not
induce a clastogenic effect in germinal cells sampled over the spermatogenesis cycle. Nevertheless,

the lack of an adequate sample size of pregnant females renders the study insufficient to support a

negative conclusion.

In an unscheduled DNA synthesis (UDS) assay, Fischer-244 rats, thfee males and three females, were
exposed to 2,000 ppm of unleaddd gasoline, 6 hours per day for up o 18 consecutive days (Loury et

al. 1987). Following treatment, kiidneys were perfused in situ with a|buffered salt solution containing

collagenase, excised, and dispersed to release individual cells. Cultures of kidney cells were treated

with a medium containing tritiatgd thyiviidine; gasoline was added djrectly into the cultures.

Autoradiographs were prepared gné tne incidences of scheduled DNA synthesis (SDS) and

unscheduled DNA synthesis (UDS) were determined. SDS is replicative DNA synthesis that occurs
during periods of normal or tumorigenic tissue growth or replacement. UDS is a repair process that
occurs when DNA has been damaged. There was no increase in UDS following 4 or 18 days of
treatment. However, a marked increase in SDS was seen in the kidney cells harvested from male rats
18 days after dosing; no nephrotoxic effects were seen in females. The overall results indicate that
acute- and intermediate-duration inhalation exposure to 2,000 ppm unleaded gasoline produced no
genotoxic effects in the kidneys of male or female rats. Refer to Table 2-4 for a further summary of

these results.

Other genotoxicity studies are discussed in Section 2.4.

2.2.1.8 Cancer

A large number of epidemiological studies have been conducted on workers occupationally exposed to

petroleum products and hydrocarbons. These studies all have several inherent limitations that preclude
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their use as evidence for an association between gasoline exposure and cancer. These include lack of
information on levels of exposure to gasoline vapor; concurrent exposure to other potentially
carcinogenic substances (i.e., service station attendants are also exposed to motor oils, diesel fuel oils,
and solvents as well as automobile and truck engine exhausts); no adjustment for potential
confounding factors (e.g., smoking); and no latency analyses. EPA (1987a) reviewed 55 relevant
studies of unleaded gasoline-exposed populations and concluded that the evidence for drawing causal

inferences between unleaded gaspline and cancer was inadequate. A few of these and other more

recent studies are summarized bdlow.

A case-control study was performed regarding exposure 1o petroleum-based liquids and the risk of
developing cancer (Siemiatycki ¢t al. 1987). Approzimately 12.4% ¢f the cases were exposed to

gasoline as well as other chemicgls. The only sigaificant odds ratio found with regard to gasoline

exposure was for stomach cancet. The odds 1atio is defined as the ratio of the percentage of exposed
individuals with a disease to the percenitage of individuals from a copntrol group with the same disease.

When data were analyzed by exposure and job category, it was found that persons with long-term low

exposures as well as persons with long-term high exposures had an increased risk of stomach cancer.
The power to detect risks was only moderate for most of the associations analyzed. Using other
cancer patients as controls may have decreased some of the risk estimates. No definition was provided
for short, long, or substantial exposures. Auto mechanics tended to have high exposures to gasoline
because they used it as a degreasing agent which may account for the excess risk seen in this group.

The results of this study are based on a small number of cases in each of these groups.

A case-control study was performed regarding occupational exposure to hydrocarbons and the risk of
developing renal cell carcinoma (Kadamani et al. 1989). Most of the workers exposed to
hydrocarbons were either operatives or craft workers. An exposure risk index was calculated and was
divided into low, medium, and high exposure categories. More cases of renal cell carcinoma occurred
in males that had exposure to gasoline than in controls. The highest risk of renal cell carcinoma was
among male workers exposed to moderate levels of hydrocarbons. Males <60 years of age exposed to
moderate levels of hydrocarbons had the highest risk of renal cell carcinoma in comparison to the
control group. Males exposed before 1930 had an increased risk at higher exposures, but males

exposed after 1930 had an increased risk when exposed to moderate levels of hydrocarbons. This may
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be due to better personal protective equipment being used in the high exposure jobs. There are several
limitations to this study. The exposure scores were based only on occupation. No attempt was made
to determine the type of solvent exposure. The exposure index did not have sensitivity for multiple
exposures and duration of exposure. The study had low power to detect differences in small groups.
This would account for the inability of the study to detect an increase in females or, at certain levels

of hydrocarbon exposure, in males.

A case-control study of 313 expgsed males and 428 male controis who worked in petroleum refineries
showed no significant risk of renpl cell cancer. Women were not indluded in the analysis since few

women work in the petroleum infustry. No significant tiend was foynd regarding increased risk of

renal cancer and duration of emplloyment (McLaughiir et al. 1985). |A cohort study of 48,417 male
and 12,916 female Gulf Oil Company employecs-ievealed no signifijcant excess deaths from kidney
cancer (Wen et al. 1984). No infgrmation was provided on length or|duration of employment. A

cohort study of a total of 16,880 pmplovees of the Gulf Oil Companly Port Arthur refinery found no

excess deaths from kidney cancef as compared to the normal population; employees were followed

from January 1937 to January 1978 (Wen et al. 1984). The study included all workers who had
worked at least 1 day in the plant. No trend was found for increasing risk with years of employment

since duration of employment did not correlate with exposure to gasoline.

A proportionate mortality analysis (PMR) revealed an increase of leukemia deaths in gasoline station
attendants and mechanics. In addition, there were four deaths due to brain cancer (Schwartz 1987).
No information is provided on length or employment or exposure. The PMR does not reflect the
mortality of the population because it is so easily influenced by over- and under-representation of
deaths. The automobile mechanics and gasoline station attendants who died of leukemia each had
different job titles. Therefore, they may not have had similar exposures. Also, several types of
leukemia were found: acute myelogenous leukemia (N=2), chronic myelogenous leukemia (N=2),
erythroleukemia (N=I), chronic lymphocytic leukemia (N=2), acute leukemia unspecified (N=1), and
chronic leukemia undifferentiated (N=I). It is very difficult to draw any definitive conclusions from
this type of analysis because several different types of leukemia were reported, and quantification of

exposure is not possible in a retrospective study of this type.
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A meta-analysis (an analysis in which data from several studies are combined to obtain a single result)

was performed of several cohort studies in the petroleum industry (Wong and Raabe 1989). A total of

24 studies were evaluated which encompassed a study population of 352,661; 6,405 deaths were

observed in the entire cohort. The standard mortality ratio (SMR) for all cancers was reduced when

the SMRs from the individual studies were combined. Most of the larger studies demonstrated a

deficit for all cancers. The all cancer meta-SMR on 6,405 deaths was 85 (p<.00001). A British

industry-wide study of refinery employees found an excess of deaths from melanoma. However, no

explanation of excess was offere
individual studies) was not signif
workers, the SMR was 205 (p=0
a significant excess was found in
modest increase in lymphatic ang
hematopoietic cancers was found

Several studies indicated increas

1. The meta-SMR (SMR obtaingd 1

05). British drivers had an SMR of]
men aged 55-64 yc¢ars (SMR=189,
| hematopoietiv.cancers. A significs
in MobilGil Company (Beaumon

pd moiiclity from these cancers wit

fom combing SMRs from

icant for skin cancer. For urinary tfact cancer in Japanese refinery

171 (p=0.05) for kidney cancer;
p<0.05). A few studies showed a
Int excess of lymphatic and

, Texas) refinery employees.

h increasing length of service. The

meta-SMR was 103 (p=0.58). A unpublished update of the study a

the Gulf Oil Company Port

Arthur refinery found a significant excess of leukemia among employees with 20 or more years of

service. The study of Mobil Oil Company workers found an excess of leukemia in their cohort.

Analysis by length of employment detected an SMR of 235 for those with 30 or more years of service.

In addition, elevated leukemia mortality was found at the Shell Oil Company refineries at Wood River

and Deer Park. Most of the leukemia cases in the petroleum industry were not found among those

who worked on benzene units directly. Except for the Shell Oil Company refineries, most refineries

reported a variety of cell types. Most of the studies did not provide a dose-response relationship. Few

industrial hygiene data existed in the industry prior to the mid-1970s, whereas relevant exposure

occurred earlier. This review supports the conclusion that some subgroups of the petroleum industry

had an increased risk of cancer, particularly leukemia.

Results of several recent epidemiological studies have examined the possible association between

gasoline exposure and increased leukemia and kidney cancer risks. In a recent follow-up study of the

cohort of 34,569 British petroleum refinery and 23,306 distribution workers, an SMR of 121 for

kidney cancer was reported in distribution workers (Rushton 1993). In particular, an increase in

kidney cancer risk (SMR=141) was noted in tank truck drivers. For refinery workers, the SMR was
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101. In addition, excesses in leukemia mortality were found in distribution workers (SMR=121), but
not refinery workers (SRM=73). For tank truck drivers, the SMR was 155. No estimate of exposure

to hydrocarbons was provided in the study.

In a recent retrospective mortality study among 6,672 petroleum marketing and distribution workers

from 226 locations throughout Canada, work histories were obtained, and hydrocarbon exposure

frequency scores for several jobs were assigned (Schnatter et al. IQjS). An increased mortality
(SMR=135) for kidney cancer wgs found for all petroleum marketing distribution workers. The SMR
was 158 for employees with “hyglrocarbon” exposure in the-marketing/distribution segment. When
results were examined with respgct to exposure frequency, the SMR| for kidney cancer was 208 in
employees with daily exposure. The kidney cancer SMiKs for emplojyees classified as “nonexposed” or
“less than daily exposed” were 9|l and 99, respectively. A kidney capcer SMR of 210 was noted for

tank truck drivers employed morg than 1 yzai. When data were evalpated on the basis of a 20-year

latent period after first exposure,|the SIiR for kidney cancer was 18|l. Following the application of a

Poisson regression model, a relafive tisk of 3.86 was calculated for gmployees exposed daily versus

those exposed less than daily (relative risk = 0.85). The study authors concluded that although the
patterns of kidney cancer risk are consistent with a possible risk due to hydrocarbon exposure, the
limited number of observed and expected deaths (9 vs. 6.6) are only suggestive and do not allow a

concise interpretation. A significant increase in mortality due to leukemia was noted in tank truck

drivers (SMR=335).

A recent case-control study in a cohort of about 100,000 male refinery workers from five petroleum
companies revealed no excess in kidney cancer in refinery workers (Poole et al. 1993) The relative

risk for any exposure above refinery background levels was estimated to be 1.0. In contrast, workers
involved in the distribution, transport, and movement of petroleum products (job category described as
receipt, storage, and movements) showed a possible increased kidney cancer risk (relative risk = 2.49).
There was no evidence for an increased kidney cancer risk in a cohort of 15,135 distribution workers

with potential exposure to gasoline for at least 1 year at land-based terminals or on marine vessels
between 1946 and 1985 (Wong et al. 1993). An SMR of 65.4 for kidney cancer was reported in landbased
distribution workers. For marine distribution workers, the SMR was 83.7. The SMR for kidney

cancer in tank truck drivers was 61. An SMR of 150 for acute myelogenous leukemia was reported
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for land-based distribution workers. However, no trend was apparent when data were analyzed by
various gasoline exposure indices. The SMR for acute myelogenous leukemia was 74.2 for marine
employees. In a follow-up study, the cohort mortality data were further analyzed by using a nested
design (Wong et al. 1993b). This study limited analysis to the land-based workers since quantitative
exposure data were available for this group. Leukemia (all cell types), acute myeloid leukemia, kidney
cancer, and multiple myeloma were selected for additional analyses. Also, a more specific and

homogenous job classification w \dditional gasoline exposure

indices consisted of length of exposure, cumulative exposure (prni-years in terms of total
hydrocarbons), and frequency of[peak exposure. A time period-of fifst exposure to gasoline (<1948
vs. >1949) was also included as §n exposure index. The rasults of thie nested case-control study, along
with the findings of the original §tudy, indicated that there was no agsociation between exposure to
gasoline and leukemia (all cell tyjpes), acute myeioid leukemia, kidngy cancer, or multiple myeloma.
A parallel study of exposure assgssment arnicang the cohort members|of the original Wong et al. 1993

study has been reported (Smith ef al. 1693). In this exposure assessment, tasks and job exposures

during 1975-1985 were evaluated {task-time-weight-average exposyre model), and truck and marine

exposures before 1975 were extrapolated on the basis of methodology to estimate historic marketing
and marine distribution worker exposures to gasoline. Task exposures were highest during tank filling
in trucks and marine vessels. Measured average annual, full-shift exposures during 1975-1985 ranged
from 9-14 ppm of total hydrocarbon vapor for truck drivers and 2-3 ppm for marine workers on
inland waterways. Extrapolated past average exposures in truck operations are highest for truck

drivers before 1965 (140-220 ppm).

A recent case-control study was performed to assess the risk of renal cell cancer from occupational
exposure to gasoline (Partanen et al. 1991). From a total of 672 cases, 338 eligible cases were
selected and matched with 484 controls. The controls were matched to cases based on age, gender,
and survival time. The odds ratio was significant when both men and women were considered
together, however, this rate was unadjusted. When men were considered alone, even though the
number of cases (39) remained the same, the odds ratio was not significantly increased once the rate
was adjusted for obesity, smoking, and coffee consumption. The gasoline exposure was considered
high for 11 cases and 2 controls, and low for 28 cases and the remaining controls. The persons

exposed to gasoline had worked in various occupations such as taxis drivers and service station
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attendants. Because of possible confounding of gasoline with other fuel exposures, the odds-ratio for

gasoline exposure only was calculated and found to be significantly elevated. Conditional logistic

regression showed a significant risk of renal cell cancer for exposure to gasoline of 1.0-2.0 ppm,

cumulative exposure of 14-102 ppm-years, and a latency of 27-33 years; duration of exposure was not

significant. A ppm-year is a measure of cumulative exposure. It is the product of the mean level of

exposure and the duration of exposure. The majority of the cases were deceased. Therefore, next-of-kin

were contacted to fill out the que

stionnaire. (Next-of-kin informatio

n is unreliable because

relatives may not know what oth

Subjects that were alive filled ou|

personnel familiar with the work

classified with little misclassificd

er confounding factors may have bg
f their own questionnaires. ‘nicrvie
blace conditions and joi».exposures

tion bias. Based on the results of th

en involved, such as smoking.)
vs were also conducted with
so that exposures could be

is study, it can be concluded that

exposure to gasoline was associated with the risi-of kidney cancer.

Male and female Fischer-344 raty were exposed to unleaded gasoling vapors in an initiation/promotion

ne-induced renal tumors in male

assay in an attempt to determine the tnechanism for unleaded gasoli

rats (Short et al. 1989b). The incidences of chronic progressive nephrosis (CPN), atypical cell foci
(ACF) (believed to be the precursors to tumors), and renal cell tumors (RCT) were evaluated by light
microscopy. The rats were exposed to unleaded gasoline vapors for 24 weeks or for 59-61 weeks
after a 2-week exposure to the initiator, N-ethyl-N-hydroxyethylnitrosamine (EHEN) and a 4-week
control period (initiation-promotion group) or a 6-week control period. There was a statistically
significant linear trend for an increase in the incidence of RCT in the males initiated with EHEN but
not in the rats who had not been initiated. These results show that unleaded gasoline has a promoting

effect on the incidence of RCT in male, but not female, rats initiated with EHEN.

In an initiation-promotion protocol, 12-day-old female B6C3F; mice were administered
N-nitrosodiethylamine (DEN) by the intraperitoneal route prior to exposure to gasoline (Standeven et
al. 1994). At 5-7 weeks of age, mice from the DEN-initiated and control groups were exposed to 0,
292, or 2,056 ppm of wholly vaporized PS-6 blend unleaded gasoline. Exposure conditions were
chosen to simulate those utilized in the previous cancer bioassay reported by MacFarland et al. (1984)

(discussed below). Treatment with 2,056 ppm unleaded gasoline (but not 292 ppm) increased the size
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and number of altered hepatic foci (primarily basophilic) in DEN-initiated mice. Treatment with

gasoline failed to induce altered hepatic foci in the absence of prior DEN treatment. These results

show that unleaded gasoline is a liver tumor promotor in female mice. Similar results were obtained

in female B6C3F; mice exposed to 2,039 ppm unleaded gasoline (PS-6 blend) for 13 weeks
(Standeven and Goldsworthy 1993).

One chronic-duration animal stu

y investigated the potential carcin

genicity of inhaled gasoline vapors

in experimental animals (MacFai
per sex were intermittently expos
and 18 months. A decrease in thg
provided evidence that the maxir
consisted of completely volatiliz
incidence of primary renal neopl
rats that died after 18 months or

statistically significant increase 1

land et al. 1984). Groups of 10€ 1

average body weight gz at the hi

hum tolerated conceniration had be

isms (adencoma, carcinoma, and sar
nt terniinal sacrifice (one tumor wajg

h the incidence of hepatocellular tu

scher-344 rats and B6C3F;, mice

ed to gasoline vapors for 2-years wlith interim sacrifices at 3, 6, 12,

ghest exposure level (2,056 ppm)

en achieved. The test atmosphere

pd gasoline. A statistically significant concentration-related increased

coma) was observed in the male
seen in a female rat). A

mors was observed in the female

mice at 18 months and at study termination. Some of these tumors had metastasized to the lungs. A

recent reevaluation of the liver tumor data in mice, as well as a reexamination of the slides prepared

from hepatic tissue, supported the conclusion that hepatocellular tumors were increased in female mice

following treatment with 2,056 ppm unleaded gasoline (Magaw et al. 1993). However, the revised

incidence rates for the hepatocellular tumors in mice were approximately 20-25% lower than those

reported by MacFarland et al. 1984. The MacFarland study is limited with respect to its relevance to

human health risk for the following reasons. First, the animals were exposed to wholly vaporized

gasoline, which has the same composition as liquid gasoline and is not the same as the gasoline vapors

that humans would be exposed to in ambient conditions. Gasoline emissions normally found in the

environment contain lower concentrations of hydrocarbons with very low vapor pressures (i.e., the

branched-chain hydrocarbons, such as 2,2,4-trimethyl-pentane, that have been shown to induce

nephrotoxicity) than those found in liquid gasoline. Secondly, the relevance of male rat kidney tumors

believed to have arisen from ocy, -globulin accumulation to human cancer risk is questionable (see

Section 2.4).
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Accidental or intentional ingestion of large quantities of gasoline can cause death in humans

(Camevale et al. 1983). The lethal ingested dose of gasoline has been estimated to be 12 ounces

(350 g, or 5 g/kg for a 70-kg indi

vidual) (Anonymous 1989) Thec

use of death following ingestion

of gasoline is either severe chem
asphyxiation, central nervous sys

to circulating catecholamines res

The acute oral LDs in rats for g3
Vemot et al. 1990). No treatment

up to 2,000 mg/kg/day by gavags

cal pneumonitis resulting from ttie

ulting in the occurrence of fatal arrl

soline has been reported to be 14,0

-related deaths were reported in a 4

b (Halder et al. 1985), but a few treg

another study in which rats were

aspiration of gasoline that leads to

tem depression leading to respiratory failure, or cardiac sensitization

nythmias (EPA 1987a).

b3 mg/kg (Beck et al. 1983;
-week study in rats administered

tment-related deaths were seen in

administered 500 mg/kg/day API H

S-6 by gavage (Borriston Labs

1985). The basis for this discrepancy between studies is not known. No information is available on

death in experimental animals following chronic oral exposure to gasoline.

The highest NOAEL values and all reliable LOAEL and LD,, values for death in each species and

duration category are recorded in Table 2-2 and plotted in Figure 2-2.

2.2.2.2 Systemic Effects

No studies were located regarding musculoskeletal, dermal, or ocular effects in humans or animals

after oral exposure to gasoline.

The highest NOAEL values and all reliable LOAEL values for systemic effects for each species and

duration category are recorded in Table 2-2 and plotted in Figure 2-2.
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TABLE 2-2. Levels of Significant Exposure to Automotive Gasoline - Oral

Exposure/ LOAEL
a duratlon/
Keyto Specles/ 4o iency ' NOAEL Less serlous Serlous Reference/
figure  (straln) (specific route) 'System (mg/kg/day) (mg/kg/day) {mg/kg/day) Chemlcal form
ACUTE EXPOSURE
Death
1 Ral once 14,063 (LD,,) Beck et al. 1983;
Sprague- Q) Vernot et al. 1990
Dawley
NS
Systemic
2 Human once Resp 6429 M (pulmonary edema) Janssen et al. 1988
NS
Gaslrd 6429 M (severe esophagitis and
gastritis)
Hemalo 6429 M (hemolysis; disseminated
intravascular coagulation)
Hepal‘c 6429M (serum enzyme changes)
Renal 6429 M (tubular necrosis)
3 Rat 2wk Renal 375M (minimal to slight Gerin et al. 1988
F344 Sd/wk regenerative tubular
1x/d epithelial lesions)
(G) , unleaded
4 Rat gd H'enal aMm 30M (a2p—-globulin Olson et al 1987
F344 1x/d accumulation and
(GO) exfoliation of renal wbular
unleaded

cells)

S103443 H1TV3aH ¢

3NIMOSVYD

214
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TABLE 2-2. Levels of Significant Exposure to Automotive Gasoline - Oral (continued)

Exposure/ LOAEL
a duratlon/
Keyto Species!  goquency ' NOAEL Less serlous Serlous Reference/
figure  (Straln) (Specific Route) SYSte™  (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical form
5 Mouse 3 days Hepatic 1800 Standeven and
B6C3F, (GO) Goldsworthy 1993
unleaded
Neurological
6 Human 1x 6429 M (seizures) Janssen et al. 1988
NS
Reproductive
7 Mouse 3 days 3000 Standeven et al.
B6C3F, (GO) 1994b
unieaded

S$103443 H1V3H ¢

3ANINOSVYO

514
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TABLE 2-2. Levels of Significant Exposure to Automotive Gasoline - Oral (continued)

LOAEL

Less serlous Serlous

(mg/kg/day) (mg/kg/day)

Reference/
Chemical form

500 M (4/73 died)

500 F (2/72 died)

500M (hyaline drpplets; tubular
segeneratiye epithelium;
intratubulaf cast
formation)

2000 (decreasefl body weight)

2000M (erythema] erosion of
gastric mugosa;
ulceration pf gastric
epithelium

Exposure/
a duration/
Keyto Specles/  goquency NOAEL
figure (Straln) (specific Route) ' System  (mg/kg/day)
INTERMEDIATE EXPOSURE
Death
8 Rat 28 d
F344 1wd
7d/wk
(G)
Systemic
9 Rat 28d Rena)
F344 1x/d
7d/wk
(G)
Body|wt
10 Rat 4 wk Gastro
F344 x/d
5d/wk
(@)
Renal
t
Body wt

500M (hyaline droplel
accumulation; tubular
regenerative epithelium;
intratubular cast ;
tormation)
2000M (18% reduction in body
weight gain)

Borriston Labs
1985

unieaded

Borriston Labs
1985

unleaded

Halder et al. 1985

unleaded

*The number corresponds to entrics in Figure 2-2.

Bd wyt = body weight; d = day(s); F = female(s); (G) = gavage; Gastro = gastroinlestinal; (GO) = gavage in oil; Hemato = hem

M = inale(s); LDy = lethal dose 50% kill; NOAEL = no-observed-adverse-effect level; NS = not specified; Resp = respiratory: wk = week(s); x = time(s)

atological; LOAEL = lowest-observed-adverse-effect level,

S103443 H1IV3H ¢

3NIIOSYD

0s
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Figure 2-2. Levels of Significant Exposure to Automotive Gasoline - Oral
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Figure 2-2. Levels of Significant Exposure to Automotive Gasoline — Oral (continued)
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Respiratory Effects. Intentional or accidental ingestion of gasoline often results in aspiration of the
gasoline into the lungs because of its high volatility and low surface tension. Therefore, the most
common effect associated with acute gasoline ingestion in humans is aspiration pneumonia which is
often accompanied by respiratory distress, pulmonary edema, emphysema, and focal alveolar
hemorrhage (Banner and Walson 1983; Beamon et al. 1976; Carnevale et al. 1983; Grufferman and

Walker 1982; Janssen et al. 1988). Death from asphyxia is often the result in cases of gasoline

ingestion when the aspiration pngumonia becomes severe.

No studies were located regardinig respiratory effects in exocrimentgl animals after oral exposure to

gasoline.

Cardiovascular Effects. The only| study located regarding the cardioyascular effects of ingested
gasoline in humans was reported|by Baniner and Walson (1983). A 15-month-old male ingested

approximately 1 pint (=5,000 mg/kg) of gasoline and was found to He hypotensive upon hospital

admission. However, because the child exhibited multi-organ system toxicity (see discussions of
Respiratory, Hematological, and Renal Effects in this Section 2.2.2.2) it is not possible to ascertain
whether the hypotension was a direct effect of the ingested gasoline or a consequence of other adverse

effects.

No studies were located regarding cardiovascular effects in experimental animals after oral exposure to

gasoline.

Gastrointestinal Effects. Damage to the digestive tract (severe esophagitis, gastritis, congestive
failure, degeneration of the epithelium, and mucositis of the oral cavity) has been observed in
individuals who accidentally or intentionally ingested gasoline (Camevale et al. 1983; Hoffman et al.

1980; Janssen et al. 1988).

Rats that were administered 2,000 mg/kg/day unleaded gasoline by gavage for 4 weeks were found to

have gastric erythema, erosion of the gastric mucosa, and ulceration of the epithelium (Halder et al.
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1985). The combined findings in humans and animals demonstrate the irritating effect of gasoline on

mucosal tissue.
Hematological Effects. Hemolysis, as evidenced by a decrease in hematocrit and an increase in

free urine hemoglobin, and disseminated intravascular coagulation have been observed in cases of

accidental or intentional ingestion of gasoline (Banner and Walson 1983; Janssen et al. 1988). In

addition, evidence of intravascuiﬁmummpﬁm&mmﬁﬂg_mmucoagulopathy, hypofibrinogenima,
and elevated prothrombin and paftial thromboplastin times) wasSeeh in a 15-month-old male who

ingested approximately 1 pint (=p,000 mg/kg) of gasoline (Raiiner and Walson 1983).
No studies were located regardinig the hematologicai eifects of gasoline after oral exposure in animals.

Hepatic Effects. A transient incr¢ase in serara enzymes indicative of liver function (y-glutamyl

transferase, serum glutamic-oxalpaceti¢ transaminase [SGOT], and $erum glutamic pyruvic

transaminase [SGPT]) has been foica in individuals who accidentally or intentionally ingested gasoline

(Janssen et al. 1988). Mild centrilobular congestion was observed at autopsy in a death following
gasoline ingestion (Carnevale et al. 1983). However, all of the visceral organs were congested in this

individual, so it is not likely that gasoline had a direct toxic effect on the liver.

Mild hepatic centrilobular hypertrophy and increases in pentoxyresorufin-o-dealkylase activity, which
quantitates cytochrome P-450 2B, and in the hepatocyte labeling index were observed in female
B6C3F, mice following the administration of 1,800 mg/kg/day unleaded gasoline by gavage for

3 consecutive days (Standeven and Goldsworthy 1993). However, there was no effect on the activity

of serum sorbitol dehydrogenase (SDH), nor was there evidence of hepatic necrosis.

Renal Effects. Renal injury has been reported in a number of case reports of individuals who
accidentally or intentionally ingested gasoline (Banner and Walson 1983; Kuehnel and Fisher 1986;
Janssen et al. 1988). A 23-year-old male developed oliguria requiring hemodialysis for 3.5 weeks
after ingesting approximately 6,400 mg/kg of gasoline (Janssen et al. 1988). A biopsy taken 20 days

after ingestion revealed tubular necrosis and interstitial edema. It is not known whether any
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preexisting kidney insufficiency was present in this individual prior to the gasoline ingestion.

Radiologic tests (intravenous pyelography [[VP] and a computerized tomography [CT]) revealed an

altered appearance in the upper poles of both kidneys of a 26-year-old man who accidentally ingested

gasoline and experienced flank pain, cramps, nausea, weakness, and red-brown urine (Kuehnel and

Fisher 1986). Urinalysis revealed hematuria and reduced creatinine clearance and his serum creatinine

was elevated. By the 19th day after ingestion, he was asymptomatic, his urinalysis was normal, his

serum creatinine decreased, and

his CT scan was normal. The autho

rs concluded that accidental acute

ingestion of gasoline resulted in
renal failure (increased urine spe
and elevated blood urea nitrogen

gasoline (Banner and Walson 19

Diuretic therapy did not resolve {

for 13 days until urine output ing

result of the hypotension or hem

n acute reversible toxicity, particu
cific gravity with elevated protein,
[BUN]) was seen 24 hours after a
R3). Serum creatinitie was elevated
he renal failure,‘and peritoneal diall
reased. Tlkie authors speculated that

globiiiuria observed or a direct effi

arly to the kidneys. Evidence of
blucose, and hemoglobin, oliguria,
5-month-old boy ingested

by the 3rd post-ingestion day.

ysis was initiated and continued
the renal failure was either the

pct of gasoline.

Acute and intermediate gasoline ingestion produces the same syndrome of lesions (i.e., hyaline droplet
accumulation and the deposition of g,-globulin in the kidney) in male rats as is seen after inhalation
exposure (Borriston Labs 1985; Garg et al. 1988, 1989; Gerin et al. 1988; Halder et al. 1985; Murty et
al. 1988; Olson et al. 1987a, 1988) (see Section 2.2.1.2, Renal Effects). The composition of the
gasoline used in the studies conducted by Murty et al. and Olson et al. was reported to be (on a
percent weight basis) 16.4% n-paraffins, 34.3% isoparaffins, 5.4% naphthenes, 10.0% olefins, 26.4%
aromatics, and 7.5% not specified. Biochemical parameters of renal tubular function have also been
observed to be affected by gasoline administration in male rats. Urinary lactate dehydrogenase (LDH)
and B-N-acetyl-D-glucosaminidase (NAG) activities (indicators of tubular function) were significantly
increased in male rats administered unleaded gasoline for 2 weeks, whereas BUN values. (an indicator

of glomerular function) were not different from controls (Gerin et al. 1988).

As with inhalation exposure, these renal effects were not seen in female rats administered API PS-6
(Borriston Labs 1985). In addition, this syndrome could not be induced in male NCI-Black-Reiter rats
administered API PS-6 (Dietrich and Swenberg 1991). The NCI-Black-Reiter rat is an inbred strain of
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rats that does not synthesize a,,-globulin, which is believed to be associated with the etiology of

hydrocarbon-induced nephropathy (see Section 2.4).

The effects of acute-duration oral gasoline administration on the accumulation of o,,-globulin and
associated nephropathy in the proximal convoluted tubules were compared in young (35-month)
versus old (26-month) male rats (Murty et al. 1988). oy, Globulin content was assessed by
electrophoresis and radioimmungassay (RIA)—Otdratstradammarkegly reduced o,,-globulin content in
their kidneys prior to gasoline tr¢gatment as compared to the young rits, and they failed to exhibited an
increase in renal o,-globulin comtent after administration, (e yourlg rats exhibited a 173% increase
in renal a,-globulin content, and their phagolysosomes exhibited altered morphology. These results
led the authors to conclude that the failure of gaseiine to alter hyalirle droplet accumulation and
opy-globulin content in the kidnelys of aged rais suggests that only ypung adult male rats are
susceptible to hydrocarbon-induged a.,,-glebulin-mediated nephropgthy. Because a,-globulin-induced

male rat nephropathy may not belrel¢vant to humans (see Section 2.D2.1.2, Renal Effects), this end

point was not chosen as the basis Tor an acute or intermediate MRL for gasoline.

Body Weight Effects. No studies were located regarding body weight effects in humans after oral

exposure to gasoline.

A significant decrease in body weight gain was exhibited by rats administered unleaded gasoline (API

PS-6) by gavage for 28 days as compared to the controls (Borriston Labs 1985).

2.2.2.3 Immunological and Lymphoreticular Effects

No studies were located regarding immunological and lymphoreticular effects in humans or animals

after oral exposure to gasoline.
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2.2.2.4 Neurological Effects

There were no quantitative data on the neurological effects of gasoline following oral exposure;
however, accounts of neurological effects after short-term exposure, usually by accidental ingestion,
were available in case reports. A retrospective study on the hospital records of 24 children who
accidentally ingested gasoline indicated central nervous system complications such as convulsions,

coma, and lethargy (Beamon et al. 1976). There were no other details provided. A case study

described a man who drank apprpximately 6,000 mg/kg of gasoline pnd developed seizures after
gastric lavage was performed (J. :I\ssen et al. 1988). These effects wqre attributed to hypoxia that is
secondary to chemical pneumonitis. The autopsy of a ma:n who acciflentally ingested gasoline

revealed edema in the brain (Carhevale et al. 1983):

No studies were located regarding neurological effects in animals affer oral exposure to gasoline.

2.2.2.5 Reproductive Effects

No studies were located regarding reproductive effects in humans after oral exposure to gasoline.
Although oral administration of 3,000 mg/kg/day unleaded gasoline to female mice for 3 days resulted
in a three-fold increase in estrogen metabolism in isolated hepatocytes, there were no functional

antiestrogenic effects as assessed by uterotrophic assays (Standeven et al. 1994b).

2.2.2.6 Developmental Effects

No studies were located regarding developmental effects in humans or animals after oral exposure to

gasoline.

2.2.2.7 Genotoxic Effects

No studies were located regarding genotoxic effects in humans after oral exposure to gasoline.
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The oral administration of 500, 750, or 1,000 mg/kg/day unleaded gasoline (API PS-6) to groups of

five male Sprague-Dawley rats for 5 consecutive days did not cause an increase in structural

chromosome aberrations in bone marrow cells harvested 6 hours following the final treatment (Dooley

et al. 1988). In general, animals orally exposed to gasoline did not exhibit unscheduled DNA

synthesis (UDS) induction. The ability to induce UDS is a strong indication that a compound is

genotoxic. One exception was a UDS assay conducted with male and female B6C3F; mice. The mice

received 2,000 mg/kg unleaded g

asoline (API PS-6) by gavage; at 2

12, and 24 hours post-treatment,

harvested hepatocytes were analy
significant (p<<0.01) elevations i1
evidence of a genotoxic responsd
However, a marked increase in s

after treatment; no hepatotoxic e

Fischer-344 rats were also gavag

rzed for UDS (Loury et al. 1986).]]
UDS in both sexes 12 hours after |
was observed in the hepatocytes a
theduled DNA synthesis (SDS) wa

fects were seenin the females.

he researchers observed slight but
pasoline administration. No
halyzed 2 hours after exposure.

5 apparent in male mice 24 hours

ed withrunleaded gasoline, and both liver and kidney cells were

analyzed for UDS activity. To as

secs potential genotoxicity, hepatod

ytes from male rats were analyzed

for UDS activity 2, 12, 24, or 48 hours after treatment with 2,000 mg/kg and 2 or 24 hours after

treatment with 100 or 5,000 mg/kg. Significant UDS activity was not observed at any concentration

or at any harvest time. In agreement with other in viva rodent UDS assays, SDS was increased

24 hours and 48 hours following treatment with 2,000 mg/kg. UDS activity was not increased in

kidney cells harvested from male rats 2 and 24 hours after administration of 2,000 or 5,000 mg/kg

unleaded gasoline (API PS-6) (Loury et al. 1987). Similarly, increasing the exposure time of the high

dose to 4 days failed to induce genotoxicity. Elevations in SDS activity were observed in both sexes

following the administration of 2,000 mg/kg/day or 135 mg/kg/day unleaded gasoline for 4 or 18 days,

respectively. Refer to Table 2-4 for a further summary of these results.

Other genotoxicity studies are discussed in Section 2.4.
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No studies were located regarding cancer in humans or animals after oral exposure to gasoline.

2.2.3 Dermal Exposure

2.2.3.1 Death

No studies were located regardinjg death in humans following dermg

In an acute-duration study, derm

gasoline to rabbits resulted in no

2.2.3.2 Systemic Effects

No studies were located regardinjg cardiovascular, gastrointestinal,

1 exposure to gasoline.

] application of up to - mL/kg (approximately 6,000 mg/kg)

deaths (Beck et al.1983).

r musculoskeletal effects in

humans or animals after dermal exposure to gasoline.

The highest NOAEL values and all reliable LOAEL values for systemic effects for each species and

duration category are recorded in Table 2-3.

Respiratory Effects. The only information located regarding the respiratory effects of gasoline

following dermal exposure comes from a case report in which a 34-year-old man suffered from

atelectasis, laryngeal edema, and upper airway obstruction following immersion in a pool of unleaded

gasoline for approximately 8 hours after an automobile accident (Simpson and Cruse 1981). Exposure

by other routes was possible.

No studies were located regarding respiratory effects in animals after dermal exposure to gasoline.
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TABLE 2-3. Levels of Significant Exposure to Automotive Gasoline - Dermal

LOAEL
Exposure/ '
Specles/  guration/ System NOAEL Less Serlous Serlous Reterence/
(straln)  {requency/ Chemical form
ACUTE EXPOSURE
Systemic
Rabbit 12d Hemato 8.0 Beck et al. 1983
New Zealand 5d/wk mi/kq
24hr/d
unleaded
Hepati¢ 8.0 (pato.congested liver)
ml/kg
Renal 8.0 {pale congested kidney)
mb/kg
Dermdl 3.0 (severe dgrmal irritation)
mi’kg
Rabbit 24 hr Dermdl 0.5mL (slight dermal irritant) Vernot et al. 1990
New Zealand once
unleaded
Rabbit once Ocular 0.1mL Vernot et al. 1990
New Zealand
unleaded
Immuno/Lymphoret \
Gn pig 3 wk ! 0.5mL M Vernot et al. 1990
Hartley 3d/wk 50%
6hr/d solu-
tion unleaded

S103443 H1TV3H 2

ANINOSYD

d = day(s); Gn pig = guinca pig; Hemato = hematological; hr = hour(s); Immuno/Lymphoret = immuologicallymphoreticular; LOAEL = Jowest-observed-adverse-effect level;
NOAEL = no-observed-adverse-effect level; NS = not specified; wk = week(s); x = lime(s)

09
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Hematological Effects. No studies were located regarding hematological effects in humans after

dermal exposure to gasoline.

No adverse hematological effects were noted in rabbits that had 8.0 mL/kg applied to their shaved skin
for 12 days (Beck et al. 1983).

Hepatic Effects. A transient increw_mumauudj&aﬁlae.[ liver function (creatine
phosphokinase [CPK], SGOT, ad SGPT) was noted in a 34-year-old male who was immersed in a
pool of unleaded gasoline for approximately 8 hours (Simpgori-and Cruse 1981). Exposure by other

routes was possible.

Pale, congested livers were obsefved in rabbits-who had 8.0 mL/kg yinleaded gasoline applied to their
shaved skin for 12 days (Beck etlal. 1983).(INo other details were pr¢vided regarding the extent of the

liver toxicity, if any, in this study.

Renal Effects. Renal function tests were performed in two individuals who had been immersed in
gasoline for several hours (Hansbrough et al. 1985; Simpson and Cruse 1981). There was no evidence

of abnormal renal function in either case.

Pale, congested kidneys were observed in rabbits that had 8.0 mL/kg unleaded gasoline applied to their
shaved skin for 12 days (Beck et al. 1983). No details regarding pathological findings were reported.

Dermal Effects. A number of case reports of individuals who were immersed in gasoline for several
hours described the occurrence of either partial or full skin-thickness chemical bums in the area of

contact with the gasoline (Ainsworth 1960; Hansbrough et al. 1985; Simpson and Cruse 1981).

Studies in experimental animals show that gasoline is irritating to the skin. Application of a single
dose of 0.5 mL undiluted gasoline to the skin of rabbits resulted in slight dermal irritation (Vemot et

al. 1990), whereas daily application of 8.0 mL/kg of undiluted gasoline to the skin of rabbits for
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12 days produced severe dermal irritation (Beck et al. 1983). Gasoline was shown not to be a dermal

sensitizer in guinea pigs (Vemot et al. 1990).

Ocular Effects. No studies were located regarding ocular effects in humans after dermal exposure to

gasoline.

Gasoline instilled into the eyes of rabbits did not cause ocular jrritation (Vemot et al. 1990).

2.2.3.3 Immunological and Lymphoreticular Effects

No studies were located regardinig immunological atid lymphoreticular effects in humans after dermal

exposure to gasoline.

Gasoline was shown not to be a dermai sensitizer in guinea pigs (Vgmot et al. 1990). The NOAEL

from this study is recorded in Taple 2-3.

No studies were located regarding the following effects in humans or animals after dermal exposure to

gasoline:

2.2.3.4 Neurological Effects

2.2.3.5 Reproductive Effects

2.2.3.6 Developmental Effects

2.2.3.7 Genotoxic Effects

2.2.3.8 Cancer

No studies were located regarding cancer in humans or animals after dermal exposure to gasoline.

