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Preface

Extremely hazardous substances (EHSs)? can be released accidentally as a
result of chemical spills, industrial explosions, fires, or accidents involving rail-
road cars and trucks transporting EHSs. Workers and residents in communities
surrounding industrial facilities where EHSs are manufactured, used, or stored
and in communities along the nation’s railways and highways are potentially at
risk of being exposed to airborne EHSs during accidental releases or intentional
releases by terrorists. Pursuant to the Superfund Amendments and Reauthoriza-
tion Act of 1986, the U.S. Environmental Protection Agency (EPA) has identi-
fied approximately 400 EHSs on the basis of acute |ethality datain rodents.

As part of its efforts to develop acute exposure guideline levels for EHSs,
EPA and the Agency for Toxic Substances and Disease Registry (ATSDR) in
1991 requested that the National Research Council (NRC) develop guidelines
for establishing such levels. In response to that request, the NRC published
Guidelines for Developing Community Emergency Exposure Levels for Hazard-
ous Substances in 1993. Subsequently, Standard Operating Procedures for De-
veloping Acute Exposure Guideline Levels for Hazardous Substances was pub-
lished in 2001, providing updated procedures, methodologies, and other
guidelines used by the National Advisory Committee (NAC) on Acute Exposure
Guideline Levels for Hazardous Substances and the Committee on Acute Expo-
sure Guideline Levels (AEGL ) in developing the AEGL values.

Using the 1993 and 2001 NRC guidelines reports, the NAC—consisting of
members from EPA, the Department of Defense (DOD), the Department of En-
ergy (DOE), the Department of Transportation (DOT), other federal and state
governments, the chemical industry, academia, and other organizations from the
private sector—has developed AEGL s for more than 270 EHSs.

In 1998, EPA and DOD requested that the NRC independently review the
AEGLs developed by NAC. In response to that request, the NRC organized
within its Committee on Toxicology (COT) the Committee on Acute Exposure
Guideline Levels, which prepared this report. Thisreport isthe twelfth volumein

2As defined pursuant to the Superfund Amendments and Reauithorization Act of 1986.

Xiii
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that series. AEGL documents for butane, chloroacetaldehyde, chlorobenzene,
chloroform, methyl bromide, methyl chloride, and propane are each published as
an appendix in this report. The committee concludes that the AEGL s developed in
these appendixes are scientifically valid conclusions based on the data reviewed
by NAC and are consistent with the NRC guideline reports. AEGL reports for
additional chemicalswill be presented in subsequent volumes.

The committee's review of the AEGL documents involved both oral and
written presentations to the committee by the authors of the documents. The
committee examined the draft documents and provided comments and recom-
mendations for how they could be improved in a series of interim reports. The
authors revised the draft AEGL documents based on the advice in the interim
reports and presented them for reexamination by the committee as many times
as necessary until the committee was satisfied that the AEGLs were scientifi-
caly justified and consistent with the 1993 and 2001 NRC guideline reports.
After these determinations have been made for an AEGL document, it is pub-
lished as an appendix in avolume such as this one.

The five interim reports of the committee that led to this report were re-
viewed in draft form by individuals selected for their diverse perspectives and
technical expertise, in accordance with procedures approved by the NRC's Re-
port Review Committee. The purpose of this independent review is to provide
candid and critical comments that will assist the ingtitution in making its pub-
lished report as sound as possible and to ensure that the report meets institu-
tional standards for objectivity, evidence, and responsiveness to the study
charge. The review comments and draft manuscript remain confidential to pro-
tect the integrity of the deliberative process. We wish to thank the following
individuals for their review of the five committee interim reports, which summa-
rize the committee’s conclusions and recommendations for improving NAC's
AEGL documents for butane (interim reports 17 and 20a), chloroacetaldehyde
(interim report 17), chlorobenzene (interim report 17), chloroform (interim re-
ports 13, 14, and 18), methyl bromide (interim reports 18 and 20a), methyl chlo-
ride (interm reports 18 and 10a), and propane (interim reports 17 and 20a):
Deepak Bhalla (Wayne State University), Harvey Clewell (The Hamner Insti-
tutes for Health Sciences), Jeffrey Fisher (U.S. Food and Drug Administration),
David Gaylor (Gaylor and Associates, LLC), A. Wallace Hayes (Harvard
School of Public Health), Sam Kacew (University of Ottawa), Kenneth Still
(Occupational Toxicology Associates), Joyce Tsuji (Exponent, Inc.), and Judith
Zelikoff (New Y ork University).

Although the reviewers listed above have provided many constructive
comments and suggestions, they were not asked to endorse the conclusions or
recommendations, nor did they see the final draft of this volume before its
release. The review of interim report 13 was overseen by Sidney Green, Jr.
(Howard University), and interim reports 14, 17, 18, and 20a were overseen by
Robert Goyer (University of Western Ontario [retired]). Appointed by the
NRC, they were responsible for making certain that an independent examina-
tion of the interim reports was carried out in accordance with institutional pro-

Copyright © National Academy of Sciences. All rights reserved.
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cedures and that all review comments were carefully considered. Responsibil-
ity for the final content of this report rests entirely with the authoring commit-
tee and the institution.

The committee gratefully acknowledges the valuable assistance provided
by the following persons. Ernest Falke and Iris A. Camacho (both from EPA)
and George Rusch (Risk Assessment and Toxicology Services). The committee
also acknowledges Susan Martel, the project director for her work this project.
Other staff members who contributed to this effort are James J. Reisa (director
of the Board on Environmental Studies and Toxicology), Radiah Rose (manager,
editorial projects), Mirsada Karalic-Loncarevic (manager of the Technica In-
formation Center), and Tamara Dawson (program associate). Finaly, | would
like to thank all members of the committee for their expertise and dedicated ef-
fort throughout the devel opment of this report.

Donald E. Gardner, Chair

Committee on Acute Exposure
Guideline Levels

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals: Volume 12

NATIONAL RESEARCH COUNCIL COMMITTEE
REVIEW OF ACUTE EXPOSURE GUIDELINE
LEVELSOF SELECTED AIRBORNE CHEMICALS

APPENDIXES

1 BUTANE ..ot
Acute Exposure Guideline Levels

2 CHLOROACETALDEHYDE......ccoocevriinnirinienens
Acute Exposure Guideline Levels

3 CHLOROBENZENE ......c.ccooeivieeeeceecee e
Acute Exposure Guideline Levels

4 CHLOROFORM .....coooivietceeee e
Acute Exposure Guideline Levels

5 METHYL BROMIDE.......cccootviininireeneeee e
Acute Exposure Guideline Levels

6 METHYL CHLORIDE.......cccctvtirirrreneesenieene
Acute Exposure Guideline Levels

7 PROPANE ...ttt

Contents

Acute Exposure Guideline Levels

XVii

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals: Volume 12

Acute Exposure Guideline Levels for
Selected Airborne Chemicals

VOLUME 12

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals: Volume 12

National Research Council Committee
Review of Acute Exposure Guideline
L evels of Selected Airborne Chemicals

This report is the twelfth volume in the series Acute Exposure Guideline
Levelsfor Selected Airborne Chemicals.

In the Bhopal disaster of 1984, approximately 2,000 residents living near a
chemical plant werekilled and 20,000 more suffered irreversible damage to their
eyes and lungs following accidental release of methyl isocyanate. The toll was
particularly high because the community had little idea what chemicals were
being used at the plant, how dangerous they might be, or what steps to take in an
emergency. This tragedy served to focus international attention on the need for
governments to identify hazardous substances and to assist local communitiesin
planning how to deal with emergency exposures.

In the United States, the Superfund Amendments and Reauthorization Act
(SARA) of 1986 required that the U.S. Environmental Protection Agency (EPA)
identify extremely hazardous substances (EHSs) and, in cooperation with the
Federal Emergency Management Agency and the U.S. Department of Transpor-
tation, assist local emergency planning committees (LEPCs) by providing guid-
ance for conducting health hazard assessments for the development of emer-
gency response plans for sites where EHSs are produced, stored, transported, or
used. SARA aso required that the Agency for Toxic Substances and Disease
Registry (ATSDR) determine whether chemical substances identified at hazard-
ous waste sites or in the environment present a public health concern.