However, in many of the epidemiological studies discussed in Section 2.2.1.8, exposure probably

occurred by the dermal route as well as by inhalation.
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2.3 TOXICOKINETICS

There are limited data on the toxicokinetics of gasoline in humans and animals. Information on the
toxicokinetics of several components of gasoline is available (see the ATSDR toxicological profiles for
benzene, toluene, and xylene [ATSDR 1991, 1989, 1990]); it should be noted, however, that the

interaction of these compounds may influence their individual absorption, distribution, metabolism, and

elimination characteristics.

2.3.1 Absorption

2.3.1.1 Inhalation Exposure

Although there are no data on th¢ absorriton rate of gasoline, indire¢t evidence from case reports of

gasoline sniffers indicates that it fcaivbe absorbed following inhalati‘i)n exposure. The increases in

blood and urinary lead levels, as well as the characteristic neurological signs, are indicators of
exposure (Goldings and Stewart 1982; Robinson 1978). Because gasoline is a mixture, the pattern of
absorption following inhalation varies for the individual components (NESCAUM 1989). The
compounds with higher blood/gas coefficients (e.g., xylene, benzene, toluene) have a higher rate of
absorption than the compounds with lower coefficients (e.g., cyclohexane, ethane, ethylene)

(NESCAUM 1989).

2.3.1.2 Oral Exposure

There is no quantitative information on the absorption of gasoline following oral exposure in humans
and animals. [Towever, the absorption is believed to be relatively complete because ofthe high
lipophilicity of the hydrocarbon compounds, the large surface area of the gastrointestinal tract, and the

long resident time in the tract (NESCAUM 1989).
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2.3.1.3 Dermal Exposure

Although no studies on the dermal absorption of gasoline in humans and animals are available, the
dermal absorption of hydrocarbon solvents is known to be low relative to the oral route (NESCAUM
1989). The aromatic hydrocarbons, such as benzene, are expected to have higher skin penetration than

the aliphatic hydrocarbons (NESCAUM 1989).

2.3.2 Distribution

2.3.2.1 Inhalation Exposure

Autopsies of humans who were gpparently exposed to gasoline indi¢ated elevated blood levels of

hydrocarbons such as benzene, t¢luene, pentane, and hexane (Brugnone et al. 1986; Ikebuchi et al.

1986; Matsubara et al. 1988). A1] initial concentration of 247 pug/ml| gasoline was estimated from

blood samples of an adult male Whe was found unconscious in a gagoline-vapor-filled car (Matsumoto

et al. 1992). However, the patient was also exposed dermally to gasoline. The estimated half-life of
the gasoline was 16.9 hours. The lead concentrations were slightly elevated in the blood of exposed
gasoline station workers (Moore et al. 1976). It has been reported that triethyl lead and inorganic lead,
metabolites of tetracthyl lead, may accumulate in the brain and produce encephalopathy and slowed
nerve conduction (Kaelan et al. 1986; Robinson 1978). However, quantitative data on the lead content

in the brain tissue were not presented in these studies.

Benzene, toluene, and xylenes were detected in the blood samples collected from Wistar rats

immediately after exposure to 5,000 ppm gasoline vapor for 30 minutes (Kimura et al. 1988).

2.3.2.2 Oral Exposure

There are limited data on the distribution pattern of gasoline in humans and animals. The distribution
of gasoline (gasoline concentration measured as the ratio of the concentrations of
[2-methylpentane/2,2-dimethylbutane] in sample/[2-methylpentane/2,2-dimethylbutane] in standard)

was determined in a male who died following accidental ingestion of gasoline (Camevale et al. 1983).
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The liver, gastric wall, and lungs had the highest gasoline concentrations at 663, 324, and 457 ppm,
respectively. The brain, bile, and kidney contained 44.2, 59, and 51.5 ppm, respectively, while the
concentrations in the blood from the brain, lungs, and heart were 29.4, 132, and 51.5 ppm,
respectively. Autopsies of humans who were apparently exposed to gasoline indicated elevated blood
levels of hydrocarbons such as benzene, toluene, pentane, and hexane (Brugnone et al. 1986; Ikebuchi

et al. 1986; Matsubara et al. 1988).

2.3.2.3 Dermal Exposure

No studies were located regardinig the distribution of gasoline in hurpans or animals after dermal

exposure.

2.3.3 Metabolism

The metabolism of gasoline is nqt kaown, although it is expected that the interaction of the various

components of gasoline may affect the metabolic products that are formed. The interaction of the
components of gasoline is likely to influence the metabolizing enzymes such that the elimination rate
of a compound may be altered (NESCAUM 1989). The increased metabolism of antipyrine suggested
that mixed function oxygenase activity was induced after inhalation of gasoline vapors in humans
(43-1,312 mg/m3) and in rats (5,000 mg/m3) (Dossing et al. 1988; Harman et al. 1981). The
composition (expressed as volume percent) of the gasoline used in the Dossing et al. (1988) study was

30-40% aromatic hydrocarbons (including 3-5% benzene).

Organic tetraethyl lead was a component of gasoline (Goldings and Stewart 1982). It is converted in
the liver to triethyl lead, a water-soluble metabolite that can accumulate in the brain (Robinson 1978).
This compound can be further broken down to inorganic lead.

2.3.4 Excretion

Although there are no specific data on the elimination of gasoline following inhalation, oral, or dermal

exposure, the elimination rate of the components of gasoline probably varies because of the
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metabolism of the gasoline components by the hepatic enzymes. Metabolites of benzene, toluene, and

xylene are known to be excreted primarily in the urine (NESCAUM 1989).

Chelation therapy in individuals exposed to gasoline indicates that inorganic lead is eliminated in the
urine of patients exposed to leaded gasoline (Robinson 1978). Urinary phenol, which is commonly
used to indicate benzene exposure, was measured in gasoline pump workers (Pandya et al. 1975).

There was an elevated amount of phenol (40 mg/L) in these subjects compared to normal values

(<20 mg/L).

2.3.5 Mechanisms of Action

Several mechanisms have been Toposed to account for the unique §yndrome of nephropathy in male
rats following exposure to certaif hydrocarbens, including unleaded gasoline. Currently, the most

likely mechanism is that a metabplite of gasoline or one of its constituents binds to o,-globulin; the

complex is then reabsorbed in th¢ pioximal tubule and phagocytized by lysosomes within the tubule

cells. Investigators at the Chemical Industry Institute of Toxicology (CRT) have demonstrated that
2,2, 4-trimethylpentane (TMP), a component of gasoline, accumulates in the renal cortex, and that
2,4,4-trimethyl-2-pentanol (TMPOH), a metabolite of TMP, binds to a,-globulin in these cells (Lock
et al. 1987; Swenberg et al. 1989). This protein complex is difficult to catabolize; therefore, the
TMPOH-0.,,-globulin complexes accumulate in the lysosomes. Eventually, the lysosomes burst, and
digestive enzymes contained within the lysosomes induce cytotoxicity and cell death, which in turn

leads to the accumulation of casts and the hyperplastic events described above (Swenberg et al. 1989).

The antiestrogenic effects of unleaded gasoline have been proposed as a possible underlying
mechanism of female mouse liver tumor induction by this chemical (Standeven et al. 1994a). In a
study utilizing an initiation-promotion protocol, female mice exposed to 2,056 ppm of PS-6 blend
unleaded gasoline vapor for 6 hours/day, 5 days/week for 16 weeks exhibited increases in relative liver
weight, in the number of gross hepatic neoplasms, and in the size and volume of altered hepatic foci in
N-nitrosodiethylamine-initiated mice. The PS-6 blend of unleaded gasoline was derived from the same

lot used in the cancer bioassay conducted by MacFarland et al. 1984. Cotreatment with ethinyl
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estradiol (EE2) (added to the diets at a concentration of 1 ppm) potentiated unleaded gasoline-induced
liver tumor promotion. Treatment with 2,056 ppm unleaded gasoline also resulted in antiestrogenic
effects, including decreased relative uterine weight and partial reversal of EE2-induced body weight
loss, anestrus, and vaginal keratinization. Unleaded gasoline at a concentration of 292 ppm was
without effect, either in the presence or absence of EE2. The conclusion that unleaded gasoline may
promote liver tumors in female mice secondary to antiestrogenicity was based on findings that

estrogens normally act to suppres d unleaded gasoline exhibits

potential antiestrogenic propertigs (Standeven et al. 1994a). While ajailable data provide strong
support for an antiestrogenic effgct of unleaded gasoline with respedt to the pharmacological actions of
exogenous estrogen, the support jis weak for such an efféct on endogenous estrogen (Standeven et al.
1994a). In this regard, only the effect of unleaded gazoline on utering weight is indicative of a
potential antiestrogenic effect (Sfandeven et al. 1994a). Subchronic gxposure of mice to unleaded
gasoline vapor did not affect serym 173-esradiol levels, uterine estrjogen receptor levels, or

reproductive tract histology (Stafpdeveri ¢t al. 1994a). Although acute oral administration of unleaded

gasoline to female mice resulted in &n increase in estrogen metaboli$m in isolated hepatocytes, there

were no functional antiestrogenic changes associated with the enhanced estrogen metabolism
(Standeven et al. 1994b). Therefore, it is unclear whether or not the uterine effects observed in
chronic toxicity studies of unleaded gasoline are due to a direct antiestrogenic effect of gasoline.
Also, the potential link between possible antiestrogenic effects of unleaded gasoline and the

development of hepatocellular tumors in female mice is not clear.

In female B6C3F, mice, unleaded gasoline vapor has been demonstrated to induce the activity of the
hepatic microsomal enzyme pentoxyresorufin-o-dealkylase, an enzyme associated with CYP2B, a
cytochrome P-450 isoform commonly induced by rodent liver tumor promotors (Standeven and
Goldsworthy 1993). The unleaded gasoline associated with the induction of CYP2B was the PS-6
blend; mice were exposed to 2,039 ppm 6 hours/day, 5 days/week for 13 weeks. Exposure to PS-6
unleaded gasoline also increased cytochrome P-450 content and promoted hepatic preneoplastic
lesions. Data have also demonstrated that the API 91-1 blend of unleaded gasoline, a blend containing
a high content of saturated hydrocarbons, displays promotional effects similar to the PS-6 blend

(Standeven and Goldsworthy 1993).
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2.4 RELEVANCE TO PUBLIC HEALTH

Humans living in areas surrounding hazardous waste sites may be exposed to gasoline via inhalation of
gasoline vapors or ingestion of and dermal contact with contaminated water. For the majority of the
general population (i.e., those not living in the vicinity of hazardous waste sites), the major route of
exposure to gasoline is inhalation of gasoline vapors during automobile refueling, refueling of
gasoline-powered equipment (e. i., lawn mowers), and through the use of untreated surface water or
groundwater that has become comtaminated with gasoline from spillp or leaking underground storage
tanks. For occupationally exposed individuals, the predominart route of exposure is the inhalation of
gasoline vapors, but the possibility for dermal contact with gasolinefalso exists. Occupational
exposure to gasoline can occur f¢r workers all along the chain from [gasoline production to consumer
use. Workers involved in onloading and offloading gasoline at docks, bulk storage terminals, and gas
stations, delivering fuel to storage terminals and gas stations, and refueling and automotive repair

operations at service stations havie a large potential for exposure (Rynion 1988). Workers involved in

the clean-up and maintenance offunderground storage tanks and seryice station pump equipment are

also exposed to higher-than-background levels of gasoline and gasoline vapor (Runion 1988).

However, the majority of the general population is not likely to have significant exposures to gasoline.

Gasoline is composed of at least 150 hydrocarbons, several of which have toxic effects of their own
(e.g., benzene, toluene, xylene, and ethylbenzene). Gasoline has been shown to be irritating at the
portal of entry (i.e., the eyes, the lungs after inhalation, or the gastrointestinal mucosa after ingestion).
One target of gasoline-induced toxicity appears to be the nervous system in both humans and animals.
A whole spectrum of neurological effects can be seen following acute exposure to high levels of
gasoline, either by inhalation or ingestion, that increase in severity with increasing dose. The
neurotoxicity observed in humans or animals exposed to leaded gasoline may be partially attributed to
the organic lead compounds present in the mixture. Inhalation of very high concentrations of gasoline
vapors or ingestion of gasoline can be fatal in both humans and animals. Adverse respiratory effects
(e.g., chemical pneumonitis, pneumonia, pulmonary hemorrhage, and edema) are sometimes seen in
humans after ingestion of large amounts of gasoline. These effects are due to the aspiration of
gasoline from the stomach following vomiting. Blood dyscrasias have been noted in humans acutely

and chronically exposed to gasoline vapors, but these effects are most likely due to benzene, and the
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incidence of these findings has decreased as the benzene content in gasoline has decreased. No such
effects have been observed in experimental animals. Gasoline, along with a diverse group of
hydrocarbons, has been shown to induce a,, -globulin-mediated nephropathy and renal tumors in male
rats. These nephrotoxic and renal carcinogenic effects are believed to be unique to male rats and are
most likely not relevant to humans. There is insufficient epidemiological evidence to link exposure to
gasoline with cancer in humans. However, inhalation of gasoline vapors has been shown to induce an

increased incidence of hepatocellulartumors in female mice The relevance of the observed

hepatocellular tumors in female ice to humans is not known.

Minimal Risk Levels for Automgtive Gasoline

Inhalation

No inhalation MRLs were derived because gasoline contains many ¢omponents which can vary

significantly among the many compositions of gasoline. The toxicity of gasoline would depend on the

specific composition.

Oral

No oral MRLs were calculated because of the variability in the composition of gasoline. Also, no

quantitative information on adverse effects other than o, -globulin-mediated nephropathy in male rats
was available. As discussed in Section 2.2.1.2, Renal Effects, a,,-globulin-mediated nephrotoxicity is
not considered an appropriate end point for the derivation of MRLs for gasoline because it is unique to

male rats and, thus, not relevant to human risk assessment.

Death. Inhalation of gasoline vapors or ingestion of gasoline can be fatal to both humans and
experimental animals. Several case reports of either accidental or intentional inhalation or ingestion of
gasoline resulting in death have been published (Ainsworth 1960; Boeckx et al. 1977; Camevale et al.
1983; Poklis 1976; Wang and Irons 1961). Lethal concentrations of gasoline vapors have been
reported to range from >5,000 ppm to 20,000 ppm in humans (Ainsworth 1960; Wang and Irons
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1961), whereas the lethal ingested dose of gasoline has been estimated to be 12 ounces (350 g, or
5 g/kg for a 70-kg individual) (Anonymous 1989). The cause of death following inhalation of
gasoline vapors or ingestion of gasoline has been postulated to be either central nervous system
depression (asphyxia) leading to respiratory failure or cardiac sensitization to circulating
catecholamines resulting in the occurrence of a fatal arrhythmia (EPA 1987a; Poklis 1976). In

addition, ingested gasoline can be aspirated leading to severe chemical pneumonitis (EPA 1987a).

Acute lethal concentrations (LCsps) of airborne gasoline in experitagntal animals have not been
reported. The acute oral LDs for] gasoline in rats has been reported fo be 18.8 mL/kg, or
approximately 14,063 mg/kg (Bgck et al. 1983; Vemot ¢t.2i. 1990). [This is higher than the
approximate lethal dose estimated for humans cited 2bove (12 ouncg¢s, which is equivalent to
approximately 5 mL/kg, or 3,74( mg/kg). The iethal dose of gasoline following dermal exposure has
not been determined in animals, put it does exceed 8.0 mL/kg, or 6,000 mg/kg, indicating that it is

relatively nontoxic by the dermal route {Beck et al. 1983). Under th¢ exposure conditions expected to

be present at hazardous waste sitps; i1 is not expected that lethal air ¢r water concentrations of gasoline

will be achieved.

Systemic Effects

Respiratory Eftects. Intentional or accidental ingestion of gasoline often results in aspiration of the
gasoline into the lungs because of its high volatility and low surface tension. Therefore, the most
common effect associated with acute gasoline ingestion in humans is aspiration pneumonia which is
often accompanied by respiratory distress, pulmonary edema, emphysema, and focal alveolar
hemorrhage (Banner and Walson 1983; Beamon et al. 1976; Carnevale et al. 1983; Grufferman and
Walker 1982; Janssen et al. 1988). Death from asphyxia is often the result in cases of gasoline.
ingestion when the aspiration pneumonia becomes severe. Atelectasis, laryngeal edema, and upper
airway obstruction were observed in a 34-year-old man who had been immersed in a pool of gasoline
for approximately 8 hours, suggesting that adverse respiratory effects may occur following a

combination of dermal, inhalation, and oral exposure to gasoline (Simpson and Cruse 1981). No
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information is available on adverse respiratory effects in animals exposed to gasoline by oral

administration.

While intermediate-duration inhalation exposure to 1,552 ppm unleaded gasoline vapors has been
shown to have no effect on the lungs in rats or monkeys when examined at the light microscopic level
(Kuna and Ulrich 1984), a progression of lesions indicative of fibrosing alveolitis was observed in rats

exposed to 100 ppm gasoline vapars for 12 weeks (Iykke et al. 1979). In addition, a decrease in

surfactant levels was reported in [rats similarly exposed (Le Mestriet et al. 1979). This surfactant
deficiency is probably involved in the pathogenesis of the fibrosing plveolitis observed at similar
exposure levels. The results of these two studies indicate that gasoline-induced pulmonary changes
may occur at levels previously tHought to have no etfeci because thq tissues were not examined

ultrastructurally and/or other senpitive parameters of pulmonary fung¢tion were not measured.

Gasoline vapors have been showh to be irritating to the lungs of ratg, but not in mice that were

similarly exposed (MacFarland ¢t al. 1984). A mild multifocal pulmpnary inflammatory response was

seen in rats exposed to 2,056 ppm gasoline for 2 years, but not in mice, suggesting that rats are more

susceptible to the pulmonary irritating effects of gasoline.

Cardiovascular Eftéects. No direct cardiovascular effects have been reported in humans after exposure
to gasoline. One study in animals described ECG changes and disturbances in myocardial enzyme
activities and electrolyte levels in rabbits after inhalation exposure to high levels of gasoline
(Przybylowski 1971). However, limitations associated with this study preclude its use in assessing the
potential cardiovascular risk to humans from exposure to gasoline. No adverse cardiovascular effects
have been observed in animals exposed to levels of up to 2,056 ppm unleaded gasoline vapors for up
to 2 years. The. air. and water concentrations of gasoline expected to be present at hazardous waste

sites are unlikely to cause adverse cardiovascular effects.

Gastrointestinal Eftéects. Reports of human and animal ingestion of gasoline indicate that gasoline has
a direct irritating effect on the gastrointestinal mucosal tissue. Damage to the digestive tract (severe

esophagitis, gastritis, congestive failure, degeneration of the gastric epithelium, and mucositis of the
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oral cavity) has been observed in individuals who accidentally or intentionally ingested gasoline
(Camevale et al. 1983; Hoffman et al. 1980; Janssen et al. 1988). Similarly, rats that were

administered unleaded gasoline for 4 weeks by gavage were found to have gastric erythema, erosion of
the gastric mucosa, and ulceration of the gastric epithelium (Halder et al. 1985). This appears to be a
direct portal-of-entry effect as inhalation exposure to gasoline does not result in any adverse

gastrointestinal effects.

Hematological Effects. Several ljuman case studies have been reporfed that describe the occurrence of
hematological effects in individuals with known long-term exposurg to gasoline vapors. However, in
most of these cases, the hematolggical effects reported ware most likely due to a constituent of
gasoline. For example, basophili¢ stippling, increased erythrocyte pgotoporphyrin, and increased
ALAD activity have been noted {n individuals exposed to leaded gagoline vapor (Boeckx et al. 1977;
Chessare and Wodarcyk 1988; Yljoung et al: 1977). These effects ard also known to occur with
exposure to lead (see ATSDR toxicological profile for lead [ATSDR 1991) and so may have been due

to the presence of organic lead c¢mpounds in the gasoline. An increpsed incidence of various blood

dyscrasias (anemia, hypochromia, thrombocytopenia, and neutropenia) has been observed in Nigerian
males with known exposure to gasoline in their occupations as motor mechanics and road-side vendors
of heavy motor oil and/or gasoline as compared to controls with no known exposure to gasoline (Niazi
et al. 1989). The authors attributed the increased incidence of these disorders to benzene that is

present in gasoline (see ATSDR toxicological profile for benzene [ATSDR 1991).

Hemolysis and disseminated intravascular coagulation have been observed in cases of accidental or
intentional acute ingestion of gasoline (Banner and Walson 1983; Janssen et al. 1988). The

mechanism for these effects is not known, but they resolved within a few days after ingestion.

No adverse hematological effects have been noted in animals after inhalation exposure to up to
2,056 ppm unleaded gasoline vapors for up to 2 years (Kuna and Ulrich 1984; MacFarland et al.
1984). No information is available, however, on the hematological effects of gasoline following oral

exposure in animals.
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Based on the findings reported above in humans, it appears that adverse hematological effects can

occur following short-term, high-level exposure and longer-term, lower-level exposure to gasoline.

These effects are most likely the result of exposure to benzene or lead, constituents of gasoline. The

effects seen after acute exposure are most likely reversible, whereas the effects seen after long-term

exposure may not be reversible.

Musculoskeletul Effects. One case of acute severe myopathy was re

ported in an 18 year-old male

with a history of sniffing leaded

could have induced this myopath

been due to individual susceptibillity or that the patient ray have ha

myopathy that was exacerbated b
effects in humans or animals foll

case of myopathy to humans exp

basoline (Kovanen et al. 1983). /l'hg

y is not known. The authors specul

y gasoline sniffing No other repor]
pwing exposuie to gasoline were fq

psed to gascline at hazardous wastg

mechanism by which gasoline
hted that the myopathy may have

1 a subclinical, possibly metabolic,
s of adverse muscular or skeletal
und. The relevance of this one

sites is not known.

Hepatic Effects. A transient incrg

ase¢ 1n serum enzymes indicative of

liver function (y-glutamyl

transferase, SGOT, SGPT, and CPK) has been noted in individuals who accidentally or intentionally

ingested gasoline (Janssen et al. 1988) or who were immersed in gasoline (Simpson and Cruse 1981).

While these enzyme changes suggest that acute exposure to gasoline caused liver toxicity, no

histopathological evaluations were performed to ascertain the presence and extent of this toxicity.

Given that no adverse noncancer hepatic effects have been noted in animals exposed to gasoline for

90 days or 2 years (Kuna and Ulrich 1984; MacFarland et al. 1984; Standeven and Goldsworthy 1993;

Standeven et al. 1994a; Tilbury et al. 1993), the relevance of these transient enzyme changes in

humans following acute exposures with regard to long-term, low-level exposure near hazardous waste

sites 1s not known.

Renal Effects. Reversible renal injury (oliguria, tubular necrosis, interstitial edema, hematuria, and

reduced creatinine clearance) has been reported in a number of case reports of individuals who

accidentally or intentionally ingested gasoline (Banner and Walson 1983; Kuehnel and Fisher 1986;

Janssen et al. 1988). Unleaded gasoline is one of a diverse group of hydrocarbons that have been

shown to induce a unique syndrome of nephropatby in male rats that is associated with the
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accumulation of the protein, o, -globulin, following acute, subchronic, or chronic inhalation and oral
exposure (Borriston Labs 1985; Garg et al. 1988, 1989; G&in et al. 1988; Halder et al. 1984, 1985;
Kuna and Ulrich 1984; MacFarland et al. 1984; Murty et al. 1988; Olson et al. 1987a, 1988; Short et
al. 1987, 1989a, 1989b) (see Section 2.2.1.2, Renal Effects).

The available data indicate that the nephrotoxic syndrome described above that is induced by unleaded
gasoline and several other hydrorz;bqu;_v;quuuana]sz_z.nd_n]' i ot relevant to humans. The
hepatic synthesis of o, -globulin is under androgenic control, and the protein is found at

100-300 times higher concentrations in male rat urine than.in femalg rat urine (Shapiro and
Sachchidananda 1982; Van Doren et al. 1983). There is‘ti5 evidencel that humans produce
oy-globulin. Only trace quantiti¢s of proteins withii the same protefin family as o,-globulin have
been identified in human urine (Qlson et al. 1920). a,,-Globulin and hyaline droplet accumulation,
and the associated constellation ¢f nephrotoxic effects that are observed in male rats, have not been
observed in female rats or mice dr monizeys of either sex exposed tolunleaded gasoline (Kuna and

Ulrich 1984; MacFarland et al. 1084)Estradiol treatmentinmalerdts after the administration of

2 mL/kg of unleaded gasoline by gavage for 3 days reduced the content of a,-globulin in the renal

cortex to 25%, 41%, and 52% on post-exposure days 3, 6, and 9, respectively, as compared to rats
administered gasoline but given no hormone treatment (Garge et al. 1988). Furthermore, the removal
of hyaline droplets was increased in the rats receiving estradiol treatment as compared to those
receiving no hormones. In addition, this syndrome could not be induced in male NCI-Black-Reiter
rats administered API PS-6 (Dietrich and Swenberg 1991). The NCI-Black-Reiter rat is an inbred
strain of rats that does not synthesize o,,-globulin. In their document entitled, “Alpha-2u-Globulin:
Association with Chemically-Induced Renal Toxicity and Neoplasia in the Male Rat” (EPA 1991),
EPA’s Risk Assessment Forum concluded that in light of this evidence,

“If a compound induces o,-globulin accumulation in hyaline droplets, the
associated nephropathy in male rats is not an appropriate end point to determine
noncancer (systemic) effects potentially occurring in humans. Likewise,
quantitative estimates of noncancer risk (e.g., reference doses and margin-of-

exposure determinations) are based on other end points.
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“...if the sequence of lesions characteristic of the o,-globulin syndrome are
present, the associated nephropathy in the male rat does not contribute to

determinations of noncarcinogenic hazard or risk.”

Thus, it does not appear that the nephrotoxicity attributable to the a,-globulin syndrome observed in

male rats after exposure to gasoletsretevantto-humans—exposedtp gasoline at hazardous waste sites.

Endocrine Eftects. No studies wgre located regarding endo<iine effdcts in humans after exposure to
gasoline. In rats, a decrease in relative adrenal weight was noted following intermediate-duration
exposure to gasoline vapors (Kupa and Ulrich 1984), However, the foxicological significance of this
change in adrenal weight is unknown since theie no accompanying freatment-related histological

effects.

Dermal Effects. Gasoline is irritdting to the skin of both humans and animals. Partial or full skin

thickness bums have been noted in individuals who were immersed in gasoline for several hours
(Hansbrough et al. 1985; Simpson and Cruse 1981), and single as well as repeated applications of neat
gasoline to the skin of rabbits cause slight to severe irritation (Beck et al. 1983). Gasoline is not a

dermal sensitizer in guinea pigs (Vemot et al. 1990).

Ocular Effects. Ocular irritation was noted in human subjects exposed acutely to 200, 500, or

1,000 ppm atomized gasoline vapor (Davis et al. 1960; Drinker et al. 1943).

No ocular irritation was seen following the instillation of undiluted gasoline into the eyes of rabbits

(Vemot et al. 1990).

Body Weight Effects. No studies were located regarding body weight effects in humans after
exposure to gasoline. Intermediate- and chronic-duration exposures to gasoline vapors have been

reported to cause significant decreases in body weight gain in rats and mice (MacFarland et al. 1984).
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Immunological and Lymphoreticular Effects. No studies were located regarding immunological

and lymphoreticular effects in humans after exposure to gasoline.

No apparent immunological effects (as measured by IgG deposits in the kidney and lungs) were noted
in rats or monkeys exposed to gasoline by inhalation for 90 days (Kuna and Ulrich 1984). Gasoline is

not a dermal sensitizer in guinea pigs (Vemot et al. 1990).

Exposure to hydrocarbons has bden loosely associated with Goodpapture’s syndrome in humans. This
syndrome is characterized by gloamerulonephritis and pulmenary hefnorrhage caused by the binding of
circulating antibodies to basement membrane antigens or: the glomepular and alveolar basement
membranes, respectively (O’Regan and Turgeon 1986, Yamamoto gnd Wilson 1987). To determine
whether gasoline exposure causes pulmonary aiveolar damage, thergby allowing the passage of
antibodies into the alveoli where|they bind ¢ lung basement membrpne, rats were exposed by

inhalation to unleaded gasoline ({D’Regan and Turgeon 1986). The gnimals were then injected with

sera containing anti-GBM, sacrifficed, and the lungs were removed fpr light and immunofluorescence

microscopy. The anti-GBM failed to bind to alveolar basement membrane in the gasoline-exposed
animals as determined by immunofluorescence. Based on these results, it does not appear that
exposure to gasoline in this manner damages the alveolar endothelium which would allow passage of
anti-GBM and cause the pulmonary hemorrhage associated with Goodpasture’s syndrome. However,
in another study in which unleaded gasoline was administered to rabbits by intratracheal
administration, horse anti-GBM/ABM antibodies were found bound to the ABM in a linear, but focal,
fashion (Yamamoto and Wilson 1987). No deposits were found in the lungs of rabbits administered
saline instead of gasoline. In addition, there was a significant increase in the uptakes of radiolabeled
anti-GBM/ABM in the lungs of animals administered gasoline as compared to the animals
administered saline. These results suggest that gasoline does damage the alveolar endothelium
allowing the passage of antibodies into the alveoli, in contrast to the findings of O’Regan and Turgeon
(1986). The reason for the discrepancy between the studies is not clear. One possible explanation is
that intratracheal administration delivered a higher dose of gasoline to the lung than inhalation of
gasoline vapors. The relevance of these findings to human exposure to gasoline at hazardous waste

sites is not known.
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Neurological Effects. Acute exposure to gasoline vapors is characterized by a spectrum of effects

that progress in severity and can include dizziness, headaches, giddiness, euphoria, vertigo, blurred
vision, nausea, numbness, drowsiness, anesthesia, and coma (Poklis and Burkett 1977). Acute
ingestion of large amounts of gasoline has also been reported to induce adverse neurological effects
such as lethargy, convulsions, and coma (Beamon et al. 1976). Chronic exposure to gasoline (i.e., in
individuals who habitually sniff gasoline for its euphoric/hallucinogenic properties) is associated with

neurological effects, such as cere or, ataxia, abnormal gait, affected

speech, fatigue, headaches, mempry loss, and sleep problems (Carzdll and Abel 1973; Coulehan et al.
1983; Goldings and Stewart 1982; Kaelan et al. 1986; Kullmaii and Hill 1990; Moss and Cooper 1986;
Pandya et al. 1975; Rischbieth eflal. 1987; Young et al.1277). Behayioral and intellectual changes
(effects on visual memory and pgrception, psychomtor disturbancef, visuomotor learning ability) have
been observed in individuals chrnically exposcd-io gasoline (Carro]l and Abel 1973; Kumar et al.
1988; Robinson 1978). Many of fhe neurological changes associated with exposure to leaded gasoline

can be attributed to organic and inorgaiic lead encephalopathy (RoHinson 1978; Valpey et al. 1978).

However, the exact mechanism By which unleaded gasoline induces|neurological effects is not known.

Animals acutely exposed to high levels of gasoline also exhibit neurotoxic effects, including
restlessness, equilibrium disturbances, convulsions, and narcosis (Przybylowski 1971). Evidence of
neuropathological effects (pigmentation of the neuronal cytoplasm, Wallerian degeneration, axonal
degeneration, and axonal dystrophy) was found in rats chronically exposed to unleaded gasoline vapors
(API PS-6) (API 1982). However, because of the small number of animals studied and the lack of
statistical analyses, these results are of questionable value. Other chronic studies failed to note any
exposure-related effects in rats or mice with respect to functional and behavioral indices or the

histopathology of the brain, spinal cord, or peripheral nerves.

Based on information obtained in humans and animals, it is reasonable to expect that humans acutely
exposed by inhalation to high levels of gasoline vapors or chronically exposed to low levels such as

those found near hazardous waste sites will experience adverse neurological effects.
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Reproductive Effects. No studies were located regarding reproductive effects in humans after

inhalation, oral, or dermal exposure to gasoline.

Only one study was available in animals in which male mice intermittently exposed to either 400 or
1,600 ppm unleaded gasoline vapors for 8 weeks showed no evidence of dominant effect on the sperm
cells (Litton Bionetics 1980). The relevance of this finding with regard to adverse effects in humans

1s not known.

Although no exposure-related higtopathological effects were noted ip the reproductive organs of rats or
mice exposed to 2,056 ppm unleaded gasoline vapors for 2 years (MacFarland et al. 1984), a recent
reevaluation of slides from this bioassay revealed aiecirease in the deverity of uterine cystic
endometrial hyperplasia in female mice. In addition, an increase in the incidence and severity of
uterine atrophy was observed in figed femaie mice. It has been postulated that the uterine effects may
be due to possible antiestrogenic|effects ot gasoline (Standeven et al. 1994a). The available data,

however, provide only weak suppozt for the antiestrogenic effect of jgasoline on endogenous estrogen

(Standeven et al. 1994a, 1994b). The available information is inadequate to assess the potential risk

for reproductive effects in humans living in the vicinity of hazardous waste sites containing gasoline.

Developmental Effects. Anecdotal data have suggested a link between chronic gasoline vapor
exposure of pregnant women and congenital defects of the central nervous system in their children. /n
utero exposure to leaded gasoline was found to cause retarded development and anomalies of head and
muscles in two children (Hunter et al. 1979). Based on the limited available data, the study was
considered inadequate to establish a relationship between inhalation exposure to gasoline and human

developmental toxicity.

In contrast, no developmental effects were found in rats exposed to unleaded gasoline vapors at
concentrations as high as 1,600 ppm during gestation (Litton Bionetics 1978). These data are
insufficient to assess the developmental toxicity of gasoline in animals. No data were available for
other routes of exposure in animals. Therefore, there are insufficient data to assess whether gasoline

could induce developmental effects in humans exposed at hazardous waste sites.
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Genotoxic Effects. The potential genotoxicity of gasoline in humans was evaluated by measuring

micronuclei induction in the peripheral lymphocytes of male gasoline pump mechanics in Sweden

(Hogstedt et al. 1991). In this study, the investigators compared the effects of gasoline on both B- and

T-lymphocytes. The data showed that significant micronuclei induction was observed in the B-cells of

the gasoline-exposed group but not in the T-cells. Since gasoline in Sweden may contain as much as

5% benzene (typical American automotive fuel contains 0.5-2.5% benzene), the study results should

be interpreted with caution. This
suggested that benzene may havg
(Hogstedt et al. 1991). No other |
the genotoxicity of gasoline. Fro
gasoline (i.e., benzene), may pro
because exposure concentrations
gasoline contains higher concent

determine the degree of exposurg

inclusion of benzene was also cons

idered by the authors, who

been responsible for the genotaxid
1uman epidemiology or cage/contrd
m this study it seems tha¢ gasoline,
{uce some chromocernal damage in
and exposure durations were not d
rations of be¢nzene than American f]

to Arnicrican gasoline that would Y

effects observed in this study

| studies were found concerning
or at least components of

human B-lymphocytes. However,
scussed and because Swedish
el (see Chapter 3), it is difficult to

e harmful to humans.

In a UDS test, primary hepatocytes were recovered from three human surgery patients and were
exposed to unleaded gasoline doses ranging from 0.01% to 0.1%. The results were difficult to
interpret because neither the cytotoxic nor the genotoxic response was uniform. A weakly positive
effect occurred in the cells from one of the three subjects and was confined to a single dose (0.01%
unleaded gasoline). From these observations, the researchers concluded that human hepatocytes may
not be particularly sensitive to gasoline genotoxicity (Butterworth et al. 1989). In a second UDS assay
involving primary human hepatocytes, a significant increase in UDS was obtained at one dose
(0.01%); exposure to higher levels (0.05%) resulted in severe cytotoxicity (Loury et al. 1986). Of
additional interest was the marked increase in the percentage of cells in repair (25% in treated cells as

compared to 1% in control cells).

Studies exposing whole animals to gasoline in viva were largely negative for such genotoxic effects as
chromosome aberrations in somatic cells, dominant lethal mutations in male germinal cells, and DNA
damage (see Table 2-4). The oral exposure of Sprague-Dawley rats to unleaded gasoline (API PS-6)

did not produce significant chromosome damage (Dooley et al. 1988). The lack of a clastogenic effect
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TABLE 2-4. Genotoxicity of Gasoline In Vivo
Species (test system) End Point Results Reference
Invertebrate animal cells:
Drosophila melanogaster (sc z w') Gene mutation +* Nylander et al. 1978
Mammalian cells:
Mouse (germinal cells) Dominant-lethal +- Litton Bionetics 1980
mutation
Mouse (primary hepatocytes) Unscheduled T:NA +- Loury et al. 1986
synthesis
Rat (primary hepatocytes) Unschcduied DNA - Loury et al. 1986
synthesis
Rat (kidney cells) Unscheduled DNA - Loury et al. 1987
synthesis
Rat (bone marrow cells) Chromosome aberfations - Dooley et al. 1988
Rat (bone marrow cells) Chromosome aberfations - Conaway et al. 1984
Micronuclei inducfion +-° Hogstedt et al. 1991

Human (peripheral lymphocytes)

" eaded gasoline containing approximately 0.04i% 1,2-dichloroethane was used.
bpositive result only from pokeweek mitqgei induced lymphocytes; < 5% benzene W

as present in the gasoline.

+ = positive result; +/- = inconclusive resull; — = negative result; DNA = deoxyribonucleic acid; sc z w* = transposable genetic element
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was supported by the negative findings of an additional in viva cytogenetic assay. These results

showed that neither the single intraperitoneal injection of 0.03, 0.1, or 0.3 mL per rat nor the

intraperitoneal administration of 0.013, 0.04, or 0.13 ml/rat/day unleaded gasoline that contained 2%

benzene and 39% aromatics for 5 days induced a clastogenic response in the bone marrow cells of

male and female Sprague-Dawley rats (Conaway et al. 1984). No significant decrease in pregnancy or

increase in pre- or postimplantation loss were observed in female CD-1 mice impregnated by males

that inhaled unleaded gasoline prior to mating (Litton Bionetics 198

0). The findings, however, are not

conclusive; the sample size of pr
gasoline did not induce dominan

cells of Fischer-344 rats exposed|

pgnant females was too small to'clg
lethal mutations. UDS was niot sig]

to unleaded gasoline (A"1 PS-6) b

al. 1987), nor was UDS activity increased tn the hepatocytes of malg

gasoline (API PS-6) (Loury et al
cells (SDS) was observed in mal

routes. The oral route of exposur|

1986). Howewver, a significant rise
P rats expased to unleaded gasoline

e produced the greater effect. Howg

arly establish that unleaded
nificantly increased in the kidney
y inhalation or gavage (Lout-y et
p rats exposed orally to unleaded
in the number of dividing kidney
via both oral and inhalation

ver, cell turnover was not

increased in the females (Loury ¢

tal. 1987). A weakly positive resp

bnse for UDS activity was

observed in hepatocytes from B6C3F; mice orally exposed to unleaded gasoline. In agreement with

the findings in male rat kidney cells, male mice exhibited a statistically significant increase in

percentage of replicating hepatocytes; no S-phase induction was seen in the females (Loury et al.

1986).

The weight of evidence from in viva animal studies suggests that, as a mixture, unleaded gasoline is

not genotoxic to rats and probably not strongly genotoxic to mice. It is possible, however, that

unleaded gasoline is toxic to organs such as the kidney and liver in male rodents. The relevance of

these results to humans is indeterminable at this time.

Leaded gasoline, containing approximately 0.01% 1,2-dichloroethane, was evaluated for mutagenic

effects in Drosophila melunogaster. Larvae fed 1.0% and 2.5% gasoline showed significantly

increased frequencies of somatic mutations (Nylander et al. 1978). Because 1,2-dichloroethane alone

also induced a powerful mutagenic response in this study, the authors concluded that the mutagenic

activity observed with gasoline was probably due to the 1,2-dichloroethane component. Although 1,2-
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dichloroethane is typically included in American unleaded gasoline as a lead scavenger, the

concentration was not specified in this study. Therefore, the relevance of this finding to public health

1s inconclusive.

Gasoline genotoxicity was evaluated using human cells 7z vitro (see Table 2-5). Human

TK6 lymphoblastoid cells were examined for mutations at the TK"" locus following treatment with

0.6% and 1.2% unleaded gasolin

c; higher concentrations were cytot

oxic. No significant increase in

incidence of mutations was obsel
1986). The test mixture used in t
components of unleaded gasoling
mutagenic effect. The same inve
with or without activation) did n

TK6 lymphoblastoid cell line (R

'ved either with or without metabel
nis study was API PS-6. Simiiarly,
both with and withoutmetabolic 4
ptigators reported that unleaded gas
t induce sisterchromatid exchangg

chardson ¢tal. 1986).

c activation (Richardson et al.
exposure to the volatile

ctivation failed to induce a

pline (API PS-6) (0.6% and 1.2%

in the human

In vitrorodent studies produced

mixed results (see Table 2-5). Mou

e lymphoma L5178Y (TK™) cells

were considered negative for gene mutations because no consistent upward trend in the mutation

frequency was observed (Conaway et al. 1984). In another study using mouse lymphoma cells,

increases in the mutation frequency to at least twice that of the controls were observed at dose levels
of API PS-6 that reduced cell growth to approximately 5% or lower (0.060 and 0.070 uL/mL without
metabolic activation, 0.150 and 0.175 uL/mL with activation); there was, however, no dose-related
effect (Dooley et al. 1988). Without evidence of a dose response, the increased mutation frequencies
at severely cytotoxic levels should not be considered indicative of mutagenesis. Mouse hepatocytes
were positive for UDS activity at the lowest assayed concentration (0.01% unleaded gasoline [API
PS-61]); higher doses, 0.03% and 0.05%, were cytotoxic (Loury et al. 1986). Exposure of rat
hepatocytes to unleaded gasoline (API PS-6) produced inconsistent results for UDS. In .one study,
concentrations of 0.05% and 0.1% unleaded gasoline induced reproducible and significant dose-dependent
UDS responses (Loury et al. 1986). In the second study, rat hepatocytes exposed to

concentrations of API PS-6 ranging from 0.0001% to 0.010% (from 0.1 to 10 pL/mL) showed no
significant increase in UDS activity at any level (API 1988). It was noted, however, that cell survival

at the highest assayed level (88%) was only marginally affected by treatment. It is conceivable that
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TABLE 2-5. Genotoxicity of Gasoline In Vitro

Species (test system)

End point

Reference

Prokaryotic organisms:
Salmonella typhimurium (TA1535,
TA1537, TA1538, TA98, TA100
S. typhimurium (TA98, TA100)°
S. ryphimurium (TA1535, TA1537,
TA1538)

Eukaryotic organisims:
Mammalian cells:
Mouse L5178Y lymphoma cells
(TK*" locus)
Mouse L.5178Y lymphoma cells
(TK* locus)

Mouse (primary hepatocyles

Rat (primary hepatocyles)

Rat (kidney cclls)

Rat (primary hepatocytes)
Human TK6 lymphoblastoid cells

(TK* locus)
Human TK lymphoblastoid cells

Gene mutation

Gene mutation
Gene mutation

Geane mutation
Gene mutation

Unscheduled DNA
synthesis

thnschedutcdDiNA
synthesis

Unscheduled DNA
synthesis

Unscheduied DNA
synthesis

Gene mutation

Sister chromatid
exchange

Results

With Without
activation activation

- +/-

+ NA

+ NA
No data -

NA

Conaway et al. 1984

Conaway et al. 1984
Conaway et al. 1984

Dooley et al. 1988
Conaway et al. 1984
Loury et al. 1986
Loury et al. 19986
Loury et al. 1987

API 1988

Richardson et al. 1986

Richardson et al. 1986
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TABLE 2-5. Genotoxicity of Gasoline In Vitro (continued)
" Results
With Without
Species (test system) End point activation activation Reference

Human (primary hepatocytes) Unscheduled DNA - NA Butterworth et al. 1989

synthesis
Human (primary hepatocytes) Unscheduled DNA + NA Loury et al. 1986

synthesis

*Plate assay
*Suspension assay
‘Lowest of three doses produced significa
DNA synthesis activity.
YHepatocytes were analyzed from three su

- = negative result; +/- = inconclusive re

phtly positive result; higher doses were cyloy

bult; + = positive result; DNA = deoxyribor

bxic or lethal and prevented an accurate evaluation of unscheduled

rgery patients;.the cells trom two out of thiee patients were negative for unscheduled DNA synthesis.

ucleic acid; NA = not applicable; TK = thymidine kinase
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the concentrations evaluated in this second study were below the range of detection of a UDS

response. Rat kidney cells were negative for UDS activity following the in vitro exposure to 0.005%

and 0.010% unleaded gasoline (API PS-6); higher doses, 0.050% and O.100 %, were cytotoxic (Loury

et al. 1986).

Ames Salmonella tests were negative for gene mutation both with and without metabolic activation

(see Table 2-5). No mutagenic effect was seen in the Ames Salmon

llulmicrosome plate incorporation

assay conducted with unleaded g
ranging from 0.001 to 5 pL/plate

preincubation modification of thg

asoline containing 2% benzene and
(Conaway et al. 1984). Wheti the 4

b Ames test with a dos¢iange of 3.7

colony counts for strains TA98 ahd TA100 were observed but were

nonactivated dose (30 uL./ mL).
survival. In the absence of a dosg

cannot be considered conclusive

A\t this concenitraiion, there was an
-related effict, increases in mutant

eviderice of mutagenesis.

39% aromatics at concentrations
ssay was repeated using the

5-30 uL/mL, increased mutant
confined to the highest
pproximate 50% reduction in cell

colonies at cytotoxic levels

Cancer. A number of epidemiological studies have been conducted on workers occupationally

exposed to petroleum and hydrocarbons, including gasoline. These studies all have several inherent

limitations that preclude their use as evidence for an association between gasoline exposure and cancer

in humans. These include lack of information on levels of exposure to gasoline vapor; concurrent

exposure to other potentially carcinogenic substances (i.e., service station attendants are also exposed

to motor oils, diesel fuel oils, and solvents as well as automobile and truck engine exhausts); no

adjustment for potential confounding factors (e.g., smoking); and no latency analyses. EPA (1987a)

reviewed 55 relevant studies of unleaded gasoline-exposed populations and concluded that the evidence

for drawing causal inferences between unleaded gasoline and cancer was inadequate. Some of the

recent epidemiological data suggest a possible association between gasoline exposure and kidney

cancer and leukemia.

An exposure-related increase in the incidence of renal tubular tumors was observed in male rats

exposed to unleaded gasoline vapors for 2 years (MacFarland et al. 1984). Female rats and mice of

both sexes similarly exposed in this experiment failed to exhibit renal tumors. The renal tubular
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tumors observed in the male rats are considered to be the result of a process involving the
accumulation of a,-globulin that ultimately leads to cytotoxicity, tubular epithelium degeneration,
hyperplastic regeneration, and tumors (MacFarland et al. 1984). The relevance of o,-globulin-mediated

male rat nephropathy and carcinogenicity to humans has been questioned (see previous

subsection on Renal Effects). EPA (1991) has concluded that.

“Male rat renal tubule turpers-artsing-as-aresult-ofa-proeessjinvolving oy,-globulin
accumulation do not contfibute to the qualitative weight=if-dqvidence that

a chemical poses a human carcinogenic hazard. Suciitumors|are not included in
dose-response extrapolatlns for the estimation.gi human cafcinogenic risk.”
An exposure-related increase in the incidence ¢t tiepatocellular tumgrs was observed in female mice
exposed to unleaded gasoline Va]flors for 2 years (MacFarland et al. ]| 984). Some of these tumors

metastasized to the lungs.

The MacFarland et al. (1984) study is limited with respect to its relevance to human health risk
because the animals were exposed to wholly vaporized gasoline, which has the same composition as
liquid gasoline and is not the same as the gasoline vapors that humans would be exposed to in ambient
conditions. Gasoline emissions normally found in the environment contain lower concentrations of
hydrocarbons with very low vapor pressures (i.e., the branched-chain hydrocarbons, such as 2,2,4-
trimethylpentane, that have been shown to induce nephrotoxicity) than those found in liquid gasoline.
Thus, the studies in animals using wholly vaporized gasoline may not adequately reflect the

carcinogenic risk to humans.

Based on the weight-of-evidence from the animal data discussed above, EPA (1987a) classified

gasoline as a Group B2 (probable) carcinogen.'

'This classification has not been verified by EPA’s Carcinogenicity Risk Assessment Verification

Endeavor (CRAVE) Workgroup, is not on IRIS, and is currently undergoing review by EPA.
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Benzene, a component of gasoline, is a known human carcinogen that has been shown to cause an
increased incidence of hematopoietic cancers (leukemia) in occupationally exposed workers (see
toxicological profile for benzene [ATSDR 19911]). However, as discussed above and in

Section 2.2.1.8, the evidence for an association between increased incidence of cancer (including
leukemia) and exposure to gasoline in humans is inadequate. Furthermore, while there is sufficient
evidence that benzene is carcinogenic in rats, causing an increased incidence of tumors at multiple
sites including the oral and nasal fayj];jes, Zymbal gland, and the liver, as well as myelogenous
neoplasms (see toxicological proffile for benzene [ATSDR 199111, ghsoline has only been shown to
cause increased incidences of rerjal cell tumors in male rats {a findirlg that is not considered relevant to
humans) and liver tumors in female mice. Therefore, there is no conlusive evidence to support or

refute the carcinogenic potential pf gasoline in humans or animals based on the carcinogenicity of one

of its components, benzene.

2.5 BIOMARKERS OF EXPOSURE AND EFFECT

Biomarkers are broadly defined as indicators signaling events in biologic systems or samples. They
have been classified as markers of exposure, markers of effect, and markers of susceptibility

(NASLNRC 1989).

A biomarker of exposure is a xenobiotic substance or its metabolite(s) or the product of an interaction
between a xenobiotic agent and some target molecule(s) or cell(s) that is measured within a
compartment of an organism (NAS/NRC 1989). The preferred biomarkers of exposure are generally
the substance itself or substance-specific metabolites in readily obtainable body fluid(s) or excreta.
However, several factors can confound the use and interpretation of biomarkers of exposure. The
body burden of a substance may be the result of exposures from more than one source,. The substance
being measured may be a metabolite of another xenobiotic substance (e.g., high urinary levels of
phenol can result from exposure to several different aromatic compounds). Depending on the
properties of the substance (e.g., biologic half-life) and environmental conditions (e.g., duration and
route of exposure), the substance and all of its metabolites may have left the body by the time biologic

samples can be taken. It may be difficult to identify individuals exposed to hazardous substances that
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are commonly found in body tissues and fluids (e.g., essential mineral nutrients such as copper, zinc,

and selenium). Biomarkers of exposure to gasoline are discussed in Section 2.5.1.

Biomarkers of effect are defined as any measurable biochemical, physiologic, or other alteration within
an organism that, depending on magnitude, can be recognized as an established or potential health
impairment or disease (NAS/NRC 1989). This definition encompasses biochemical or cellular signals
of tissue dysfunction (e.g., incre]’sed liver enzyme activity or patholpgic changes in female genital
epithelial cells), as well as physiglogic signs of dysfunction suchias fncreased blood pressure or
decreased lung capacity. Note that these markers are often not substance specific. They also may not

be directly adverse, but can indidate potential health impzirment (e.g., DNA adducts). Biomarkers of

effects caused by gasoline are digcussed in Section 2.5.2.

A biomarker of susceptibility is gn indicatar of an inherent or acquired limitation of an organism’s

ability to respond to the challengp of exposure to a specific xenobiofic substance. It can be an

intrinsic genetic or other charactgrictic or a preexisting disease that ffesults in an increase in absorbed

dose, biologically effective dose, or target tissue response. If biomarkers of susceptibility exist, they

are discussed in Section 2.7, “Populations That Are Unusually Susceptible.”

2.5.1 Biomarkers Used to Identify or Quantify Exposure to Gasoline

Increased blood and urine lead levels were at one time commonly used as indicators of exposure to
gasoline. However, the phasing out of leaded gasoline and increased use of unleaded gasoline have
decreased the effectiveness of monitoring for blood or urine lead as a biomarker for gasoline exposure.
It should also be noted that elevated blood lead and urine levels are not specific for exposure to
gasoline and could indicate exposure to any of the lead compounds. Elevated blood and.urine lead
levels have been observed in several chronic gasoline sniffers (Goldings and Stewart 1982; Robinson
1978). Gasoline vendors who had been exposed to gasoline in the workplace for anywhere from

4 months to 35 years had mean total blood lead levels of 32.9 ng/100 mL, significantly higher than
levels found in the control population (14.3 ug/100 n-L) (Moore et al. 1976).
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Increased urinary thioether output has limited use as a biomarker of exposure to gasoline. Many of

the hydrocarbons in gasoline are metabolized by the mixed function oxidase system and the

metabolites then undergo conjugation with glutathione, followed by urinary excretion as mercapturates

(thioethers). Gasoline pump attendants and garage mechanics excreted higher than normal levels of

urinary thioether at the end of the day (Stock and Priestly 1986). The differences were greater in

attendant-operated outlets than in self service outlets. These results indicate that occupational exposure

to gasoline induces increased uri

nary thioether output. However, in

reased urinary thioether output is

not specific for exposure to gaso

be noted that this study was com

ine and could indicate exposure 1o

plicated by the fact that severai of t

Cigarette smoke is known to indfyice mixed fiurction oxicase activity
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urban petroleum retail outlets.

a significantly greater amount of

at self service outlets (Edwards and Priestly 1993). Urinary

ers. The difference between the

2 groups was not statistically significant. In addition, postwork urinary thioether concentrations were

positively correlated with cigarette smoking.

Biomarkers of benzene exposure such as elevated urinary phenol levels are often used to detect

exposure to gasoline. The average level of urinary phenol excreted by gasoline workers was 40 mg/L

which is higher than the normal amount (<20 mg/L) (Pandya et al. 1975). It should be noted that the

benzene content of the gasoline used in this study was relatively high, 10-17%, as compared to typical

American gasoline which contains 0.5-2.5% benzene (see Chapter 3). For more information on the

use of urinary phenol as a biomarker of benzene exposure, see the ATSDR toxicological profile for

benzene (ATSDR 1991).

The hydrocarbon components of gasoline such as benzene, toluene, pentane, and hexane have been

measured in the blood of gasoline-exposed humans (Brugnone et al. 1986; Kimura et al. 1988;

Matsubara et al. 1988). Also, benzene, toluene, and xylenes were detected in the blood samples

collected from Wistar rats immediately after exposure to 5,000 ppm gasoline vapor for 30 minutes
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(Kimura et al. 1988). Increased hydrocarbon blood levels are not specific for gasoline exposure and

are not commonly used as biomarkers of exposure.
2.5.2 Biomarkers Used to Characterize Effects Caused by Gasoline

Potential biomarkers for neurological effects of gasoline are slowed motor nerve conduction velocity
and indices of cerebellar dysfunci;jon. Some chronically exposed individuals were found to have
abnormal slowing of nerve condyiction (Gallassi et al. 1980; Goldiangs and Stewart 1982; Hall et al.
1986; Hansen and Sharp 1978; Rlischbieth et al. 1987; Robinson 1978; Seshia et al. 1978). Cerebellar
dysfunction (e.g., ataxia, poor coprdination, decreased riscle tone, proad-based gait, myoclonic
movements) is a typical symptorp observed in gasolin¢ sniffers (Carpoll and Abel 1973; Coulehan et
al. 1983; Goldings and Stewart 1982; Kaelan etal. 1986; Moss and {Cooper 1986; Rischbieth et al.

1987; Young et al. 1977). These peurologicai effects are not specifi¢ for gasoline exposure and could

indicate exposure to lead or any pther nicurotoxic substance. General neurological effects such as

nausea, vomiting, irritability, resflessness, and anxiety were observed in people exposed to lead and

other components of gasoline. These could possibly be used as biomarkers of exposure to high levels
of gasoline but, because of their nonspecificity, would only be useful when gasoline exposure is

suspected.

2.6 INTERACTIONS WITH OTHER CHEMICALS

Limited data are available on the interactions between the gasoline mixture and other substances. The
metabolic interactions of benzene and gasoline vapor have been investigated in male Fischer-344 rats
by utilizing a closed chamber gas-uptake exposure system to study uptake and metabolism. It was
demonstrated that benzene metabolism in male rats can be decreased in the presence of gasoline vapor
(Travis et al. 1992). The gasoline used in the study contained 170 ppm benzene. A physiologically
based pharmacokinetic model of benzene metabolism indicated that the inhibitory effect could not be
accounted for by the presence of toluene. Some information is available on the interactions between
the individual components of gasoline and other substances. For example, benzene toxicity is affected
by compounds that alter its metabolism such as alcohol, drugs, and industrial chemicals (Goldstein

1977; NESCAUM 1989). Also, the toxicity of benzene may be enhanced by other myelotoxic agents
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such as radiation, metals, halogenated hydrocarbons, and pesticides (Goldstein 1977; NESCAUM
1989). For more information on the interactions of the individual components of gasoline with other
substances, see the appropriate ATSDR toxicological profiles on these compounds (ATSDR 1989,
1990, 1991).

The interactions among the components of gasoline should also be considered. The number of
potential interactions within gaSTinc increases exponentially with the number of components
(NESCAUM 1989). Since gasoline may contain as many as 1,000 chemical substances, the number of
possible interactions is very largg¢. It is not possible, however, 0 reliably predict the effects of these
complex interactions (NESCAUM 1989). There are data indicating that the interactions among the

components may influence their pharacteristic absointion, distributipn, metabolism, and elimination

patterns. For more information oh toxicokinetics ‘ot gasoline, see Seftion 2.3.

The interaction between unleadegl gasoiine and exogenous estrogen fn liver tumor promotion has been

demonstrated in female mice (Stagndeven et al. 1994). Female mice (12 day old) were administered

intraperitoneal injections of N-nitrosodiethylamine (DEN) or vehicle. The mice were exposed to
wholly vaporized PS-6 blend unleaded gasoline vapor at concentrations of 0, 292, or 2,056 ppm for

6 hours/day, 5 days/week for 16 weeks. Increases in relative liver weight, the number of gross hepatic
neoplasms, and the size and volume of altered hepatic foci were observed in DEN-initiated mice
treated with 2,056 ppm unleaded gasoline. These effects were not observed in DEN-initiated mice
treated with 292 ppm unleaded gasoline. Additionally, groups of mice were exposed to 1 ppm ethinyl
estradiol (EE2) in the diet or to 1 ppm EE2 in the diet as well as to 2,056 ppm unleaded gasoline
vapor for 16 weeks. Cotreatment with EE2 potentiated the unleaded gasoline-induced liver tumor
promotion. Treatment with 2,056 ppm unleaded gasoline also resulted in antiestrogenic effects,
including decreased relative uterine weight and partial reversal of EEZ-induced body weight loss,

anestrus, and vaginal keratinization.
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2.7 POPULATIONS THAT ARE UNUSUALLY SUSCEPTIBLE
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A susceptible population will exhibit a different or enhanced response to gasoline than will most

persons exposed to the same level of gasoline in the environment. Reasons for such a response

include genetic make-up, developmental stage, health and nutritional status, and chemical exposure

history. These parameters may result in decreased function of the detoxification and excretory

processes (mainly hepatic and re

nal) or may affect the pre-existing

ompromised function of target

organs. For these reasons we exp

population with immature and de¢
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N1e.

ble to the toxic effects of gasoline.

rchange in circulating lymphocytes

metabolism of gasoline to reactive

metabolites (Edwards and Priestly 1993). Most of the information available on susceptible populations

of gasoline toxicity pertains to the benzene component. In general, benzene exposures are likely to

present a concern for those whose immune systems are not functioning optimally, such as the very

young and the very old. There is some evidence to suggest that females are more susceptible to

benzene toxicity (Goldstein 1977). Furthermore, pregnant women, whose hematopoietic systems are

naturally under stress, may be particularly susceptible to benzene toxicity (Calabrese 1978). Benzene

toxicity may be potentiated in the presence of thalassemia (abnormal hemoglobins) and malnutrition

(Aksoy 1989; Calabrese 1978; Goldstein 1977). The hematotoxic effects of benzene may be enhanced

by ethanol (Baarson et al. 1982, Nakajima et al. 1985). This is of particular concern for gasolineexposed
workers who consume alcohol. (Note that this is not a comprehensive discussion of populations that are
susceptible to benzene toxicity. For more information on populations unusually susceptible to the toxic
effects of gasoline’s components, see the appropriate toxicological ATSDR profiles [ATSDR 1989, 1990,
1991).
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2.8 METHODS FOR REDUCING TOXIC EFFECTS

This section describes clinical practice and research concerning methods for reducing toxic effects of
exposure to gasoline. However, because some of the treatments discussed may be experimental and
unproven, this section should not be used as a guide for treatment of exposures to gasoline. When
specific exposures have occurred, poison control centers and medical toxicologists should be consulted

for medical advice.

2.8.1 Reducing Peak Absorption|Following Exposure

Supportive treatment following ipgestion or inhalation of gasoline npay include the following: assisted
ventilation techniques, treatment|for pulmonary <dema and seizures| administration of oxygen,
administration of antiarrhythmic$ and anticonvulsants, intravenous gdministration of dextrose in water,

dialysis, and hepatic failure treatment (Sronstein and Currance 198Y; Ervin and Manske 1990;

Goldfrank et al. 1990; Graham 1P9¢). In cases of chronic gasoline iphalation, it may be necessary to

screen for electrolyte imbalance and acid-base disturbances and to check serum lead and free
erythrocyte protoporphyrin levels (Ellenhom and Barceloux 1988). For serious cases of aspiration
secondary to gasoline ingestion, it may be necessary to follow acid-base status, fluid and electrolyte
balance, renal and liver function, and serial arterial blood gases (Ellenhom and Barceloux 1988). The
use of epinephrine is not suggested because it may precipitate lethal arrhythmias in the sensitized
myocardium (Bronstein and Currance 1988; Ervin and Manske 1990; Goldfrank et al. 1990).
Antibiotic and steroid treatment are not usually advocated; however, it may be necessary to administer
steroids in the case of “shock lung” (Ellenhom and Barceloux 1988; Ervin and Manske 1990,
Goldfrank et al. 1990).

Methods used to increase the elimination of gasoline hydrocarbons from the gastrointestinal tract
following ingestion include induction of vomiting, lavage, and the administration of cathartics. Much
controversy surrounds the use of emetics as a means for gastrointestinal elimination of gasoline. The
traditional view is that vomiting should not be induced because of the risk of aspiration and damage to
the lung (Bronstein and Currance 1988; Ervin and Manske 1990). According to another point of view,

the risk of aspiration during emesis is not very great; therefore, ipecac-induced emesis is recommended
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in the alert patient who has ingested large amounts of gasoline (Ellenhorn and Barceloux 1988). In

children, it is recommended that nothing be done to remove the substance from the stomach

(Goldfrank et al. 1990). Since emesis causes fewer pulmonary complications than lavage, it is the

preferred method for gastrointestinal decontamination (Ellenhorn and Barceloux 1988; Goldfrank et al.

1990; Ng et al. 1974). However, for those patients who are too obtunded to ingest syrup of ipecac,

lavage may be necessary. Lavage with the use of an endotracheal tube to protect the airway is

suggested (Ellenhorn and Barcel

aspirated oils can cause lipoid pn
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no antidote for triethyl lead intoxlication (Gairettson 1990).

solirie, the skin should be either wa

Following dermal exposure to ga shed with copious amounts of

soapy water or soaked in water for a prolonged period of time (Goldfrank et al. 1990; Stutz and
Janusz 1988). In the case of extensive dermal injuries, early debridement might be considered
especially if the gasoline contains lead additives (Hansbrough et al. 1985). If the eyes are exposed,

they should be thoroughly flushed with water (Goldfrank et al. 1990; Stutz and Janusz 1988).

2.8.2 Reducing Body Burden

There are no known effective methods for reducing the body burden of gasoline. Very little is known
about the toxicokinetics of gasoline. However, the elimination rate of components of gasoline, for
example, benzene and toluene, probably varies because of the metabolism of the gasoline components
by the hepatic enzymes. Thus it is conceivable that alteration of the activities of hepatic enzymes may

affect the elimination of gasoline.
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2.8.3 Interfering With the Mechanism of Action for Toxic Effects

Although several mechanisms have been proposed for the development of a,,-globulin nephropathy in
the male rate following exposure to gasoline, this syndrome is unique to male rats and is not relevant
to humans. The antiestrogenic effects of unleaded gasoline have been proposed as a possible
underlying mechanism of the induction of hepatic tumors in female mice; however, this effect may be

species and sex specific (Standeven-etal.1994a)

2.9 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, ap amended, directs the Administratgr of ATSDR (in consultation with
the Administrator of EPA and agencies and pragrams of the Public Health Service) to assess whether
adequate information on the heath effects ot gasoline is available. Where adequate information is not

available, ATSDR, in conjunctiop with iiie National Toxicology Prdgram (NTP), is required to assure

the initiation of a program of res¢arch designed to determine the heglth effects (and techniques for

developing methods to determine such health effects) of gasoline.

The following categories of possible data needs have been identified by a joint team of scientists from
ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that, if met,
would reduce or eliminate the uncertainties of human health assessment. This definition should not be
interpreted to mean that all data needs discussed in this section must be filled. In the future, the
identified data needs will be evaluated and prioritized, and a substance-specific research agenda may

be proposed.

2.9.1 Existing Information on Health Effects of Gasoline

The existing data on health effects of inhalation, oral, and dermal exposure of humans and animals to
gasoline are summarized in Figure 2-3. The purpose of this figure is to illustrate the existing
information concerning the health effects of gasoline. Each dot in the figure indicates that one or

more studies provide information associated with that particular effect. The dot does not imply
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FIGURE 2-3. Existing Information on Heaith Effects
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anything about the quality of the study or studies. Gaps in this figure should not be interpreted as

“data needs” information (i.e., data gaps that must necessarily be filled).

Information is available on death and acute, chronic, neurological, developmental, genotoxic, and
carcinogenic effects following inhalation exposure to gasoline; death and acute and neurological effects
following oral exposure to gasoline; and acute effects following dermal exposure to gasoline in

humans. Animal data exist for all end points following inhalation exposure to gasoline; for death and

acute, intermediate, and genotox|c effects following oral exposuietd gasoline; and death and acute and
immunological effects following|dermal exposure to gasoline. Thergfore, as can be seen in Figure 2-3,
the majority of the available infoymation is on the health =ftects of ihhaled gasoline in humans and

animals, with very little information on the effects o oral and dermgl exposure.

2.9.2 Identification of Data Needs

Acute-Duration Exposure. The cgntral nervous system appears to b a target of gasoline toxicity

following acute-duration exposures in both humans and animals. Acute exposure to high levels of
gasoline, either by inhalation or ingestion can result in death in both humans and animals (Ainsworth
1960; Beck et al. 1983; Boeckx et al. 1977; Carnevale et al. 1983; Poklis 1976; Vemot et al. 1990;
Wang and Irons 1961). Acute inhalation exposure to gasoline is characterized by a spectrum of effects
that progress in severity with exposure to increasing levels and can include eye irritation, dizziness,
headaches, giddiness, euphoria, vertigo, blurred vision, nausea, numbness, drowsiness, anesthesia, and
coma in humans (Poklis and Burkett 1977). Children admitted to the hospital as a result of gasoline
ingestion exhibited central nervous system complications such as convulsions, coma, and lethargy
(Beamon et al. 1976). Animals acutely exposed by inhalation to high levels of gasoline also exhibit
neurotoxic effects, including restlessness, equilibrium disturbances, convulsions, and narcosis, but these
effects may have been partially due to oxygen deprivation (Przybylowski 1971). The most common
effect associated with acute ingestion of gasoline in humans is aspiration into the lungs resulting in
respiratory distress, pulmonary edema, emphysema, pneumonia, and focal alveolar hemorrhage (Banner
and Walson 1983; Beamon et al. 1976; Carnevale et al. 1983; Grufferman and Walker 1982; Janssen

et al. 1988). Gasoline has been shown to be irritating at the portal of entry (i.e., the lungs after
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inhalation or the gastrointestinal mucosa after ingestion) in both humans and animals (Carnvale et al.

1983; Halder et al. 1985; Hoffman et al. 1980; Janssen et al. 1988). a,,-Globulin-mediated

nephrotoxicity has been observed in male rats orally administered gasoline (Gerin et al. 1988; Olson et

al. 1987a). This lesion is not considered to be relevant to humans, although evidence of reversible

renal injury has been reported in a number of cases of individuals who accidentally or intentionally

ingested gasoline (Banner and Walson 1983; Janssen et al. 1988; Kuehnel and Fisher 1986).

Information on the health effects
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MRLs have been developed because reliable exposure data are not available for end points of gasoline

toxicity other than o,-globulin-mediated nephrotoxicity and because of the wide variation in the

composition of gasoline. More quantitative information on the levels of exposure that elicit various

neurological effects in humans and animals following inhalation or oral exposure would be helpful. In

addition, there are certain populations that might be exposed to gasoline for brief periods; therefore,

this information is important in assessing the risk to these populations.

Intermediate-Duration Exposure. No information is available on the effects of intermediateduration

inhalation, oral, or dermal exposure to gasoline in humans. Intermediate-duration inhalation

exposure to gasoline vapors has been reported to induce ultrastructural pulmonary changes in rats

(fibrosing alveolitis) (Lykke et al. 1979). Ultrastructural pulmonary changes have been observed in

rats exposed by inhalation to leaded gasoline (Lykke et al. 1979). These changes occur in conjunction

with a reduction in the level of surfactant in the lungs of rats similarly exposed (Le Mesurier et al.

1979). This end point was not chosen as the basis for an inhalation MRL because it is considered a

serious effect and because of the variability in the composition of gasoline. However, no changes of
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biological significance in pulmonary function were observed in monkeys following exposure to

1,552 ppm gasoline vapor for 90 days (Kuna and Ulrich 1984). a,,-Globulin-mediated nephrotoxicity
has been observed in male rats inhaling gasoline vapors or that have been orally administered gasoline
(Borriston Labs 1985; Halder et al. 1984, 1985; Kuna and Ulrich 1984; Short et al. 1987, 1989a,
1989b). This lesion is unique to male rats and therefore, not considered to be relevant to humans.
There is no information available on the health effects of gasoline following dermal exposure in either

humans or animals. Intermediate oral MRLs have not been developed because quantitative

information on target organs of gasoline other than male rat nepkrepathy has not been reported for
intermediate inhalation and oral ¢xposure. In addition, gasoiine confains many components that can
vary significantly among the mafly compositions of gasoiine. The toxicity of gasoline would depend
on the specific composition. Mo]le quantitative infoitnation from animal studies on the effects of
intermediate-duration inhalation and oral exposure to gasoline woulfl be useful to identify target organs

other than the kidney in male rats, to verify the ultrastructural effectp observed in the lungs of rats, and

to establish threshold levels for any effects that may be seen followipg intermediate-duration exposure.

Chronic-Duration Exposure and Cancer. Chronic inhalation exposure to gasoline (i.e., in those
individuals who habitually sniff gasoline for its euphoric/hallucinogenic properties) is associated with
neurological effects, such as cerebellar effects including postural tremor, ataxia, abnormal gait, affected
speech, fatigue, headaches, memory loss, and sleep problems (Carroll and Abel 1973; Coulehan et al.
1983; Goldings and Stewart 1982; Kaelan et al. 1986; Kullman and Hill 1990; Moss and Cooper 1986;
Pandya et al. 1975; Rischbieth et al. 1987; Young et al. 1977). Behavioral and intellectual changes
(effects on visual memory and perception, psychomotor disturbances, or changes in visuomotor
learning ability) have been observed in individuals chronically exposed to gasoline vapors (Carroll and
Abel 1973; Kumar et al. 1988; Robinson 1978). However, based on pathological examinations,
chronic inhalation of gasoline vapors has not been shown to induce adverse neurological effects in
animals (MacFarland et al. 1984). Chronic inhalation of gasoline vapors has been shown to be mildly
irritating to the lungs of female rats, but this effect was not observed in mice in the same study and

has not been reported in humans (MacFarland et al. 1984). Several human case studies have reported
the occurrence of various hematological effects in individuals with known long-term exposure to

gasoline vapors (Boeckx et al. 1977; Chessare and Wodarcyk 1988; Niazi et al. 1989; Young et al.
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1977). In most of these cases, the hematological effects reported were most likely due to a constituent
of gasoline (i.e., lead, benzene). a,,-Globulin-mediated nephrotoxicity has been observed in male rats
inhaling gasoline vapors (MacFarland et al. 1984; Short et al. 1989a, 1989b). Again, because this
syndrome is unique to male rats, it is not considered to be relevant to humans. No information is
available on the effects of chronic oral or dermal exposure to gasoline in either humans or animals.
No chronic oral MRLs have been developed because quantitative exposure data are not available for

end point of chronic gasoline toxiei iated nephrotoxicity and because of

the variability in the compositior] of gasoline. More quantitative-mfgrmation on the levels of exposure
that elicit various neurological effects in humans and animaiz would be helpful, as would information
on what the thresholds are for th¢se effects following betiv inhalatioh and oral exposure. Information
regarding the thresholds for advdrse effects are impoitant since certgin populations might be exposed

to gasoline for chronic durations

An exposure-related increased inciderce of renal tubular tumors wag observed in male rats that were

exposed to unleaded gasoline vapots for 2 vears (MacFarland et al. 1984). The renal tubular tumors

observed in the male rats are believed to have been the result of a process involving the accumulation

of a,-globulin. The relevance of a,,-globulin-mediated male rat nephropathy and carcinogenicity to
humans has been questioned (EPA 1991). An exposure-related increase in the incidence of
hepatocellular tumors was observed in female mice exposed to unleaded gasoline vapors for 2 years
(MacFarland et al. 1984). Some of these tumors metastasized to the lungs. The MacFarland et al.
(1984) study is limited with respect to its relevance to human health risk because the animals were
exposed to wholly vaporized gasoline, which has the same composition as liquid gasoline and is not
the same as the gasoline vapors that humans would be exposed to under ambient conditions. Gasoline
emissions normally found in the environment contain lower concentrations of those hydrocarbons that
have lower vapor pressures (i.e., the branched-chain hydrocarbons, such as 2,2,4-trimethylpentane, that
have been shown to induce nephrotoxicity) than is found in liquid gasoline. Thus, the studies in
animals using wholly vaporized gasoline may overestimate the carcinogenic risk in humans. No
information is available in the literature on the carcinogenicity of gasoline in animals following
chronic oral exposure. Additional inhalation bioassays using gasoline vapors of a composition similar

to that which is normally found in the ambient environment and also bioassays employing the oral
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route of exposure would be helpful to more fully assess the potential carcinogenic risk of gasoline for

humans exposed via inhalation or ingestion of contaminated groundwater.

Genotoxicity. Gasoline as a mixture does not appear to be strongly genotoxic to either humans or

animals (see Tables 2-4 and 2-5). Although an increased incidence of micronuclei was observed in the

B-lymphocytes of workers occupationally exposed to gasoline, it is probable that the lower

concentration of benzene in Am

rican fuel would reduce this potent

1al hazard (Hogstedt et al. 1991).

However, cytogenetic studies, sp
validity of this assumption. Ther
bacteria or mammalian cells in c;
1986). The relevance of the posit
which appears to be associated W
further information on the concet

viva rodent cytogenetic studies s

ecifically in human B-lymphocytes
 1s sufficient evidence to conclude
hltures (Conaway et al ~1984; Dool
ive findings with Dvosophila melu
ith the 1,2-diciilsroethane compon

nowed that gasoline is not clastoge

1984; Dooley et al. 1988); no copciusions can be reached for germi

ntration of 1;2-dichloroethane in A:[1

| are needed to determine the

that gasoline is not mutagenic in
by et al. 1984; Richardson et al.
jogaster (Nylander et al. 1978),
ent, cannot be determined without
erican fuel. Well-conducted in

ic in somatic cells (Conaway et al.

jal cells at this time (Litton

Bionetics 1980). The findings from n vivo and in vitro UDS assays with mouse, rat, and human cells

produced conflicting results for genotoxicity (API 1988; Butterworth et al. 1989; Lout-y et al. 1986,

1987). The only consistent finding from the /2 vivo rodent assays was the elevation of SDS in male

rat kidney cells (Loury et al. 1987) and male mouse and rat liver cells (Loury et al. 1986,. 1987).

Increases in SDS in female rat or mouse liver and/or kidney cells were either modest or negligible.

There was, however, no correlation between SDS activity and tumor initiation in rats and mice of both

sexes chronically exposed to unleaded gasoline. Overall, the findings from the in vivo UDS assays

tend to suggest a possible nephrotoxic and/or hepatotoxic role for unleaded gasoline rather than an

ability to initiate tumorigenesis (Loury et al. 1986, 1987). Therefore, it is doubtful that the

performance of additional UDS/SDS studies would provide additional meaningful information.

Reproductive Toxicity. No information is available on the reproductive effects of gasoline in

humans following inhalation, oral, or dermal. Only one study (a dominant lethal study that

investigated toxic effects on sperm cells) was found on the reproductive effects of gasoline in animals,

and the results were negative (Litton Bionetics 1980). In addition, no adverse effects on the
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reproductive organs were reported in chronic-duration inhalation studies in rats or mice (MacFarland et
al. 1984). No reproductive organ toxicity data are available in the literature following oral exposure to
gasoline. Pathological examination of the reproductive organs in 90-day oral studies would be useful
to establish whether gasoline has the potential to induce adverse reproductive effects by this route of
exposure, since chronic-duration inhalation studies failed to demonstrate any such effects.

Developmental Toxicity. Anecd association between chronic

exposure of pregnant women to leaded gasoline vapor and congenital defects of the central nervous
system in children (Hunter et al. 1979). However, these data.are inadlequate to assess the risk of
developmental toxicity following exposure to gasoline i1 humans bgcause of the small sample size,
possibility of concomitant exposfire to alcohol, genetic background,|lack of quantification of exposure
levels, and presence of lead whigh may have coniributed to the developmental defects in the children.
No developmental effects were gbserved ir pregnant rats exposed td gasoline vapors at concentrations
as high as 1,600 ppm (Litton Bionetics'1978). No information is avdilable on the developmental

toxicity of gasoline following oral er dermal exposure. Additional igformation on the developmental

toxicity of gasoline in rats following maternal inhalation exposure would be useful to confirm the

negative results obtained in the Litton Bionetics (1978) study.

Immunotoxicity. No information is available in the current literature on the immunological effects

of gasoline following inhalation, oral, or dermal exposure in humans, or following oral exposure in
animals. No apparent immunological effects (as measured by IgG deposits in the kidney and lungs)
were noted in rats and monkeys exposed to gasoline by inhalation for 90 days (Kuna and Ulrich

1984), and no other effects were noted on lymphoid tissue or blood components in animals exposed to
gasoline vapors for intermediate or chronic durations (Kuna and Ulrich 1984; MacFarland et al. 1984).
Studies conducted.in rats to investigate the possible contribution of gasoline to the manifestation of
pulmonary hemorrhage in Goodpasture’s syndrome yielded mixed results (O’Regan and Turgeon 1986;
Yamamoto and Wilson 1987). The discrepancy in results between these two studies may be due to

differences in route of administration and dose. Since the relationship between gasoline exposure and
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Goodpasture’s syndrome is unclear and hence the possible involvement of the immune system

uncertain, additional information would be useful in resolving the issue.