As afirst step in assisting the LEPCs, EPA identified approximately 400
EHSs largely on the basis of their immediately dangerous to life and health val-
ues, developed by the National Institute for Occupational Safety or Health. Al-
though several public and private groups, such as the Occupational Safety and
Health Administration and the American Conference of Governmental Industrial
Hygienists, have established exposure limits for some substances and some ex-
posures (e.g., workplace or ambient air quality), these limits are not easily or
directly tranglated into emergency exposure limits for exposures at high levels

3
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but of short duration, usually less than 1 hour (h), and only once in alifetime for
the general population, which includes infants (from birth to 3 years of age),
children, the elderly, and persons with diseases, such as asthma or heart disease.

The National Research Council (NRC) Committee on Toxicology (COT)
has published many reports on emergency exposure guidance levels and space-
craft maximum allowable concentrations for chemicals used by the U.S. De-
partment of Defense (DOD) and the National Aeronautics and Space Admini-
stration (NASA) (NRC 1968, 1972, 1984a,b,c,d, 1985a,b, 1986a, 1987, 1988,
1994, 1996a,b, 20003, 2002a, 20073, 2008a). COT has also published guidelines
for developing emergency exposure guidance levels for military personnel and
for astronauts (NRC 1986b, 1992, 2000b). Because of COT'’s experience in rec-
ommending emergency exposure levels for short-term exposures, in 1991 EPA
and ATSDR requested that COT develop criteria and methods for developing
emergency exposure levels for EHSs for the general population. In response to
that request, the NRC assigned this project to the COT Subcommittee on Guide-
lines for Developing Community Emergency Exposure Levels for Hazardous
Substances. The report of that subcommittee, Guidelines for Developing Com+
munity Emergency Exposure Levels for Hazardous Substances (NRC 1993),
provides step-by-step guidance for setting emergency exposure levels for EHSs.
Guidance is given on what data are needed, what data are available, how to
evaluate the data, and how to present the resullts.

In November 1995, the National Advisory Committee (NAC)* for Acute
Exposure Guideline Levels for Hazardous Substances was established to iden-
tify, review, and interpret relevant toxicologic and other scientific data and to
develop acute exposure guideline levels (AEGL s) for high-priority, acutely toxic
chemicals. The NRC's previous name for acute exposure levels—community
emergency exposure levels (CEELs)—was replaced by the term AEGLS to re-
flect the broad application of these values to planning, response, and prevention
in the community, the workplace, transportation, the military, and the remedia-
tion of Superfund sites.

AEGL s represent threshold exposure limits (exposure levels below which
adverse health effects are not likely to occur) for the genera public and are ap-
plicable to emergency exposures ranging from 10 minutes (min) to 8 h. Three
levels—AEGL-1, AEGL-2, and AEGL-3—are developed for each of five expo-
sure periods (10 min, 30 min, 1 h, 4 h, and 8 h) and are distinguished by varying
degrees of severity of toxic effects. The three AEGL s are defined as follows:

INAC completed its chemical reviews in October 2011. The committee was composed
of members from EPA, DOD, many other federal and state agencies, industry, academia,
and other organizations. From 1996 to 2011, the NAC discussed over 300 chemicals and
developed AEGLSs values for at least 272 of the 329 chemicals on the AEGLS priority
chemicals lists. Although the work of the NAC has ended, the NAC-reviewed technical
support documents are being submitted to the NRC for independent review and finaliza-
tion.
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AEGL-1 is the airborne concentration (expressed as ppm [parts per mil-
lion] or mg/m® [milligrams per cubic meter]) of a substance above which it is
predicted that the general population, including susceptible individuals, could
experience notable discomfort, irritation, or certain asymptomatic nonsensory
effects. However, the effects are not disabling and are transient and reversible
upon cessation of exposure.

AEGL-2 is the airborne concentration (expressed as ppm or mg/m°) of a
substance above which it is predicted that the general population, including sus-
ceptible individuals, could experience irreversible or other serious, long-lasting
adverse health effects or an impaired ability to escape.

AEGL-3 is the airborne concentration (expressed as ppm or mg/m°) of a
substance above which it is predicted that the general population, including sus-
ceptible individuals, could experience life-threatening adverse health effects or
death.

Airborne concentrations below AEGL -1 represent exposure levels that can
produce mild and progressively increasing but transient and nondisabling odor,
taste, and sensory irritation or certain asymptomatic nonsensory adverse effects.
With increasing airborne concentrations above each AEGL, there is a progres-
sive increase in the likelihood of occurrence and the severity of effects described
for each corresponding AEGL. Although the AEGL values represent threshold
levels for the genera public, including susceptible subpopulations, such as in-
fants, children, the elderly, persons with asthma, and those with other illnesses,
it isrecognized that individuals, subject to idiosyncratic responses, could experi-
ence the effects described at concentrations below the corresponding AEGL.

SUMMARY OF REPORT ON
GUIDELINES FOR DEVELOPING AEGLS

As described in Guidelines for Developing Community Emergency Expo-
sure Levels for Hazardous Substances (NRC 1993) and the NRC guidelines re-
port Standing Operating Procedures for Developing Acute Exposure Guideline
Levels for Hazardous Chemicals (NRC 2001a), the first step in establishing
AEGLsfor achemical isto collect and review all relevant published and unpub-
lished information. Various types of evidence are assessed in establishing AEGL
values for a chemical. These include information from (1) chemical-physical
characterizations, (2) structure-activity relationships, (3) in vitro toxicity studies,
(4) animal toxicity studies, (5) controlled human studies, (6) observations of
humans involved in chemical accidents, and (7) epidemiologic studies. Toxicity
data from human studies are most applicable and are used when available in
preference to data from animal studies and in vitro studies. Toxicity data from
inhalation exposures are most useful for setting AEGLSs for airborne chemicals
because inhalation is the most likely route of exposure and because extrapola-
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tion of data from other routes would lead to additional uncertainty in the AEGL
estimate.

For most chemicals, actual human toxicity data are not available or critical
information on exposure is lacking, so toxicity data from studies conducted in
laboratory animals are extrapolated to estimate the potential toxicity in humans.
Such extrapolation requires experienced scientific judgment. The toxicity data
for animal species most representative of humans in terms of pharmacodynamic
and pharmacokinetic properties are used for determining AEGLSs. If data are not
available on the species that best represents humans, data from the most sensi-
tive animal species are used. Uncertainty factors are commonly used when ani-
mal data are used to estimate risk levels for humans. The magnitude of uncer-
tainty factors depends on the quality of the animal data used to determine the no-
observed-adverse-effect level (NOAEL) and the mode of action of the substance
in question. When available, pharmacokinetic data on tissue doses are consid-
ered for interspecies extrapol ation.

For substances that affect several organ systems or have multiple effects,
all end points (including reproductive [in both genders], developmental, neuro-
toxic, respiratory, and other organ-related effects) are evaluated, the most impor-
tant or most sensitive effect receiving the greatest attention. For carcinogenic
chemicals, excess carcinogenic risk is estimated, and the AEGLSs corresponding
to carcinogenic risks of 1 in 10,000 (1 x 10, 1 in 100,000 (1 x 10®), and 1 in
1,000,000 (1 x 10°®) exposed persons are estimated.

REVIEW OF AEGL REPORTS

As NAC began developing chemical-specific AEGL reports, EPA and
DOD asked the NRC to review independently the NAC reports for their scien-
tific validity, completeness, and consistency with the NRC guideline reports
(NRC 1993, 20014). The NRC assigned this project to the COT Committee on
Acute Exposure Guideline Levels. The committee has expertise in toxicology,
epidemiology, occupational health, pharmacology, medicine, pharmacokinetics,
industrial hygiene, and risk assessment.

The AEGL draft reports were initially prepared by ad hoc AEGL devel-
opment teams consisting of a chemical manager, chemical reviewers, and a staff
scientist of the NAC contractors—Oak Ridge National Laboratory and subse-
guently Syracuse Research Corporation. The draft documents were then re-
viewed by NAC and elevated from “draft” to “proposed” status. After the AEGL
documents were approved by NAC, they were published in the Federal Register
for public comment. The reports were then revised by NAC in response to the
public comments, elevated from “proposed” to “interim” status, and sent to the
NRC Committee on Acute Exposure Guideline Levelsfor final evaluation.

The NRC committee’s review of the AEGL reports prepared by NAC and
its contractors involves oral and written presentations to the committee by the
authors of the reports. The NRC committee provides advice and recommenda-
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tions for revisions to ensure scientific validity and consistency with the NRC
guideline reports (NRC 1993, 2001a). The revised reports are presented at sub-
sequent meetings until the committee is satisfied with the reviews.