Neurotoxicity. The central nervous system appears to be a target of gasoline toxicity following

acute-duration exposures in both humans and animals. In humans, acute inhalation exposure to

gasoline is characterized by a spectrum of effects that progress in severity with increasing dose and

duration and can include eye irri

vision, nausea, numbness, drows

admitted to the hospital as a resuft of gasoline ingestion exhibited c¢

complications such as convulsio

iness, euphoria, vertigo, blurred

ness, anesthesia, and coma (Poliis

and Burkett 1977). Children

ntral nervous system

s, coma, and lethargy {Eeamon et 4l. 1976). Chronic intermittent

exposure to high levels of gasoline (i.e., in those indwiduals who hapitually sniff gasoline for its

euphoric/hallucinogenic properti
including postural tremor, ataxia
sleep problems (Carroll and Abe
al. 1986; Kullman and Hill 1990

Ps) is associated with neurological ¢ffects, such as cerebellar effects

abnormal gait; affected speech; fa

igue; headaches; memory loss; and

1973; Coulehan et al. 1983; Goldipgs and Stewart 1982; Kaelan et

Moss and Cooper 1986; Pandya ef

al. 1975; Rischbieth et al. 1987;

Young et al. 1977). Behavioral and intellectual changes (effects on visual memory and perception,

psychomotor disturbances, or changes in visuomotor learning ability) have been observed in

individuals chronically exposed to gasoline vapors (Carroll and Abel 1973; Kumar et al. 1988;

Robinson 1978). Animals acutely exposed by inhalation to high levels of gasoline also exhibit

neurotoxic effects, including restlessness, equilibrium disturbances, convulsions, and narcosis, but these

effects may have been partially due to oxygen deprivation (Przybylowski 1971). However, chronic

inhalation of gasoline vapors has not been shown to induce adverse neurological effects in animals as

indicated by pathological examinations (MacFarland et al. 1984). More quantitative information on

the levels of exposure that elicit various neurological effects, including changes in learning and

behavior, as well as additional studies that examine sensitive neuropathological end points via

inhalation and oral routes would

be useful.
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Epidemiological and Human Dosimetry Studies. A number of epidemiological studies have

been conducted on workers occupationally exposed to petroleum products and hydrocarbons (e.g.,

Kadamani et al. 1989; McLaughlin et al. 1985; Partanen et al. 1991; Poole et al. 1993; Schnatter et al.
1993; Schwartz 1987; Siemiatycki et al. 1987; Wong et al. 1993). These studies all have several

inherent limitations that preclude their use as evidence for an association between gasoline exposure

and cancer in humans. These limitations include lack of information on levels of exposure to gasoline

hydrocarbons; concurrent expos

re to other potentially carcinogeni

substances (i.¢., service station

attendants are also exposed to us

bd motor oils, diesel fuel, and selvg

truck engine exhausts); no adjustment for potential confounding fac

analyses. EPA (1987a) reviewed
concluded that the evidence for d
inadequate. Since occupational e

exposed to a number of other tox

55 relevant studies of unleaded gas
rawing causal inferences between
kposure to gascline invariably occ

ic and potentially carcinogenic sub

studies in occupationally exposedl popuiations that identify these vat

conduct and are thus not likely td

nts as well as automobile and
ors (e.g., smoking); and no latency

oline exposed populations and

‘]mleaded gasoline and cancer was

rs in workers who are also
stances, additional epidemiological

iables would be difficult to

yieid any more useful data with re|

spect to adverse health effects

specific to gasoline. Exposure to low levels of gasoline is extremely common in the general

population, and it would be difficult to conduct meaningful epidemiological studies in any subset of

the population. If populations exposed primarily to automotive gasoline can be identified, monitoring

gasoline exposure and gathering information regarding neurological, developmental, and cancer effects

would be useful for establishing cause/effect relationships.

Biomarkers of Exposure and Effect. Increased blood and urine lead levels, urinary thioether,

urinary phenol, and blood benzene, toluene, pentane, and hexane levels can all be used as biomarkers

of exposure to short-term exposure to gasoline (Brugnone et al. 1986; Goldings and Stewart 1982;

Kimura et al. 1988; Matsubara et al. 1988; Pandya et al. 1975; Robinson 1978; Stock and Priestly

1986). However, none of these biomarkers are specific for gasoline, and there do not appear to be any

biomarkers of effect that would be useful for monitoring either intermediate or long-term exposure to

gasoline. Development of additional, more sensitive biomarkers that are specific for gasoline exposure

would be useful in monitoring populations at risk.
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Potential biomarkers of effect for intermediate and long-term gasoline exposure include slowed motor
nerve conduction velocity and indices of cerebellar dysfunction (Carroll and Abel 1973; Coulehan et
al. 1983; Gallassi et al. 1980; Goldings and Stewart 1982; Hall et al. 1986; Hansen and Sharp 1978;
Kaelen et al. 1986; Moss and Cooper 1986; Rischbieth et al. 1987; Robinson 1978; Seshia et al. 1978;
Young et al. 1977). However, these effects are not specific for gasoline exposure. Biomarkers of
effect for short-term exposure to gasoline include nausea, vomiting, diarrhea, irritability, restlessness,

and anxiety. These are also nonspecific for gasoline. Development of additional, more sensitive

biomarkers that are specific for gasoline effects would be useful it thonitoring populations at high risk.

However, there are no adverse h¢alth effects known at this timc that|are specific for gasoline.

Absorption, Distribution, Metabglism, and Excretict.. There are no quantitative data available

on the rates and extent of absorption, distribution; metabolism, or excretion of gasoline in humans or
animals following inhalation, orgl, or dermal exposure. Although dafa are available on these
parameters for many of the indivjdual ¢cemponents of gasoline (i.e., penzene, toluene, xylene) that may

be used to predict the toxicokineficc of gasoline, it is possible that infteractions between these

components may influence the toxicokinetics of the mixture as a whole. Quantitative data on the
toxicokinetics of gasoline following inhalation, oral, and dermal exposure would be useful to predict

the behavior of this mixture in the body.

Comparative Toxicokinetics. There is relatively little quantitative information on the

toxicokinetics of gasoline in any species, including humans. However, the toxicity data available on
gasoline indicate that, with the exception of o, -globulin-mediated nephrotoxicity in male rats, the
target organs/systems are similar in humans and animals (Beamon et al. 19761; Poklis and Burkett

1977; Przybylowski 1971).

Methods for Reducing Toxic Effects. All of the treatment modalities currently available for use
in cases of gasoline ingestion, inhalation, or skin contact are supportive in nature and/or involve
hastening the elimination of gasoline from the body. The mechanisms of gasoline toxicity are not

known, so there are currently no methods geared towards mitigating the effects of gasoline by
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interfering with its mechanism of action. Development of further methods to mitigate the effects of

gasoline would rely on characterizing its mechanism of action.

2.9.3 On-going Studies

W.L. Backes at the National Institute of Environmental Health Sciences, Research Triangle Park,

North Carolina, is studying the toxicological significance of the metabolism in rats and rabbits of

alkylbenzenes (including tolueng, xylenes, ethylbenzene, and n-treflylbenzene), which are major
constituents of gasoline. Specifigally, the identification of chauges ih the metabolic fate of the
alkylbenzenes due to their prior gdministration, the effeci= of age, sgx, and strain differences, the
effects of exposure time and expgpsure to hydrocarben niixtures, and|the effect of hydrocarbon
induction of cytochrome P-450 an the associaticir of the alkylbenzefes with the enzyme will be
studied. The objective of these studies is to provide information thaf will aid in the identification of

conditions under which individugls might be susceptible to alkylbenzene-induced toxicity.

R.W. Wood at the National Institutes of Health, National Institute on Drug Abuse in Rockville,
Maryland, is studying drug self-administration by inhalation of several compounds including
alkylbenzenes in the primate. In conjunction with models of learned and unlearned behavior, self
administration models will be developed that will provide a method to assess abuse potential, assist in
setting workplace exposure limit values to prevent substance abuse and performance impairment,
determine whether inhalants maintain “drug-seeking” behavior as strongly as other abused drugs,
measure the severity of dependence, withdrawal, and toxicity syndromes, assess irritancy and its

consequences, and characterize direct behavioral effects of solvents.
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3. CHEMICAL AND PHYSICAL INFORMATION

Gasoline is a refined product of petroleum consisting of a mixture of hydrocarbons, additives, and

blending agents. The composition of gasolines varies widely, depending on the crude oils used, the

refinery processes available, the overall balance of product demand, and the product specifications.

The typical composition of gasoline hydrocarbons (% volume) is as follows: 4-8% alkanes; 2-5%

alkenes; 25-40% isoalkanes; 3-7% cycloalkanes; 1-4% cycloalkenes:

(0.5-2.5% benzene) (IARC 1989

mixture to improve the performa

compounds include anti-knock a

agents, anti-icing agents, upper-d

the end of the production proces

compounds although as many as

1984; Mehlman 1990). Information regarding the chemical identity

Table 3-1.

and 20-50% total aromatics

. Additives and blending agent: ar
hce and stability of gasoline (JARC
bents, anti-oxidants, metal deactiva

ylinder lubricants, <leiergents, and

1,000 conipounds have been identi

p added to the hydrocarbon
1989; Lane 1980). These
ors, lead scavengers, anti-rust

lyes (IARC 1989; Lane 1980). At

, finished gasoline typically contaips more than 150 separate

fied in some blends (Domask

pf gasoline is located in

3.2 PHYSICAL AND CHEMICAL PROPERTIES

Information regarding the physical and chemical properties for the gasoline mixture is located in

Table 3-2. In cases where data are not available for gasoline, ranges are given to indicate the different

values for the individual components.
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TABLE 3-1. Chemical Identity of Gasoline

Characteristic Information Reference
Chemical name Gasoline RTECS 1990
Synonyms Casing head gasoline; mgtor HSDB 1993

fuel; motor spirit; natural
gasoline; pef:ol

Registered trade name(s) No data®
Chemical formula No qaata®
Chemical structure No data®

Identification numbers:

CAS registry 8006-61-9 RTECS 1990; Sax
and Lewis 1989
NIOSH RTECS 1.X3300000 RTECS 1990;

SANSS 1986; Sax
and Lewis 1989

EPA hazardous waste No data

OHM/TADS 7217073 OHM/TADS 1991;
SANSS 1986

DOT/UN/NA/IMCO shipping UN1203, UN1257 RTECS 1990

HSDB No data

NCI No data

*Gasoline is a mixed compound consisting of hydrocarbons, blending agents, and additives.
CAS = Chemical Abstracts Services; DOT/UN/NA/IMCO = Department of Transportation/United
Nations/North America/International Maritime Dangerous Goods Code; EPA = Environmental
Protection Agency; HSDB = Hazardous Substances Data Bank; NCI = National Cancer Institute:
NIOSH = National Institute for Occupational Safety and Health; OHM/TADS = Oil and Hazardous
Materials/Technical Assistance Data System; RTECS = Registry of Toxic Effects of Chemicals
Substances: SANSS = Structure and Nomenclature Search System
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TABLE 3-2. Physical and Chemical Properties of Gasoline

Property Information Reference
Molecular weight 108* Anonymous 1989
Color Colorless to pale brown Sax and Lewis 1989;

or pink Weiss 1986
Physical state Liquid Sax and Lewis 1989
Melting point No data )

Boiling point

Density

Odor

Odor threshold

Solubility:
Water at 20°C

Organic solvent(s)

Partition coefficients:
Log K,
Log K.
Vapor pressure’
at 60°C
at 56°C
at 51°C
at 47°C
at 41°C
Henry's law constant:
at 20°C
Autoignition
temperature

Flashpoint
Flammability limits

Initially, 39°C
After 10% distilled, 60°C
After 50% distilled, 110°C
After 20% distilled, 170°C
Final boiling point, 204°C

0.7-0.8 g/cm’®

Gasoline odor
0.025 ppm’

Insoluble

Absolute alcohol, ether,
chloroform, benzene

2.13-4.87°
1.81-4.56°

465 mmHg
518 mmHg
593 mmHg
698 mmHg
773 mmHg

4.8x10-3.3 m*/mol”
280-486°C

-46°C
1.4-7.4%

Budavari et al. 1989;
OHM/TADS 1991;
Sax and Lewis 1989

IARC 1989
Weiss 1986
Weiss 1986

OHM/TADS 1991; Sax and
Lewis 1989

Budavari et al. 1989;
Sax and Lewis 1989

Air Force 1989
Air Force 1989
ASTM 1989

Air Force 1989

NEPA 1986; Sax and Lewis
1989; Weiss 1986

Sax and Lewis 1989

Weiss 1986
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TABLE 3-2. Physical and Chemical Properties of Gasoline (continued)

Property

Reference

Conversion factors
Explosive limits

No data
1.3-6.0%

Budavari et al. 1989; Sax and
Lewis 1989

*Average molecular weight

*Temperature not specified

‘Not specified whether data

ISince data are not available
components.

*The American Society for |

for air or water

[esting and Materials (ASTM)

of gasoline that will permit

for gasoline, ranges are given indicat

has eg

v 1

Ing different values for the individual

tablished guidelines on compositions
g conditions. These guidelines define

five volatility classes that vary by seasonal climatic changes. The values given for vapor pressure at
the given temperatures are based on these volatility classes.
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Percentage
Component Composition® Component
n-alkanes Other prissiiple components
Cs 3.0 octars enhapcers
Cs 11.6 inethyfl t-butyl ether (MTBE)
(o 1.2 t-buty| alcohol (TBA)
G 0.7 ethangl -
CyoCis 0.8 methanol
total of n-alkanes 17.3 antioxidants
N,N -flialkylphenylenediamines
branched alkanes 2,6-dialkyl and 2,4,6-trialkylphenols
C. 2 butylgted methyl, ethyl and dimethyl phenols
Cs ISul triethylene tetramine di(monononylphenolate)
C, 8.0 metal deactjvators
C, 1.9 N.N -disalicylidene-1.2-ethanediamine
C, 8 N-W=disalicylidene-propanediamine
C, 2.1 N,N -disalicylidene-cyclohexanediamine
Cyp-Ci3 1.0 disalicylidene-N-methyl-dipropylene-triamine
total of branched 32.0 ignition controllers
tri-o-cresylphosphate (TOCP)
cycloalkanes icing inhibitors
Cs 3.0 isopropyl alcohol
C 1.4 detergents/dispersants
(0N 0.6 alkylamine phosphates
total of cycloalkanes 50 poly-isobutene amines
long chain alkyl phenois
olefins long chain alcohols
C, 1.8 long chain carboxylic acids
total of olefins 1.8 long chain amines
corrosion inhibitors
aromarics carboxylic acids
benzene 32 phosphoric acids
toluene - 4.8 sulfonic acids _
xylenes 6.6
ethylbenzene 1.4
C,-benzenes 42
C,-benzenes 7.6
others 2.7
total aromatics 30.5

*Adapted from Air Force 1989
®Percent by weight
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4.1 PRODUCTION

Originally, “straight-run” gasoline was produced by simple distillation of crude oil without the use of
chemical conversion processes (Lane 1980; Sax and Lewis 1987). Shortly after 1900, motor vehicles
began to appear in growing numbers, and gasoline began to have a marketable value as a refinery

product. Around 1912, distillation of crude oil alone could not satisty the rapidly growing demand for

gasoline. At this time, gasoline-rpage-hydroearbons-werereeoveredqfrom “wet” natural gas. However,
only a limited amount of natural gasoline could be included in finished gasoline because of its high
volatility and its relatively low amti-knock quality (Lane 198Q). Singe then, petroleum refineries have

developed several processes to cpntribute to the production of gasoline.

In general, gasolines are blended| from several peiroleum refinery prpcess streams that are derived by
the following methods: direct distillation of ¢rude oil, catalytic and fhermal cracking, hydrocracking,

catalytic reforming, alkylation, and pclyinerization. Modern petrolepim refining begins with the

distillation of crude oil into the following fractions: light naphtha (ubed as a component of finished

gasoline without additional refining), heavy naphtha (catalytically reformed to a higher-octane blending
stock), kerosene and light gas-oil (used in the production of kerosene, jet fuel, diesel fuel, and furnace
oils), heavy gas-oil (used in heavy diesel fuel, industrial fuel oil, and bunker oil), and reduced crude.
The heavy gas-oil and other heavy oils recovered from the reduced crude can be cracked into gasolines
(Lane 1980). The use of cracking to produce gasoline began in 1913. Cracking breaks down higher-boiling
hydrocarbons into lower-boiling ones. The two general types of cracking used are catalytic

and thermal. Catalysts may consist of naturally occurring clays or synthetic compounds. Catalytic
cracking produces blending components for high-octane gasoline. Therefore, in addition to serving as

a gasoline-production process, catalytic cracking also serves to improve octane (Hood 1973; Lane
1980). Hydrocracking, which consists of cracking in the presence of added hydrogen, permits wide
variations in yields of gasoline and furnace oils to meet seasonal demand changes and can effectively

process hard-to-crack stocks. However, since hydrocracked stocks lack the high-octane olefins present
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in catalytically cracked stocks, they must be reformed (Lane 1980). Reforming processes convert
lowoctane gasoline-range hydrocarbons into higher-octane ones. Thermal reforming has been almost
completely replaced by catalytic reforming. Most reforming catalysts are bimetallic catalysts
consisting of platinum with another promoting metal, such as rhenium (Hood 1973; Lane 1980).
Alkylation converts refinery gases into gasoline-range liquids of exceptionally high anti-knock quality.
However, the process is costly and is not commonly used in gasoline production (Domask 1984; Lane

1980). Polymerization combines two or more low molecular weight olefin gases into higher molecular

weight olefin liquids suitable for|gasoline blending or for use as themical feed stocks. However,
because olefinic liquids have low anti-knock quality and the.reactangs, olefin gases, are valuable
chemical feeds, the polymerizatipn process is no longer-vadely used to produce gasoline blend streams

(Domask 1984; Lane 1980).

After the various gasoline strean]s have bec¢n blended, foul-smelling, corrosive, sulfur compounds are

removed by hydrogenation (Lang 19801."Additives and blending aggnts are added to improve the

performance and stability of gasgline. These compounds include anfi-knock agents, anti-oxidants,

metal deactivators, lead scavengers, anti-rust agents, anti-icing agents, upper-cylinder lubricants,
detergents, and dyes (IARC 1989; Lane 1980). At the end of the refining process, finished gasoline
typically contains more than 150 separate compounds although as many as 1,000 compounds have
been identified in some blends (Domask 1984; Mehlman 1990). At present, the only commercial
source of gasoline is petroleum, but it has been produced from shale oil, Athabasca tar sands, and by

hydrogenation or gasification of coal (Hood 1973; Sax and Lewis 1987).

Gasoline is available in the United States in leaded and unleaded grades. In the past, organic lead
compounds were widely used as anti-knock agents in gasoline; however, methyl-tertiary-butyl ether
has almost completely replaced tetraethyllead as an anti-knock agent and is now widely used in the -.
production of unleaded gasoline (Sax and Lewis 1987). Now, EPA regulations do not permit
intentional addition of lead or phosphorous to unleaded gasoline and limits their maximum
concentrations to 0.013 g lead/L and 0.0013 g phosphorus/l. Leaded gasoline is produced in much
smaller quantities for use in engines not equipped with catalytic converters. According to EPA
regulations, leaded gasoline can contain any lead additive at a concentration higher than 0.013 g lead/L

but no more that 1.1 g lead/L. The two common grades of both leaded and unleaded gasoline,
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premium and regular, differ in their anti-knock quality. Better anti-knock quality is indicated by a
higher octane number (IARC 1989). Gasoline is marketed as several products and, within each

product line, in various grades (IARC 1989).

The U.S. production volume of motor gasoline has steadily increased between 1983 and 1989 from
277.2 million gallons/day to 306.6 million gallons/day (DOE 1989a). During the month of January

1989, U.S. production of unlead high as U.S. production of leaded

gasoline (DOE 1989b). The states leading production of unleaded gasoline were Texas, California,
and New Jersey and the states leading production of leaded gasoling were Texas, California, and
[llinois (DOE 1989b). In 1989, the 10 U.S. companies lezding gasoline sales were the following (in
descending order of sales): Shell] Amoco, Exxon, Mabii, Chevron, Texaco, Unocal, BP America, Sun,

and Phillips (API 1991).

Since gasoline releases are not rdquirec to be reported under SARA [Section 313, there are no data on

gasoline in the Toxics Release Inveniory (TR188 1990).

4.2 IMPORT/EXPORT

Between 1988 and 1989, net U.S. imports of gasoline declined by 14% to an average of 13.0 million
gallons/day. By 1990, imports were up to an average of 14.3 million gallons/day (DOE 1990).
Typically net U.S. imports of gasoline account for 4-5% of demand (DOE 1989a). During the month
of January 1989, the primary countries exporting gasoline to the United States were (in order of
decreasing volume) Saudi Arabia, Venezuela, Brazil, Canada, France, Spain, and the United Kingdom

(DOE 1989b).

Between 1988 and 1989, U.S. exports of finished motor gasoline increased from 924,000 gallons/day
to 1.6 million gallons/day. Exports reached the highest point ever in 1989 at 2.4 million gallons/day
(DOE 1990). During the month of January 1989, the United States exported primarily to Guatemala,
Japan, and Mexico (DOE 1989b).
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4.3 USE

Gasoline is used almost exclusively to fuel internal combustion engines (IARC 1989). Consumption
of gasoline decreased slightly in 1982 and then again in 1989. In 1989, 306.6 million gallons of
gasoline were consumed in the United States. During 1989, the use of unleaded gasoline continued to

rise, accounting for 88.8% of the total gasoline demand in that year (DOE 1989a).

4.4 DISPOSAL

Most gasoline is burned in internal combustion engines: i.:mited dafa are available on the disposal of

gasoline. A suggested method is fo spray it into an iticirierator (OHNI/TADS 1991).
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5.1 OVERVIEW

Gasoline is a mixture of relatively volatile hydrocarbons, including alkanes, cycloalkanes, alkenes, and
aromatics. Individual hydrocarbon components differentially partition to environmental media on the
basis of their physical/chemical properties. Gasoline is released to the atmosphere as hydrocarbon
vapors from processing and use as a fuel, and to surface water, groundwater, and soil through spills

and leaks in aboveground and underground storage tanks and pipelines. Gasoline has been identified

in 23 of the 1,397 NPL hazardoul waste sites that have been proncsg¢d for inclusion on the NPL
(HAZDAT 1992). The frequency of these sites within the Uniics Stdtes can be seen in Figure 5-1.

The volatile hydrocarbon fraction of gasoline, whicl consists primatily of short-chain (C4-Cs) alkanes
and alkenes and some aromatics,|partitions to tlic-atmosphere where|photochemical oxidation is the
main removal process. Much of Wwhat is released to surface waters and surface soils is lost by
volatilization to the atmosphere. Releages to subsurface soils may lepch through the unsaturated zone

and contaminate groundwater. Afomatics constitute most of the watgr soluble fraction of gasoline.

Biodegradation of gasoline hydrocarbons by a diverse group of microorganisms is an important
removal process in surface waters, soil, and groundwater. Bioconcentration and sorption of gasoline
hydrocarbons to soils and sediments may be important only for higher molecular weight hydrocarbons

that are resistant to biodegradation.

Exposure of the general population to gasoline occurs primarily through inhalation of very small
quantities of the volatile fraction of the mixture during automobile refueling. Another important
source of exposure is ingestion, dermal, and inhalation exposure for certain populations through the
use of gasoline-contaminated surface water or groundwater in domestic potable water applications.
Inhalation also appears to be the main route of occupational exposure for individuals employed in the

petroleum and automotive industries. Populations with potential exposures to gasoline hydrocarbons
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include individuals living in the vicinity of gasoline service stations or tank farms or near leaking

underground storage tanks.

5.2 RELEASES TO THE ENVIRONMENT

5.2.1 Air

Gasoline vapors are released to the air during refueling of gasolizlc-iowered vehicles (Kearney and
Dunham 1986; McDermott and Yos 1979; Shiller 1987), bulk transfler of gasoline at distribution
terminals (Irving and Grumbles 1979; Kawai et al. 199 Fhillips and Jones 1978), leaks from storage
containers and loading equipmerft (Dell’ Acqua et al. . 1976; Phillips and Jones 1978), and during
removal and maintenance of undgrground storage tanks (Kramer 1989; Shamsky and Samimi 1987).
Volatile hydrocarbons in gasoling spilled cn soil or surface water will rapidly evaporate, contributing

to air contamination (Kramer 1989; Phiilips and Jones 1978; Van G¢lder-Ottway 1976).

Releases of small amounts of gasoline vapors have been shown to occur at service stations during
refueling of vehicles. Most of the release comes from displacement of hydrocarbon vapors during
filling of the vehicle or the underground storage tank. Some release will also occur from spills and
line leaks. Gasoline vapor levels measured in the air (personal air samples) at a high-volume service
station in Pennsylvania during 1 week in May ranged from 0.9 to 116.3 mg/m’. The highest levels
generally were found within the immediate vicinity of the fuel nozzle during refueling operations and
levels decreased with distance from the pump, indicating that considerable release occurs during

vehicle refueling (Keamey and Dunham 1986).

Releases of gasoline vapors during bulk transfer operations occur primarily via displacement of
hydrocarbon vapors from the tanker by the liquid gasoline (Irving and Grumbles 1979; Phillips and
Jones 1978). Other sources of release include leaks in fill lines and spills. The amount released

during transfer operations will vary with the method used. Loading operations employing vapor
recovery systems do not release as much vapor as those not utilizing them. Measurements taken at
five plants located in the south, southwest, midwest, and west coast area during May and June showed

lowest releases in top or bottom loading operations with vapor recovery systems (Phillips and Jones
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1978). Samples taken during top-loading had levels of 25 ppm or less in 98% of the samples while

levels of 110 ppm or less were found in 90% of the samples taken during bottom-loading. In contrast,

loadings without vapor recovery systems were considerably higher. Ninety percent of the samples

from both the top- and bottom-loaded samples with no vapor recovery had levels of 225 ppm or less.

Measurements of benzene (used as an indicator of gasoline vapor release) taken at plants in the east,

southeastern, and southwestern United States confirm that releases occur during bulk transfers (Irving

and Grumbles 1979). Ninety-fiv

percent of samples from top-loadi

ng facilities without vapor

recovery systems had benzene le

recovery, 95% of the samples w¢

95% were below 1.8 ppm. Relea

procedures has been documented

vels below 8.5 ppm. At bottom-ica
re below 3.5 ppm. At bottem=ioadi
be from underground stosage tanks

by personal monitéring and area s

ling facilities without vapor
hg facilities with vapor recovery,
during removal and maintenance

nmpling (Kramer 1989; Shamsky

and Samimi 1987). Measurements of total hydre¢arbons in the vicinjity of tank excavation and

maintenance operations have raniged from .54 ppm upwind from thie removal site to 860 ppm during
inerting (addition of dry ice to th

(Shamsky and Samimi 1987). A

e tank ‘t¢ remove hydrocarbon vapars and lower the oxygen content)

| area sample taken during transfer pf gasoline from the storage tank

to a tank truck contained 11 ppm of total hydrocarbons (Kramer 1989). Release of vapors occurs
during all phases of the operation including transfer of gasoline from the storage tank, washing of the
interior and removal of vapors, excavation, and examination and maintenance (Kramer 1989; Shamsky
and Samimi 1987). Gasoline vapors will also be released from soil at the site contaminated by

spillage of gasoline (Kramer 1989). Gasoline is not listed on the Toxics Release Inventory; however,
several of the component hydrocarbons are listed. Refer to the ATSDR toxicological profiles for
benzene, toluene, xylene, and ethylbenzene (ATSDR 1989, 1990, 1991) for information on these

individual hydrocarbon components of gasoline.

5.2.2 Water

Gasoline can migrate to groundwater from the soil surrounding leaking underground storage tanks and
pipelines. By one estimate, as many as 75,000-100,000 tanks leak millions of gallons of gasoline to
groundwater each year (Feliciano 1984; Tangley 1984). This estimate does not include leakage from
abandoned tanks. One leak reported in a Michigan 1997-1979 survey resulted in the release of over

60,000 gallons of gasoline to groundwater (Feliciano 1984). The state of Maine estimates that leaking
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underground storage tanks are responsible for the release to groundwater of about 11 million gallons
of gasoline yearly (Feliciano 1984). Gasoline in underground drainage water and sump water from a
basement have been traced to leaking underground storage tanks at service stations (Dell” Acqua et al.
1976). Gasoline from an unidentified source was found floating on the water table in Hampden
Township, Pennsylvania (McKee et al. 1972). A leak from a pipeline or underground storage tank
contaminated groundwater in the north Los Angeles area of California with an estimated
100,00-250,000 gallons of gasoline (McKee et al. 1972). Although j?e total amount of gasoline
released by leaking underground|tanks throughout California is xnkhown, it has been estimated that the
majority of reported leaky tanks {11,000) contained gasoline (iadlely and Armstrong 1991).

Release of gasoline to seawater rhay occur when barges or tankers cprrying the chemical ground on

reefs. Grounding of a barge in Block Island Sounia, Rhode Island, resulted in release of 1,900 metric
tons of gasoline into the water (Dimock et al.-1980). Based on the U.S. Coast Guard National

Response Center database, an esfimated 43,816 gallons of gasoline yere accidentally discharged to

New Jersey’s Newark Bay and agscciated major tributaries from 1932 to 1991 (Gunster et al. 1993).

Gasoline is not listed in the Contract Laboratory Program Statistical Database (CLPSD) of chemicals

found in groundwater or surface water at hazardous waste sites.

5.2.3 Soil

Release of gasoline to soil from leaking underground storage tanks and pipelines has been reported
(Tangley 1984). Most releases from storage tanks and pipelines are reported as releases to
groundwater because this is where evidence of a leak first appears. However, the release is actually to
surrounding soil with a migration to groundwater due to gravity and water wash down. Most
estimates of the amounts of the releases are based on levels found in groundwater and have been
reported in Section 5.2.2. An estimated 75,000-100,000 leaking tanks release millions of gallons of
gasoline per year to the surrounding soil (Feliciano 1984; Tangley 1984). This estimate does not
include abandoned tanks that may be leaking. Excavation around a tank suspected of leaking showed
that gasoline was seeping into the soil from the tank (Dell” Acqua et al. 1976). Gasoline is also spilled
on soil during the removal and maintenance of underground storage tanks (Kramer 1989). Soil in the

business section of Rockaway Beach in Queens County, Long Island, was contaminated with gasoline
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from an identified source (McKee et al. 1972). Gasoline leaking into a department store basement in

Harlan, Kentucky, was traced to the city-owned service station (McKee et al. 1972).

5.3 ENVIRONMENTAL FATE

5.3.1 Transport and Partitioning

Gasoline is a mixture of relativelly volatile hydrocarbons, includiag pormal and branched chain
alkanes, cycloalkanes, alkenes, ahd aromatics, that vary widely in their physical and chemical
properties. Liquid gasoline genetally contains alkanes, aromatics, arjd alkenes (IARC 1989). Gasoline
is formulated to meet certain profluct performance si;ecitications. E4ch batch of gasoline is likely to
have a unique chemical composifion as a result o the variable complosition of the petroleum starting

materials and the specific types df processing methods used in the fgrmulation of different seasonal

and performance grades of the p:l]oduct (Cline et al. 1991; CRCS 1985; Ghassemi et al. 1984). Upon

release to the environment, gasoliinie.is not transported as a mixture; frather, the various components of

the mixture selectively partition to the atmosphere, soil, or water according to their individual
physical/chemical properties. Therefore, gasoline itself is unlikely to be found in different

environmental media.

The volatile fractions of gasoline are released to the atmosphere during every phase of the product
formulation, handling, and marketing chain, including purchase by the consumer during refueling of
gasoline-powered vehicles. These fractions generally consist of short-chain aliphatic hydrocarbons,
alkenes, and aromatics (Air Force 1989; CRCS 1985; NESCAUM 1989). For example, more than

75% of airborne gasoline vapors have been reported to consist of C,-C, and lighter hydrocarbons
(McDermott and Killiany 1978). In the atmosphere, the components are subject to transport, dilution, -. ¢
dispersion, and photochemical reaction (see Section 5.3.2.1). The more water soluble of these

fractions (e.g., aromatics) may also be washed out of the atmosphere in precipitation and reenter

surface waters and soils. This partitioning is particularly likely for the breakdown products of
atmospheric oxidation, which are more water soluble than the parent hydrocarbons (Air Force 1981;

FAO 1977; Svoma and Hauzim 1984).
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Gasoline released to surface soils will differentially partition by volatilization, dissolution, or
adsorption of individual constituents according to their physical/chemical properties. Gasoline exists in
soil in four states: (1) as a free-moving liquid; (2) adsorbed to soil particulates; (3) dissolved in
groundwater; and (4) as a vapor (NESCAUM 1989; Svoma and Hauzim 1984). Short-chain (Cs-Cs)
alkanes and alkenes with high vapor pressures and low water solubilities will volatilize to the
atmosphere. Results of field experiments indicate that the volatility of gasoline from contaminated

soils can be enhanced by the addjtion of water to the soil (Donaldson et al. 1992). Evaporation may

be limited by infiltration and verfical movement of the liquid preaudt into the soil, the extent of which
depends on soil porosity (Bosserf and Bartha 1984). Releases of liqyid gasoline to subsurface soils
will also limit volatilization lossg¢s of the lower moleculax weight allkanes, which may be transported to
groundwater (Air Force 1989). Higher molecular weight alkanes, alkenes, cycloalkanes, and aromatics
may sorb to some extent to soil particulates (Air Force 1981, 1989).|Potential sorption is greatest for

alkenes, followed by aromatics, ¢ycloalkanes, and least for alkanes (Hathaway and Andrews 1990).

Components of gasoline that are not volatilized or sorbed to soil parficulates will migrate downward

through the unsaturated zone by gravity or leaching to the water table (DOI 1984; Yaniga 1984).
Liquid gasoline, as a result of its lower kinematic viscosity, is expected to move through the
unsaturated zone of the soil at a velocity 2-3 times that of water (Bouchard et al. 1990). The amount
of liquid product that reaches the water table is dependent upon the amount of product released and
site-specific soil and hydrogeological conditions (Yaniga 1984). For example, if the amount of
gasoline hydrocarbons is small relative to the distance to the groundwater through the unsaturated
zone, the hydrocarbons will probably be retained in the soil pore spaces. However, if the amount
released is large relative to the distance to the groundwater, soil pore space capacity may be exceeded
and bulk fluid transport to the groundwater may occur (Bouchard et al. 1990). Hydrocarbons
immobilized in the unsaturated zone may be solubilized by downward moving soil water or fluctuating
elevations of groundwater, and this residual material may serve as a source of contamination through
leaching of solubilized components for long periods of time (DOI 1984). Water-soluble components,
which consist predominantly (87-95%) of aromatics (Coleman et al. 1984), will dissolve in
groundwater, whereas insoluble components will float as a separate phase on top of the water table.
Water-soluble compounds, such as benzene, toluene, and xylene, show a greater potential for transport

in groundwater aquifer than insoluble forms (Uchrin and Katz 1991). Gasoline-contaminated
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groundwater may serve as a source of surface water contamination in areas where groundwater

discharges to surface waters (Air Force 1989).

Liquid gasoline released to surface water spreads horizontally over the surface, presenting a large

surface area from which the volatile components will rapidly partition to the atmosphere (Bossert and

Bartha 1984; CRCS 1985). For example, following oil spills in marine environments, hydrocarbons of

carbon chain lengths up to C;3 have been found to be lost by volatili

ation within the first few days

after the spill. Hydrocarbons of u
also increases dissolution of the
seas may produce emulsions whil
atmosphere by evaporation probs
5.3.2.2). Higher molecular weigh

partition to sediments (Air Force

p to Cy volatilize after a few wacek
vater soluble components. Spiils of
ch limit evaporative losses (CRCS
bly remain near thé surface where
t components(<.2., naphthalene an|

1981).

The bioaccumulation potentials d

5 (FAO 1977). Lateral spreading
gasoline in high winds and heavy
1985). Components not lost to the
they may be degraded (see Section
d substituted naphthalenes) may

f'the major components of gasoling

e range from low to high. Some

higher molecular weight components (e.g., naphthalene and substituted naphthalenes) may be taken up

by fish and domestic animals and bioconcentrated if they persist in environmental media (Air Force

1989). Alkenes have low log octanol/water partition coefficients (K,y) of about 1 and estimated

bioconcentration factors (BCF) of about 10; aromatics have intermediate values (log K, values of 2-3

and BCF values of 20-200), while Cs and greater alkanes have fairly high values (log K, values of
about 3-4.5 and BCF values of 100-1,500) (NESCAUM 1989).

5.3.2 Transformation and Degradation

53.2.1 Air

Gasoline hydrocarbons volatilized to the atmosphere quickly undergo photochemical oxidation. The

hydrocarbons are oxidized by reaction with molecular oxygen (which attacks the ring structure of

aromatics), ozone (which reacts rapidly with alkenes but slowly with aromatics), and hydroxyl and

nitrate radicals (which initiate side-chain oxidation reactions) (Stephens 1973). Alkanes, isoalkanes,

and cycloalkanes have half-lives on the order of 1-10 days, whereas alkenes, cycloalkenes, and
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substituted benzenes have half-lives of less than 1 day (EPA 1979a). Photochemical oxidation

products include aldehydes, hydroxy compounds, nitro compounds, and peroxyacyl nitrates (Cupitt

1980; EPA 1979a; Stephens 1973).

5.3.2.2 Water

Of the hydrocarbon components
have been reported to undergo p
and monosubstituted benzenes h:

systems. The rate of reaction of ]

t[otolysis and photooxidation in aqul

ive been found to be resistantto ph

risubstituted benzenes and naphtha

nted benzenes, and naphthalenes
cous solution. Alkanes, benzenes,
ptolytic breakdown in aqueous

enes is competitive with that of

volatilization from surface waterg (Air Force 1981):

Many of the hydrocarbon compopents of gasoline have been found {o undergo biodegradation in

surface waters and sediment (Atlps 1981, Walker et al. 1975b). Mictoorganisms in marine and

1

b pacteria, yeasts, and filamentous

estuarine environments, includin fungi, are capable of degrading

petroleum and petroleum products, including gasoline. Microbial activity becomes important about

1 week after the spill or release, after initial hydrocarbon losses have occurred through volatilization
and photooxidation. Alkanes are attacked more rapidly and by a greater number of species than
aromatics or naphthenics, with removal in the time frame of days-to-weeks; n-alkanes are more easily
degraded than branched chain alkanes (FAO 1977). Degradation of gasoline hydrocarbons in surface
waters is expected to be rapid under conditions favorable to microbial activity; however, it may be
slow or limited under unfavorable conditions, such as low pH, low temperature, low oxygen levels, or

high salinity, or where populations of degrading microbes are low (Air Force 1989).

Organic pollutants have also been found to undergo biodegradation by microorganisms isolated from
groundwater (Wilson and McNabb 1983). For example, a mixed population of 32 cultures of
microbes isolated from groundwater contaminated with gasoline were able to degrade gasoline
hydrocarbons. Nocardia cultures were found to metabolize most of the alkanes, whereas Pseudomonas

cultures were responsible for degradation of most of the aromatics (Jamison et al. 1976).
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Biodegradation of gasoline in groundwater can occur under denitrifying conditions (Carroquine et al.

1992).

5.3.2.3 Soil

After volatilization, biodegradation and photooxidation are the most important removal mechanisms for
gasoline hydrocarbons released I_mnfamn.ﬂs_(.AiLEQ.mﬁJiﬁi).ﬂotooxidation in surface soils is

less important than in surface wafter environments since infiltration ¢f the liquid product into the soil
will limit exposure to solar radiation (Bossert and Bartha 19%4).
Biodegradation of gasoline hydrgcarbons in soil by4.diverse group pf microorganisms has been
reported by numerous investigatgrs (Atlas 1981; Bossert and Bartha| 1984; Haines and Alexander 1974;

Mann and Gresham 1990; Thomas et al. 1999). Bacteria and fungi appear to be the most important

hydrocarbon-utilizing microbes in soils {Atlas 198 1). n-Alkanes, n-plkylaromatics, and aromatics of

carbon chain length C;(-Cy; are the most readily degradable hydrocgrbons. n-Alkanes, alkylaromatics,

and aromatics above Cy; are generally not available for metabolism by soil microbes because of their
limited water solubility and solid physical state. Higher molecular weight hydrocarbons sorbed to soil
particulates are also generally unavailable for metabolism by microorganisms. Hydrocarbons in the
Cs-Co range are biodegradable only at low concentrations since at higher concentrations they exhibit
membrane-solvent toxicity to soil microbes and are generally removed by volatilization. Hydrocarbons
with condensed ring structures, such as polyaromatic hydrocarbons (PAHs), and cycloalkanes are
relatively resistant to biodegradation (Atlas 1981; Bossert and Bartha 1984). Isoalkanes and 1,3,5-
trimethylbenzene have also been reported to be resistant to biodegradation (Mann and Gresham 1990).
Some of the intermediate products of metabolism (e.g., alcohols, aldehydes, and monocarboxylic acids)
are more water soluble or strongly sorbed than the parent hydrocarbons (Atlas 1981; Bossert and
Bartha 1984; Carlson 1981). The rate of biodegradation is highly dependent upon the amount of the
hydrocarbon substrate and a number of site-specific environmental factors, including temperature,
oxygen content, moisture content, nutrient content, salinity, and pH (Atlas 1981; Bossert and Bartha

1984). Degradation of hydrocarbons by soil microbes appears to be almost exclusively an aerobic
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process. The initial steps in microbial metabolism require oxygen; reference to biodegradation under

anaerobic conditions is limited (Atlas 1981; Bossert and Bartha 1984; Corapcioglu and Hossain 1990).

5.4 LEVELS MONITORED OR ESTIMATED IN THE ENVIRONMENT

5.4.1 Air

Several variables can influence the measured concentrations of gasoline vapor and component
hydrocarbons in air. Among thesp are wind direction and velocity, distance from the source of the
vapors, ambient temperature, durfation of sampling time: the presende of vapor recovery equipment,

and composition of the gasoline (McDermott and Vs 1979; Shiller [1987).

Levels of gasoline vapor have been measured 1n air at service statiofs in several areas of the country.