Because of the enormous amount of data presented in AEGL reports, the
NRC committee cannot verify al of the data used by NAC. The NRC committee
relies on NAC for the accuracy and completeness of the toxicity data cited in the
AEGL reports. Thus far, the committee has prepared eleven reports in the series
Acute Exposure Guideline Levels for Selected Airborne Chemicals (NRC 2001b,
2002h, 2003, 2004, 2007b, 2008b, 2009, 2010a,b, 2011, 2012). This report is the
twelfth volume in that series. AEGL documents for butane, chloroacetaldehyde,
chlorobenzene, chloroform, methyl bromide, methyl chloride, and propane are
each published as an appendix in this report. The committee concludes that the
AEGLSs developed in these appendixes are scientifically valid conclusions based
on the data reviewed by NAC and are consistent with the NRC guideline reports.
AEGL reportsfor additional chemicalswill be presented in subsequent volumes.
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Butane'

Acute Exposure Guideline Levels

PREFACE

Under the authority of the Federal Advisory Committee Act (FACA) P.L.
92-463 of 1972, the National Advisory Committee for Acute Exposure Guide-
line Levels for Hazardous Substances (NAC/AEGL Committee) has been estab-
lished to identify, review, and interpret relevant toxicologic and other scientific
data and develop AEGLs for high-priority, acutely toxic chemicals.

AEGLs represent threshold exposure limits for the general public and are
applicable to emergency exposure periods ranging from 10 minutes (min) to 8
hours (h). Three levels—AEGL-1, AEGL-2, and AEGL-3—are developed for
each of five exposure periods (10 and 30 min and 1, 4, and 8 h) and are distin-
guished by varying degrees of severity of toxic effects. The three AEGLs are
defined as follows:

AEGL-1 is the airborne concentration (expressed as parts per million or
milligrams per cubic meter [ppm or mg/m’]) of a substance above which it is
predicted that the general population, including susceptible individuals, could
experience notable discomfort, irritation, or certain asymptomatic, nonsensory

'"This document was prepared by the AEGL Development Team composed of Peter
Bos (RIVM, The Dutch National Institute of Public Health and the Environment), Julie
M. Klotzbach (Syracuse Research Corporation), Chemical Managers Jonathan Borak and
Larry Gephart (National Advisory Committee [NAC] on Acute Exposure Guideline Lev-
els for Hazardous Substances), and Ernest V. Falke (U.S. Environmental Protection
Agency). The NAC reviewed and revised the document and AEGLs as deemed neces-
sary. Both the document and the AEGL values were then reviewed by the National Re-
search Council (NRC) Committee on Acute Exposure Guideline Levels. The NRC com-
mittee has concluded that the AEGLs developed in this document are scientifically valid
conclusions based on the data reviewed by the NRC and are consistent with the NRC
guidelines reports (NRC 1993, 2001).

13
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effects. However, the effects are not disabling and are transient and reversible
upon cessation of exposure.

AEGL-2 is the airborne concentration (expressed as ppm or mg/m’) of a
substance above which it is predicted that the general population, including sus-
ceptible individuals, could experience irreversible or other serious, long-lasting
adverse health effects or an impaired ability to escape.

AEGL-3 is the airborne concentration (expressed as ppm or mg/m’) of a
substance above which it is predicted that the general population, including sus-
ceptible individuals, could experience life-threatening health effects or death.

Airborne concentrations below the AEGL-1 represent exposure concentra-
tions that could produce mild and progressively increasing but transient and
nondisabling odor, taste, and sensory irritation or certain asymptomatic, nonsen-
sory effects. With increasing airborne concentrations above each AEGL, there is
a progressive increase in the likelihood of occurrence and the severity of effects
described for each corresponding AEGL. Although the AEGL values represent
threshold concentrations for the general public, including susceptible subpopula-
tions, such as infants, children, the elderly, persons with asthma, and those with
other illnesses, it is recognized that individuals, subject to idiosyncratic re-
sponses, could experience the effects described at concentrations below the cor-
responding AEGL.

SUMMARY

Butane is a colorless gas with a faint disagreeable odor, although it is con-
sidered to be odorless by some. It is poorly soluble in water. The lower explo-
sive limit is 1.9%. Butane is produced from natural gas. Its main uses are in the
production of chemicals like ethylene and 1,3-butadiene, as a refrigerant, as an
aerosol propellant, as a constituent in liquefied petroleum gas, and as the main
component of gas lighter refills. Because it is easily accessible, butane is often
used in inhalant abuse.

The toxicity of butane is low. Huge exposure concentrations can be as-
sumed in butane abuse. The predominant effects observed in abuse cases are
central nervous system (CNS) and cardiac effects. Case studies also reveal that
serious brain damage and underdeveloped organs can occur in fetuses in case of
high single exposures during the week 27 or 30 of pregnancy. Quantitative data
for setting AEGL values are sparse. Quantitative human data include an old
study with human volunteers focused on the warning properties of butane.

Mortality from butane in mice and rats is preceded by CNS effects. Some
data are available on cardiac effects in dogs, but they are insufficient for setting
AEGL values. Data on CNS effects are available for mice and guinea pigs. Bu-
tane was negative in the bacterial reverse-mutation assay (Ames test). Carcino-
genicity studies and studies on reproductive toxicity are lacking.
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The AEGL-1 values for butane are based on observations in a study with
volunteers on the warning properties of short exposures to butane (Patty and
Yant 1929). It was concluded that 10,000 ppm (10-min exposure) was a bound-
ary for drowsiness. An intraspecies uncertainty factor of 1 is considered ade-
quate because the concentration-response curve for CNS-effects appears to be
very steep; thus, interindividual variability will be relatively small. Also, no
noticeable irritation was reported at concentrations up to 100,000 ppm (probably
for a few min), and a larger uncertainty factor of 3 would lead to unrealistically
low AEGL-1 values. Available data suggest a relatively high value for n
(Stoughton and Lamson 1936), so time extrapolation was performed using n = 3.
Data on butane (Gill et al. 1991) and propane (Stewart et al. 1977) indicate that
steady-state plasma concentrations for butane will be reached within 30 min. By
analogy to other CNS-depressing substances, the effects of butane are assumed
to be solely concentration dependent. Therefore, time extrapolation was per-
formed from 10 min to 30- and 60-min exposures, where the steady-state con-
centration was calculated. The calculated values for AEGL-1 are presented in
Table 1-1. The values are considered protective of the irregular breathing ob-
served in guinea pigs exposed to butane at 21,000-28,000 ppm for up to 2 h
(Nuckolls 1933). The calculated 10-min AEGL-1 value is greater than 50% of
the lower explosive limit for butane, and the other AEGL-1 values are greater
than than 10% of the lower explosive limit.

The AEGL-2 values for butane are based on a study with guinea pigs ex-
posed to butane for 2 h at concentrations between 50,000 and 56,000 ppm
(Nuckolls 1933). Animals had a “dazed appearance,” but were able to walk.
Therefore, the effects were considered not to be serious enough to impair escape
and the lower value in this range (50,000 ppm) was used as starting point for the
derivation of AEGL-2 values. Small interindividual differences are expected
because the effects are attributed to butane itself and no relevant differences in
kinetics are assumed. However, a large uncertainty factor is not necessary con-
sidering the steep concentration-response curve; a large factor also would lead to
unrealistically low AEGL-2 values that would be similar to the AEGL-1 values.
Thus, a total uncertainty factor of 3 is considered sufficient. Time extrapolation
was performed using n = 3 for similar reasons as for AEGL-1. No increase in
effect from longer durations of exposure is expected for concentration-
dependent effects after reaching a steady state. For the same reasons as for
AEGL-1, steady-state plasma concentrations will be reached within 30 min of
exposure. Thus, the AEGL-2 values for 30-min and 1, 4, and 8 h will be set
equal to the 2-h concentration. The AEGL-2 values for the 10-min exposure is
derived by time scaling according to the dose-response regression equation C" x
t =k, using n = 3. The calculated 10-min AEGL-2 value is greater than the lower
explosive limit and that the other AEGL-2 values are greater than 50% of the
lower explosive limit.