Area air samples taken in the vicjnity ot-a high-volume service statipn in Pennsylvania during 1 week

in May showed concentrations of gasoline vapor ranging from not dgtected (detection limit of

0.4 mg/m’, assuming a desorption volume of 1 mL solvent) to 28 mg/m’ (Keamey and Dunham 1986).
Air levels of gasoline vapor measured at seven different service stations in the United States (Houston,
Texas; Manhattan Beach, California; New Britain, Connecticut; New Orleans, Louisiana; Plantation,
Florida; Stickney, Illinois; and Walnut Creek, California) from March to June ranged from 1.81 to
99.2 ppm (McDermott and Vos 1979). Corresponding concentrations of benzene ranged from <0.01 to

1.21 ppm.

Monitoring of the storage tank removal and maintenance operation indicated relatively high levels of
gasoline vapor can be found near the site of the activities (Kramer 1989; Shamsky and Samimi 1987).
Area sampling at the bottom of the excavation, directly above the excavation at ground level, upwind
and downwind of the site, and at the site location during inerting (i.e., flushing with carbon dioxide)
indicated the highest concentrations are found in the location of the site during the inerting process
when no controlled venting of the vapors is performed. The total hydrocarbon level (a measure of
gasoline vapor) at the site when no vents were used was 860 ppm. With the use of vents the total
hydrocarbons measured 21.8 ppm. Total hydrocarbons were also high at the bottom of the excavation

site, measuring 395 ppm compared to 16.7 ppm just above the site at ground level. As expected,
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mean upwind concentrations were lower than downwind concentrations (0.64 and 3.86 ppm total

hydrocarbons, respectively) and were considerably lower than concentrations at the excavation site.

Levels of 0.08 ppm benzene and 4 ppm total hydrocarbons were measured in air during on-site

monitoring of an underground storage tank excavation (Kramer 1989). Levels of 1.0 ppm benzene and

11 ppm total hydrocarbons were measured during the transfer of gasoline from a tank excavated for

cleaning to a tanker truck (Kramer 1989). During purging of the tank, the average atmospheric

concentration of benzene near th

e tank was 6.7 ppm (Kramer 1989)

Although venting was not used

in this excavation procedure, the
(Shamsky and Samimi 1987). Th
Gasoline is not listed in the CLP

5.4.2 Water

One day following the accidenta

measured levels were considerably
e reason for the discrepancy ii1 resy

8D of chemicals foundai-soil at NH

release of 1,900 metric tons of gas

Island Sound, Rhode Island, tota

below previous measurements
Its could not be determined.

L sites only (CLPSD 1989).

oline into the water at Block

levels of Cg-Cj, hydrocarbons at t

hree sites close to the spill ranged

from 5 to 20 pg/L at a depth of 3.5 meters in the water column (Dimock et al. 1980). These

concentrations exceeded the background levels found at sites distant from the spill. Although gasoline

is known to migrate to groundwater following its release from leaking underground storage tanks and

pipelines (see Section 5.2.2), no information on levels in groundwater was located.

5.4.3 Soil

Although methods for the detection of gasoline hydrocarbons in soil exist (see Chapter 6), no specific

data on levels in soil were located. Gasoline is known to be present in soil in areas where it has been

spilled and in soil -surrounding leaking underground storage tanks or pipelines (Dell” Acqua et al. 1976

>

Kramer 1989; McKee et al. 1972). Discriminant analysis, a multivariate statistical technique, has been

applied to differentiate between gasoline contaminated soils resulting from leaking underground

storage tanks and those of background origin (Saentz and Pingitore 1991).
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5.4.4 Other Environmental Media

Data on the concentration of hydrocarbons from gasoline contamination in media other than air, water,
and soil are very limited. This is due, at least in part, to the difficulty in tracing the source of
hydrocarbon contamination in other environmental media such as food, fish and shellfish, and
terrestrial plants and animals. Samples of bivalve mollusks collected 2 days following an accidental

spill of gasoline into Block Island Sound, Rhode Island, contained low levels of gasoline compounds

(Dimock et al. 1980). However, there were no adequate control samples by which to confirm
background levels of these comppunds in the shellfish, so it-is 110t c¢rtain that the contamination
resulted from the spill.

5.5 GENERAL POPULATION AND OCCUPATIONAL EXPOSURE

The general population may be exposed to gasoline or gasoline vapgrs during automobile refueling

procedures, refueling of gasolinefpawered equipment (e.g., lawn mgwers), and through the use of

gasoline-contaminated surface water or groundwater. However, no specific data on exposure of the

general population were located.

Possible occupational exposure to gasoline and gasoline vapors exists for workers all along the chain
of gasoline production to consumer use. Workers involved in onloading and offloading gasoline at
docks and bulk storage terminals; loading, driving, and delivering fuel to storage terminals and gas
stations; and refueling and automotive repair operations at service stations have a large potential for
exposure (Runion 1988). Workers involved in the cleanup and maintenance of underground storage
tanks and service station pump equipment are also exposed to higher-than-background levels of

gasoline and gasoline vapor (Runion 1988).

Several monitoring surveys of service station employees have been conducted. Personal air sample
measurements of employees at a high-volume service station in Pennsylvania for 1 week in May
showed geometric mean total gasoline vapor time-weighted average (TWA) exposures of employees
ranged from 2.9 to 5.2 mg/m’ (Keamey and Dunham 1986). Geometric mean personal short-term

exposures to gasoline vapor ranged from 12.7 to 24.7 mg/m’. Actual exposure concentrations during
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refueling ranged from not detected (detection limit of 10 mg/L extraction solvent) to 116.3 mg/m’.
Component analysis of personal long-term samples showed that 2-methyl butane and pentane were the

most prevalent hydrocarbons and were detected in all 18 samples at concentrations ranging from 0.1 to

1.7 ppm. Another survey of service station employees conducted from March to June at seven service

stations located throughout the United States (Houston, Texas, Manhattan Beach, California, New

Britain, Connecticut, New Orleans, Louisiana, Plantation, Florida, Stickney, Illinois, and Walnut Creek,

California) showed that mean T
vapor and 0.02-0.24 ppm for ben|
New Britain, Connecticut service
source other than gasoline in ong
3.63-9.26 ppm gasoline vapor w3

exposure. Monitoring of service

zene (McDermott and Vos 1979).

station and appeared to be.due to
sample. Excluding the *“onnecticu
s a more representative estimate of

Station persontice! responsible for re

stations located near a major exiLessway, revealed a geometric mea

4.0 mg/m’ (range of 1.1-130.3

/m?) ‘Halder et al. 1986a). Closer

showed no detectable hydrocarb

3.63 to 22.3 ppm for gasoline
he high values were found at the
ydrocarbon exposure from a
results, the range of
service station employee

fueling operations at two service

n 8-hour TWA of

monitoring of these workers

n-exposure levels for refueling opg

rations totaling 22 minutes or less

(limit of detection = 30 pg/sample). However, for total refueling times of 27 and 354 minutes, TWA

8-hour total hydrocarbon levels ranged from 0.7 to 1.4 and from 2.1 to 4.8 mg/m’, respectively. Most

of these were lighter weight (5 or less carbon atoms) hydrocarbons.

Analysis of air samples for benzene at a service station and alveolar air levels of benzene in the

attendants showed that benzene levels in the breath samples taken during refueling operations were

considerably higher than during times when refueling was not occurring (Brugnone et al. 1986).

Alveolar concentrations ranged from 210 to 458 ng/L during refueling and from 52 to 191 ng/L when

refueling was not being done. Corresponding air levels taken in the breathing zone ranged from 63 to

611 ng/L and from 20 to 77 ng/L during periods of refueling and no refueling, respectively. The

higher concentrations of benzene in alveolar air in most samples may indicate that the eliminated

benzene was previously absorbed and stored.

Biological monitoring of service station workers in India revealed substantially higher levels of urinary

phenol when these workers were compared to persons with no known exposure to either gasoline or

benzene (Pandya et al. 1975; Rao et al. 1977). Excretion of phenol in the urine can be evidence of
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benzene exposure. Since benzene is a component of gasoline and gasoline vapor, presence of excess

phenol in the urine of these workers may be associated with their exposure to gasoline vapor. Of the

51 service station workers monitored, 88% had urinary phenol levels of >20 mg/L and 47% had levels

>40 mg/L. Average urinary phenol excretion in unexposed subjects was reported to be 8.6 mg/L

(range of 3.3-15 mg/L). Since no measurements of gasoline or benzene in the breathing zones of

these subjects were taken, the excess phenol cannot be unequivocally attributed to gasoline exposure.

Monitoring surveys of workers of
higher blood and urinary concent

in a petrol company in Poland w

exposure to gasoline (Turlakiewicz and Chmielnicka 1985). The me

workers was 25.6 ng/dL and the

in the control group were 10.6 ar

TWA concentrations of lead in the werkplace air ranged from 0.015

ccupationally exposed to gasoline 1
rations of lead in these workeis. A

pre assessed for blood arid urinary 1

mean urinary (e4d concentration wi

d 2.5 pug /4 for blood and urinary

hdicate that exposure results in
group of 26 workmen employed
pvels of lead associated with their
an blood lead levels of these

1s 7.4 ug/dL. Corresponding levels
levels, respectively. Mean 8-hour

to 0.205 mg/m’ depending on the

specific job. A similar survey of

4/ service station workers in Tasm

nia also indicated that blood lead

levels were higher in subjects occupationally exposed to gasoline (Moore et al. 1976). The mean

blood lead level of the service station workers was 32.9 pg/dL compared to a mean level of

14.3 pg/dL in the control population.

A survey of workers employed at five bulk-transfer facilities, two marine loading facilities, and two

service stations located near a major expressway was conducted (Halder et al. 1986a). Personal

monitoring of breathing zone levels of hydrocarbons with 6 or more carbon atoms showed 8-hour

TWA geometric mean exposure concentrations of 5.7 mg/m’ (range of 0.8-120.8 mg/m’) for terminal

workers and 4.0 mg/m’ (range of 1.1-130.3 mg/m”) for service station workers. Geometric mean

8-hour TWA exposures to hydrocarbons with four carbons or more were 31.2 mg/m’ (range of.

1.3-237.6 mg/m’) and 89.4 mg/m’ (range of 9.1-1,580.4 mg/m") for terminal workers and marine

loading facility workers, respectively. The bulk of the hydrocarbon exposure at bulk terminals and

marine loading facilities (61.3-67.4%) was to lighter hydrocarbons containing four or five carbon

atoms, and of these, n-butane, isobutane, n-pentane, and isopentane were responsible for most of the
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exposure. Measured geometric mean TWA levels of benzene ranged from 0.5-0.8 mg/m’ for the three

worker categories.

Workers involved in the removal and maintenance of underground storage tanks are exposed to both
gasoline and gasoline vapor. Monitoring of workers involved in these operations showed that
exposure occurred during tank draining, tank removal, cutting and cleaning, and tank testing (Kramer

1989; Shamsky and Samimi 198 operations were measured for

personnel involved in the procedpres. Highest exposure occurred duping tank removal, cutting and
cleaning, with levels of total hydrocarbons in the breathing zoue ranging from 9 ppm over a 6-hour
exposure period for an observer fo 459 ppm for a 30 miuute exposute period for a laborer (Kramer
1989). Levels of benzene ranging from 0.19 ppm over'5.5 hours for fan observer to 4.57 ppm over
30 minutes for a laborer were alsp observed. Expgosures to gasoline yapors were lower for workers
involved in gasoline transfer and|tank-testing operations. Levels in these workers ranged from 4 to
5 ppm total hydrocarbons in the breathing zone (for exposure periods of 30 minutes to 6 hours in

personnel involved in gasoline trpticter) to 7-12 ppm (for periods of [3.25 to 4.75 hours in the

breathing zone of workers involved in tank testing). For all procedures, laborers generally had the
highest exposure to gasoline vapor and observers were exposed to the lowest amounts. Exposure to
gasoline was not quantified, but dermal exposure was stated to be common during the maintenance
operations. Results from a similar study of tank maintenance personnel found mean breathing zone
levels of total hydrocarbons of 2.3 ppm for 18-35 minutes exposure of observers and 106 ppm for
15-110 minutes exposure of laborers. Mean benzene exposure levels were 0.1 and 6.8 ppm for
observers and laborers, respectively. Potential exposures for personnel upwind and downwind of the
excavation site, at the bottom of the site, directly above the site at ground level, and at the site during
inerting with and without vents were also determined. Highest levels were measured during inerting
without vents (mean total hydrocarbons = 860 ppm) and at the bottom of the excavation (mean total
hydrocarbons = 395 ppm). Data on specific hydrocarbons in the gasoline vapor suggested that
exposures exceeding the TLVs could occur for pentane, n-hexane, benzene, toluene, xylene, and total
hydrocarbons if workers were exposed for 8-hour periods to concentrations found at the bottom of the
excavation and during inerting of tanks without vents. However, these workers would not normally

encounter 8-hour continuous exposure work days.
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Breathing zone samples collected at bulk loading terminals where driver/salesmen load their own
trucks showed that highest exposure occurred during loading of tanker trucks when no vapor recovery
system was used (Phillips and Jones 1978). Approximately 90% of the samples had levels of
hydrocarbons of 225 ppm or less. Exposure was substantially reduced when a vapor recovery system
was used, with 90% of the samples having levels of 110 ppm or less during a bottom-loading
operation and 98% of samples having levels of 25 ppm or less during a top-loading operation. During

unloading at service stations, 98% of the samples had levels hydrocarbons of 50 ppm or less. Results

from another survey where benz¢ne was used to monitor worker¢ at|a bulk transfer facility for
exposure to gasoline vapor suppdrt the reduced exposure associated|[with vapor recovery systems
(Irving and Grumbles 1979). Ninety-five percent of sanir!es from tgp-loading facilities without vapor
recovery systems had benzene lepels below 8.5 ppni. At bottom-loagling facilities without vapor
recovery, 95% of the samples wdre below 3.5 npa and at bottom-loading facilities with vapor
recovery, 95% were below 1.8 ppm. These data also suggest reducedl exposure levels are associated

with bottom-loading of tankers.

According to the National Occupational Exposure Survey conducted from 1981 to 1983 by NIOSH,
70 employees (including 7 females) in seven plants producing petroleum and coal products were
potentially exposed to natural gasoline or products containing natural gasoline (NOES 1991). Most of
these (63 workers) were categorized as miscellaneous machine operators and the remainder were
operators of separating, filtering, and clarifying machinery. These data are based only on actual
observations of the use of gasoline or of products containing gasoline in 4,490 business establishments
in the United States. In view of the information on exposure presented above, these data are believed

to substantially underestimate the potential occupational exposure to gasoline.

5.6 POPULATIONS WITH POTENTIALLY HIGH EXPOSURES

Results from surveys of service station personnel strongly indicate that general population exposure to
gasoline vapor can be expected at service stations. People who refuel their own vehicles are at risk of
higher exposure than those who let attendants service their vehicles. These people are also at greater
risk of contacting gasoline released from leaking pump lines and overfilled tanks. Populations living

in the vicinity of a service station or bulk loading terminal are expected to have higher exposure to
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volatile gasoline-related hydrocarbons than those far removed from these businesses. Higher exposure

to both gasoline and its vapor is also expected during filling of tanks on machines that operate on

gasoline such as gasoline-powered lawn mowers.

Populations located near underground storage tanks or pipelines are at risk of exposure to high levels

of gasoline-associated hydrocarbons through ingestion of contaminated drinking water. Additional

inhalation and dermal exposure would come from other water uses such as washing dishes and

showering. These populations m.
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5.7 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation with
the Administrator of EPA and agencies and programs of the Public Health Service) to assess whether
adequate information on the health effects of gasoline is available. Where adequate information is not
available, ATSDR, in conjunction with NTP, is required to assure the initiation of a program of
research designed to determine the health effects (and techniques for developing methods to determine

such health effects) of gasoline.

The following categories of possible data needs have been identified by a joint team of scientists from
ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that, if met,
would reduce or eliminate the uncertainties of human health assessment. This definition should not be

interpreted to mean that all data needs discussed in this section must be filled. In the future, the
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identified data needs will be evaluated and prioritized, and a substance-specific research agenda may

be proposed.

5.7.1 Identification of Data Needs

Physical and Chemical Properties. The physical and chemical properties of gasoline and its

primary component chemicals arg well defined (Air Force 1989; ASTM 1989; OHM/TADS 1991; Sax

and Lewis 1989) and can be used to estimate the fate of gasolinefellowing release to the environment.
Data needs associated with specific compounds that are comoonentq of the gasoline mixture (e.g.,
benzene, toluene, xylene, and other hydrocarbons and leagd) are presgnted in the ATSDR toxicological
profiles for these chemicals (AT$DR 1989, 1990, 1$91). Therefore,|no additional studies are needed

at this time.

Production, Import/Export, Use, pnd R&icase and Disposal. Product{on, import/export, use,

and release of gasoline are thorogigh'y described in the literature (se¢ Chapter 4). Gasoline is used

almost exclusively to fuel internal combustion engines (IARC 1989). The data indicate that the
potential for human exposure is considerable and is most likely to occur from contact with
contaminated air and/or groundwater. Production of gasoline has steadily increased between 1983 and
1989 from 277.2 million gallons/day to 306.6 million gallons/day (DOE 1989a). No data are available
regarding predicted production volume of gasoline. Only limited information on one method of
disposal (by spraying gasoline into an incinerator) was located (OHM/TADS 1991). No information
regarding rules and regulations governing disposal of gasoline was located. More information on
where and how gasoline is usually disposed of would aid in determining the potential risk of exposure

to gasoline that has been improperly discarded.

Environmental Fate. Gasoline partitions to the different environmental compartments according to
the physical/chemical properties of its individual components. The most important fate process is
volatilization, especially for the short-chain alkanes (Air Force 1989; NESCAUM 1989). These
compounds are transformed photochemically in the atmosphere (Cupitt 1980; Hendry and Kenley

1979; Stephens 1973). Migration to groundwater is also an important fate process for the soluble
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aromatics (Bouchard et al. 1990; DOI 1984; Yaniga 1984). The higher molecular weight
hydrocarbons may sorb to soil (Air Force 1989; Hathaway and Andrews 1990). Gasoline-related
hydrocarbons released to surface waters and soil are broken down by photooxidation and microbial
degradation (Air Force 1989; Atlas 1981; Bossert and Bartha 1984; Thomas et al. 1990; Walker et al.
1975b). Biodegradation also occurs in groundwater (Wilson and McNabb 1983). The behavior of the
gasoline mixture following release to the environment is well characterized. The fate of several of the
most important component chemicals has also been studied (see ATSDR toxicological profiles for

these chemicals [ATSDR 1989, 1990, 1991). Data needs for speciii¢ hydrocarbons making up the

gasoline mixture have been discyssed in the ATSDR toxicological profiles for these chemicals

(ATSDR 1989, 1990, 1991).

Bioavailability from Environmental Media. The various chemicals rhaking up the gasoline
mixture are known to be absorbefd by inhalation, oral, and/or dermal| routes. The extent of absorption

by these routes will depend on the volatiiity, solubility, lipophilicity} and other properties of the

specific components. Several of these component compounds have been discussed in detail in their

individual ATSDR toxicological profiles (e.g., benzene, toluene, xylene, and lead), which should be
consulted for further information (ATSDR 1989, 1990, 1991). More information linking exposure
levels of gasoline and gasoline vapor with biological levels of component chemicals would be useful
in determining which chemicals in the mixture are most likely to be absorbed and by which routes.
This information would aid in determining daily human exposure levels and more accurately assessing

the risk associated with gasoline exposure.

Food Chain Bioaccumulation. Gasoline, as a mixture of hydrocarbons, does not bioaccumulate in

the food chain per se. However, the individual components making up the mixture may bioaccumulate
depending on their individual properties (Air Force 1989; NESCAUM 1989). In general, the alkenes
(e.g., pentene, butene, hexene) will not tend to bioaccumulate, the aromatics have a moderate tendency
to bioaccumulate, and the higher molecular weight alkanes will tend to bioaccumulate (Air Force
1989). The need for further research on biomagnification of the components of gasoline has been
presented in the individual ATSDR toxicological profiles on these chemicals (ATSDR 1989, 1990,

1991). Research on the biomagnification of the gasoline mixture would not be useful since gasoline is
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not available to the food chain as a mixture because it partitions into its different constituent

components as soon as it enters the environment. Individual components of the mixture may be

bioconcentrated. Bioconcentration studies should be conducted on the individual components that are

persistent and for which this information is lacking.

Exposure Levels in Environmental Media. There is a substantial amount of exposure data on air

levels of gasoline vapors surrou

ding service stations and bulk loadi

ng terminals, and some data on air

levels resulting from excavation
1991). Reliable monitoring data
sites would be useful so that the
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been taken for workers

k transfer facilities, and marine loadling docks and those involved in

storage tank excavation and maintenance (Halder et al. 1986a; Kearney and Dunham 1986; Kramer

1989; Shamsky and Samimi 1987). In addition, increased urinary excretion of phenol (20-40 mg/L)

and lead (73.8 pg /L) and increased blood lead levels (256.3 pg /L) have been measured in workers

occupationally exposed to gasoline (Moore et al. 1976; Rao et al. 1977; Turlakiewicz and Chmielnicka

1985), and increased levels of benzene have been measured in the expired air of service station

workers (Brugnone et al. 1986). These increased levels are believed to result from the increased levels

of lead and benzene absorbed when gasoline vapors are inhaled. However, because these and other

chemicals in gasoline are frequently found in the environment, it is difficult to associate the increased

levels of these chemicals specifically with exposure to gasoline. Methods more specific for gasoline

exposure would aid in determining which markers would be most useful in determining exposure

levels in humans. This information is necessary for assessing the need to conduct health studies on

these populations.
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Exposure Registries. Service station workers, workers at bulk loading terminals and marine
loading docks, and workers responsible for excavation and maintenance of gasoline storage tanks are
known to have increased exposure to gasoline and its vapors. However, no registry exists for exposure

to gasoline.

No exposure registries for gasoline were located. This substance is not currently one of the

compounds for which a subregistry has been established in the National Exposure Registry. The

substance will be considered in the future when chemical selectiot: is made for subregisties to be
established. The information thaf is amassed in the National-Exposufe Registry facilitates the
epidemiological research needed|to assess adverse healtir outcomes that may be related to the exposure

to this substance.

5.7.2 On-going Studies

A laboratory study on the effect pf'coil heterogeneity on the movempnt of light nonaqueous phase

liquids is being conducted at the Colorado State University. The study, which is funded by the
National Science Foundation, will utilize a dual energy gamma attenuation system to examine the
movement of water, air, and light hydrocarbons through soils placed in a laboratory flume. Results of
this research are expected to be useful for testing and validating models that predict the behavior of

light hydrocarbons leaked from underground storage tanks to the water table.

Field and laboratory investigations being conducted by the U.S. Geological Survey of the Department
of Interior are examining the anaerobic biodegradation of petroleum and gasoline hydrocarbons,
inchtding benzene and alkylbenzenes. A separate study is attempting to model the transport and

biodegradation of organic mixtures, including gasoline.

At the University of Nevada, a study is underway that is attempting to: (1) establish improved methods
for analyses of soils for gasoline constituents; and (2) determine the utility of using volatilization as a
method for decontaminating soils containing gasoline. This field experiment will be conducted under

conditions similar to those used in landfarming. The purpose is to demonstrate the relative rates of
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loss of various petroleum hydrocarbons, with identification of a treatment method that optimizes loss

at lowest cost.
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The purpose of this chapter is to describe the analytical methods that are available for detecting and/or
measuring and monitoring gasoline in environmental media and iu biological samples. The intent is
not to provide an exhaustive list of analytical methods that could be used to detect and quantify
gasoline. Rather, the intention is to identify well-established methods that are used as the standard
methods of analysis. Many of the analytical methods used to detect gasoline in environmental samples
are the methods approved by federal organizations such as EPA and the National Institute for

Occupational Safety and Health (NIOSH). Other methods presented in this chapter are those that are

approved by groups such as the Association of Official Analytical (Jhemists (AOAC) and the
American Public Health Associafion (APHA). Additionally;.aiialyti¢al methods are included that
refine previously used methods tp obtain lower detecticir !limits, andfor to improve accuracy and

precision.

6.1 BIOLOGICAL MATERIALS

Gasoline is a complex mixture of liyarocarbons and additives. The tajor hydrocarbon component

categories in gasoline include alkanes, isoalkanes, cycloalkanes, alkenes, and aromatics (MacFarland et
al. 1984). The methods most commonly used to detect the major hydrocarbon components in gasoline
in biological materials include gas chromatography (GC) and high resolution gas chromatography
(HRGC) combined with flame ionization detection (FID). GC combined with mass spectrometry (MS)
has been used for both identification and quantification of the hydrocarbon components in gasoline and
increases the reliability of the technique. GC or HRGC combined with atomic absorption spectrometry
(AAS) are the most commonly used methods for detecting lead or alkyllead compounds.. Highperformance
liquid chromatography (HPLC) combined with electron capture detector (ECD) has also

been used to detect alkyllead compounds. See Table 6-1 for a summary of the analytical methods

most commonly used to determine gasoline in biological materials. For more analytical methods
information, see the ATSDR toxicological profiles on some of the individual components of gasolines

(e.g., benzene, toluene, xylene, cyclohexane, ethane, ethylene, and lead) (ATSDR 1989, 1990, 1991).
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TABLE 6-1. Analytical Methods for Determining Gasoline in Biological Materials

Sample
detection Percent
Sample Matrix Preparation method Analytical method limit recovery Reference
Alveolar air Expire into glass tube; HRGC/FID NR NR Brugnone et al. 1986
(benzene) transfer headspace—gas-to HRGC/MS
cryogenic trap; desorb by
heating
Lung gas Collect sample in|vial; GC/FID NR NR Ikebuchi et al. 1986
(isopentane, n- heat in water bath; inject GC/MS
pentane, 2- headspace gas
methyl-2-butene,
2-methyl-
pentane, 3-
methyl-pentane,
n-hexane)
Blood (benzene) Collect venous blood HRGC/FID NR NR Brugnone et al. 1986
sample into glass|tube; HRGC/MS
transfer headspace gas (0
cryogenic trap; desorb by
heating
Blood Add internal standard to GC/FID NR 81-125% Matsubara et al. 1988
blood; heat; inject GC/MS

(isopentane,
n-pentane, 2-
methyl-pentane,
benzene,
2-methylhexane,
3-methylhexane,
toluene)

headspace gds

SAOHLIW TYDILATVYNY 9

3NITOSYD

[42%
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TABLE 6-1. Analytical Methods for Deter

mining Gasoline in Blological Materials (continued)

INMOSYD

Sample
detection Percent
Sample Matrix Preparation method Analytical method limit recovery Reference
Blood (aromatic Add internal standard to GC/MS 0.01 pg NR Kimura et al. 1988
and aliphatic blood; heat; inject
hydrocarbons) headspace gas
Blood Hemolyze blood damples HRGC/AAS 0j01 pg/mL 90-95% Andersson ¢t al. 1984 i
(tetramethyl by freezing; extragt £
lead) alkyllead compot;Ed with 3
n-heptane in ultrasonic o
bath Z
=
Blood, urine Add **Pb to sample and JOMS NR 98-99% Manton and Cook 1984 5
(lead) digest with acid; 8
coprecipitate lead| by 0
adding barivin nifrate,
followed by elecl}o-
deposition on platintm
wire
Urine (benzene) Steam distill urine Spectrophotometry NR NR Pandya et al. 1975; Buchwald
specimens in sulphuric 1966
acid
i
Urine (benzene Hydrolyze sample with GC/FID NR NR NIOSH 1974

metabolites)

perchloric acid; extract
phenol and cresol with
diisopropyt ether

evt
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TABLE 6-1. Analytical Methods for

Determining Gasoline in Biological Materlals (continued)

Sample Matrix

Preparation method

Percent
recovery

Reference

Urine (benzene
metabolites)

Urine (benzene
metabolites)

Urine (toluene
metabolite)

Urine (toluene
metabolite)

Urine (lead)

Digest sample
enzymatically and_with

acid; extract phenpl,
phenyl sulfate, an
pheny! glucuronide with
ethyl ether

Centrifuge sampld;

analyze supernatat; elute
with potassium
phosphate-acetonigrile

React sample with
benzenesulfony! dhloride
to form colored hippurit
acid product

Extract sample with ethyl
acetate; evaporate;
redissolve in water
(hippuric acid)

Wet ash sample with acid
mixture; dissolve in
diluted perchloric acid

Sample

detection
Analytical method limit
GC/FID I mg/L
HPLC/UV 415 mg/L.
Spectrophotometry 2 mg/l
HPLC/UV 30 mg/L
ASV 4 pg/l

92-98%

100-102%

90-110%

Bochet 1988 (IARC Method 6)

Ogata and Taguchi 1987

NIOSH 1984a

NIOSH 1984b

NIOSH 1977 (Method P&CAM
200)

SQOHLIW TVOILATVNY 9

3NITOSVYO

124}


http://www.chinatungsten.com

TABLE 6-1. Analytical Methods for Determining Gasoline in Biological Materials (continued)

Sample
detection Percent
Sample Matrix Preparation method Analytical method Timit recovery Reference
Tissues (blood, Place tissue samples HRGC/EID R NR Shankles et al. 1982

brain, and lung) water bath; heat; {nject
headspace gas

AAS = atomic absorption spectrometry; ASV = anodic stripping voltammetry; FID F flame ionization detector; GC = gas chromatography; HPLC = high-
performance liquid chromatography; HR(GC = high resoluticy g4s chromatography; DMS = isotopedilution mass spectrometry; MS = mass spectrometry;
NR = not reported; UV = ultraviolet det ction

SAOHL3W TIVOILATYNY "9

ANITOSYD

St
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GC/FID, HRGC/FID, GC/MS, and HRGC/MS have been used for quantification and identification of
the hydrocarbon components of gasoline (aromatics, isoalkanes, alkanes, and alkenes) in alveolar air
and lung gas (Brugnone et al. 1986; Ikebuchi et al. 1986). Since many of the components are volatile,
analysis of the headspace gas is the most commonly used technique. Although the limit of detection
for each component was not reported, sensitivity for the method, based on data reported, is in the ppb
to sub-ppm range. Precision was very good (3.9-7% coefficient of variation [CV]) for measuring the

components in lung gas (Ikebuchiet al. 1986). Precision data were not reported for alveolar air.

Recovery data were not reported|for either alveolar air or lung g&s:

HRGC/FID, HRGC/MS, GC/FII) and GC/MS have beeirused for qyantification and identification of

the hydrocarbon components of gasoline (aromatics; isoalkanes, alkanes, alkenes) in blood (Brugnone

et al. 1986; Matsubara et al. 1988; Kimura et al..1988). The hydrocarbon components were measured
by analyzing headspace gas (Brugnone et gi. 1986; Kimura et al. 1988; Matsubara et al. 1988). The

headspace technique combined with GC/MS is rapid and makes for feliable qualitative and quantitative

estimations of small amounts of yolatile fuel components (Kimura ef al. 1988). The limit of detection

for GC/MS was 0.01 pg (Kimura et al. 1988). GC/FID is also a rapid and simple method for

determining gasoline in blood (Matsubara et al. 1988). Accuracy is generally good (81-125%
recovery) and precision (4.8-24% CV) is adequate (Matsubara et al. 1988). Although the limit of
detection for various components was not reported, the sensitivity of the method, based on data

reported, is in the ppm-range (Matsubara et al. 1988).

GC and HRGC combined with AAS have been used to measure lead and alkyllead compounds of
gasoline, such as tetramethyl lead, in blood and urine (Andersson et al. 1984; Harman et al. 1981;
Moore et al. 1976). AAS is the most common detector used to measure lead or alkyllead compounds
in blood and urine since AAS is a lead-specific detector (Andersson et al. 1984; Harms et al. 1981;
Moore et al. 1976). The alkyllead compounds are solvent extracted (Andersson et al. 1984; Harman et
al. 1981). For blood samples, recovery was excellent (>90%) and precision was adequate (<10%
relative standard deviation [RSD]) (Andersson et al. 1984). The detection limit was in the ppm-range
(Andersson et al. 1984). No recovery, precision, or sensitivity data were reported for measuring lead
in urine (Harman et al. 1981; Moore et al. 1976). Another method for determining alkyllead

compounds (tetraethyl lead and tetramethyl lead) in gasoline (no matrix reported) has been investigated


http://www.chinatungsten.com

GASOLINE 147

6. ANALYTICAL METHODS

(Bond and McLachlan 1986). This method includes HPLC coupled with ECD at both solid and
mercury electrodes (Bond and McLachlan 1986). This method is more specific for alkyllead
compounds in gasoline than atomic absorption spectrometric detection since the mercury electrode acts
as a very specific detector for alkyllead compounds (Bond and McLachlan 1986). The limit of
detection is in the low ppm range (= 2 mg/L) for both tetramethyllead and tetraethyllead (Bond and
McLachlan 1986). Precision is excellent (£3% CV) (Bond and McLachlan 1986). Spectrophotometric

detection of phenol in urine has heenusedfor-determiningbenzene{a component of gasoline) in urine

(Pandya et al. 1975; Buchwald 1p66). No details were given regardihg recovery, precision, or

detection limits.

A single method of analyzing thg hydrocarbon components of gasolfne in tissue samples was located
(Shankles et al. 1982). This method utilized HRGCFID and involved injection of headspace gas. The

limit of detection, accuracy, and precision of this method were not rgported.

6.2 ENVIRONMENTAL SAMPLES

The methods most commonly used to detect the major hydrocarbon components of gasoline in
environmental samples include GC/FID, GC/MS, HRGC/FID, HRGCMS, and HRGC/photoionization
detector (PID)/FID. GC combined with photoionization-ion mobility spectrometry (PI-IMS) has been
used and is selective to aromatic hydrocarbons. See Table 6-2 for a summary of the analytical
methods used to determine gasoline in environmental samples. Several of the gasoline components
have been discussed in detail in their individual toxicological profiles (e.g., benzene, toluene, xylene,
cyclohexane, ethane, ethylene, and lead), which should be constituted for more information on

analytical methods.

GC/FID, HRGC/FID and HRGC/MS are the most commonly used methods to selectively detect and
identify the hydrocarbon components of gasoline in air (Berglund and Petersson 1990; Brown 1988;
Brugnone et al. 1986; Esposito and Jacobs 1977; Russo et al. 1987). Air samples are usually collected
on an adsorbent tube, examples of which include charcoal, Tenax@, and Chromosorb®. Analytes are
then extracted by heat or liquid solvent and analyzed. Collection efficiency (>90% recovery) was very

good using charcoal tubes (Esposito and Jacobs 1977; Russo et al. 1987). No recovery data were
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TABLE 6-2. Analytical Methods for Determining Gasoline in Envrionmental Samples

Sample
detection Percent
Sample Matrix Preparation method Analytical method limit recovery Reference
Air (benzene) Collect air sample_from HRGC/FID NR NR Brugnone et al. 1986
breathing zone of HRGC/MS
individual; transfor
headspace gas to
cryogenic trap; dgsorb by
heating
Air (benzene) Collect sample in| Tedlar GC/PID 5D ppb NR NIOSH 1987 (Method 3700)
bag; inject
Air (toluene) Collect sample o} CCHID 001 mg NR NIOSH 1987
activated carbon; [extract
with carbondisulf]de
Air (benzene, Collect sample of GC/FID lr)-l()() ppb NR NIOSH 1984c (Methods 1500 and
ethylbenzene) charcoal sorbent; 'desorb 1501)
with carbon disuifide
Air (aliphatic Collect air sample onto HRGC/FID NR NR Brown 1988
and aromatic Chromosorb®-106 and
components) charcoal tubes; desorb by
heat g
Air Coilect air sample onto HRGC/FID NR NR Berglund and Petersson 1990
(hydrocarbons) adsorbent tube, Tenax®-

GC; desorb by heat

SQOHLIW IVDILATVYNY 9
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TABLE 6-2. Analytical Methods for Determining Gasoline in Environmental Samples (continued)

Sample
detection Percent

Sample Matrix Preparation method Analytical method limit recovery Reference
Air (isobutane, Collect air onto twe GCHEID N >90% Russo et al. 1987
n-butane, charcoal tubes; deporb
isopentane, with carbon disulfjde
n-hexane)
Air (aromatics) Collect air samples on GC/FID NR 92-100% Esposito and Jacobs 1977

charcoal tube; extfact

aromatics with cafbon

disulfide and H,S(,
Water (volatile Sparge (purge and trap) HRGC/FID NR 95-104% Belkin and Hable 1988
hydrocarbons) water sample; collect

volatile analytes ¢n glass

tube containing ;linax%‘:'

Ambersorb®/chargoal;

thermally desorb;

concentrate
Groundwater Collect water sample; GC/FID NR NR Dell’ Acqua et al. 1976
(hydrocarbons) acidify; extract with

hexadecane
t
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TABLE 6-2. Analytical Methods

for Determining Gasoline in Environmental Samples (continued)

Sample Matrix

Preparation method

Percent
recovery

Reference

Groundwater
(BTEX)

Sea water
(hydrocarbons)

Soil (volatile
aromatics)

Soil (BTEX)

Collect sample i
vial; add mercuri
chloride to prevemt
biodegradation;
water bath; manuhlly

withdraw headspgce gas

vapors of soil sample

. Collect soil sample in

glass vial; extract with
distilied water; add
mercuric chloride to
sample 1o prevent
biodegradation; place in
water bath; manually
withdraw headspace gas
with syringe

Sample
detection
Analytical method limit
GC/PID/FID NR
ace in
t gas
ith HRGNGS NR
€015 GC/PI-IMS (r.l8 mg/Kg
HRGC/PID/FID NR

=60%

NR

NR

Roe et al. 1989

Dimock et al. 1980

Eiceman et al. 1987

Roe et al. 1989

SQOHL3W TVOILATYNY 9
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TABLE 6-2. Analytical Methods for Determining Gasoline in Environmental Samples (continued)

Sample
detection Percent
Sample Matrix Preparation method Analytical method limit recovery Reference
HRGOAUS NR =60% Dimock et al. 1980

Digest tissue; extractrwithy
methylene chloride;
column cleanup; solyent
exchange to hexane

Bivalve mollusks
(hydrocarbons)

TRCOTHTD

BTEX = benzene, toluene, ethylbenzene, and three xylene isomers, ¢ID = flame jonizalion detection; GC = gas chromatography; H,S0, = sulfuric acid;
HRGC = high-resolution gas chromatograplly; MS = mass specrnmetry; NR = not rep¢rted; PID = photoionization detection; PI-IMS = photoionization-ion

mobility spectrometry
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reported for other types of adsorption tubes for comparison purposes. Both GC and HRGC combined

with FID have adequate reproducibility (precision ranging from 5-12% CV) (Brown 1988; Russo et al.

1987). Although detection limits were not reported for these methods, based on data reported,

sensitivity is in the low- to sub-ppm range.

GC/FID, HRGC/FID, HRGU/PID/FID, and HRG/MS have been used to measure the hydrocarbon

components of gasoline in water

groundwater, and sea water (Belki

and Hable 1988; Dell’ Acqua et

al. 1976; Dimock et al. 1980; Ka
include solvent extraction, purge
the purge-and-trap technique, thg
the collection and adsorption of
1988). A disadvantage associateq
inherent problems associated wit
breakdown with repeated heating

however, is an attractive method

hai et al. 1991; Roe et al. 1989). Sa]

rand-trap (dynamic headspace), and

wide range of compounds found i
| with the use of'the purge-and-trap
h the use oiadsorbents, such as ovg

and vurging cycles (Roe et al. 198

ple preparation methods

static headspace techniques. With

multicomponent tube « Tenax@/Annbersorb@/charcoal) was effective in

1 gasoline (Belkin and Hable
method is that it is subject to the
rloading, carryover, and

D). The static headspace method,

due to its rapid turn around times apd its simplicity, i.e., no sample

workup is required outside the vial (Roe et al. 1989). The static headspace method is less expensive

than the purge-and-trap because of the lack of expensive purging equipment (Roe et al. 1989). With

the headspace method, multiple runs can be performed on a single sample vial, whereas the purge-andtrap

method is essentially destructive; the sample may only be purged and analyzed once (Roe et al.

1989). Poor extraction efficiency (=60% recovery) was obtained using a solvent extraction technique
(Dimock et al. 1980). Good recovery (95-104%) and adequate precision (9.4-10.6% CV) were
obtained using the purge-and-trap technique with HRGUFID (Belkin and Hable 1988). No recovery

data were reported using the static headspace preparation method with HRGC/PID/FID; however,
precision was good (2-8% RSD) (Roe et al. 1989). The use of serial detectors (PID/FID) with HRGC

enhanced selectivity by providing an additional means of discrimination for the complex-gasoline

mixture. Although detection limits were not reported for any method, based on data reported,

sensitivity is in the ppm-to-ppb range.