The AEGL-3 values for butane are based on an acute exposure study with
rats and mice (Shugaev 1969). Mice and rats were exposed to butane for 2 and 4
h, respectively. The reported data allowed the calculation of LCy;s (lethal con-
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centrations, 1% lethality). The 2-h LCy; for mice was 160,000 ppm and the 4-h
LCy, for rats was 172,000 ppm. The 2-h LCy, for mice was chosen as starting
point for AEGL-3 derivation, because mice appear to be the more susceptible
species and 160,000 ppm was the lowest concentration tested. A total uncer-
tainty factor of 3 is considered sufficient to account for toxicokinetic and toxi-
codynamic differences between individuals and interspecies differences for the
following reasons. The effects are attributed to butane itself and no relevant dif-
ferences in kinetics are assumed. The data are from a species with a relatively
high susceptibility to butane. The concentration-response curve appears to be
very steep indicating that a large uncertainty factor is unnecessary. Further, a
larger factor would lead to unrealistically low values that would be similar to the
AEGL-2 values. Time scaling was conducted similar to that performed for
AEGL-2 values. The AEGL-3 values for 30 min and for 1, 4 and 8 h of exposure
were set equal to that for the 2-h AEGL value. The AEGL-3 values for the 10-
min exposure were derived by time scaling according to the dose-response re-
gression equation C" x t = k, using n = 3. The calculated 10-min value of 77,000
ppm is supported by the data from Patty and Yant (1929). They reported that
exposure to slowly increasing concentrations of butane up to 50,000 ppm (total
exposure duration at least 10 min) and a short exposure (duration not specified)
to 100,000 ppm on the same day did not result in serious complaints (Patty and
Yant 1929). All of the AEGL-3 values are greater than the lower explosive limit
for butane.
The AEGL values for butane are presented in Table 1-1.

TABLE 1-1 Summary of AEGL Values for Butane

End Point
Classification 10 min 30 min 1h 4h 8h (Reference)
AEGL-1 See below” 6,900 ppm” 5,500 ppm® 5,500 ppm® 5,500 ppm®  Drowsiness in
(nondisabling) (16,000 (13,000 (13,000 (13,000 humans (Patty

mg/mz) mg/ms) mg/mz) mg/mB) and Yant 1929)

AEGL-2 See below®  Scebelow’  Seebelow’  See below’  See below’!  Dazed
(disabling) appearance in

guinea pigs

(Nuckolls 1933)
AEGL-3 See below®  See below®  See below’  See below®  See below®  LCy; in mice
(lethal) (Shugaev 1969)

“The 10-min AEGL-1 value is 10,000 ppm (24,000 mg/m’), which is greater than 50% of
the lower explosive limit for butane in air of 19,000 ppm. Therefore, extreme safety con-
siderations against the hazard of explosion must be taken into account.

The AEGL-1 value is greater than 10% of the lower explosive limit for butane in air of
19,000 ppm. Therefore, safety considerations against the hazard of explosion must be
taken into account.

“The 10-min AEGL-2 value is 24,000 ppm (57,000 mg/m’), which is greater than the
lower explosive limit for butane in air of 19,000 ppm. Therefore, extreme safety consid-
erations against the hazard of explosion must be taken into account.

“The AEGL-2 values for 30 min and 1, 4, and 8 h are 17,000 ppm (40,000 mg/m>), which
is greater than 50% of the lower explosive limit for butane in air of 19,000 ppm. There-
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fore, extreme safety considerations against the hazard of explosion must be taken into
account.

“The 10-min AEGL-3 value is 77,000 ppm (180,000 mg/m*). The AEGL-3 values for 30
min and 1, 4, and 8 h are 53,000 ppm (130,000 mg/m°). These values are greater than the
lower explosive limit for butane in air of 19,000 ppm). Therefore, extreme safety consid-
erations against the hazard of explosion must be taken into account.

1. INTRODUCTION

Butane is produced from raw natural gas and from petroleum streams ob-
tained by catalytic cracking, catalytic reforming, and other refining processes.
Butane is used in the production of ethylene and 1,3-butadiene, in the synthesis
of a number of chemicals, as a refrigerant and an aerosol propellant, in the
blending of gasoline or motor fuel, as a constituent in liquefied petroleum gas,
and as an extraction solvent in deasphalting processes (Low et al. 1987). Butane
used in gas lighter refills consists of butane with small amounts of isobutane and
propane.

Chemical and physical data for butane are presented in Table 1-2.

2. HUMAN TOXICITY DATA

Most reports of butane intoxication are from cases of butane abuse or sui-
cide attempts. These data are only briefly described because they provide no
clear dose-response data and, for abuse cases, subjects generally have a history
of repeated exposure, so tolerance to butane could have developed (Evans and
Raistrick 1987). In addition, abuse of other volatile organic solvents cannot be
excluded. Data on intoxication by liquefied petroleum gas (a mixture of pre-
dominantly propane and butane in varying proportions) were not considered.

2.1. Acute Lethality
2.1.1. Case Reports

Substance abuse is one of the predominant causes of death from butane in-
toxication. Fuel gases containing butane appeared to be responsible for about
30% of deaths from solvent abuse in the United Kingdom and aerosol propel-
lants for about 20% (Adgey et al. 1995). In 2000, 64 deaths were associated with
abuse of volatile substances; over 50% of the deaths were attributed to gas fuel
inhalation, mainly butane lighter refills (Chaudhry 2002). In Virginia, 39 cases
of people who likely died as a direct consequence abusing an inhalant were
found between 1987 and 1996. Thirteen of these cases were associated with bu-
tane (Bowen et al. 1999). Clear central nervous system (CNS) effects were re-
ported by butane abusers, including disturbed behavior, slow speech, elated
mood, hallucinations, and illusionary experiences.

Copyright © National Academy of Sciences. All rights reserved.
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TABLE 1-2 Chemical and Physical Properties for Butane

Parameter Value Reference
Synonyms Diethyl; methylethylmethane Lewis 1999
CAS registry no. 106-97-8
Chemical formula C4Hjo
Molecular weight 58.14 Lewis 1999
Physical state Gas Lewis 1999
Color Colorless Lewis 1999
Odor Odorless

Faint disagreeable odor” Lewis 1999
Melting point -138.35°C Cavender 1994
Boiling point -0.5°C Cavender 1994
Density Low et al. 1987; Lide 1999

Vapor 2.07 (air=1)
Liquid 0.601 g/em’ at -0.5°C (water = 1)

0.573 g/em’ at -25°C (water = 1)
Solubility 61 mg/L in water at 25°C Low et al. 1987
Vapor pressure 243 kPa (25°C) ECB 2000
Flammability Extremely flammable ECB 2000
Explosive Lower explosive limit = 1.9% Lewis 1999
Conversion factors 1 mg/m® = 0.422 ppm Low et al. 1987

1 ppm = 2.37 mg/m’
“Although butane is considered odorless by some, it has been reported that the odor of
butane can be detected at concentrations of 1.2-6.2 ppm (2.85-14.63 mg/m°®) (Ruth 1986).

Graefe et al. (1999) described a fatal case of a 19-year-old male. He had a
history of butane abuse. Froth was present in the trachea and bronchi; pulmonary
edema was also reported. The highest concentrations of butane were found in the
liver (310 pg/g), brain (282 pg/g), blood (129 pg/mL), and kidneys (54 pg/g).

A 14-year-old boy was found unconsciousness as a result of butane abuse;
he died 34 h after the exposure despite resuscitation efforts (Rieder-Scharinger
et al. 2000). Death was attributed to multiple organ failure involving the CNS
(brain edema), cardiovascular system, pulmonary system, and the liver.

A 13-year-old boy died from butane abuse (Nishi et al. 1985). The cause
of death was cardiac arrhythmia and lung edema. The boy had undergone an
operation for a cardiac ventricular septal defect at the age of 10. Butane concen-
trations in his tissues were highest in fat (4.5 pL/g) and brain (3.9 pL/g), fol-
lowed by kidney (2.1 puL/g), liver (2.0 puL/g), spleen (1.5 pL/g), heart (1.2 uL/g),
and blood (0.9 pL/g). Propane and isobutane were also detected.
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2.2. Nonlethal Toxicity
2.2.1. Case Reports

In nonfatal cases, butane appears to have frequently affected the heart and
brain. Most of these cases involved inhalant abusers with repetitive exposure to
butane.

Severe encephalopathy was observed in a 15-year-old girl as the result of
abusive butane inhalation. She had been inhaling butane repeatedly for 4 weeks
until an acute incident occurred. Cardiopulmonary resuscitation was needed.
Repeated magnetic-resonance-imaging scans revealed disintegration of gray
matter, increasing cerebral atrophy, and destruction of basal ganglia. Electroe-
ncephalography showed strongly diminished basal activity with flat amplitude
(Déring et al. 2002). A 15-year-old boy, who was known to inhale butane from a
plastic bag, had bilateral hemispheric infarcts (Bauman et al. 1991). Another 15-
year-old boy suffered from right-sided hemiparesis after butane abuse; he did
not lose consciousness. A computed tomography (CT) head scan on the day fol-
lowing admission to the hospital was normal. At the time of discharge (after 5
days), he still had pronounced upper limb, proximal muscle weakness and a
hemiplegic gait (Gray and Lazarus 1993). In another case of butane abuse, a
swollen brain was observed in a 15-year-old girl without a history of butane
abuse (Williams and Cole 1998), while a CT head scan showed no abnormalities
in a 17-year-old male with a 3-year history of butane abuse (Edwards and Wen-
stone 2000).