HRGC/PID/FID and GC/PI-IMS are methods that have been used to measure the volatile aromatic

components of gasoline in soil (Eiceman et al. 1987; Roe et al. 1989). Sample preparation is simple

because the static headspace method is used. The use of serial detectors (PID/FID) with HRGC
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enhanced selectivity. No recovery data or detection limits were reported for HRGC/PID/FID;
however, precision was good (2-8% RSD) (Roe et al. 1989). PID has a high selectivity to aromatic
hydrocarbons (Eiceman et al. 1987). The combination of PI with IMS (PI-IMS) provided a second
basis for resolution of chemical information and thus enhanced selectivity (Eiceman et al. 1987).
Reproducibility for the GCM-IMS method ranged from 10 to 60% with a detection limit of 18 mg/kg
(Eiceman et al. 1987).

Limited data were located regarc]ing methods for detecting the hj,fdf(l)carbon components of gasoline in
biota (bivalve mollusks) (Dimock et al. 1980). The methods-used w¢re GC (detector not reported) and
GUMS. Sample preparation inclyided tissue digestion, exiraction and clean-up, and solvent exchange

to hexane. Recovery was poor (60%). Sensitivity and precision wefe not reported.

6.3 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, ap ataended, directs the Administratgr of ATSDR (in consultation with

the Administrator of EPA and agencies and programs of the Public Health Service) to assess whether
adequate information on the health effects of gasoline is available. Where adequate information is not
available, ATSDR, in conjunction with NTP, is required to assure the initiation of a program of
research designed to determine the health effects (and techniques for developing methods to determine

such health effects) of gasoline.

The following categories of possible data needs have been identified by a joint team of scientists from
ATSDR, NTP, and EPA. They are defined as substance-specific informational needs that, if met,
would reduce or eliminate the uncertainties of human health assessment. This definition should not be
interpreted to mean that all data needs discussed in this section must be filled. In the future, the
identified data needs will be evaluated and prioritized, and a substance-specific research agenda will be

proposed.
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6.3.1 Identification of Data Needs

Methods for Determining Biomarkers of Exposure and Effect. Methods exist to measure

lead (organic and inorganic) levels in blood and urine (Andersson et al. 1984; Bond and McLachlan
1986; Harman et al. 1981; Moore et al. 1976). Elevated urinary and blood lead levels may be
indicators of exposure to leaded gasoline, but are not specific for gasoline. Methods also exist for
measuring the hydrocarbon com[[;gnems of gasoline in alveolar air and lung gas (Brugnone et al. 1986;
Ikebuchi et al. 1986), blood (Brufgnone et al. 1986; Kimura et al {1988; Matsubara et al. 1988), and
urine (Buchwald 1966; Pandya ef la. 1975) as biomarkers of exposufe to gasoline, but again, are not
specific for gasoline. The existing methods are sensitive enough to heasure background levels in the
population and levels at which biological effects occur. Recovery, pfecision, and accuracy data are
needed for measuring urinary ledd levels. Recavery and detection lifnit data are needed for measuring

the hydrocarbon components in glveolar air, iung gas, blood, and urjne. These data will help to

improve the reliability and reproglucibility of the methods and will be useful in monitoring populations

exposed to gasoline.

There do not appear to be any biomarkers of effect that are specific for gasoline.

Methods for Determining Parent Compounds and Degradation Products in

Environmental Media. Methods exist to detect the major hydrocarbon components of gasoline in

air (Berglund and Petersson 1990; Brown 1988; Brugnone et al. 1986; Esposito and Jacobs 1977;
Russo et al. 1987), water (Belkin and Hable 1988; Dell’ Acqua et al. 1976; Dimock et al. 1980; Kanai
etal. 1991; Roe et al. 1989), and soil (Eiceman et al. 1987; Roe et al. 1989). The most commonly
used methods are GC/FID, HRGC/FID, GC/MS, HRGC/MS, HRGC/PID/FID, and GC/PI-IMS. These
methods are relatively sensitive, selective, and reliable and can be used to detect the levels of the
gasoline components found in the environment and levels at which health effects occur. Recovery
data and detection limits are needed for measuring components found in all media. Recovery data will
help to assess and improve reproducibility of the methods. Detection limit data will aid in comparison
of sensitivity between methods and indicate where improvements in sensitivity are needed. This

information will be useful in monitoring gasoline contamination in the environment.
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6.3.2 On-going Studies

No on-going analytical methods studies were located.

155
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7. REGULATIONS AND ADVISORIES

The international, national, and state regulations and guidelines regarding gasoline in air, water, and
other media are summarized in Table 7-1. Regulations and guidelines pertaining specifically to
gasoline emissions are not included in Table 7-1. Regulations and guidelines for which it has not been
explicitly stated if they apply to gasoline vapor and/or emissions have been included in Table 7-1.
There is no EPA reference dose (RfD) or reference concentration (RfC) for gasoline. EPA has
established many regulations on gasoline to control air pollution (EPA 1990a, 1990b, 1990c¢). Many

states have adopted additional, more stringent regulations (CELDS 1991). Under the Hazardous

Material Transportation Act, gaspline is designated as a hazardous spbstance subject to special

requirements for packaging, labelling, and transportation (DQ7-1989a, 1989b).
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TABLE 7-1. Regulations and Guidelines Applicable to Gasoline

Agency Description Information References
NATIONAL
Reguiations:
a. Air
EPA OAQPS Backing of Icad usage 1ig Yes EPA 1985a (40 CFR
in cdnnection with regulations 80); EPA 1985b
signifficantly reducing allowabie
gasojine lead content
Lead cqntent limit in gasoline 0.10 grams/ EPA 1985a (40 CFR
galion 80); EPA 1985c
OSHA PEL TYVA 900 mg/m’ OSHA 1989a (29 CFR
(300 ppm) 1910.1000): OSHA
1989B
STEL {15-minute average) 1.500 mg/m’ OSHA 1989a (29 CFR
(550 ppm) 1910.1000); OSHA
1989
b. Other
DOT H Material Transportation Act: Yes DOT 1989a (49 CFR
Desjgnated as 3 Liazardous substance 172.101, Appendix
subject to requiremient for packaging. A); DOT 198%
labgling. and :ansportation
Guidelines:
a. Air:
ACGIH TLV TWA 890 mg/m’ ACGIH 1990
(300 ppm)
STEL (15-minute average) 1.480 mg/m’ ACGIH 1990
(500 ppm)
NIOSH Carcinogen: lowest feasible concentration NIOSH 1988
STATE
Reguiations and
Guideimes:
a. Air Acceptable Ambient Air Concentration NATICH 1991
Connecticut (8 hours) 1.8 ug/m*
Florida-Fort Lauderdale (8 hours) 9.0 ug/m’
Florida-Pineilas (8 hours) 9.0 ug/m’
Florida-Pinellas (24 hours) 2.16 ug/m’
Kansas (1 year) 1.33 ug/m’
Kansas-Kansas City (Annual) 1.33 ug/m’
Maryland 0.00
Nevada (8 hours) 2.14x10' mg/m’
North Dakota (1 houn) 1.48x10' mg/m’
North Dakota (8 hours) 8.90 mg/m’
Oklahoma = (24 hours) 8.90x10* pg/m’ -
Texas (30 minutes) 8.9x10° ug/m’
In addition to federal regulations many CELDS 1991
states has adopted additional rules
and regulations on gasoline. These
regulations vary from state to state.
Alabama Emissions from leaks from gasoline terminals, Yes
gasoline dispensing facilities. and
petroleum refinery sources
Emissions from leaks from gasoline tank Yes
trucks and vapor collection systems
Organic emissions Yes
Arizona VOC emissions from petroleum Yes
storage and petroleum refineries
California Leaking underground fuel tanks Yes
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TABLE 7-1. Regulations and Guidelines Applicable to Gasoline (continued)

and transfer operations

Agency Description Information References
State (Cont.)
Colorado Hazardous materials transportation Yes
Connecticut Visible emissions Yes
Florida Yes
Tilinois Yes
Kansas from gasoline delivery vesscls Yes
dnd vapor coliection systems
VOL emissions from gasoline dispenfin® Yes
ilities
Kentucky VOL emissions from service stations Yes
ocarbon emissions from £k gasoline Yes
Iants and new tenminc} 1oading facilities
Louisiana gasoline termic:eis Yes
Maine burning Yes
emission fiom bulk gasoline terminals Yes
hnd transfsi Operations
Special wosies
Maryland VQC einissions from large storage tanks Yes
Gabolin 2 pm tan nucks and Yes
vapor controi
Transponation of hazardous materials Yes
Massachusetts Transportation of hazardous liquids Yes
Motor vehicle fuel tank trucks. vapor Yes
recovery
Vehicle exhaust emissions Yes
Michigan VOC emissions at loading and dispensing Yes
facilities
Missoun Petroleum liquid storage. loading and Yes
transfer
New Jersey Air pollution from toxic substances Yes
New York Petroleum liquid storage facilities Yes
North Carolina Bulk gasoline plants and terminals, Yes
gasoline service stations
North Dakota Performance from bulk gasoline terminals
Ohio VOC emissions from buik gasoline terminals Yes
and gasoline tank trucks
Pennsyivania VOC emissions from buik gasoline terminais Yes
and storage tanks during transfer
operations
Rhode Island Oil poilution Yes
South Carolina Bulk gasoline terminals and vapor collection Yes
Tennessee  ~ Bulk gasoline terminais -
Texas Reports required for gasoline Yes
VOC emissions from loading and unloading Yes
facilities
Gasoline storage vessels Yes
Washington, DC Crganic compounds Yes
Wisconsin VOC emissions in transfer operations Yes
Performance of bulk gasoline terminals Yes
Virginia Emission standards for petrojeum liquid

ACGIH = American Conference of Governmental Industrial Hygienists: DOT = Department of Transporation: EPA = Environmental Protection Agency:
NIOSH = National Institute for Occupational Safety and Health: OAQPS = Office of Air Quality Planning and Standards: OSHA = Occupational Satety and
Health Administration; PEL = Permissible Exposure Limit: STEL = Short Term Exposure Limit: TLV = Threshoid Limit Value: TWA = Time-Weighted
Average: VOC = Volatile Organic Compound


http://www.chinatungsten.com



http://www.chinatungsten.com

GASOLINE

8. REFERENCES

161

Aamand J, Jorgensen C, Arvin E, et al. 1989. Microbial adaptation to degradation of hydrocarbons in
polluted and unpolluted groundwater. Journal of Contaminant Hydrology 4:299-3 12.

* ACGIH. 1990. Threshold limit values and biological exposure indices for 1990-1991. American
Conference of Governmental Industrial Hygienists. Cincinnati, OH.

* Ainsworth RW. 1960. Petrol-vapour poisoning. Br Med J 1:1547-1548.

* Air Force. 1981. Analysis and environmental fate of Air Force distillate and high density fuels.
Contract no. F0863580-C-0122. Tyndall &r Force Base, FL. Document no. ESL-TR-81-54.

* Air Force. 1989. Gasoline. In:
Contract no. DE-AC05-840R21

Aksoy M. 1989. Hematotoxicit)
Alden CL. 1986. A review of ui

Amacher DE, Zelljadt I. 1983.
chemicals reportedly non-mutag

* Andersson K, Nilsson CA, Ny

[he installation restoration progiati
400. Wright-Patterson Air Foice B

y and carcinogenicity of'benzene. H
nique male rat hvdrecarbon nephroj

[he morphoicgical transformation
renic to Salmonella typhimurium.

rren . 1984. Anew method for the

blood. Stand J Work Environ H

 toxicology guide. Volume 4.
hse, OH. Document no. 65-1-65-46.

nviron Health Persp 82: 193- 197.
pathy. Toxicol Pathol 14:109-1 11.

f Syrian hamster embryo cells by
farcinogenesis 4:291-295.

analysis of tetramethyllead in

aith 10-51-55

Angelescu E, Gurau P, Pogonaru G, et al. 1990. Conversion of alkanes into gasoline on ZSM-5 zeolite
catalysts. Revue Roumaine de Chimie 35:229-237.

* Anonymous. 1989. Toxicology update: Gasoline. J Appl Toxicol 9:203-210.

API. 1973. Final report on teratology study in rats. Washington, DC: American Petroleum Institute.
Document no. FYI-AX-0183-0239.

API. 1976. Evaluation of three month inhalation toxicity of two motor fuels. API contract PS-6.
Washington, DC: American Petroleum Institute. Document no. FYI-OTS-0885-0439.

APIL 1979. Underground movement of gasoline on groundwater and enhanced recovery by surfactants.
Washington, DC: American Petroleum Institute. Publication no. 4317.

*Cited in text


http://www.chinatungsten.com

GASOLINE

8. REFERENCES

162

API. 1980. Acute toxicity tests: Unleaded motor gasoline. API #PS-6. Washington, DC: American
Petroleum Institute. Document no. FYI-OTS-0181-0100IN.

* API. 1982. Histopathological analysis of spinal cord of animals exposed to gasoline. Washington,
DC: American Petroleum Institute. Document no. FYI-AX-0183-0143SU.

API. 1983a. Four-week oral nephrotoxicity screening study in male Fischer-344 rats: Phases I and II.
Washington, DC: American Petroleum Institute. Document no. FYI-AX-1283-028OIN.

API. 1983b. Kidney effects of inhaled unleaded gasoline--comprehensive and critical summary of

observations in rats and mice. W

SEHQ-0483-0422.

API. 1983~. Motor fuel chronid
Institute. Document no. SEHQ-

API. 1987. The L5178Y Tk +/-
fraction of unleaded gasoline. (

Document no. FYI-AX- 1187-0

* API. 1988. Unscheduled DNA

| 4 NC. A . Dot 1
ASIHITSTULL, 10 AAIIUTICALl T UL UICT

inhalation study. Volume i. Wash|
D383-0422.

mouse lymphoma 1autagenesis ass
ontract PS-61.\Washington, DC: A|
536.

synthecis in rat primary hepatocyte

m Institute. Document no.

ngton, DC: American Petroleum

y with API 220°-208°F distillate
merican Petroleum Institute.

s with PS-6 unleaded gasoline, its

evaporation residue and a DMS can Petroleum Institute. Document

no. FYI-AX-1288-0576.

O exivact. Washington, DC: Ameri

* API. 1991. Basic petroleum data book: Petroleum industry statistics. Vol. XI: January 1991.
Washington, DC: American Petroleum Institute.

Ametz BB, Nicolich MJ. 1990. Modelling of environmental lead contributors to blood lead in human.
Int Arch Occup Environ Health 62:397-402.

Askergren A, Allgen LG, Karlsson C, et al. 198 1. Studies on kidney function in subjects exposed to
organic solvents: 1. Excretion of albumin and B-Zmicroglobulin in the urine. Acta Med Stand
209:479-483.

*ASTM. 1989. Standard specification for gasoline. 1989 Annual book of ASTM standards:
Petroleum products, lubricants, and fossil fuels. American Society for Testing and Materials. 1-14.

Astrand 1. 1975. Uptake of solvents in the blood and tissues of man: A review. Stand J] Work
Environ Health 1: 199-218.

Astrand 1. 1983. Effect of physical exercise on uptake, distribution and elimination of vapors in man.
In: Fiserova-Bergerova V, ed. Modeling of inhalation exposure to vapors: Uptake, distribution and
elimination. Boca Raton, FL: Chemical Rubber Company Press, 2:107-130.

* Atlas RM. 1981. Microbial degradation of petroleum hydrocarbons: An environmental
perspective.crobial Rev 45: 180-209.


http://www.chinatungsten.com

GASOLINE 163

8. REFERENCES

Atlas RM, Bartha R. 1973. Stimulated biodegradation of oil slicks using oleophilic fertilizers. Environ
Sci Technol 7538-541.

* ATSDR. 1989. Toxicological profile for toluene. Agency for Toxic Substances and Disease Registry,
Atlanta, GA.

* ATSDR. 1990. Toxicological profiles for 1,3-butadiene, 1,2-dibromoethane, ethylbenzene and xylene.
Agency for Toxic Substances and Disease Registry, Atlanta, GA.

* ATSDR. 1991. Toxicological profiles for benzene and lead. Agency for Toxic Substances and
Disease Registry, Atlanta, GA.

* ATSDR. 1992. Toxicological pgrofiles for jet fuels, Otto fuel-il, anf fuel oils. Agency for Toxic
Substances and Disease Registry, Atlanta, GA.

* Baarson K, Snyder CA, Green [, et al. 1982. The hematotoxic effgcts of inhaled benzene on
peripheral blood, bone marrow,|and spleen cells are increased by imgested ethanol. Toxicol Appl
Pharmacol 64:393-404.

Baehr AL. 1987. Selective trangport of hydrocarbons in the unsatufated zone due to aqueous and vapor
phase partitioning. Water Resoyr Res23.1926-1938.

Bailey EM, Meagher JF. 1986. Madeling the effect of ethanaol gasdline blend usage on ozone
formation in urban areas. J Air Pollut Control Assoc 36:808-812.

Baker JM. 1986. Ecological changes in Milford Haven during its history as an oil port. In: Baher
JM, ed. Marine ecology and oil pollution. New York, NY: John Wiley and Sons, 55-66.

* Banner W Jr, Walson PD. 1983. Systemic toxicity following gasoline aspiration. Am J Emerg Med
1:292-294.

* Barnes DG, Dourson M. 1988. Reference dose (RfD): Description and use in health risk
assessments. Regul Toxicol Pharmacol 8:471-486.

Battye W, Brown P, Misenheimer D, et al. 1981. Control of hydrocarbon emissions from gasoline

loading by refrigeration systems. Research Triangle Park, NC: Industrial Environmental Research Lab.
EPA/600/7-8 /1 21.

* Beamon RF, Siegel CJ, Landers G, et al. 1976. Hydrocarbon ingestion in children: A six-year
retrospective study. JACEP 5:771-775.

* Beck LS, Hepler DI, Hansen KL. 1983. The acute toxicology of selected petroleum hydrocarbons.
In: MacFarland HN, Holdsworth LE, MacGregor JA, et al., eds. Proceedings on the 1st Symposium on
the toxicology of petroleum hydrocarbons, Washington, DC: American Petroleum Institute. May 1982.
1-12.


http://www.chinatungsten.com

GASOLINE 164

8. REFERENCES

* Belkin F, Hable MA. 1988. Analysis of gasoline in water using a stripping preconcentration
procedure. Bull Environ Contam Toxicol 40:244-248.

Bender AP, Parker DL, Johnson RA, et al. 1989. Minnesota highway maintenance worker study:
Cancer mortality. Am J Ind Med 15:545-556.

Benner BA Jr, Gordon GE, Wise SA. 1989. Mobile sources of atmospheric polycyclic aromatic
hydrocarbons: A roadway tunnel study. Environ Sci Technol 23:1269-1278.

* Berglund PM, Petersson G. 1990. Hazardous petrol hydrocarbons from refuelling with and without

O01.40_ 587

vapor recovery. Sci Total Envirpnr9+49-5+

Berry WD, Brammer JD. 1977.[Toxicity of water-soluble gascline|fractions to fourth-instar larvae of
the mosquito Aedes aegypti L. Environ Pollut 13:229-234;

*Boeckx RL, Postl B, Coodin FJ. 1977. Gasoline snifting and tetragthyl lead poisoning in children.
Pediatrics 60:140-145.

Bolla-Wilson K, Wilson RJ, Blgecker ML. 1288. Conditioning of physical symptoms after neurotoxic
exposure. J Occup Med 30:6841686.

Bombhard E, Marsmann M, Rtihl-Feilert C, et al. 1990. Relationships between structure and induction
of hyaline droplet accumulationlin aliphatic and alicyclic hydrocarbons.
Arch Toxicol 64:530-538.

* Bond AM, McLachlan NM. 1986. Direct determination of tetraethyllead and tetramethyllead in
gasoline by high-performance liquid chromatography with electrochemical detection at mercury
electrodes. Anal Chem 58:756-758.

Booze RM, Mactutus CF. 1990. Developmental exposure to organic lead causes permanent
hippocampal damage in Fischer-344 rats. Experientia 46:292-297.

Borghoff SJ, Miller AB, Bowen JP, et al. 1991. Characteristics of chemical-binding to alpha-2uglobulin
1n vitro - evaluating structure-activity-relationships. Toxicol Appl Pharmacol 107:228-238.

Borghoff SJ, Short BG, Swenberg JA. 1990a. Biochemical-mechanisms and pathology of alpha-
2u-globulin nephropathy. Ann Rev Pharmacol Toxicol 30:349-367.

Borghoff SJ, Youtsey NL, Swenberg JA. 1990b. Alpha-2u-globulin nephropathy (a2u-N) and renal
cell proliferation in male rats exposed to European high test and PS-6 unleaded gasoline. Society of
Toxicology 29th Annual Meeting, Miami, FL, February 12-16, 1990. Washington, DC: Society of
Toxicology.


http://www.chinatungsten.com

GASOLINE

8. REFERENCES

165

* Borghoft SJ, Youtsey NL, Swenberg JA. 1992. A comparison of European high test gasoline and PS-
6 unleaded gasoline in their abilities to induce g,-globulin nephropathy and renal cell proliferation.
Toxicology Letters (AMST) 63( 1):21-33.

* Boniston Labs. 1985. Four-week oral nephrotoxicity screening study in male F344 rats. Submitted to
American Petroleum Institute, Washington, DC by Borriston Laboratories, Inc., Temple Hills, MD.

Doc# FYI-AX-0385-0280 SU.

* Bossert I, Bartha R. 1984. The fate of petroleum in soil ecosystems. In: Atlas RM, ed. Petroleum
microbiology. New York, NY: MacMillan Publishing Company, 435-473.

* Bouchard DC, Mravik SC, Sm

with high molecular weight resjdual hydrocarbons from unleaded g

Braddock JN. 1987. Factors inf]
emissions: Part 2. Washington,

Brady JF, Xiao F, Gapac JM, et
by gasoline treatment. Arch ToJ

Brandt L, Nilsson PG, Mitelma

th GB. 1990. Benzene and naphthd
uencing the compositici and quant
DC: U.S. Environmentai Protectior]

al. 1990. Alteracion of rat liver mid
kicol 64:677-679.

n F. 1975, Occupational exposure t

acute non-lymphocytic leukemila. Bi-Med J 1:533.

lene sorption on soil contaminated
asoline. Chemosphere 21:975-989.

ity of passenger car refueling
Agency. EPA/600/D-87-234. 37.

rosomal monooxygenase activities

b petroleum products in men with

* Bronstein AC, Currance PL. 1988. Emergency care or hazardous materials exposure. Washington,
DC: The C.V. Mosby Comp., 175-176.

* Brown RH. 1988. Determination of gasoline hydrocarbons in industrial air by two-stages

(chromosorb/charcoal) adsorption, thermal desorption and capillary gas chromatography. IARC Sci Publ

243-251.

* Brugnone F, Pasini F, Perbellini L, et al. 1986. Analysis of environmental pollutants in the breath
and blood of humans. Chem Environ Proc Int Conf 403-409.

Brzecki A, Misztal S, Kostolowski R. 1973. Neurological symptoms and labyrinthine irritability in
persons occupationally exposed to the action of certain organic solvents. Ann Acad Med Lodz

14:55-60.

* Buchet JP. 1988. Determination of phenol and its glucurono- and sulfoconjugates in urine by gas
chromatography. In: Fishbein L, O’Neill JK, eds. Environmental carcinogens method of analysis and
exposure measurement. Vol. 10--benzene and alkylated benzenes. New York, NY: Oxford University

Press, 28 1-286.

* Buchwald H. 1966. The calorimetric determination of phenol in air and urine with a stabilized
diazonium salt. Ann Occup Hyg 9:7-14.


http://www.chinatungsten.com

GASOLINE 166

8. REFERENCES

* Budavari S, O’Neil MJ, Smith A, et al., eds. 1989. The Merck index: An encyclopedia of chemicals,
drugs, and biologicals. Rahway, NJ: Merck and Co., Inc, 4269.

Bums CB, Godwin IR. 1991. A comparison of the effects of inorganic and alkyllead compounds on
human erythrocytic delta-aminolevulinic-acid dehydratase (ALAD) activity in vitro. J Appl Toxicol
11:103-111.

Busey WM, Cockrell BY. 1984. Nonneoplastic exposure-related renal lesions in rats following
inhalation of unleaded gasoline vapors. In: Mehlman MA, Hemstreet GP III, Thorpe JJ, et al., eds.
Advances in modem environmental toxicology. Vol. 7: Renal effects of petroleum hydrocarbons.

L7 (4

Princeton, NJ: Princeton ScientfftePubhshers;ne;5764-

* Butterworth BE, Smith-Oliver [T, Earle L, et al. 1989. Use of primpry cultures of human hepatocytes
in toxicology studies. Cancer Rgs 49:1075-1084.

Byrd DS, Gilmore JT, Lee RH.|1983. Effects of decr=ased use of 1¢ad in gasoline on the soil of a
highway. Environ Sci Technol |7:121-123.

* Calabrese EJ. 1978. Pollutants fand high-risk groups: The biological basis of increased human
susceptibility to environmental pnd occupational pollutants. New York, NY: John Wiley and Sons, 43-
44, 99.

* Carlson DH. 1981. Right middle inbe aspiration pnenmonia following gasoline siphonage [letter].
Chest 80:246-247.

* Camevale A, Chiarotti M, De Giovanni N. 1983. Accidental death by gasoline ingestion: Case report
and toxicological study. Am J Forensic Med Pathol 4:153-157.

* Carroll HG, Abel GG. 1973. Chronic gasoline inhalation. South Med J 66:1429-1430.

* Carroquino MJ, Gersberg RM, Dawsey WI, et al. 1992. Toxicity reduction associated with
bioremediation of gasoline-contaminated groundwaters. Bulletins of Environmental Contamination and
Toxicology 49(2):224-23 1.

* CELDS. 1991. Computer-Environmental Legislative Data Systems. University of Illinois, Urbana, IL.
June 20, 1991.

Charbonneau M, Short BG, Lock EA, et al. 1987. Mechanism of petroleum-induced sex-specific
protein droplet nephropathy and renal cell proliferation in Fischer-344 rats: Relevance to humans. In:
Hemphill DD, ed. Trace substances in environmental health, 21st Annual Conference, St. Louis, MO.
Columbia, MO: University of Missouri. 263-273.

* Chessare JB, Wodarcyk K. 1988. Gasoline sniffing and lead poisoning in a child. Am Fam Physician
38:181-182.


http://www.chinatungsten.com

GASOLINE

8. REFERENCES

167

* Cline PV, Delfino JJ, Rao PSC, et al. 1991. Partitioning of aromatic constituents into water from
gasoline and other complex solvent mixtures. Environ Sci Technol 25:914-920.

* CLPSD. 1989. Contract Laboratories Statistical Database. U.S. Environmental Protection Agency,

Washington, DC. July 1989.

Coker DT, Christian F, Claydon MF, et al. 1988. Survey of exposures to gasoline vapour.

NTIS/PB88-108188. Issue 02.

* Coleman WE, Munch JW, Streicher RP, et al. 1984. The identification and measurement of

components in gasoline, kerose
Arch Environ Contam Toxicol

* Conaway CC, Schreiner CA, (
In: MacFarland HN, Holdswort]
toxicology. Volumn VI. Applie

13:171-178.

ragg ST. 1984. Mutagenicity evalu
h CE, MacGregor JA, eial., eds. A
1 toxicology petroleri hydrocarbo

reandno—2-fuctottthatpartitterrito the aqueous phase after mixing.

htion of petroleum hydrocarbons.
lvances in modem environmental
hs, Princeton, NJ: Princeton

Scientific Publishers, Inc., 89-1D7.

Concawe. 1992. Gasolines. Replort No. 92/183. Brussels.

Cooper P. 1980. A whiff of petfol. Feed Cosmet Toxicol 18:433-434.

Cooper S. 1981. Infrared breath
Toxicol 5:198-199.

[alcohol analysis following inhalation of gasoline fumes. J Anal

Corapcioglu MY, Baehr A. 1985. Immiscible contaminant transport in soils and groundwater with an
emphasis on petroleum hydrocarbons: System of differential equations vs single cell model. Water
Science and Technology 17:23-37.

* Corapcioglu MY, Hossain MA. 1990. Theoretical modeling of biodegradation and biotransformation
of hydrocarbons in subsurface environments. J Theor Biol 142503-516.

* Coulehan JL, Hirsch W, Brillman J, et al. 1983. Gasoline sniffing and lead toxicity in Navajo
adolescents. Pediatrics 7 1: 113- 117.

* CRCS. 1985. Unleaded gasoline. CRCS, Inc., Rockville, MD. Contract no. 68-01-6650.

CRISP. 1991. Computer Retrieval of Information on Scientific Projects. National Library of Medicine.
Medlars Toxline File.

CRIS/USDA. 1991. Gasoline. Current Research Information Program/U.S. Department of Agriculture,
Beltsville, MD. May 1991.

* Cupitt LT. 1980. Project summary: Fate of toxic and hazardous materials in the air environment.
Research Triangle Park, NC: U.S. Environmental Research Laboratory, U.S. Environmental Protection
Agency. EPA-600/53-80-084.


http://www.chinatungsten.com

GASOLINE 168

8. REFERENCES

Das M, Bhargava SK, Kumar A, et al. 1991. An investigation of environmental impact on health of
workers at retail petrol pumps. Annals of Occupational Hygiene 35(3):347-352.

* Davis A, Shafer LF, Bell ZG, et al. 1960. The effects on human volunteers of exposure to air
containing gasoline vapor. Archives of Environmental Health 1:548-554.

* Dell’Acqua R, Bush B, Egan J. 1976. Identification of gasoline contamination of groundwater by gas
chromatography. J Chromatogr 128:271-280.

DHHS. 1986. A proportionate mortality ratio analysis of gasoline station attendants and automobile
mechanics in New Hampshire. Washington; BEDepartmentofHgalth and Human Services.
Document no. FYI-OTS-1286-(0522.

Dibble JT, Bartha R. 1979a. Effect of environmental pararrieters or the biodegradation of oil sludge.
Appl Environ Microbial 37:729%739.

Dibble JT, Bartha R. 1979b. Rehabilitation of oil-inundated agricultural land: A case history. Soil
Science 128:56-60.

* Dietrich DR, Swenberg JA. 1991. NCI-Black Reiter (NBR) male tats fail to develop renal disease
following exposure to agents thpt indwcs alpha-2p-globulin (alpha-2u) nephropathy. Fundam Appl
Toxicol 16:749-762.

* Dimock CW, Lake JL, Norwood CB, et al. 1980. Field and laboratory methods for investigating a
marine gasoline spill. Environ Sci Technol 14:1472-1475.

DOE. 1982. Summary statistics. Washington, DC: U.S. Department of Energy. Petroleum supply
monthly 12-33.

* DOE. 1989a. Petroleum supply annual 1989. Vol. 1. Washington, DC: U.S. Department of Energy.
* DOE. 1989b. Petroleum supply annual 1989. Vol. 2. Washington, DC: U.S. Department of Energy.

* DOE. 1989c¢. Transport and environmental chemistry of selected C;, and C, chlorinated compounds and
petroleum hydrocarbons in soils and groundwater. Contract no. W-7405-Eng-48. Department of
Energy. UCRL-53952.

*DOE. 1990. Petroleum supplv monthly: October 1990. Washington, DC:
U.S. Department of Energy.

* DOI. 1984. A study of the mechanisms controlling gasoline hydrocarbon partitioning and transport in
groundwater systems. Contract no. 14-08-001-G-832. Reston, VA: U.S. Geological Survey, U.S.
Department of the Interior. Project no. 370706.

* Domask WG. 1984. Introduction to petroleum hydrocarbons: Chemistry and composition in relation
to petroleum-derived fuels and solvents. In: Mehlman MA, Hemstreet GP, Thorpe JJ, et al., eds.


http://www.chinatungsten.com

GASOLINE

8. REFERENCES

169

Advances in modem environmental toxicology. Vol. VII: Renal effects of petroleum hydrocarbons.
Princeton, NJ: Princeton Scientific Publishers, Inc., 1-23.

* Donaldson SG, Miller GC, Miller WW. 1992. Remediation of gasoline-contaminated soil by passive
volatilization. Journal of Environmental Quality 21(1):94-102.

* Dooley JF, Skinner MJ, Roy TA, et al. 1988. Evaluation of the genotoxicity of API reference
unleaded gasoline. In: Cooke M, Dennis AJ, eds. Polynuclear aromatic hydrocarbons: A decade of
progress. Proceedings of The Tenth International Symposium. Columbus, OH: Battelle Press, 179-194.

Doskin VA. 1971. Effect of age

+la 4 4 1 42
Ull uUiv 1vallivll tu a vulliviativil v

384.

* Dossing M, Loft S, Sonne J, et
occupational exposure to gasoli

* DOT. 1989a. Hazardous mater
Regulations. 49 CFR 172.101.

* DOT. 1989b. Hazardous mater
Department of Transportation. |

al. 1988. Antipyrine and nietroniddg
he. Int Arch Occup Enviren Health

als table. U.S. Devnartment of Tran

jals table and hazardous materials d
Federal Regulations 54:39501-395()

hydrocarbons. Hyg Sanit 36:379-

zole metabolism during
60: 115-1 18.

sportation. Code of Federal

ommunications regulations. U.S.
5.

Dowd RM. 1984. Leaking unde

OT( und starage tanks Envwviron Sci

Fechnol 18:309A.

Dresen MD, Hoffman F, Lovejoy S Jr. 1987. Subsurface distribution of hydrocarbons in the building
403 area at LLNL. Washington, DC: U.S. Department of Energy. NTIS/DE86015098. Issue 08.

* Drinker P, Yaglou CP, Warren MF. 1943. The threshold toxicity of gasoine vapor. Journal of
Industrial Hygiene and Toxicology 25:225-232.

Dunker AM. 1990. Relative reactivity of emissions from methanol-fueled and gasoline-fueled vehicles
in forming ozone. Environ Sci Technol 24:853-862.

Eastwell HD. 1979. Petrol-inhalation in aboriginal towns: Its remedy: The homelands movement.

Med J Aust 2:221-224.

Edminister SC, Bayer MJ. 1985. Recreational gasoline sniffing: Acute gasoline intoxication and latent
organolead poisoning: Case reports and literature review. J Emerg Med 3:365-370.

* Edwards JW, Priestly BG. 1993. Sister chromatid exchanges in lymphocytes of petroleum retailers.

British Journal of Industrial Me

dicine 50(2):149-154.

Ehrhardt M. 1987. Photo-oxidation products of fossil fuel components in the water of Hamilton
Harbour, Bermuda. Marine Chemistry 22:85-94.


http://www.chinatungsten.com

GASOLINE 170

8. REFERENCES

* Eiceman GA, Fleischer ME, Leasure CS. 1987. Sensing of petrochemical fuels in using headspace
analysis with photoionization-ion mobility spectrometry. Int J Environ Anal Chem 28:279-296.

* Ellenhorn MJ, Barceloux DG, eds. 1988. Medical toxicology: Diagnosis and treatment of human
poisoning. New York, NY: Elsevier Science Publishing Comp., Inc., 840-844, 940-946.

Enterline PE, Viren J. 1985. Epidemiologic evidence for an association between gasoline and kidney
cancer. Environ Health Perspect 62:303-3 12.

EPA. 1977a. Regulation of fuels and fuel additives. U.S. Environmental Protection Agency. Code of
Federal Regulations. 40 CFR 8-

EPA. 1977b. Regulation of fuels and fuel additives; informatien arld reports; liability provisions. U.S.
Environmental Protection Agency. Federal Register 42: 45206-45307.

* EPA. 1979a. Atmospheric reaction products of orgahic compounds. Washington, DC: U.S.
Environmental Protection Agency. EPA-560/12-75-001.

EPA. 1979b. Water-related envjronmental fate of 129 priority pollyitants. Vol. I and II. Washington,
D.C.: U.S. Environmental Protdction Agency. EPA-440/4-79-029aland -029b.

EPA. 1980a. Control of air pollptioti-from new motor vehicles and|motor vehicle engines; gaseous

emission regulations for 1984 ahd iater model year heavy-duty engines. Environmental Protection
Agency. Federal Register 45:4136-4149.

EPA. 1980b. Control of air pollution from new motor vehicles and motor vehicle engines; gaseous
emission regulations for 1984 and later model year light-duty engines. Environmental Protection
Agency. Federal Register 45:63734-63784.

EPA. 1980~. Control of air pollution from new motor vehicles and new motor vehicle engines:
Certification and test procedures. Code of Federal Regulations 40 CFR 86.

EPA. 1980d. Fate of toxic and hazardous materials in the air environment. Research Triangle Park,
NC: U.S. Environmental Protection Agency, Environmental Sciences Research Laboratory.

* EPA. 1983a. Standards of performance for bulk gasoline terminals. U.S. Environmental Protection
Agency. Code-of Federal Regulations. 40 CFR 60.500.

* EPA. 1983b. Standards of performance for new stationary sources; bulk gasoline terminals. U.S.
Environmental Protection Agency. Federal Register 48:37578-37598.

EPA. 1984a. Estimation of the public health risk from exposure to gasoline vapor via the gasoline
marketing system. Washington, DC: U.S. Environmental Protection Agency.

EPA. 1984b. Evaluation of air pollution regulatory strategies for gasoline marketing industry.
Washington, DC: U.S. Environmental Protection Agency. EPA-450/3-84-012a.


http://www.chinatungsten.com

GASOLINE 171

8. REFERENCES

* EPA. 1985a. Regulation of fuels and fuel additives. U.S. Environmental Protection Agency. Code of
Federal Regulations. 40 CFR 80.

* EPA. 1985b. Regulation of fuels and fuel additives; banking of lead rights. U.S. Environmental
Protection Agency. Federal Register 50: 13116-13128.

* EPA. 1985~. Regulation of fuels and fuel additives; gasoline lead content. U.S. Environmental
Protection Agency. Federal Register 50:9386-9399.

EPA. 1986. Gasoline exposures in the petroleum industry. Washington, DC: U.S. Environmental

40-QEQOTTAN

Protection Agency. Document o—46-86894+76-

* EPA. 1987a. Evaluation of the [carcinogenicity of unleaded gasoline. Washington, DC: U.S.
Environmental Protection Agency. EPA/600/6-87/001.

EPA. 1987b. Atmospheric persistence of eight air to1:s. Research| Triangle Park, NC: U.S.
Environmental Protection Agency. EPA/600/3-87/(104.

EPA. 1988a. Control of air pollfition from-n&wv motor vehicles and|new motor vehicle engines:
Certification and test procedures. U.S. Environmental Protection Algency. Code of Federal Regulations.
40 CFR 86.

EPA. 1988b. Control of air polluticn from new maotor vehicles andlnew motor vehicle engines;
certification and test procedures; gasoline lead content. U.S. Environmental Protection Agency. Federal
Register 53:470-478.

* EPA. 1988~. On-site gas analysis of gasoline components using a field-designed gas chromatographmass
spectrometer. Washington, DC: U.S. Environmental Protection Agency. EPA/600/D-89089.

EPA. 1989a. Control of air pollution from new motor vehicles and new motor vehicle engines:
Certification and test procedures. U.S. Environmental Protection Agency. Code of Federal Regulations.
40 CFR 86.

EPA. 1989b. Control of air pollution from new motor vehicles and new motor vehicle engines; test
procedures for light-duty vehicles and light-duty trucks and selective enforcement auditing lightduty
vehicles, light-duty trucks and heavy-duty engines. U.S. Environmental Protection Agency.

Federal Register 54:2118-2127.

EPA. 1990a. Certification programs for banking and trading of oxides of nitrogen and particulate
emission credits for heavy-duty engines. U.S. Environmental Protection Agency. Federal Register
55:30584-30589.

EPA. 1990b. Control of air pollution from new motor vehicles and new motor vehicle engines:
Certification and test procedures. U.S. Environmental Protection Agency. Code of Federal Regulations.
40 CFR 86.


http://www.chinatungsten.com

GASOLINE 172

8. REFERENCES

* EPA. 1990~. Interim methods for development of inhalation reference doses. Washington, DC: U.S.
Environmental Protection Agency. EPA/600/890/066A.

* EPA. 1990d. Regulation of fuels and fuel additives. U.S. Environmental Protection Agency. Code
of Federal Regulations. 40 CFR 80.

* EPA. 1990e. Volatility regulations for gasoline and alcohol blends sold in calendar years 1989 and
beyond. U.S. Environmental Protection Agency. Federal Register 55:25833-25836.

* EPA. 1991. Alphq,-globulin: Association with chemically-induced renal toxicity and neoplasia in
the male rat. Washington, DC: U.S. Environmental Protection Agency. EPA/625/3-91/019F.

* Ervin ME, Manshe MG. 1990. [Petroleum distillates and turperiing. In: Haddad LM, Winchester JF,
eds., Clinical management of pgisoning and drug overdose. Phiiad¢lphia, PA: W.B. Saunders Comp.,
1177-1186.