Ventricular tachycardia and ventricular fibrillation were noted in a 15-
year-old boy, who was found unresponsive and cyanotic. He was known to in-
hale butane from a plastic bag. During his hospitalization his cardiac status im-
proved but brain functions remained disturbed (Bauman et al. 1991). A 17-year-
old male with a 3-year history of butane abuse was found collapsed and showing
ventricular fibrillation. He was resuscitated during which he received epineph-
rine. An electrocardiogram showed an acute anterolateral infarction. Recovery
was slow and complicated by acute renal failure and recurrent pulmonary edema
(Edwards and Wenstone 2000). Roberts et al. (1990) described a 16-year-old
boy who was found unconscious. He had been abusing lighter fuel for two
months. The boy suffered from asystolic cardiac arrest and cardiopulmonary
resuscitation was commenced. The patient was discharged 10 days after admit-
tance to the hospital. Gunn et al. (1989) described ventricular fibrillation in a 15-
year-old boy with a habit of lighter-fuel abuse. A few moments after one such
episode of abuse he experienced severe anterior chest pain. He ran downstairs
where he collapsed. An ambulance arrived within 5 min. The boy suffered from
sinus tachycardia and a widespread ST-segment elevation was noted. A 15-year-
old girl, without history of butane abuse, had been inhaling butane intermittently
over a period of 2 h. She collapsed when running away from the police (Wil-
liams and Cole 1998). On admission to the hospital, there was no spontaneous
respiration; an electrocardiogram showed sinus tachycardia with marked T-wave
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inversion in the anterolateral leads. A CT scan showed a very tight swollen
brain. For 5 days she remained cardiovascularly stable with persistent T-wave
inversion on the electrocardiogram. It was concluded that the most plausible
cause was a direct effect of butane on the myocardium. Butane could have
caused cardiac sensitization, and a surge of adrenaline would have caused the
arrhythmia rather than hypoxic arrest. Adgey et al. (1995) describe a case of a
16-year-old boy who collapsed following inhalation of butane from a cigarette
lighter refill. The initial cardiac rhythm was ventricular asystole. Cardiopulmon-
ary resuscitation was commenced. The electrocardiogram showed T-wave inver-
sion across the anterior chest leads.

Cartwright et al. (1983) reported pleural effusions and pulmonary infil-
trates in a 19-year-old man who had been “fire-breathing.” He had filled his oral
cavity with butane from a cigarette lighter and forcefully expelled it over a
flame. Because butane is heavier than air, the pulmonary effects were consid-
ered to be the result of descending butane gas into the tracheobronchial tree by
gravity.

2.2.2. Experimental Studies

Patty and Yant (1929) studied the warning properties of several alkanes,
including butane. In a continuous exposure test, subjects were exposed to butane
at slowly increasing concentrations up to 50,000 ppm for an unknown duration
(but at least 10 min). In an intermittent exposure test, subjects were exposed at
fixed concentration for a short, unspecified duration. The concentrations of bu-
tane in the intermittent exposure test were approximately 1,000, 2,000, 5,000,
7,000, 10,000, 20,000, and 100,000 ppm. Exposure groups consisted of 3-
6 laboratory or clerical personnel (males and females, 20-30 years of age). Sub-
jects first underwent the continuous exposure test, followed on the same day by
the intermittent exposure test after a recovery period. The chamber concentra-
tion was periodically analyzed. Odor detection was rated by means of an odor
scale ranging from 0 (no detectable odor) to 5 (intense effect, may bite or irri-
tate). Individual scores did not differ much from the average scores. Butane
could not be detected in the continuous exposure test at concentrations up to
50,000 ppm. In the intermittent exposure test, butane at 18,000 ppm was de-
scribed as having a “weak odor, readily perceptible” (mean score of 2). The
score for odor detection was below 4 (cogent, forcible odor) at 100,000 ppm.
The physiologic responses were very briefly reported. Although a table in the
report indicated that exposure to butane at 10,000 ppm for 10 min caused
drowsiness, this was contradicted by a statement in the text that 10-min expo-
sure to butane 10,000 ppm caused no symptoms.

2.2.3. Occupational and Epidemiological Studies

No data were available.
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2.3. Neurotoxicity

Several case reports of intentional butane exposure indicate that butane in-
duces neurotoxicity. Severe encephalopathy was observed in a 15-year-old girl
as the result of butane abuse. She had been inhaling butane repeatedly for 4
weeks, until an acute incident occurred that required cardiopulmonary resuscita-
tion. Repeated magnetic resonance imaging over the following weeks revealed
disintegration of gray matter, increasing cerebral atrophy, and destruction of
basal ganglia. An electroencephalogram showed strongly diminished basal ac-
tivity with flat amplitude (Déring et al. 2002). A 15-year-old boy who was
known to inhale butane from a plastic bag had bilateral hemispheric infarcts
(Bauman et al. 1991). Another 15-year-old boy suffered from right-sided hemi-
paresis after butane abuse; he did not lose consciousness. A CT head scan on the
day following admission to the hospital was normal. At the time of discharge (5
days later), he still had pronounced upper limb, proximal muscle weakness and a
hemiplegic gait (Gray and Lazarus 1993). In another case, a swollen brain was
observed in a 15-year-old girl without a history of butane abuse (Williams and
Cole 1998), whereas a CT head scan showed no abnormalities in a 17-year-old
male with a 3-year history of butane abuse (Edwards and Wenstone 2000).

A 15-year-old boy was found unresponsive and cyanotic after reportedly
inhaling butane from a plastic bag. Ventricular tachycardia and ventricular fib-
rillation were noted. Cardiac status improved during hospitalization, but brain
functions remained disturbed (Bauman et al. 1991). A 15-year-old girl without a
history of butane abuse inhaled butane intermittently over a 2-h period. She col-
lapsed when running away from the police (Williams and Cole 1998). On ad-
mission to the hospital, there was no spontaneous respiration; a CT scan showed
a very tight, swollen brain and an electrocardiogram showed sinus tachycardia
with marked T-wave inversion in the anterolateral leads.

2.4. Developmental and Reproductive Toxicity

A pregnant 34-year-old woman accidentally inhaled butane in during
week 27 of her pregnancy. She was found unconscious and required mechanical
ventilation for 5 h. The exposure duration and concentration of butane were not
reported, nor was the amount of time that elapsed before resuscitation com-
menced. She gradually regained consciousness and was discharged 48 h after
admission. An ultrasound at week 39 of the pregnancy showed an almost com-
plete absence of brain tissue in the fetus. The female child was delivered nor-
mally and appeared in good condition. A CT scan at 7 days post-partum re-
vealed an almost complete absence of both cerebral hemispheres in the newborn.
The thalamus, brainstem, and cerebellum were preserved (Fernandez et al.
1986).

A 25-year-old pregnant woman tried to commit suicide by inhaling butane
at 30-weeks gestation. She was found comatose and needed resuscitation. The
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duration and concentration of butane exposure were not reported, nor was the
amount of time that elapsed before resuscitation commenced. Spontaneous labor
occurred at 36 weeks. The infant did not breathe spontaneously; he was resusci-
tated, intubated, and ventilated artificially, but died 11 h after birth (Gosseye et
al. 1982). The infant’s brain weighed 99 g (mean normal weight is 308 g), and
the general appearance of the convolutions corresponded to about 30 weeks of
maturation. A severe encephalomalacia was noted. The kidneys were underde-
veloped, and the heart showed some foci of fibrosis in the subendocardial myo-
cardium. The lungs were poorly aerated and the alveoli contained a number of
squamous cells. Other viscera were reported to be unremarkable.

2.5. Genotoxicity
No data were available.

2.6. Carcinogenicity

No data were available.

2.7. Summary

A number of fatal and nonfatal cases related to butane abuse or suicide at-
tempts have been described. Quantitative exposure estimates are lacking for all
cases. In the case of butane abuse, most of the health effects described in case
reports are thought to be induced by repeated exposures and abuse of other
chemicals cannot be ruled out. Organs that were most often seriously affected in
these cases were the brain and heart.