* Esposito GG, Jacobs BW. 1977. Chromatographic d=termination ¢f aromatic hydrocarbons in ambient
air. Am Ind Hyg Assoc J 38:401-407.

Fabia J, Thuy TD. 1974. Occupption of fathce at time of birth of children dying of malignant diseases.
Br J Prev Sot Med 28:98-100.

* FAO. 1977. Impact of oil on the marine environment. Food and Agriculture Organization of the
United Nations, Rome. 13-41, 48-32

FEDRIP. 1990. Federal Research in Progress: Gasoline. Dialog Information Services, Inc. Palo Alto,
CA. April 1991.

* Feliciano DV. 1984. Leaking underground storage tanks: A potential environmental problem.
Washington, DC: Library of Congress, Congressional Research Service, January 11. Report no.
84-508ENR

Ferry DG, Temple WA, McQueen EG. 1980. Toxicity of methanol/petrol mixtures. Proceedings
International Symposium Alcohol Fuels Technolology 3:1-9.

Fieldner AC, Katz SH, Kinney SP. 1921. Permeability of oxygen breathing apparatus to gasoline
vapors. Technical Paper 272. U.S. Bureau of Mines.

Fiserova-Bergerova V, Hughes HC. 1983. Species differences on bioavailability of inhaled vapor and
gases. In: Fiserova-Bergerova V, ed. Modeling of inhalation exposure to vapors: Uptake distribution
and elimination. Boca Raton, FL: CRC Press, 2:97-106.

Flegal AR, Coale KH. 1989. Trends in lead concentrations in major U.S. rivers and their relation to
historical changes in gasoline-lead consumption. Water Res Bull 25:1275-1277.


http://www.chinatungsten.com

GASOLINE 173

8. REFERENCES

Flodin U, Edling C, Axelson 0. 1984. Clinical studies of psychoorganic syndromes among workers
with exposure to solvents. Am J Ind Med 5:287-295.

Flowers TH, Pulford ID, Duncan HJ. 1984. Studies on the breakdown of oil in soil. Environmental
Pollution (Series B)8:71-82.

Foo SC. 1990. Benzene exposure from gasoline vapor. Inst Chem Eng Symp Ser 120:355-361.

Foo SC. 1991. Benzene pollution from gasoline usage. Sci Total Environ 103:19-26.

Fortenberry JD. 1985. Gasoling ouifﬂué. At Med-FoF40=-7F44-

Franchini I, Cavatorta A, Falzol M, et al. 1983. Early indicators of jrenal damage in workers exposed
to organic solvents. Int Arch O¢cup Environ Health 52:1-9.

Gabele PA. 1990. Characterization of emissions frora i variable gasoline/ methanol fueled car. J Air
Waste Manage Assoc 40:296-304.

* Gallassi R, Montagna P, Pazzaglia P, et al.~1980. Peripheral neuropathy due to gasoline sniffing: A
case report. Eur Neurol 19:419-421.

* Garg BD, Olson MJ, Demyan WE, et al. 1988. Rapid postexposur¢ decay of alpha 2u-globulin and
hyaline droplets in the kidneyslof gasoline-treated male rats T Todicol Environ Health 24:145-160.

* Garg BD, Olson MJ, Li LC, et al. 1989. Phagolysosomal alterations induced by unleaded gasoline in
epithelial cells of the proximal convoluted tubules of male rats: Effect of dose and treatment duration.
J Toxicol Environ Health 26: 101- 118.

* Garrettson LK. 1990. Lead. In: Haddad LM, Winchester JF, eds. Clinical management’of poisoning
and drug overdose. 2nd ed. Philadelphia, PA: W.B. Saunders Comp, 1020-1023.

Gerhardsson de Verdier M, Palto N, Steineck G, et al. 1992. Occupation exposures and cancer of the
colon and rectum. American Journal of Industrial Medicine 22(3):291-303.

* Gerin M, Viau C, Talbot D, et al. 1988. Aviation gasoline: Comparative subchronic nephrotoxicity
study in the male rat. Toxicol Lett 44:13-19.

* Ghassemi M, Par&loo A, Quinlivan S. 1984. Physical and chemical characteristics of some widely
used petroleum fuels: A reference data base for assessing similarities and differences between synfuel
and petrofuel products. Energy Sources 7:377-401.

Gibson JE, Bus JS. 1988. Current perspectives on gasoline (light hydrocarbons)-induced male rat
nephropathy. Ann NY Acad Sci 534:481-485.

* Goldfrank LR, Kulberg AG, Bresnitz EA. 1990. Hydrocarbons. In: Golfrank’s toxicological
emergencies. 4th ed. East Norwalk, CT: Appleton and Lange. 759-768.


http://www.chinatungsten.com

GASOLINE 174
8. REFERENCES
* Goldings AS, Stewart RM. 1982. Organic lead encephalopathy: Behavioral change and movement
disorder following gasoline inhalation. J Clin Psychiatry 43:70-72.
* Goldstein BD. 1977. Hematotoxicity in humans. J Toxicol Environ Health Suppl 2:69-105.
Goldsworthy TL, Sprankle CS, Strasser J, et al. 1989. Cell replication in male and female mouse liver
after inhalation exposure to unleaded gasoline. Society of Toxicology, 28th Annual Meeting, Atlanta,

GA. Washington, DC: Society of Toxicology.

* Goodheart RS, Dunne JW. 1994. Petrol sniffers encephalopathy - A study of 25 patients. Medical
Journal of Australia 160(4): 17§18+

* Graham DR. 1990. Solvent abyse. In: Haddad LM, Winchester JF| eds. Clinical management of
poisoning and drug overdose. 2hd ed. Philadelphia, PA: W.B. Saurnjders Comp., 1256-1260.

Green D. 1982. Gasoline use in|the United States. In: Petroleum mpnthly, May 1982. Washington,
DC: Energy Information Administration, U.S. Denaitment of Energy.

* Grufferman S, Walker FW. 1982. Supragletiitis following gasoling ingestion. Ann Emerg Med
11:368-370.

Guldberg PH, Round MM. 199¢. Exposure and health risk assessnfent for gasoline and gasoline
vapors. Pittsburgh, PA: Air andlWaste Management Association 83rd Annual Meeting and Exhibition.

* Gunster DG, Gillis CA, Bonnevie NL, et al. 1993. Petroleum and hazardous chemical spills in Newark
Bay, New Jersey, USA from 1982 to 1991. Environmental Pollution 82(3):245-253.

* Hadley PW, Armstrong R. 1991. “Where’s the benzene?”” Examining California (USA) ground-water
quality surveys. Ground Water 29( 1):35-40.

Hadnagy W, Seemayer NH. 1988. Cytotoxic and genotoxic effects of extract of particulate emission
from a gasoline-powered engine. Environ Mol Mutagen 12:385-396.

Hadnagy W, Seemayer NH. 1989. Genotoxicity of particulate emissions from gasoline-powered
engines evaluated by short-term bioassays. Experimental Pathology 37:43-50.

* Haines JR, Alexander M. 1974. Microbial degradation of high-molecular-weight alkanes. Appl
Microbial 28:1084-1085.

* Halder CA, Holdsworth CE, Cockrell BY, et al. 1985. Hydrocarbon nephropathy in male rats:
Identification of the nephrotoxic components of unleaded gasoline. Toxicol Ind Health 1:67-88.

* Halder CA, Van Gorp GS, Hatoum NS, et al. 1986a. Gasoline vapor exposures: Part 1.
Characterization of workplace exposures. Am Ind Hyg Assoc J 47:164-172.


http://www.chinatungsten.com

GASOLINE 175

8. REFERENCES

Halder CA, Van Got-p GS, Hatoum NS, et al. 1986b. Gasoline vapor exposures: Part II. Evaluation
of the nephrotoxicity of the major C,/C, hydrocarbon components. Am Ind Hyg Assoc J 47:173-175.

* Halder CA, Wame TM, Hatoum NS. 1984. Renal toxicity of gasoline and related petroleum naphthas
in male rats. Adv Mod Environ Toxicol 7:73-88.

* Hall DMB, Ramsey J, Shwartz MS, et al. 1986. Neuropathy in a petrol sniffer. Arch Dis Child
61:900-901.

* Hansbrough JF, Zapata-Sirvent R, Dominic W, et al. 1985. Hydrocarbon contact injuries. J Trauma
25:250-252.

* Hansen KS, Sharp FR. 1978. (Jasoline sniffing, lead poisoniiig, and myoclonus. JAMA
240:1375-1376.

* Harman AW, Frewin DB, Prie§tly BG. 1981. Induction of microsgmal drug metabolism in man and
in the rat by exposure to petrolgum. Br J Ind Med 358:91-97.

Harrington JM. 1987. Health experience of<vorkers in the petroleuyn manufacturing and distribution
industry: A review of the literatpre. Am J'Ind Med 12:475-497.

* Hathaway DL, Andrews CB. 1p90: Fate and transport modeling of organic compounds from a
gasoline spill. In: Petroleum hydracarbhon and organic chemicals inl ground water: Prevention,
detection and restoration. Houston, TX: S. S. Papadopulos and Associates, Inc., 563-576.

* HAZDAT. 1992. Agency for Toxic Substances and Disease Registry (ATSDR), Atlanta, GA.

HEI. 1987. Gasoline vapor exposure and human cancer: Evaluation of existing scientific information
and recommendations for future research. Report of the Institutes’ Health Review Committee,
September 1985. Health Effects Institute. Cambridge, MA. 17-47.

Heinonen T, Elovaara E, Sade L., et al. 1983. Effect of various solvents on the xenobiotic
biotransformation in the liver and the kidneys of the rat: A comparative study. In: Rydstriim J,
Montelius J, Bengtsson M, eds. Extrahepatic drug metabolism and chemical carcinogenesis. New York,
NY: Elsevier Science Publishers. 29-33.

Higginson J, Muir C, Buffle PA. 1984. The epidemiology of renal carcinoma in humans with a note
on the effect of exposure to gasoline. In: Mehlman MA, Hemstreet GP, Thorpe JJ, et al., eds.
Advances in modem environmental toxicology. Vol 7: Renal effects of petroleum hydrocarbons.
Princeton, NJ: Princeton Scientific Publishers, Inc., 203-226.

Hoag GE, Marley MC. Gasoline residual saturation in unsaturated uniform aquifer materials. J Environ
Eng 112:586-604.

Hoffman H, Vervalin CH. 1990. Re-reformulating gasoline. Hydrocarbon Processing 69:15, 19.


http://www.chinatungsten.com

GASOLINE 176

8. REFERENCES

* Hoffman DL, Swanson BZ Jr, Lutins ND. 1980. Gasoline-induced mucositis. ] Am Dent Assoc
100:217.

* Hogstedt B, HolmCn A, Karlsson A, et al. 1991. Gasoline pump mechanics had increased frequencies
and sizes of micronuclei in lymphocytes stimulated by pokeweed mitogen. Mut Res 26351-55.

Holmberg PC. 1979. Central-nervous system defects in children born to mothers exposed to organic
solvents during pregnancy. Lancet 2:177-179.

Holmberg PC. 1980. Congenital defects of the central nervous system and occupational factors during
pregnancy: A case referent stu

* Hood CB. 1973. Gasoline. In: Hampel CA, Hawley GG, eds: The pncyclopedia of chemistry. 3rd
ed. New York, NY: Van Nostrand Reinhold Company, 491-493.

Horowitz A, Atlas RM. 1977. Response of microorgarisms to an apcidental gasoline spillage in an
arctic freshwater ecosystem. Appl Environ Micrebial 33:1252-1258.

Hung LT, Gardos G, Szabo TK| 1990. Prediuction of motor fuels by pyrolysis oil hydrocracking under
severe conditions: II. Hungarian|{Journal of Industrial Chemistry 18}23-32.

* Hunter AGW, Thompson D, Eyang $A. 1979. Is there a fetal gasolIine syndrome? Teratology
20:75-79.

* JARC. 1989. IARC monographs on the evaluation of carcinogenic risks to humans. Vol. 45:
Occupational exposures in petroleum refining; crude oil and major petroleum fuels. Lyon, France:
World Health Organization, International Agency for Research on Cancer, 159-201.

* Tkebuchi J, Kotoku S, Yahsiki M, et al. 1986. Gas chromatographic and gas chromatographic-mass
spectrometric determination of gasoline in a case of gasoline vapor and alcohol poisoning. Am J
Forensic Med Pathol 7:146-150.

* Irving WS, Grumbles TG. 1979. Benzene exposures during gasoline loading at bulk marketing
terminals. Am Ind Hyg Assoc J 40:468-473.

Jackson JE, Bertsch FM. 1990. Conversion of methanol to gasoline: A new mechanism for formation
of the first carbon-carbon bond. ] Am Chem Sot 112:9085-9092.

Jakobsson R, Ahlbom A, Bellander T, et al. 1993. Acute myeloid leukemia among petrol station
attendants. Archives of Environmental Health 48(4):255-259.

Jamison VW, Raymond RL, Hudson JO Jr. 1975. Biodegradation of high-octane gasoline in
groundwater. Dev Ind Microbial 16:305-312.


http://www.chinatungsten.com

GASOLINE 177

8. REFERENCES

* Jamison VW, Raymond RL, Hudson JO. 1976. Biodegradation of high-octane gasoline. In: Sharpley
JM, Kaplan AM, eds. Proceedings International Biodegradation Symposium 3rd. Essex, England,
187-196.

* Janssen S, Van Der Geest S, Meijer S, et al. 1988. Impairment of organ function after oral ingestion
of refined petrol. Intensive Care Med 14:238-240.

Jeltes R, den Tonkelaar WAM. 1972. Gas chromatography versus infra-red spectrometry for
determination of mineral oil dissolved in water. Water Res 6:271-278.

Jungers RH, Lee RE Jr, Von Lehmden BDF1975—Fhe FPANattongl Fuels Surveillance Network: 1.
Trace constituents in gasoline ahd commercial gasoline fuel additifes. Environ Health Perspect
10:143-150.

* Kadamani S, Asal NR, Nelson [RY. 1989. Occupationzi izydrocarbon exposure and risk of renal cell
carcinoma. Am J Ind Med 15:181-141.

* Kaelan C, Harper C, Vieira BI] 1986. Acute ericcphalopathy and death due to petrol sniffing:
Neuropathological findings. Aust N Z J Med 16:804-807.

* Kanai H, Inoye V, Goo R, et all 1991..Gas chromatographic mass{spectrometric analysis of polar
components in weathered gasoljne/‘vater matrix as an aid in identiflying gasoline. Anal Lett 24:115-128.
Kavet R. 1987. The health effedts institute assessment of refiielinglvapors: A case study. Proceedings
of the 80th Annual Meeting of APCA, New York, NY, June 21-26. 2: 1-23.

* Kawai T, Yamaoka K, Uchida Y, et al. 1991. Exposure to vapors of benzene and other aromatic
solvents in tank truck loading and delivery. J Bull Environ Contam Toxicol 46:1-8.

* Keamey CA, Dunham DB. 1986. Gasoline vapor exposure at a high volume service station. Am Ind
Hyg Assoc J 47:535-539.

Keenlyside RA. 1984. The gasoline-sniffing syndrome. In: Grandjean P, Grandjean E, eds.
Biological effects of organolead compounds. Boca Raton, FL: CRC Press, 219-225.

Kerkhoff MJ, Lee TM, Allen ER, et al. 1985. Spectral fingerprinting of polycyclic aromatic
hydrocarbons in-high-volume ambient air samples by constant energy synchronous luminescence
spectroscopy. Environ Sci Technol 19:695-699.

Kimura K, Hara K, Nagata T. 1989. A newly designed apparatus for testing blood levels of fuel vapor.
Forensic Sci Int 40:57-61.

* Kimura K, Nagata T, Hara K, et al. 1988. Gasoline and kerosine components in blood - a forensic
analysis. Hum Toxicol 7:299-305.


http://www.chinatungsten.com

GASOLINE 178

8. REFERENCES

Kitchen DN. 1984. Neoplastic renal effects of unleaded gasoline in Fischer-344 rats. In: Mehlman
MA, Hemstreet GP, Thorpe JJ, et al., eds. Advances in modem environmental toxicology. Vol. 7:
Renal effects of petroleum hydrocarbons. Princeton, NJ: Princeton Scientific Publishers, Inc., 65-72.

* Kovanen J, Somer H, Schroeder P. 1983. Acute myopathy associated with gasoline sniffing.
Neurology 33:629-631.

Kramer WH. 1982. Ground-water pollution from gasoline. Ground Water Monit Rev 2:18-22.

* Kramer WH. 1989. Benzene exposure assessment of underground storage tank contractors. Appl Ind
Hyg 4:269-272.

* Kuehnel E, Fisher P. 1986. Actite renal injury limited to the upper|poles following gasoline ingestion.
Kidney Int 29:304.

* Kullman GJ, Hill RA. 1990. Indoor air quality affected by abandohed gasoline tanks. Appl Occup
Environ Hyg 5:36-37.

Kulmala M, Riihiluoma V, Raupemaa T. 1986. Particle emission ffom gasoline powered vehicles:
Emission and deposition under ifferent tratfic density situations. Journal of Aerosol Science
17:629-631.

* Kumar P, Gupta BN, Pandya KIP_ct al 1988 RBehavioral studies im petrol pump workers. Int Arch
Occup Environ Health 61:35-38.

* Kuna RA, Ulrich CE. 1984. Subchronic inhalation toxicity of two motor fuels. Journal of the
American College of Toxicology 3:2 17-229.

* Lane JC. 1980. Gasoline and other motor fuels. In: Grayson M, Eckroth D, eds. Kirk-Othmer
encyclopedia of chemical technology. New York, NY: John Wiley and Sons, 652-676, 694-695.

Lange E. 1982. Psychopathology of chronic cerebral gasoline poisoning. Samml Zwangl Abh Geb
Psychiatr Neurol 50:225-229.

Latimer JS, Hoffman EJ, Hoffman G, et al. 1990. Sources of petroleum hydrocarbons in urban runoff.
Water Air Soil Pollut 52:1-2 1.

Layton TR, Grant KJ, Villella ER. 1984. Gasoline injection. J Toxicol Clin Toxicol 21:409-412.
Leinster P, Perry R, Young RJ. 1978. Ethylene dibromide in urban air. Atmos Environ 12:2383-2387.

Le Mesurier SM, Lykke AWJ, Stewart BW. 1980. Reduced yield of pulmonary surfactant: Patterns of
response following administration of chemicals to rats by inhalation. Toxicol Lett 5:89-94.


http://www.chinatungsten.com

GASOLINE 179

8. REFERENCES

* Le Mesurier SM, Stewart BW, O’Connell PJ, et al. 1979. Pulmonary responses to atmospheric

pollutants: II. Effect of petrol vapor inhalation on secretion of pulmonary surfactant. Pathology
11:81-87.

Lenner M, Lindqvist 0, Rosen A. 1983. The NO,/NO, ratio in emissions from gasoline-powered cars:
High NO, percentage in idle engine measurements. Atmos Environ 17: 1395-1398.

Leseman WG. 1986. Water contamination caused by gasoline permeating a polybutylene pipe.
JAWWA 39-43.

Lin AWM, Wu L, YuJ. 1990. raseline expostre-assessment for-oil reﬁnery workers. CinCinnati, OH:
American Industrial Hygiene Agsociation, American Conference oiff Governmental Industrial Hygiene.

* Litton Bionetics. 1978. Teratolpgy study in rats: Unleaded gasolin. Final report submitted to
American Petroleum Institute, Washington, DC. Littor 5ionetics, Inc., Kensington, MD.

* Litton Bionetics. 1980. Mutaggnicity evaluation 9i gasoline, API PS-6 fuel in the mouse dominant
lethal assay. Final report submifted to Americai 'etroleum Institutp, Washington, DC. Litton
Bionetics, Inc., Kensington, MID.

Lock EA. 1990. Chronic nephrgtoxicity of 2,2,4-trimethylpentane and other branched-chain
hydrocarbons. Toxicol Lett 53:[75-8¢.

* Lock EA, Charbonneau M, Strasser J, et al. 1987. 2,2,4-Trimethylpentane-induced nephrotoxicity: II.
The reversible binding of a TMP metabolite to a renal protein fraction containing a2y-globulin. Toxicol
Appl Pharmacol 91: 182- 192.

Loury DJ, Butter-worth BE. 1986. Kidney-specific DNA repair assay: An evaluation of unleaded
gasoline. Chemical Industry Institute of Toxicology 6: 1-8.

* Loury DJ, Smith-Oliver T, Butterworth BE. 1987. Assessment of unscheduled and replicative DNA

synthesis in rat kidney cells exposed in vitro or in viva to unleaded gasoline. Toxicol Appl Pharmacol
87:127-140.

* Loury DJ, Smith-Oliver T, Strom S, et al. 1986. Assessment of unscheduled and replicative DNA
synthesis in hepatocytes treated in vivo and in vitro with unleaded gasoline or 2,2,4-trimethylpentane.
Toxicol Appl Pharmacol 85: 1 1-23.

Lucas C. 1985. Health hazard evaluation. Report no. HETA-83-136-1398. Social Security
Administration, New Brunswick, NJ. NTIS/PB85-181246, issue 14.

Lykke AW, Stewart BW. 1978. Fibrosing alveolitis (pulmonary interstitial fibrosis) evoked by
experimental inhalation of gasoline vapours. Experientia 34:498.


http://www.chinatungsten.com

GASOLINE 180

8. REFERENCES

* Lykke AWJ, Stewart BW, O’Connell PJ, et al. 1979. Pulmonary responses to atmospheric pollutants:
I. An ultrastructural study of fibrosing alveolitis evoked by gasoline vapour. Pathology 11:71-80.

MacFarland HN. 1983. Chronic gasoline toxicity. Proceedings of the 1st Symposium on the
Toxicology of petroleum hydrocarbons, Washington, DC, May 1982. Washington, DC: American
Petroleum Institute. 78-86.

MacFarland HN, Path FRC. 1984. Xenobiotic induced kidney lesions: Hydrocarbons: The go-day and
2-year gasoline studies. In: Mehlman MA, Hemstreet GP III, Thorpe JJ, et al., eds. Advances in
modem environmental toxicology. Vol. 7: Renal effects of petroleum hydrocarbons. Princeton, NJ:

S1 sS4

Princeton Scientific Publishers,fes51+=56-

* MacFarland HN, Ulrich CE, Hpldsworth CE, et al. 1984. A chronic inhalation study with unleaded
gasoline vapor. Journal of the American College of Toxicoiogy 3:231-248.

* MacGregor JA, Richter WR, Magaw RI. 1993. Utering changes in[ female mice following lifetime
inhalation of wholly vaporized pnleaded gasoline: /A possible relatjonship to observed liver tumors?

Journal of the American Collegg of Toxicology ) 2(2): 119-126.

Machle W. 1941. Gasoline intokication. JAMA 117:1965-1971.

Mackay D, Leinonen PJ. 1975. Rate o1 evaporation of low solubilify contaminants from water bodies
to atmosphere. Environ Sci Technal 9:1178-1180

Mackay D, Patterson S. 1981. Calculating fugacity. Environ Sci Technol 15:1006-1014.
Mackay D, Patterson S. 1982. Fugacity revisited. Environ Sci Technol 16:654-660.

* Magaw RI, Richter WR, Macgregor JA. 1993. A reexamination of liver tumors in mice exposed to
wholly vaporized unleaded gasoline. Journal of the American College of Toxicology 12(2):195-199.

* Mann DC, Gresham WR. 1990. Microbial degradation of gasoline in soil. J Forensic Sci 35:913-923.

* Manton WI, Cook JD. 1984. High-accuracy (stable isotope dilution) measurements of lead in serum
and cerebrospinal fluid. Br J Ind Med 41: 313-319.

Marklund S, Andersson R, Tysklind M, et al. 1990. Emissions of PCDDs and PCDFs in gasoline and
diesel fueled cars. Chemosphere 20:553-561.

Mason JT III. 1986. Public records reveal location of old gasoline storage tanks. J Teen Acad Sci
61:90-91.

* Matsubara K, Akane A, Takahashi S, et al. 1988. Gas chromatographic determination for forensic
purposes of petroleum fuel inhaled just before fatal burning. J Chromatogr 424:49-59.


http://www.chinatungsten.com

GASOLINE 181

8. REFERENCES

Matsumoto T, Koga M, Sata T, et al. 1992. The changes of gasoline compounds in blood in a case of
gasoline intoxication. Journal of Toxicology. Clinical Toxicology 30(4):653-662.

Mayo DW, Page DS, Cooley J, et al. 1978. Weathering characteristics of petroleum hydrocarbons
deposited in fine clay marine sediments, Searsport, Maine. J Fish Res Board of Canada 35:552-562.

*McDermott HJ, Killiany Jr SE. 1978. Quest for a gasoline TLV. Am Ind Hyg Assoc J 39:110-117.

*McDermott HJ, Vos GA. 1979. Service station attendants’ exposure to benzene and gasoline vapors.
Am Ind Hyg Assoc J 40:315-321

McHugh MJ. 1987. The abuse ¢f volatile substances. Pediatr Clin North Am 34:333-340.

McLaren P. 1985. Behavior of dliesel fuel on a high energv beach. Maine Pollution Bulletin
16:191-196.

* McKee JE, Laverty FB, Hertel[RM. 1972. Gasoling in groundwatgr. J] Water Polut Control Fed
441293-302.

* McLaughlin JK, Blot WJ, Mehll ES, et al.. 1985. Petroleum-relatedl employment and renal cell cancer.
J Occup Med 27:672-674.

Mehlman MA. 1988. Recent lakoratory stndies in chemical carcinagenesis: Gasoline. Ann NY Acad
Sci 543:408-411.

* Mehlman MA. 1990. Dangerous properties of petroleum-refining products: Carcinogenicity of motor
fuels (gasoline). Teratogenesis Carcinog Mutagen 10:399-408.

Mihelcic JR. 1990. Modeling the potential effect of additives on enhancing the solubility of aromatic
solutes contained in gasoline. Groundwater Monitoring Review 10: 132-137.

Milne TA, Evans RJ, Nagle N. 1990. Catalytic conversion of microalgae and vegetable oils to
premium gasoline, with shape-selective zeolites. Biomass 21:219-232.

Mommsen S, Aagard J. 1984. Occupational exposures as risk indicator of male bladder carcinoma in a
predominantly rural area. Acta Radiol [Oncol] 23:147-152.

Mommsen S, Aagaard J, Sell A. 1982. An epidemiological case-control study of bladder cancer in
males from a predominantly rural district. Eur J Cancer Clin Oncol 18: 1205-1210.

* Moore PJ, Pridmore SA, Gill GF. 1976. Total blood lead levels in petrol vendors. Med J Aust
1:438-440.

Morris WE. 1985. Gasoline composition in no-lead era. Oil Gas J 83:99-100, 102-103, 106.

* Moss MA, Cooper PJ. 1986. Gasoline sniffing and lead poisoning. Acta Pharmacol Toxicol 7:48-51.


http://www.chinatungsten.com

GASOLINE

8. REFERENCES

182

Murray DAJ, Lockhart WL, Webster GRB. 1984. Analysis of the water-soluble fraction of crude oils
and petroleum products by gas chromatography 2:39-46.

* Murty CVR, Olson MJ, Garg BD, et al. 1988. Hydrocarbon-induced hyaline droplet nephropathy in
male rats during senescence. Toxicol Appl Pharmacol 96:380-392.

* Nakajima T, Okuyama S, Yonekura I, et al. 1985. Effects of ethanol and phenobarbital administration
on the metabolism and toxicity of benzene. Chem-Biol Interact 55:22-38.

* NAS/NRC. 1989. Biologic markers in reproductive toxicology. National Academy of Sciences/

National Research Council. Wa

* NATICH. 1991. Database repo
Information Clearinghouse. U.§
Standards. Washington, DC. Al

Nelson NA, Robins TG, Port F]
Am J Nephrology10:10-20.

* NESCAUM. 1989. Evaluation
Final report. Northeast States fa

| 4 A RYAND NPVS 1A | n
111115LU11’ 1LJC . INativliial nuauuul_y I
rt on state, local, and EPA air toxic
. Environmental Protectic Agency
jgust 13, 1991.

K. 1990. Solvent nephrotoxicity in |

of the health effects from exposure
r Coordinated Air Use Managemer

ress, 15-35.
5 activities. National Air Toxics
, Office of Air Quality Planning and

numans and experimental animals.

to gasoline and gasoline vapors.

s—P

Nettesheim P, Szakal AK. 1972

1iie response of the lower reqpim

ory tract of mice and hamsters to

chronic inhalation of ozonized gasoline fumes: A light microscopic and electron microscopical study.

Ann Occup Hyg 15:263-269.

* NFPA. 1978. Fire protection guide on hazardous materials. 7th ed. Boston, MA: National Fire
Protection Association, 325M-11, 49-308.

NFPA. 1986. Manual for classification of gases, vapors, and dusts for electrical equipment in
hazardous (classified) locations. Quincy, MA: National Fire Protection Association, NFPA publication

no. 497M

* Ng RC, Darwish H, Stewart DA. 1974. Emergency treatment of petroleum distillate and turpentine
ingestion. Can Med Assoc J 111:537-538.

* Niazi GA, Fleming AF, Siziya S. 1989. Blood dyscrasia in unofficial vendors of petrol and heavy oil
and motor mechanics in Nigeria. Trop Doct 19:55-58.

* NIOSH. 1974. Criteria for a recommended standard...Occupational exposure to benzene. Washington,
DC: U.S. Department of Health, Education, and Welfare, Public Health Service, Centers for Disease
Control, National Institute for Occupational Safety and Health. NIOSH-74-137.

* NIOSH. 1977. Manual of analytical methods. 2nd ed, vol. 1. Method no. P&CAM 200. Cincinnati,
OH: U.S. Department of Health, Education, and Welfare, Public Health Service, Centers for Disease
Control, National Institute for Occupational Safety and Health, 200-1 to 200-8.


http://www.chinatungsten.com

GASOLINE 183

8. REFERENCES

* NIOSH. 1984a. Manual of analytical methods. 3rd ed, vol. 1. Eller PM, ed. Cincinnati, OH: U.S.
Department of Health and Human Services, Public Health Service, Centers for Disease Control, National
Institute for Occupational Safety and Health, 8300-1 to 8300-3.

* NIOSH. 1984b. Manual of analytical methods. 3rd ed, vol. 1. Eller PM, ed. Cincinnati, OH: U.S.
Department of Health and Human Services, Public Health Service, Centers for Disease Control, National
Institute for Occupational Safety and Health, 8301-1 to 8301-4.

* NIOSH. 1984c. Manual of analytical methods. 3rd ed, vol. 2. Eller PM, ed. Cincinnati, OH: U.S.
Department of Health and Human Services, Public Health Service, Centers for Disease Control, National

1500 1+ 1501 77

Institute for Occupational Safety-and Iluauu, TOUO=TtO1TOUT=7"

* NIOSH. 1987. Manual of analytical methods. 3rd ed, vol. 1 tiler PM, ed. Cincinnati, OH: U.S.
Department of Health and Humpan Services, Public Health Service,|Centers for Disease Control, National
Institute for Occupational Safety and Health, 3700-1 to-2790-3, 40(0-1 to 4000-4.

* NIOSH. 1988. NIOSH testimohy in OSHA PEI ‘hearing, Washington, DC. July 1988. Washington,
DC: National Institute for Occypational Safety @iid Health.

* NOES. 199 1. National Occupgtional Expesure Survey (1981- 198B). Cincinnati, OH: U.S.
Department of Health and Humpan Services, National Institute for ()ccupational Safety and Health.
September 11, 1991.

* Nylander PO, Olofsson H, Rasmuson B, et al. 1978. Mutagenic effects of petrol in Drosophila
melanogaster: 1. Effects of benzene and 1,2-dichloroethane. Mutat Res 57:163-167.

* Ogata M, Taguchi T. 1987. Quantitation of urinary metabolites of toluene, xylene, styrene,
ethylbenzene, benzene and phenol by automated high performance liquid chromatography. Int Arch
Occup Environ Health 59:263-272.

* OHM/TADS. 1991. Oil and Hazardous Materials/Technical Assistance Data System. Baltimore, MD:
Chemical Information Systems, Inc. September, 1986.

Ohnishi Y, Kachi K, Sato K, et al. 1980. Detection of mutagenic activity in automobile exhaust.
Mutat Res 77:229-240.

* Olson MJ, Garg Bb, Murty CVR, et al. 1987a. Accumulation of alpha-2uglobulin in the renal
proximal tubules of male rats exposed to unleaded gasoline. Toxicol Appl Pharmacol 90:43-5 1.

Olson MJ, Garg BD, Sarkar FH, et al. 1987b. Hyaline droplet and alpha-2p-globulin accumulation in
the kidneys of male rats after gasoline administration. Toxicology 47:233.


http://www.chinatungsten.com

GASOLINE 184

8. REFERENCES

* Olson MJ, Johnson JT, Reidy CA. 1990. A comparison of male-rat and human urinary ~ protein-
simplications for human resistance to hyaline droplet nephropathy. Toxicol Appl Pharmacol
102524-536.

* Olson MJ, Mancini MA, Garg BD, et al. 1988. Leupeptin-mediated alteration of renal

phagolysosomes: Similarity to hyaline droplet nephropathy of male rats exposed to unleaded gasoline.
Toxicol Lett 41:245-254.

Olteanu B. 1990. Trends in crude processing: II. Revamping of plants and processes for gasoline,
aromatic-hydrocarbons and distillation products manufacturing. Revista de Chimie 41:414-420.

* O’Regan S, Turgeon C. 1986. Lack of antiglomerular basement migmbrane antibody binding to
alveolar membranes after hydrdcarbon exposure in rats. J Clin:-Labl|Immunol 20:147-149.

* OSHA. 1989a. Air contaminar;ts. U.S. Department of i.avor, Occypational Safety and Health
Administration. Code of Federal Regulations. 29 CER 1910.1000.

* OSHA. 1989b. Air contaminants. U.S. Department of Labor, Occypational Safety and Health
Administration. Federal Registgr 54:2920-2%60.

Ostendorf DW, Kampbell DH. [[991. 2iodegradation of hydrocarbpn vapors in the unsaturated zone.
Water Resources Research 27:453-462.

Ostendorf DW, Leach LE, Hinlein ES, et al. 1991. Field sampling of residual aviation gasoline in
sandy soil. Ground Water Monit Rev 11: 107-120.

* Owens J, Soles L, Conove J, et al. 1985. Gasoline sniffing and lead toxicity among siblings -
Virginia. MMWR 449-450, 455.

Page NP, Mehlman M. 1989. Health effects of gasoline refueling vapors and measured exposures at
service stations. Toxicol Ind Health 5:869-890.

* Pandya KP, Rao GS, Dhasmana A, et al. 1975. Short communication: Occupational exposure of
petrol pump workers. Ann Occup Hyg 18:363-364.

Parker SP, ed. 1989. McGraw-Hill dictionary of scientific and technical terms. 4th ed. New York,
NY: McGraw-Hill Book Company, 1592.

* Partanen T, Heikkila PK, Hernberg S, et al. 1991. Renal cell cancer and occupational exposure to
chemical agents. Stand J Work Environ Health 17:231-239.

* Phillips CF, Jones RK. 1978. Gasoline vapor exposure during bulk handling operations. Am Ing Hyg
Assoc J 39:118-128.

Phillips RD, Cockrell BY. 1984. Effect of certain light hydrocarbons on kidney function and structure
in male rats. In: Mehlman MA, Hemstreet AP, Thorpe JJ, et al., eds. Advances in modern


http://www.chinatungsten.com

GASOLINE 185

8. REFERENCES

environmental toxicology. Vol. VII: Renal effects of petroleum hydrocarbons. Princeton, NJ:
Princeton Scientific Publishers, Inc., 89-105.

* Poklis A. 1976. Death resulting from gasoline “sniffing”: A case report. J Forensic Sci Sot
16:43-46.

* Poklis A, Burkett CD. 1977. Gasoline sniffing: A review. Clin Toxicol 11:35-41.

* Poole C, Dreyer NA, Satterfield MH, et al. 1993. Kidney cancer and hydrocarbon exposure among
petroleum refinery workers. Environmental Health Perspectives Supplements 1OI(Suppl. 6):53-62.

Prockop L. 1979. Neurotoxic V(I)latile substances. Neurology 29:82-865.

Provenzano G. 1978. Motor velyicle lead emissions in the United Sfates: An analysis of important
determinants, geographic patterns and future trends. J Air Pollut Cgntrol Assoc 28:1193-1 199.

* Przybylowski J. 1971. [Effects|of experimental acuie gasoline vappr intoxication (ethylene 78) on the
circulatory system in rabbits.] At-h Hig Rada Toksikol 327-346. (Holish)

* Rao GS, Dhasmana A, Pandya|KP. 1977. Hot summer occupationpl exposure of petrol pump
workers. Proceedings on the 1s{ International Symposium on Envitonmental Pollution and Human
Health 212-224.

Reible DD, Malhiet ME, Illangasekare TH. 1989. Modeling gasoline fate and transport in the
unsaturated zone. J Hazard Mater 22:359-376.

Remington G, Hoffman BF. 1984. Gas sniffing as a form of substance abuse. Can J Psychiatry
29:31-35.

* Richardson KA, Wilmer JL, Smith-Simpson D, et al. 1986. Assessment of the genotoxic potential of
unleaded gasoline and 2,2,4-trimethylpentane in human lymphoblasts in2 vitro. Toxicol Appl Pharmacol

82:3 16-322.

* Rischbieth RH, Thompson GN, Hamilton-Bruce A, et al. 1987. Acute encephalopathy following
petrol sniffing in two aboriginal patients. Clin Exp Neurol 23: 191-194.

Robbins GA, Deyo BG, Temple MR, et al. 1990. Soil-gas surveying for subsurface gasoline
contamination using total organic vapor detection instruments: Part II. Field experimentation. Ground
Water Monit Rev 10:110-1 17.

Robinson R. 1986. Cleaning up toxics. Civil Engineering 56:46-49.

* Robinson RO. 1978. Tetraethyl lead poisoning from gasoline sniffing. JAMA 240: 1373-1374.


http://www.chinatungsten.com

GASOLINE

8. REFERENCES

186

* Roe VD, Lacy MJ, Stuart JD, et al. 1989. Manual headspace method to analyze for the volatile
aromatics of gasoline in groundwater and soil samples. Anal Chem 61:2584-2585.

Ross CA. 1982. Gasoline sniffing and lead encephalopathy. Can Med Assoc J 127: 1195-1197.

* RTECS. 1990. Registry of Toxic Effects of Chemical Substances. U.S. Department of Health and
Human Services, National Institute for Occupational Safety and Health, Washington, DC. November 1,

1990.

* Runion HE. 1988. Occupational exposures to potentially hazardous agents in the petroleum industry.

Occupational Medicine: State o

* Rushton, L. 1993. 39-Year foll
for kidney cancer and leukemig

* Russo PJ, Florky GR, Agopsoy,
method. Am Ind Hyg Assoc J 4

* Saenz G, Pingitore NE. 199 1.
statistical analysis: Case studies

Saito K. 1972. Electroencephal

theArtRevtews 3 43t=44dd—

pw-up of the U.K. oil refinery and
. Environmental Health P<tspectiv

Jistribution center studies: Results
ps Supplements 101(Suppl. 6):77-84.

vicz DE. 1987. Perfoiniance evaluation of a gasoline vapor sampling

}8:528-53 1.

Characterization of hydrocarbon cgntaminated areas by multivariate

. Environmental Monitor Assessmd

gravhical studies on the effect of ¢

nonleaded gasoline on rats. Ho

nt 17(2-3):281-302.

ommercially available leaded and

kaido Tgakn Zasshi 47-472-48R0

Saito K. 1973. Electroencephalographic studies on petrol intoxication: Comparison between nonleaded
and leaded white petrol. Br J Ind Med 30:352-358.

Saito K, Inai H, Takakuwa E. 1973. [Studies on gasoline intoxication: Part 1.
Electroencephalographical changes and lead content in organs or rats administered lead-free and 1
leadcontaining brands of gasoline.] Sangyo Igaku 14:9-20. (Japanese)

Saito K, Kamita N, Takakuwa E. 1974. Averaged auditory evoked response (AER) in rat intoxicated

with gasoline. Ind Health 12:97

-103.

Saldiva PHN, Massad E, Caldeira MPR, et al. 1985. Pulmonary function of rats exposed to ethanol
and gasoline fumes. Braz J Med Biol Res 18:573-577.

Sanders WN, Maynard JB. 1968. Capillary gas chromatographic method for determining the C;-C
hydrocarbons in full-range motor gasolines. Anal Chem 40:527-535.