A 10-min exposure to butane at 10,000 ppm caused drowsiness in human
volunteers. These were probably rather minor effects. Butane was reported to be
“readily perceptible” at a concentration of 18,000 ppm. No irritation was noted
at 100,000 ppm (exposure duration not specified but was probably for a few
minutes).

Inhalation of butane during pregnancy (weeks 27 and 30 of gestation) at
concentrations that produced unconsciousness in the mother caused clearly un-
derdeveloped brains in two fetuses. In both cases, the effects were attributed
intrauterine anoxia.

3. ANIMAL TOXICITY DATA
3.1. Acute Lethality
3.1.1. Monkeys

No data were available.
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3.1.2. Dogs

Butane at concentrations of 200,000-250,000 ppm produced “relaxation”
in dogs (number and sex not specified), but caused death after a short time
(Stoughton and Lamson 1936). No further details were given.

3.1.3. Rats

Shugaev (1969) exposed rats (sex and strain not specified) to varying con-
centrations of butane for 4 h. The number of animals was not specified but the
results suggest that the exposure groups consisted of 6 animals. Exposure con-
centrations were reported to be controlled by gas chromatography, but no infor-
mation about the concentrations of butane tested or the duration of the post-
exposure observation period was provided. The experimental data were analyzed
by probit analysis. A 4-h LCs (lethal concentration 50% lethality) of 278,000
ppm (658 g/m’) was reported, with 95% confidence limits of 252,000-302,000
ppm. Most rats died during the third or fourth hour of exposure. The LC,4 was
calculated to be 227,000 ppm (537 g/m’) and the LCg4 to be 333,000 ppm (790
g/m’). Mean butane concentrations in organs at the LCso were 7.5 pg/g in the
brain, 4.9 pg/g in the liver, 4.4 pg/g in the kidneys, 5.2 pg/g in the spleen, and
20.9 pg/g in perinephric fat.

3.1.4. Mice

Shugaev (1969) exposed mice (sex and strain not specified) to various bu-
tane concentrations for 2 h. The number of animals was not specified but the
results suggest that exposure groups consisted of 6 animals. Exposure concentra-
tions were reported to be controlled by gas chromatography, but no information
about the concentrations of butane tested or the duration of the post-exposure
observation period was provided. The experimental data were analyzed by pro-
bit analysis. A 2-h LCsy of 287,000 ppm (680 g/m®) was reported, with 95%
confidence limits of 252,000-327,000 ppm. Most of the mice died during the
second hour of exposure. The LCis was calculated to be 224,000 ppm (530
g/m®) and the LCs4 to be 363,000 ppm (860 g/m’). The mean butane concentra-
tion in the brain of dead mice at the LCs, was 7.8 pg/g.

Groups of mice (sex and strain not specified) were exposed to butane at
concentrations of 130,000, 220,000, 270,000, or 310,000 ppm; 6 mice were
tested at the lowest concentration, and 10 mice at each of the higher concentra-
tions (Stoughton and Lamson 1936). The animals were observed for 24-48 h
after exposure. Although it was not clearly described, the study description sug-
gests that the animals were exposed under static conditions in a closed-chamber
setting. The animals were observed for 48 h after exposure. Effects observed
were “light anesthesia,” “loss of posture” (complete anesthesia), and death. Ex-
posure to butane at 270,000 ppm for 2 h was lethal to 4 of 10 mice; the average
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time of death was 84 min. Exposure at 310,000 ppm was lethal to 60% of the
mice, and the average time of death was 65 min. No deaths occurred in mice
exposed for 2 h at 130,000 or 220,000 ppm. All deaths occurred during expo-
sure. Surviving mice recovered rapidly, within 5 min after exposure ended
(Stoughton and Lamson 1936).

A summary of data on lethality from acute inhalation of butane is provided
in Table 1-3.

3.2. Nonlethal Toxicity
3.2.1. Dogs

Six dogs were exposed to butane for various durations to study its potency
as a cardiac sensitizer (Chenoweth 1946). Anesthetized dogs were exposed to
butane by a tracheal cannula, and epinephrine (0.01 or 0.02 mg/kg) was injected
intravenously at different intervals during exposure. Of the 15 trials with indi-
vidual dogs, three resulted in ventricular fibrillation. The lowest concentration at
which ventricular fibrillation occurred was approximately 35,000 ppm (esti-
mated from a graph); epinephrine was injected after 2 min. Other dogs showed
no ventricular fibrillation after injection with epinephrine when exposed to bu-
tane at about 50,000 ppm. Because details of the study were lacking and because
the tests were conducted in anesthetized dogs, no clear conclusions can be
drawn from this study. Krantz et al. (1948) also reported cardiac sensitization by
butane in dogs, but the exposure conditions were not specified.

TABLE 1-3 Lethality in Laboratory Animals after Acute Inhalation of Butane

Concentration Exposure

Species (ppm) Duration Lethality Reference
Rat 227,000 4 h LCis Shugaev 1969
278,000 LCso
333,000 LCss
Mouse 224,000 2h LCis Shugaev 1969
287,000 LCso
363,000 LCss
Mouse 130,000 2h 0/6 deaths Stoughton and
Lamson 1936
Mouse 220,000 2h 0/10 deaths Stoughton and
Lamson 1936
Mouse 270,000 2h 4/10 deaths Stoughton and
Lamson 1936
Mouse 310,000 2h 6/10 deaths Stoughton and

Lamson 1936

Abbreviation: LC.,, lethal concentration, % lethality.
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The hemodynamic effects of butane were studied in groups of 7 anesthe-
tized (pentobarbital at 30-35 mg/kg) adult mongrel dogs. Dogs were artificially
ventilated via an endotracheal cannula and several parameters of cardiac func-
tion (e.g., pulmonary arterial pressure, atrial pressure, ventricular pressure, heart
rate, stroke volume) were studied (Zakhari 1977). Each dog was exposed butane
at nominal concentrations of 0.5, 1.0, 2.5, 5.0, and 10.0% (5,000, 10,000,
25,000, 50,000, and 100,000 ppm, respectively) via the respirator for 5 min;
each exposure immediately following the preceding one. No further details were
presented on actual exposure concentrations. Concentration-related decreases in
cardiac output and left ventricular pressure were observed starting at 5,000 ppm.
Myocardial contractility (the rate of rise in left ventricular pressure) and mean
aortic pressure showed a concentration-related decrease starting at 25,000 ppm.
The individual contribution of butane exposure (as opposed to coexposure with
anesthesia) to produce these effects is unclear.

3.2.2. Guinea Pigs

Nuckolls (1933) exposed groups of three guinea pigs to butane at 21,000-
28,000 ppm or 50,000-56,000 ppm for 5, 30, 60, or 120 min. The animals were
observed during exposure and for 10 days after exposure. The concentrations
were analyzed periodically and adjustments made to maintain the predetermined
concentrations. Guinea pigs exposed at 21,000-28,000 ppm showed occasional
chewing movements and irregular or rapid breathing, but the effects did not
worsen as the exposure duration increased. Animals recovered quickly and ap-
peared normal after exposure ended. Guinea pigs exposed for 5 min at 50,000-
56,000 ppm showed no significant effects. Continuation of exposure resulted in
irregular breathing, occasional retching, and chewing movements, and the ani-
mals showed a “dazed appearance” in the second hour of exposure but were able
to walk. The description of the results suggests that the effects did not increase
in severity with continuation of exposure. One guinea pig exposed for 2 h at
50,000-56,000 ppm was examined histopathologically 7 days after exposure; no
effects were found.

3.2.3. Mice

Groups of mice (sex and strain not specified) were exposed to butane at
concentrations of 130,000, 220,000, 270,000, or 310,000 ppm; 6 mice were
tested at the lowest concentration and 10 mice at each of the higher concentra-
tions (Stoughton and Lamson 1936). The study description suggests that the
concentrations reported were initial concentrations and that the animals were
exposed in a closed-chamber setting. The animals were observed for 48 h after
exposure. Effects observed were “light anesthesia” and “loss of posture” (com-
plete anesthesia). Light anesthesia was defined as being unable to maintain an
upright position in a rotating bottle (2 mice in a 2-L bottle). Complete anesthesia
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(loss of posture) was defined as the inability to regain an upright position after
shaking the bottle in which the mice were placed (5 mice in a 20-L bottle). Ex-
posure to butane at 130,000 ppm induced light anesthesia within 25 min (on
average). Light anesthesia was observed within 1 min of exposure to butane at
220,000 ppm, and loss of posture was observed within 15 min. Loss of posture
occurred within 4 min at 270,000 ppm and within 3 min at 310,000 ppm. Butane
at concentrations of 270,000 and 310,000 ppm caused mortality (see Section
3.1.5). Surviving mice recovered within a few min after exposure ended.

A summary of nonlethal effects from acute inhalation of butane is pro-
vided in Table 1-4.

3.3. Neurotoxicity

No data other than that described in Sections 3.2.2 and 3.2.3 were avail-
able.

3.4. Developmental and Reproductive Toxicity

No were data available.

3.5. Genotoxicity

Butane appears to be negative in the Ames test, with and without meta-
bolic activation (citation of an unpublished report in Moore 1982). Shimizu et al.
(1985) reported that butane at concentrations up to 25,000 ppm was negative in
tests with Salmonella typhimurium TA98, TA100, TA1535, TA1537, and
TA1538, and in Escherichia coli (WP2uvrA), with and without metabolic acti-
vation.

TABLE 1-4 Nonlethal Effects in Laboratory Animals after Inhalation of Butane
Concentration  Exposure
Species (ppm) Duration  Effect Reference
Guinea pigs  21,000-28,000 Upto2h Increased respiration rate; increased ~ Nuckolls 1933
sniffing and chewing behavior.

Guinea pigs  50,000-56,000 Upto2h Increased respiration rate; increased ~ Nuckolls 1933
retching and chewing behavior; dazed

appearance.

Mice 130,000 2h Light anesthesia within 25 min. Stoughton and
Lamson 1936

Mice 220,000 2h Light anesthesia within 1 min; Stoughton and
complete anesthesia within 15 min. Lamson 1936

Mice 270,000 2h Complete anesthesia within 4 min. Stoughton and
Lamson 1936

Mice 310,000 2h Complete anesthesia within 3 min. Stoughton and

Lamson 1936
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3.6. Carcinogenicity

No were data available.

3.7. Summary

Butane was reported to cause cardiac sensitization in dogs, but the studies
did not provide detailed information on exposure concentrations and duration or
were performed on anesthetized dogs. Because of these limitations, no clear
conclusions can be drawn. Butane caused hemodynamic effects in anesthetized
dogs but considering the exposure conditions of the study it cannot be used as a
basis for setting AEGL values.

Slight effects on the respiratory rate were reported in guinea pigs exposed
to butane at 21,000-28,000 ppm for up to 2 h. Guinea pigs exposed at 50,000-
56,000 ppm for 2 h showed a “dazed appearance” but were able to walk. Light
and complete anesthesia occurred in mice exposed to initial concentrations of
butane at 130,000 ppm (within 25 min) and 220,000 ppm (within 15 min). Light
anesthesia was defined as “being unable to maintain an upright position in a
rotating bottle.”

A steep concentration-response curve for mortality was observed in mice
and rats; the LCgy:LCj4 ratio was 1.6 for mice (2-h exposure) and 1.5 for rats
(4-h exposure). The response in mice and rats were remarkably comparable at
similar concentrations, despite the difference in exposure duration. In another
study, no deaths occurred in mice exposed to initial concentrations of butane at
130,000 or 220,000 ppm for 2 h; mortality was 40 and 60% at concentrations of
270,000 and 310,000 ppm, respectively. No deaths occurred in guinea pigs ex-
posed to butane at 50,000-56,000 ppm for 2 h.

Butane was negative in the bacterial reverse mutation (Ames) test with
and without metabolic activation.

4. SPECIAL CONSIDERATIONS
4.1. Metabolism and Disposition
4.1.1. Absorption

Four human subjects (3 male, 1 female; 20-21-years of age) were exposed
to butane at 600 ppm for 4 h. The chamber concentration was monitored con-
tinuously. Pulmonary uptake of butane appears to increase quickly within the
first 5 min of exposure and reaches a plateau within the first 30 min. Pulmonary
uptake remained fairly constant during the remainder of the exposure, ranging
from 30% to 50% (Gill et al. 1991). Butane concentration in exhaled breath de-
creased rapidly to less than 5 ppm, 20 min after exposure ended. Blood concen-
trations of butane also decreased rapidly to less than 0.02 pg/mL after 20 min
(data were estimated from graphs).
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4.1.2. Metabolism

Tsukamoto et al. (1985) exposed male ICR mice (number of animals not
specified) for 1 h to a mixture of butane, air, and oxygen (in the proportion of
2:1:1; thus, the butane concentration was 500,000 ppm). Animals were killed
immediately after exposure. In addition to butane, methyl ethyl ketone and sec-
butanol were detected in blood and tissues as metabolites. Tissue concentrations
of methyl ethyl ketone were 2.9-4 pg/g, with highest concentrations in blood,
followed by the liver, kidneys, and brain. The concentration of sec-butanol in
these tissues was 30-35 pg/g, with highest concentrations in blood and brain.
Exposure to the butane mixture killed 40% of the animals despite the high oxy-
gen content (>25%).

In vitro studies with rat liver microsomes showed that hydroxylation re-
sults for nearly 100% in 2-butanone over 1-butanone (Frommer et al. 1970).

4.1.3. Species Variability

Shugaev (1969) determined LCsy values for butane for 2-h exposures in
mice and 4-h exposures in rats. The different exposure duration for the two spe-
cies was based on a comparison of the ratio of minute ventilation (volume of gas
exchanged from the lungs per minute) to body weight, which is approximately
two-fold greater in mice. The 2-h LCy¢, LCs, and the LCg, for the mouse were
similar to the corresponding 4-h values for the rat (see Table 1-3). Most of the
mice died during the second hour of exposure, whereas rats mainly died during
the third and fourth hour of exposure. Mean brain concentrations of butane in
dead rats (7.5 pg/g) and mice (7.8 pg/g) were similar. However, tissue concen-
trations of butane in rats were not determined after a 2-h exposure and the re-
ported brain concentration could already have been reached with a shorter expo-
sure duration. Results of lethality studies suggest that mice might be more
sensitive than rats; mice had a shorter time to death and their 2-h LCs, values
were close to the 4-h LCs, values in rats.

5. DATA ANALYSIS FOR AEGL-1
5.1. Summary of Human Data Relevant to AEGL-1

Case reports of butane exposure do not provide any quantitative data that
could be used for deriving AEGL-1 values. Patty and Yant (1929) studied the
warning properties of short-term exposures to butane. Physiologic responses
were only briefly described, and a discrepancy was noted. It was stated in a table
that exposure to butane at 10,000 ppm for 10 min produced drowsiness in volun-
teers (n = 3 or 6), but the text indicated that no symptoms occurred. Several al-
kanes (C; to C;) were studied in this experiment and more severe effects were
reported for hexane and heptanes, suggesting that if effects were observed with
butane they would have been described more explicitly. It is therefore concluded
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that any drowsiness associated with butane was of a very minor severity. Odor
detection was assessed by means of an odor scale ranging from 0 (no detectable
odor) to 5 (intense effect, may bite or irritate). No noticeable irritation was re-
ported at concentrations up to 100,000 ppm for a short but undefined exposure
period; the odor detection score was below 4 (cogent, forcible odor).

5.2. Summary of Animal Data Relevant to AEGL-1

Nuckolls (1933) exposed groups of three guinea pigs to butane at 21,000-
28,000 ppm or 50,000-56,000 ppm for 5, 30, 60, or 120 min. The animals were
observed during exposure and for 10 days after exposure. Guinea pigs exposed
at 21,000-28,000 ppm for up to 2 h showed occasional chewing movements and
irregular or rapid breathing, while animals exposed at 50,000-56,000 ppm also
had a “dazed appearance” in the second hour of exposure but were still able to
walk. The description of the results suggests that the effects did not increase in
severity with continuation of exposure. Animals recovered quickly and appeared
normal after exposure ended. One guinea pig exposed for 2 h at 50,000-56,000
ppm was examined histopathologically 7 days after exposure; no effects were
found.