* SANSS. 1987. Chemical Information System (CIS). Structure and Nomenclature Search System,
Baltimore, MD. December 1986.


http://www.chinatungsten.com

GASOLINE 187

8. REFERENCES

Sarojini R, Khan AK, Nagabhushanam R. 1989. Effect of petroleum hydrocarbons (petrol and diesel)
on the physiology of the crab, Barytelphusa cunicularis: 1-oxygen consumption. J Environ Biol
10:363-365.

* Sax NI, Lewis RJ, eds. 1989. Dangerous properties of industrial materials. 7th ed. New York, NY:
Van Nostrand Reinhold, 1795-1796.

* Sax NI, Lewis RJ, eds. 1987. Hawley’s condensed chemical dictionary. 11th ed. New York, NY:
Van Nostrand Reinhold, 554.

Sayers RR, Fieldner AC, Yant WPetal192FExpertmental-stadies on the effect of ethyl gasoline
and its combustion products. US. Bureau of Mines.

Scala RA. 1988. Motor gasoling toxicity. Fundam Appl Toxicol 10:533-562.

Schafer LD, Hartnett JA, Hampton JA, et al. 1990. Ingduction of cell proliferation in rat and mouse
hepatic and renal tissue followipg treatment with-gasoline. Society|of Toxicology 29th Annual Meeting,
Miami FL, February 12-16, 1990. Washingtor. {3C: Society of Toxicology.

Scherz RG. 1974. The managerhent of accidental childhood poisorjing. Pediatrics 54:323-324.
Schnatter AR, Katz AM, Nicolich I'], et al. 1993. A retrospective mortality study among Canadian

petroleum marketing and distribution workers Environmental Health Perspectives Supplements
101(Suppl. 6):85-99.

* Schnatter AR, Theriault G, Karz AM, et al. 1992. A retrospective mortality study within operating
segments of a petroleum company. American Journal of Industrial Medicine 22(2):209-229.
Schreiner CA. 1983. Petroleum and petroleum products: A brief review of studies to evaluate
reproductive effects. Adv Mod Environ Toxicol 3:29-45.

Schreiner CA, Mackerer CR. 1982. Mutagenesis testing of gasoline engine oils. Polynuclear Aromatic
Hydrocarbons: Physiology Biology Chemistry International Symposium 6th, 705-7 12.

* Schwartz E. 1987. Proportionate mortality ratio analysis of automobile mechanics and gasoline
service station workers in New Hampshire. Am J Ind Med 12:91-99.

Seeber A, Kiesswetter E, Neidhart B, et al. 1990. Neurobehavioral effects of a long-term exposure to
tetraalkyllead. Neurotoxicol Teratol 12:653-655.

Senychenkova II. 1991. [Embryotoxic effects of industrial environment pollutants: formaldehyde and
gasoline.] Gigiena I Sanitariia Sep(9):35-38. (Russian)

* Seshia SS, Rajani KR, Boeckx RL, et al. 1978. The neurological manifestations of chronic inhalation
of leaded gasoline. Dev Med Child Neurol 20:323-334.


http://www.chinatungsten.com

GASOLINE 188

8. REFERENCES

* Shamsky S, Samimi B. 1987. Organic vapors at underground gasoline tank removal sites. Appl Ind
Hyg 2:242-245.

Shaner R, ed. 1982. How non-detection can cost you: The tank leak mess. National Petroleum News
74:36-40.

* Shankles B, Weinberg SB, Dal Cortivo LA. 1982. Detection and identification of gasoline in tissues
by capillary GC using pattern recognition techniques. J Anal Toxicol 6:241-243.

* Shapiro LE, Sachchidananda J. 1982. Regulation of proteins by thyroid hormone and glucocorticoid:

The responses of hepatic o2u-gobutmmamdprturtary growthrhormope differ in adult male hypothyroid
rats. Endocrinology 8:653-660.

* Shiller JW. 1987. Gasoline vapor exposure parameters dutirig refueling operations. Proceedings of
the 80th Annual Meeting of the|Association Dedicated ioAir Pollytion Control and Hazardous Waste
Management, New York, NY, June 21-26. 80(2):1-14.

Short BG. 1989. Effects of unlgaded gasoline on 'renal tubular cell kinetics and tumor promotion in
rats. Diss Abstr Int B 50:801.

* Short BG, Burnett VL, Cox MG, et ai..i1987. Site-specific renal cytotoxicity and cell proliferation in
male rats exposed to petroleum fhydrecarbons. Lab Invest 57:564-577.

* Short BG, Burnett VL, Swenberg JA. 1989a. Elevated proliferation of proximal tubule cells and
localization of accumulated alpha-2u-globulin in Fischer-344 rats during chronic exposure to unleaded
gasoline or 2,2,4-trimethylpentane. Toxicol Appl Pharmacol 10 1:4 14-431.

* Short BG, Steinhagen WH, Swenberg JA. 1989b. Promoting effects of unleaded gasoline and 2,2,4-
trimethylpentane on the development of atypical cell foci and renal tubular cell tumors in rats exposed
to N-ethyl-N-hydroxyethylnitrosamine. Cancer Res 49:6369-6378.

Shy CM. 1990. Lead in petrol: The mistake of the XXth century. World Health Statistics Quarterly
43:168-176.

* Siemiatycki J, Dewar R, Nadon L, et al. 1987. Associations between several sites of cancer and twelve
petroleum-derived liquids: Results from a case-referent study in Montreal. Scan J Work Environ
Health 13:493-504.

* Simpson LA, Cruse CW. 1981. Gasoline immersion injury. Plastic Reconstructive Surgery 67:54-57.

* Smith TJ, Hammon SK, Wong 0. 1993. Health effects of gasoline exposure. I. Exposure assessment
for U.S. distribution workers. Environmental Health Perspectives Supplements 101(Suppl. 6):13-21.

Snider EH, Manning FS. 1982. A survey of pollutant emission levels in wastewaters and residuals
from petroleum refining industry. Environment International 7:237-258.


http://www.chinatungsten.com

GASOLINE 189

8. REFERENCES

Spencer PS. 1984. Experimental evaluation of selected petrochemicals for subchronic neurotoxic
properties. In: MacFarland HN, Holdsworth CE, MacGregor JA, et al., eds. Advances in modem
environmental toxicology. Vol. VI: Applied toxicology of petroleum hydrocarbon. Princeton, NJ:
Princeton Scientific Publishers, Inc., 199-211.

SRC. 1985. Monograph on human exposure to chemicals in the workplace: Gasoline. Syracuse
Research Corporation. PB86- 1434 19.

* Standeven AM, Goldsworthy TL. 1993. Promotion of neoplastic lesions and induction of CYP2B
induced by unleaded gasoline vapors in female B6C3F; mouse liver. Carcinogenesis 14:2137-2141.

* Standeven AM, Blazer DG IIL,|Goldsworthy TL. 1994a. Investigation of antiestrogenic properties of
unleaded gasoline in female mi¢e. Toxicology and Applied Pliaimacology 127:233-240.

* Standeven AM, Wolf DC, and [Goldsworthy TL. 1994E. f{ateractivp effects of unleaded gasoline and
estrogen on liver tumor promotfon in female B6C3F  raice. Cancerl Research 54(5):1193-1204.

* Stephens ER. 1973. Hydrocarbpns in polluted @it Summary report. Project CAPA-5-68. Riverside,
CA: University of California, Sfatewide AirRollution Research Center.

* Stock JK, Priestly BG. 1986. Urinary:thioether output as an index |of occupational chemical exposure
in petroleum retailers. Br J Ind Med 45:718-720.

Stump FD, Knapp KT, Ray WD. 1990. Seasonal impact of blending oxygenated organics with
gasoline on motor vehicle tailpipe and evaporative emissions. J Air Waste Manage Assoc 40:872-880.

Sturaro A, Doretti L, Parvoli G. 1990. Investigation of used synthetic lubricants by computerized gas
chromatography/mass spectrometry. Sci Total Environ 99:53-60.

*Stutz PR, Janusz SJ, eds. 1988. Hazardous materials injuries. Beltsville, MD: Bradford
Communications Corp., 360-361.

* Svoma J, Houzim V. 1984. Protection of groundwater from oil pollution in the vicinity of airports.
Environ Geol Water 6:21-30.

* Swenberg JA, Short B, Borghoff S, et al. 1989. The comparative pathobiology of a2p-globulin
nephropathy. Toxic.01 Appl Pharmacol 97:35-46.

Swinyard EA. 1975. Noxious gases and vapors: Carbon monoxide, hydrocyanic acid, benzene,
gasoline, kerosene, carbon tetrachloride, and miscellaneous organic solvents. Pharmacol Basis Ther 5th
900-9 11.

Sykes RA, Mani MM, Hiebert JM. 1986. Chemical bums: Retrospective review. J] Bum Care Rehabil
71343-347.


http://www.chinatungsten.com

GASOLINE

190

8. REFERENCES

Tagavov IT, Sumanov VT, Khadzhiev SN. 1990. Formation of the octane number of alkylation
gasoline. Chemistry and Technology of Fuels and Oils 25:276-278.

* Tangley L. 1984. Groundwater
34:142-148.

Tau LM, Fort AW, Bao S, et al.

contamination: Local problems become national issue. Bio Science

1990. Methanol to gasoline: '*C tracer studies of the conversion of

methanol/higher alcohol mixtures over ZSM-5. Fuel Processing Technology 26:209-219.

* Thomas JM, Gordy VR, Fiorenza S, et al. 1990. Biodegradation of BTEX in subsurface materials

contaminated with gasoline: Gi

* Tilbury L, Butterworth BE, Mg
exposure to unleaded gasoline

Tiimqvist M, Kautiainen A, Ga
and diesel exhausts: 1. Alkenes

2:53-62.

oliferation in mice after inhalation
vironmental Health 38(3):293-307.

ss O, et al. 1993. Hepatocyte-cell
apor. Journal of Toxicology.and E

z RN, et al. 1988. Henmoglobin adducts in animals exposed to gasoline
J Appl Toxicol &:159-170.

* Travis CC, Fox MT, Simmons [WM, et al. 1992. Co-exposure to ghasoline vapor decreases benzene

metabolism in Fisher-344 rats.

* TRI8S. 1990. Toxic Chemical
Information Program, Bethesda

[oxicology Letters (AMST) 62(2-3):231-240.

Relcase Inventory. National Library of Medicine, National Toxicology
MD

Trump BF, Lipsky MM, Jones TW, et al. 1984. An evaluation of the significance of experimental
hydrocarbon toxicity to man. Adv Mod Environ Toxicol 7:273-288.

* Turlakiewicz Z, Chmielnicka J. 1985. Diethyllead as a specific indicator of occupational exposure to

tetracthyllead. Br J Ind Med 42:

682-685.

* Uchrin CG, Katz J. 1991. Transport of a BTX mixture in a groundwater aquifer material. Bull

Environ Contam Toxicol 46(4):

534-541.

* Valpey R, Sumi SM, Copass MK, et al. 1978. Acute and chronic progressive encephalopathy due to

gasoline sniffing. Neurology 28

:507-510.

Van der Linden-AC, Thijsse GJE. 1965. The mechanisms of microbial oxidations of petroleum

hydrocarbons. In: Nord FF, ed.

Advances in enzymology and related subjects of biochemistry.

Volume XXVII. New York, NY: Interscience Publishers, 469-546.

* Van Doren G, Mertens B, Heyns W, et al. 1983. Different forms of a2yglobulin in male and female
rat urine. Eur J Biochem 134:175-181.

* Van Gelder-Ottway. 1976. Some physical and biologic effects of oil films floating on water. In:
Baker JM, ed. Marine ecology and oil pollution. New York, NY: John Wiley and Sons, 255-268.


http://www.chinatungsten.com

GASOLINE 191

8. REFERENCES

* Vemot EH, Drew RT, Kane ML. 1990. Acute toxicologic evaluation of unleaded motor gasoline.
[Abstract] Acute Toxic Data 1:28.

* Vyskocil A, Tusl M, Obrsal J, et al. 1988. A subchronic inhalation study with unleaded petrol in rats.
J Appl Toxicol 8:239-242.

Walker JD, Colwell RR, Petrakis L. 1975a. A study of the biodegradation of a South Louisiana crude
oil employing computerized mass spectrometry. San Francisco, CA: Joint Conference on the
Prevention and Control of Oil Pollution, 601-605.

* Walker JD, Petrakis L, ColwelHRP—197F5b—Compartsonrof-the-btodegradability of crude and fuel oils.
Can J Microbial 22:598-602.

Wallingford ED, DiGiano FA, Miller CT. 1988. Evaluatictiotf a cafbon adsorption method for
sampling gasoline vapors in thelsubsurface. Groundwaiei-iMonit R¢v 8:85-92.

* Wang CC, Irons GV. 1961. Acpte gasoline intoxication. Arch Enviiron Health 2:114-116.
Weaver NK. 1971. Toxicologiclimplications ef niotor gasoline and auto emissions. Ind Med Sur
40:31-34.

Weaver NK. 1988. Gasoline toxicology: Implications for human h¢alth. Ann NY Acad Sci
534:441-451.

* Weiss G., ed. 1986. Hazardous chemicals databook. 2nd ed. Park Ridge, NJ: Noyes Data
Corporation, 542.

* Wen CP, Tsai SP, Moftitt KB, et al. 1984. Epidemiologic studies of the role of gasoline
(hydrocarbon) exposure in kidney cancer risk. Adv Mod Environ Toxicol 7:245-257.

Williams K, Lewtas J. 1985. Metabolic activation of organic extracts from diesel, coke oven, roofing
tar, and cigarette smoke emissions in the Ames assay. Environ Mutat 7:489-500.

* Wilson J, McNabb J. 1983. Biological transformation of organic pollutants in groundwater. EOS
64(33):505-507.

*Wong O, Raabe G-K. 1989. Critical review of cancer epidemiology in petroleum industry employees,
with a quantitative meta-analysis by cancer site. Am J Ind Med 15:283-310.

Wong O, Harris F, Smith TJ. 1993. Health effects of gasoline exposure. II. Mortality patterns of
distribution workers in the United States. Environmental Health Perspectives Supplements 101(Suppl.

6):63-76.

Worhneh F. 1983. inhalation of petrol (gasoline, benzene) in Ethiopia. Ethiopian Med J 21:19-26.


http://www.chinatungsten.com

GASOLINE 192

8. REFERENCES

* Yamamoto T, Wilson CB. 1987. Binding of anti-basement membrane antibody to alveolar basement
membrane after intratracheal gasoline instillation in rabbits. Am J Pathol 126:497-505.

* Yaniga PM. 1984. Groundwater abatement techniques for removal of refined hydrocarbons. Houston,
TX: National Conference and Exhibition on Hazardous Wastes and Environmental Emergencies, March
12-14, 1984, 374-383.

Yoshimura H. 1982. [The influence of air pollution on the development of pulmonary cancer, with
special reference to gasoline engine.] Jpn H Hyg 37:848-865. (Japanese)

* Young RS, Grzyb SE, CrismonrtE—1+97+Reetrrenteerebetar-dysfunction as related to chronic

gasoline sniffing in an adolescept girl: Lead poisoning from “leadefd” gasoline as an attendant
complication. Clin Pediatr 16:7P6-708.

Zepp RG, Baughman GL, Schlgtzhauer PF. 1981. Comparison of ghotochemical behavior of various
humic substances in water: 1. Syinlight induced reactiois of aquatid pollutants photosensitized by humic
substances. Chemosphere 10: 1P9-117.

Ziircher F, Thtier M. 1978. Rapiid weathering processes of fuel oil in natural waters: Analysis and
interpretations. Environ Sci Tedhnol 12:838-843.

Zweidinger RB. 1982. Emissioy factors from diesel and gasoline ppwered vehicles: Correlation with
the Ames test. Dev Toxicol Enwiran Sci 10:83-96

Zweidinger RA, Cooper SD, Harris BSH 111, et al. 1980. Measurement of benzene body-burden for
populations potentially exposed to benzene in the environment. U.S. Environmental Protection Agency,
Office of Pesticides and Toxic Substances, Washington, DC. EPA 560/13-80-028, 194.


http://www.chinatungsten.com

GASOLINE 193

9. GLOSSARY

Acute Exposure -- Exposure to a chemical for a duration of 14 days or less, as specified in the
Toxicological Profiles.

Adsorption Coefficient (K,) The ratio of the amount of a chemical adsorbed per unit weight of
organic carbon in the soil or sediment to the concentration of the chemical in solution at equilibrium.

Adsorption Ratio (Kd) -- The amount of a chemical adsorbed by a sediment or soil (i.e., the solid
phase) divided by the amount of chemical in the solution phase, which is in equilibrium with the solid
phase, at a fixed solid/solution ratio. It is generally expressed in micrograms of chemical sorbed per
gram of soil or sediment.

Bioconcentration Factor (BCF) -} The quotient of the concentraticnfof a chemical in aquatic
organisms at a specific time or dyring a discrete time period of exposure divided by the concentration
in the surrounding water at the sgme time or during the same period

Cancer Effect Level (CEL) -- Thg lowest dose of cherucal in a study, or group of studies, that
produces significant increases in|the incidence of caircer (or tumors) between the exposed population
and its appropriate control.

Carcinogen -- A chemical capable of inducing cancer.

Ceiling Value -- A concentration| of & ¢ubstance that should not be ekceeded, even instantaneously.

Chronic Exposure -- Exposure to a chemical for 365 days or more, as specified in the Toxicological
Profiles.

Developmental Toxicity -- The occurrence of adverse effects on the developing organism that may
result from exposure to a chemical prior to conception (either parent), during prenatal development, or
postnatally to the time of sexual maturation. Adverse developmental effects may be detected at any
point in the life span of the organism.

Embryotoxicity and Fetotoxicity -- Any toxic effect on the conceptus as a result of prenatal exposure
to a chemical; the distinguishing feature between the two terms is the stage of development during
which the insult occurred. The terms, as used here, include malformations and variations, altered
growth, and in utero death.

EPA Health Advisory -- An estimate of acceptable drinking water levels for a chemical substance
based on health effects information. A health advisory is not a legally enforceable federal standard,
but serves as technical guidance to assist federal, state, and local officials.
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Immediately Dangerous to Life or Health (IDLH) -- The maximum environmental concentration of
a contaminant from which one could escape within 30 min without any escape-impairing symptoms or
irreversible health effects.

Intermediate Exposure -- Exposure to a chemical for a duration of 15-364 days, as specified in the
Toxicological Profiles.

Immunologic Toxicity -- The occurrence of adverse effects on the immune system that may result
from exposure to environmental agents such as chemicals.

In Vitro --1solated from the livi g ot 5auimu atd aftif;uia‘lll_y matntat ed, as in a test tube.
In Vivo -- Occurring within the ljving organism.

Lethal Concentration 0)(LCro) {- The lowest concentratios of a chgmical in air which has been
reported to have caused death in humans or animals.

Lethal Concentrationsg)(LCso) --{ A calculated coocentration of a ch¢mical in air to which exposure
for a specific length of time is exjpected to caise death in 50% of a defined experimental animal
population.

Lethal Dosewo) (LDro) -- The lowest dose of a chemical introduced|by a route other than inhalation
that is expected to have caused deatii in humans or animals

Lethal Dose(sg) (LDso) -- The dose of a chemical which has been calculated to cause death in 50% of a
defined experimental animal population.

Lethal Timeso) (LTs0) -- A calculated period of time within which a specific concentration of a
chemical is expected to cause death in 50% of a defined experimental animal population.

Lowest-Observed-Adverse-Effect Level (LOAEL) -- The lowest dose of chemical in a study, or
group of studies, that produces statistically or biologically significant increases in frequency or severity
of adverse effects between the exposed population and its appropriate control.

Malformations -- Permanent structural changes that may adversely affect survival, development, or
function.

Minimal Risk Level -- An estimate of daily human exposure to a dose of a chemical that is likely to
be without an appreciable risk of adverse noncancerous effects over a specified duration of exposure.

Mutagen -- A substance that causes mutations. A mutation is a change in the genetic material in a
body cell. Mutations can lead to birth defects, miscarriages, or cancer.

Neurotoxicity -- The occurrence of adverse effects on the nervous system following exposure to
chemical.
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No-Observed-Adverse-Effect Level NOAEL) -- The dose of chemical at which there were no
statistically or biologically significant increases in frequency or severity of adverse effects seen
between the exposed population and its appropriate control. Effects may be produced at this dose, but
they are not considered to be adverse.

Octanol-Water Partition Coefficient (Kqw) -- The equilibrium ratio of the concentrations of a
chemical in n-octanol and water, in dilute solution.

Permissible Exposure Limit (PEL) -- An allowable exposure level in workplace air averaged over an
8-hour shift.

ql * -- The upper-bound estimat¢ of the low-dose slope of the dese-pesponse curve as determined by
the multistage procedure. The q;{ can be used to calculate an cstimdte of carcinogenic potency, the

incremental excess cancer risk p¢r unit of exposure (usuall:’ pg/L f(l water, mg/kg/day for food, and
pug/m3 for air).

Reference Dose (RfD) -- An estijnate (with uncertainty spanning pethaps an order of magnitude) of
the daily exposure of the human population to avotential hazard thag is likely to be without risk of
deleterious effects during a lifetime. The R{l> is operationally derivg¢d from the NOAEL (from animal
and human studies) by a consistent applicaiion of uncertainty factors that reflect various types of data
used to estimate RfDs and an additionat-modifying factor, which is based on a professional judgment
of the entire database on the chemical. The RfDs are not applicable fo nonthreshold effects such as
cancer.

Reportable Quantity (RQ) -- The quantity of a hazardous substance that is considered reportable
under CERCLA. Reportable quantities are (1) 1 pound or greater or (2) for selected substances, an
amount established by regulation either under CERCLA or under Sect. 311 of the Clean Water Act.
Quantities are measured over a 24-hour period.

Reproductive Toxicity -- The occurrence of adverse effects on the reproductive system that may
result from exposure to a chemical. The toxicity may be directed to the reproductive organs and/or the
related endocrine system. The manifestation of such toxicity may be noted as alterations in sexual
behavior, fertility, pregnancy outcomes, or modifications in other functions that are dependent on the
integrity of this system.

Short-Term Exposure Limit (STEL) -- The maximum concentration to which workers can be
exposed for up- to 15 min continually. No more than four excursions are allowed per day, and there
must be at least 60 min between exposure periods. The daily TLV-TWA may not be exceeded.

Target Organ Toxicity -- This term covers a broad range of adverse effects on target organs or
physiological systems (e.g., renal, cardiovascular) extending from those arising through a single limited

exposure to those assumed over a lifetime of exposure to a chemical.

Teratogen -- A chemical that causes structural defects that affect the development of an organism.
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Threshold Limit Value (TLV) -- A concentration of a substance to which most workers can be
exposed without adverse effect. The TLV may be expressed as a TWA, as a STEL, or as a CL.

Time-Weighted Average (TWA) -- An allowable exposure concentration averaged over a normal 8-
hour workday or 40-hour workweek.

Toxic Dose (TDsp) -- A calculated dose of a chemical, introduced by a route other than inhalation,
which is expected to cause a specific toxic effect in 50% of a defined experimental animal population.

Uncertainty Factor (UF) -- A factor used in operationally deriving the RfD from experimental data.
UFs are intended to account for (H-the-vartattonrtnsensttivity-among the members of the human
population, (2) the uncertainty inf extrapolating animal data to the case of human, (3) the uncertainty in
extrapolating from data obtained|in a study that is of less than-lifctimhe exposure, and (4) the
uncertainty in using LOAEL datg rather than NOAEL data, Usually|each of these factors is set equal
to 10.
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Chapter 1

Public Health Statement.

APPENDIX A

USER’S GUIDE

A-l

This chapter of the profile is a health effects summary written in non-technical language. Its intended
audience is the general public especially people living in the vicinity of a hazardous waste site or
chemical release. If the Public Health Statement were removed from the rest of the document, it
would still communicate to the lay public essential information about the chemical.

The major headings in the Public Health Statement are useful to find specific topics of concern. The

topics are written in a question aj
that will direct the reader to chap
topic.

Chapter 2
Tables and Figures for Levels of|

Tables (2-1, 2-2, and 2-3) and fig
graphically levels of exposure as
at increasing dose concentrations
(MRLs) to humans for noncance

nd answer format. The answer to €2
ters in the profile that will provide

Significant Expoaure (LSE)

ures (2-1 and 2-2) are used to sumn
sociated with those effects. These |
and durations, differences in respo
- enapoints, and EPA’s estimated 4

ch question includes a sentence
more information on the given

narize health effects and illustrate
evels cover health effects observed
nse by species, minimal risk levels
nge associated with an

upper-bound individual lifetime cancer risk of T in 10,000 to T in 10,000,000. Use the LSE tables and
figures for a quick review of the health effects and to locate data for a specific exposure scenario. The
LSE tables and figures should always be used in conjunction with the text. All entries in these tables
and figures represent studies that provide reliable, quantitative estimates of No-Observed-Adverse-
Effect Levels (NOAELSs), Lowest-Observed-Adverse-Effect Levels (LOAELSs), or Cancer Effect Levels
(CELs).

The legends presented below demonstrate the application of these tables and figures. Representative
examples of LSE Table 2-1 and Figure 2-1 are shown. The numbers in the left column of the legends
correspond to the numbers in the example table and figure.

LEGEND

See LSE Table 2-1
(1) Route of Exposure One of the first considerations when reviewing the toxicity of a substance
using these tables and figures should be the relevant and appropriate route of exposure. When
sufficient data exists, three LSE tables and two LSE figures are presented in the document. The
three LSE tables present data on the three principal routes of exposure, i.e., inhalation, oral, and
dermal (LSE Table 2-1, 2-2, and 2-3, respectively). LSE figures are limited to the inhalation
(LSE Figure 2-1) and oral (LSE Figure 2-2) routes. Not all substances will have data on each
route of exposure and will not therefore have all five of the tables and figures.
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APPENDIX A

A-2

Exposure Period Three exposure periods - acute (less than 15 days), intermediate (15-364 days),
and chronic (365 days or more) are presented within each relevant route of exposure. In this
example, an inhalation study of intermediate exposure duration is reported. For quick reference
to health effects occurring from a known length of exposure, locate the applicable exposure
period within the LSE table and figure.

Health Effect The major categories of health effects included in LSE tables and figures are

death, systemic, immunological, neurological, developmental, reproductive, and cancer.

NOAELSs and LOAELSs can be reported in the tables and figures for all effects but cancer.
Systemic effects are further defined in the “System” column of the LSE table (see key number 18).

Key to Figure Each key number in the LSE table links study information to one or more data

points using the same key
represented by key numb
(also see the 2 “18r” data

Species The test species,
“Relevance to Public Hes
2.3, “Toxicokinetics,” co
Although NOAELSs and [
human doses to derive an|

Exposure Frequency/Dur,

TraTTbeT 11T the correspondimng CSE
er 18 has been used to derive a NO]
points in Figure 2-1).

whether animal or human, are ident
htains any available information on
OAELSs are species specific, the le)
MRL.

ation The duration of the study and

regimen are provided in t

his column. This permits comparisg

figure. In this example, the study
AEL and a Less Serious LOAEL

ified in this column. Section 2.4,

Ith,” covers the relevance of anima] data to human toxicity and Section

comparative toxicokinetics.
yels are extrapolated to equivalent

the weekly and daily exposure
n of NOAELs and LOAELs from

different studies. In this sed to toxaphene via inhalation for
6 hours per day, 5 days per week, for 3 weeks. For a more complete review of the dosing
regimen refer to the appropriate sections of the text or the original reference paper, i.e., Nitschke
et al. 1981.

_Se {]IQ‘I nnml‘\pr 1 Q\ rats were exn
A AT A VAR i-ARAR 2 an cs =4

orrrocr—Tt

System This column further defines the systemic effects. These systems include: respiratory,
cardiovascular, gastrointestinal, hematological, musculoskeletal, hepatic, renal, and dermal/ocular.
“Other” refers to any systemic effect (e.g., a decrease in body weight) not covered in these
systems. In the example of key number 18, 1 systemic effect (respiratory) was investigated.

NOAEL A No-Observed-Adverse-Effect Level (NOAEL) is the highest exposure level at which
no harmful effects were seen in the organ system studied. Key number 18 reports a NOAEL of
3 ppm for the respiratory system which was used to derive an intermediate exposure, inhalation
MRL of 0.005 ppm (see footnote “b”).

LOAEL A Lowest-Observed-Adverse-Effect Level (LOAEL) is the lowest dose used in the

study that caused a harmful health effect. LOAELSs have been classified into “Less Serious”
and “Serious” effects. These distinctions help readers identify the levels of exposure at which
adverse health effects first appear and the gradation of effects with increasing dose. A brief
description of the specific endpoint used to quantify the adverse effect accompanies the LOAEL.
The respiratory effect reported in key number 18 (hyperplasia) is a Less serious LOAEL of 10
ppm. MRLs are not derived from Serious LOAELSs.

Reference The complete reference citation is given in chapter 8 of the profile.
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(1)

(12)
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CEL A Cancer Effect Level (CEL) is the lowest exposure level associated with the onset of
carcinogenesis in experimental or epidemiologic studies. CELs are always considered serious
effects. The LSE tables and figures do not contain NOAELSs for cancer, but the text may report
doses not causing measurable cancer increases.

Footnotes Explanations of abbreviations or reference notes for data in the LSE tables are found
in the footnotes. Footnote “b” indicates the NOAEL of 3 ppm in key number 18 was used to
derive an MRL of 0.005 ppm.

LEGEND

See Figure 2-1

LSE figures graphically illustratg the data presented in the correspo;tding LSE tables. Figures help the

reader quickly compare health efffects according to exposure conce
periods.

(13)

(14)

(15)

(16)

(17)

(18)

(19)

rations for particular exposure

Exposure Period The sarhe exposure periods-apiear as in th¢ LSE table. In this example, health
effects observed within the intermediate and chronic exposufe periods are illustrated.

Health Effect These are the categories of health effects for which reliable quantitative data
exists. The same health effects appcar in the LSE table.

Levels of Exposure concgntrations or doses for each health affect in the LSE tables are
graphically displayed in the=SE-figures—Expesture-eoneentration or dose is measured on the log
[13 99

scale “y” axis. Inhalation exposure is reported in mg/m’ or ppm and oral exposure is reported in
mg/kg/day .

NOAEL In this example, 18r NOAEL is the critical endpoint for which an intermediate
inhalation exposure MRL is based. As you can see from the LSE figure key, the open-circle
symbol indicates to a NOAEL for the test species-rat. The key number 18 corresponds to the
entry in the LSE table. The dashed descending arrow indicates the extrapolation from the
exposure level of 3 ppm (see entry 18 in the Table) to the MRL of 0.005 ppm (see footnote “b”
in the LSE table).

CEL Key number 38r is 1 of 3 studies for which Cancer Effect Levels were derived. The
diamond symbol refers to a Cancer Effect Level for the test species-mouse. The number 38
corresponds to the entry in the LSE table.

Estimated Upper-Bound Human Cancer Risk Levels This is the range associated with the
upper-bound for lifetime cancer risk of 1 in 10,000 to 1 in 10,000,000. These risk-levels are
derived from the EPA’s Human Health Assessment Group’s upper-bound estimates of the slope
of the cancer dose response curve at low dose levels (q;*).

Key to LSE Figure The Key explains the abbreviations and symbols used in the figure.
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TABLE 2-1. Levels of Significant Exposure to [Chemical x] — Inhalation

Key to
figure® Species

Exposure
frequency/
duration

System

NOAEL

LOAEL (effect)

Less serious (ppm)

Serious (ppm)

Reference

INTERMEDIATE EXPOSURE

Systemic

18 Rat

13 wk
5d/wk
6hr/d

CHRONIC EXPQSURE

Cancer
38 Rat

18 nio
5diwk
7he/d

39 Rat

40 Mouse

89—-104 wk
5d/wk
6hr/d

79-103 wk
5d/wk
6hr/d

\

10 (hyperplasia)

10

10

(CEL, muitiple
organs)

(CEL, lung tumors,
nasal tumors)

(CEL, lung tumors,
hemangiosarcomas)

\:

Nitschke et al.
1981

V XIAN3ddVY

Wong et al. 1982

NTP 1982

NTP 1982

2 The number corresponds to entries in Figure 2-1.

b Used to derive an intermediate inhalation Minimal Risk Level (MRL) of 5 x 10 ppm; dose adjusted for intermittent exposure and divided
by an uncertainty factor of 100 (10 for extrapolation from animal to humans, 10 for human variability).

CEL = cancer effect level; d = days(s); hr = hour(s); LOAEL = lowest-observed-adverse-effect level; mo = month(s), NOAEL = no-
observed-adverse-effect level; Resp = respiratory; wk = week(s)

v
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» Figure 2-1. Levels of Significant Exposure to [Chemical X] — Inhalation
Acute Intermediate
(<14 days) (15-364 days)
Systemic Systemic
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d | -5 stimate -
\4 10 Upper Bound
0.01 | 6 Human Cancer
Key 10 Risk Levels
0.001 — r Rat @ LOAEL for serious effects (animals) : Minimal risk level for effects 10-7
m Mouse (D LOAEL for less serious effects (animals) | other than cancer
0.0001 — h Rabbit (O NOAEL (animals)
g Guinea Pig CEL - Cancer Effect Level The number next to each point <
0.00001 —t k Monkey ’ corresponds to entries in the
accompanying table.
0.000001 |— _ .
* Doses represent the lowest dose tested per study that produced a tumorigenic response and do not imply
the existence of a threshold for the cancer end point.
0.0000001 —
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Chapter 2 (Section 2.4)

Relevance to Public Health

APPENDIX A

A-6

The Relevance to Public Health section provides a health effects summary based on evaluations of
existing toxicologic, epidemiologic, and toxicokinetic information. This summary is designed to
present interpretive, weight-of-evidence discussions for human health endpoints by addressing the

following questions.

1. What effects are known to occur in humans?
2. What effects observed in animals are likely to be of concern to humans?

3. What exposure conditions are,
waste sites?

]i]{p]y to be of concern to hnmqnc,

The section covers endpoints in the same order they appearwrinin t

Route of Exposure section, by ro
are presented first, then animal d
vitro data and data from parenter
considered in this section. If data
information is included.

The carcinogenic potential of the
existing toxicokinetic, genotoxic

ute (inhalation, oral, dermtdzal) and
hta. Both are organized by duration|
al routes (intramuscular, intravenoy

profiled substance is qualitatively
and carcinogenic data. ATSDR dd

potency or perform cancer risk a

specially around hazardous

e Discussion of Health Effects by
ithin route by effect. Human data
(acute, intermediate, chronic). /n
s, subcutaneous, etc.) are also

are located in tiie-scientific literature, a table of genotoxicity

evaluated, when appropriate, using
es not currently assess cancer

bscosments. Minimal risk levels (M

RLs) for noncancer endpoints (if

derived) and the endpoints from which they were derived are indicated and discussed.

Limitations to existing scientific literature that prevent a satisfactory evaluation of the relevance to
public health are identified in the Data Needs section.

Interpretation of Minimal Risk Levels

Where sufficient toxicologic information is available, we have derived minimal risk levels (MRLs) for
inhalation and oral routes of entry at each duration of exposure (acute, intermediate, and chronic).
These MRLs are not meant to support regulatory action; but to acquaint health professionals with
exposure levels at which adverse health effects are not expected to occur in humans. They should

help physicians and public health officials determine the safety of a community living near a chemical
emission, given the concentration of a contaminant in air or the estimated daily dose in water. MRLs
are based largely on toxicological studies in animals and on reports of human occupational exposure.

MRL users should be familiar with the toxicologic information on which the number is based.
Chapter 2.4, “Relevance to Public Health,” contains basic information known about the substance.
Other sections such as 2.6, “Interactions with Other Substances,” and 2.7, “Populations that are
Unusually Susceptible” provide important supplemental information.

MRL users should also understand the MRL derivation methodology. MRLs are derived using a
modified version of the risk assessment methodology the Environmental Protection Agency (EPA)
provides (Barnes and Dourson 1988) to determine reference doses for lifetime exposure (RfDs).
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To derive an MRL, ATSDR generally selects the most sensitive endpoint which, in its best judgement,
represents the most sensitive human health effect for a given exposure route and duration. ATSDR
cannot make this judgement or derive an MRL unless information (quantitative or qualitative) is
available for all potential systemic, neurological, and developmental effects. If this information and
reliable quantitative data on the chosen endpoint are available, ATSDR derives an MRL using the
most sensitive species (when information from multiple species is available) with the highest NOAEL
that does not exceed any adverse effect levels. When a NOAEL is not available, a
lowest-observed-adverse-effect level (LOAEL) can be used to derive an MRL, and an uncertainty
factor (UF) of 10 must be employed. Additional uncertainty factors of 10 must be used both for
human variability to protect sensitive subpopulations (people who are most susceptible to the health

effects caused by the substance)
humans). In deriving an MRL, these individual uncertainty factors. d
product is then divided into the ihhalation concentration or oral.dosg
Uncertainty factors used in developing a substance-specific MRL ar
LSE Tables.

rapolation from animals to

re multiplied together. The

ge selected from the study.

e provided in the footnotes of the
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ACGIH
ADME
atm
ATSDR
BCF
BSC

C

CDC
CEL

CERCL:

CFR
CLP
cm
CNS

d
DHEW
DHHS
dL
DOL
ECG
EEG
EPA
EKG
F

Fl
FAO
FEMA
FIFRA
fpm

ft

FR

g

GC
gen
HPLC

IDLH
IARC
ILO
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ACRONYMS, ABBREVIATIONS, AND SYMBOLS

American Conference of Governmental Industrial Hygienists
Absorption, Distribution, Metabolism, and Excretion
atmosphere

Agency for Toxic Substances and Disease Registry
bioconcentration factor

Board of Scigntific Counselors

Centigrade

Centers for Disease Control

Cancer Effect Level

Comprehensive Environmental Respons<. Compensatipn, and Liability Act
Code of Fedgral Regulations
Contract Labpratory Program
centimeter
central nervous system
day
Department ¢f Health, Ecucation, and Welfare
Department ¢f Healtiz and Human Services
Deciliter
Department ¢f i-abor
electrocardiogram
electroencephalogram
Environmental Protection Agency
see ECG

Fahrenheit

first filial generation

Food and Agricultural Organization of the United Nations
Federal Emergency Management Agency

Federal Insecticide, Fungicide, and Rodenticide Act

feet per minute

foot

Federal Register

gram

gas chromatography

generation

high-performance liquid chromatography

hour

~ Iminediately Dangerous to Life and Health

International Agency for Research on Cancer
International Labor Organization

inch

adsorption ratio

kilogram

metric ton

organic carbon partition coefficient
octanol-water partition coefficient
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LC
LCLo
LGy
LDLo
LD;,
LOAEL
LSE

m

mg

min
mL
mm
mmHg
mmol
mo
mppcf
MRL
MS
NIEHS
NIOSH
NIOSHTIC
ng

nm
NHANES
nmol
NOAEL
NOES
NOHS
NPL
NRC
NTIS
NTP
OSHA
PEL

pPg
pmol
PHS
PMR
ppb
ppm
ppt
REL
RfD
RTECS
sec
SCE
SIC

B-2
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liter
liquid chromatography
lethal concentration, low
lethal concentration, 50% kill
lethal dose, low
lethal dose, 50% kill
lowest-observed-adverse-effect level
Levels of Significant Exposure
meter
milligram
minute
milliliter
millimeter
millimeters of mercury
millimole
month
millions of particles per cubic 1vot
Minimal Risk Level
mass spectrometry
National Instjtute of Environmental Health Sciences
National Instjtute fer Occupational Safety and Health
NIOSH’s Computerized Information Retrieval System|
nanogram
nanometer
National Health and Nutrition Examination Survey
nanomole
no-observed-adverse-effect level
National Occupational Exposure Survey
National Occupational Hazard Survey
National Priorities List
National Research Council
National Technical Information Service
National Toxicology Program
Occupational Safety and Health Administration
permissible exposure limit
picogram
picomole
Public Health Service
proportionate mortality ratio

- parts per billion
parts per million
parts per trillion
recommended exposure limit
Reference Dose
Registry of Toxic Effects of Chemical Substances
second ’
sister chromatid exchange
Standard Industrial Classification
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SMR
STEL
STORET
TLV
TSCA

R ™R KA A BIVYV

= £
03 3

standard mortality ratio

short term exposure limit
STORAGE and RETRIEVAL
threshold limit value

Toxic Substances Control Act
Toxics Release Inventory
time-weighted average

United States

B-3
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uncertainty factor

year

World Healtl Organization
week

greater than
greater than pr equal to
equal to
less than
less than or ¢qual to
percent
alpha
beta
delta

gamma
micron
microgram
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