5.3. Derivation of AEGL-1

The human data presented by Patty and Yant (1929) form the basis of the
AEGL-1 values. Butane at a concentration of 10,000 ppm (10-min exposure)
can be regarded as a boundary for the drowsiness reported; although some
drowsiness may be noticed, it will not be experienced as discomfort. Further, no
noticeable irritation was reported at concentration up to 100,000 ppm for a short
exposure duration (exact duration unknown). Although the study was performed
with small groups of volunteers (3 or 6 people) of a relatively young age (20-30
years), an intraspecies uncertainty of 1 is considered adequate for the following
reasons. First, the concentration-response curve for CNS-effects appears to be
very steep (see Section 6.3) and, thus, interindividual variability will be rela-
tively small. Second, no noticeable irritation was reported at concentrations up
to 100,000 ppm for a short duration (exact duration unknown). Third, the use of
an intraspecies factor of 3 would lead to AEGL-1 values that are unrealistically
low (e.g., in comparison with the occupational standards, see Section 8.2). For
similar reasons and because subjects exposed at slowly increasing concentra-
tions of butane up to 50,000 ppm for at least 10 min did not experience any sig-
nificant adverse effects, a modifying factor is not considered necessary.

The rationale for time scaling in the derivation of AEGL-1 values and the
choice of n in the dose-response regression equation is similar to that for AEGL-
2 (see Section 6.3). By analogy to other CNS-depressing substances, the effects
of butane are assumed to be solely concentration dependent. Thus, after reaching
steady state (within 30 min of exposure), no increase in effect size is expected at
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4 and 8 h. The other exposure duration-specific values were derived by time
scaling according to the dose-response regression equation C" x t =k, using n =
3. Time extrapolation was performed from 10 min to 30- and 60-min exposures.
The resulting values for AEGL-1 are presented in Table 1-5. These values are
considered protective of the irregular breathing observed in guinea pigs exposed
to butane at 21,000-28,000 ppm for up to 2 h.

6. DATA ANALYSIS FOR AEGL-2
6.1. Summary of Human Data Relevant to AEGL-2

No adequate human data relevant to AEGL-2 effects were found. Two
case reports indicate that single exposure to high concentrations of butane might
cause severe brain damage in the fetus, but these studies are not suitable as basis
for AEGL-2 values because exposure data are lacking.

6.2. Summary of Animal Data Relevant to AEGL-2

Nuckolls (1933) exposed groups of three guinea pigs for 5, 30, 60, or 120
min to 50,000-56,000 ppm for 2 h. Guinea pigs had an increase in respiratory
rate and sniffing and chewing behavior and showed a “dazed appearance” in the
second hour of exposure, but the animals were still able to walk. The description
of the effects appears to indicate that the effects did not increase in severity with
continuation of exposure. Animals recovered quickly and appeared normal after
exposure ended. One guinea pig exposed for 2 h was examined histopathologi-
cally 7 days after exposure; no effects were found.

Stoughton and Lamson (1936) exposed mice to butane at various concen-
trations for 2 h. Light anesthesia, defined as “being unable to maintain an up-
right position in a rotating bottle,” occurred within 25 min (on average) at
130,000 ppm, the lowest concentration tested, and within 1 min at 220,000 ppm.
Complete anesthesia, defined as “the inability to regain an upright position after
shaking the bottle in which the mice were placed,” was observed within 15, 4,
and 3 min in mice exposed at 220,000, 270,000, and 310,000 ppm, respectively.
Light anesthesia can be considered serious enough to impair escape, and could
be used as basis for AEGL-2. However, the experimental procedure is poorly
described but suggests that reported concentrations are probably initial concen-
trations in a closed-chamber setting. Butane concentration will have decreased
during exposure; thus, the effects observed cannot be related to a specific expo-
sure concentration.

6.3. Derivation of AEGL-2

Case reports indicate that single exposure to high concentrations of butane
might cause severe brain damage in the fetus, but no adequate human or animal

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals: Volume 12

Butane 31

data are available for a quantitative evaluation of this end point. Because human
data are lacking, the AEGL-2 values are based on animal data. Two animal stud-
ies are available, a study with guinea pigs (Nuckolls 1933) and a study with
mice (Stoughton and Lamson 1936). In the latter study, “light anesthesia” was
observed after a mean exposure duration of 25 min to butane at 130,000 ppm
and after 1 min at 220,000 ppm. The use of this study is hampered by the possi-
bility that exposure concentration decreased during the study.”

The only available starting point adequate for AEGL-2 values is provided
by the study of Nuckolls (1933), in which guinea pigs were exposed for 2 h to
butane at concentration of 50,000-56,000 ppm. Because the animals were able to
walk, their “dazed appearance” is considered not to be sufficiently serious to
impair escape. A concentration of 50,000 ppm is considered an appropriate start-
ing point for the derivation of AEGL-2 values. Because the anesthetic effects of
butane are considered to be predominantly concentration dependent, a total un-
certainty factor of 3 is considered sufficient for toxicokinetic and toxicodynamic
differences between individuals and interspecies differences. The effects are
attributed to butane itself and no relevant differences in kinetics are assumed, so
only small interindividual differences are expected. The concentration-response
curve appears to be very steep, indicating that a large uncertainty factor is un-
necessary. Further, a larger uncertainty factor would lead to unrealistically low

TABLE 1-5 AEGL-1 Values for Butane

10 min 30 min 1h 4h 8h

See below” 6,900 ppm” 5,500 ppm 5,500 ppm” 5,500 ppm”
(16,000 mg/m®) (13,000 mg/m®) (13,000 mg/m’*) (13,000 mg/m"*)

“The 10-min AEGL-1 value is 10,000 ppm (24,000 mg/m’), which is greater than 50% of

the lower explosive limit for butane in air of 19,000 ppm. Therefore, extreme safety con-

siderations against the hazard of explosion must be taken into account.

*The AEGL value is greater than 10% of the Lower explosive limit for butane in air of

19,000 ppm. Therefore, safety considerations against the hazard of explosion must be

taken into account.

During the evaluation of “light anesthesia,” two mice were placed in a 2-L bottle. As-
suming a minute volume for mice of 25 mL/min per animal (Paulussen et al. 1998), it can
be calculated that the two animals breathe 2.5% (50/2,000) of the available air per min-
ute. Assuming that the pulmonary retention in mice is comparable to the approximately
50% reported in humans (Gill et al. 1991), about 1.25% of the butane present in the air is
retained by the two animals per minute. Thus, the butane concentration will have de-
creased to approximately 73% of the initial concentration (a decrease from 130,000 to
95,000 ppm) after 25 min. Although the reduction in concentration can be regarded as
negligible for short-exposure durations because of general variation in actual exposure
concentrations, a mean exposure duration of 1 min is inadequate as starting point for time
scaling to 8 h of exposure. Therefore, the study by Stoughton and Lamson (1936) does
not provide an adequate starting point for AEGL-2 values.
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values for AEGL-2 and would be similar to the AEGL-1 values. The relation-
ship between concentration and duration of exposure as related to lethality was
examined by ten Berge et al. (1986) for approximately 20 irritant or systemi-
cally-acting vapors and gases. The authors subjected the individual animal data
sets to probit analysis with exposure duration and exposure concentration as
independent variables. An exponential function (C" x t = k), where the value of
n ranged from 0.8 to 3.5 for different chemicals was found to be an accurate
quantitative descriptor for the chemicals evaluated. Approximately 90% of the
values of n range between n = 1 and n = 3. Consequently, these values were se-
lected as the reasonable lower and upper bounds of n to use when data are not
available to derive an empirical value for n. An indication for the value of n for
CNS-depressing effects can be obtained from the study by Stoughton and Lam-
son (1936). Complete anesthesia from butane was reported to occur at an initial
concentration of 220,000 ppm after 15 min, 270,000 ppm after 4 min, and
310,000 ppm after 3 min. On the basis of these data, n is estimated to be greater
than 4 (after accounting for a small decrease in concentration during the 15-min
exposure’). Although the data cannot be used to provide an estimate for n, it can
be concluded that n will be relatively high and that the upper bound of n = 3 is
an appropriate estimate for time scaling. This is consistent with other anesthetics
for which effects are assumed to be concentration dependent rather than time
dependent.

No increase in the severity of response by duration is expected for concen-
tration-dependent effects after reaching a steady state. Although no appropriate
kinetic data are available on butane to assess the duration needed to reach a
steady state, it can be estimated from the pulmonary-uptake data from Gill et al.
(1991) that a steady-state uptake, and hence, steady-state plasma values, will be
reached within 30 min. In addition, it has been stated that gases which are rela-
tively insoluble in blood increase rapidly toward equilibrium with the inhaled
concentration and the less soluble in blood the faster the narcotic action of the
gas (Drummond 1993). The increase to a quick equilibrium has been confirmed
for propane, which has properties comparable to butane. Concentrations of pro-
pane were approximately similar in blood samples taken 15 min before the end
of 1-, 2-, and 8-h exposures to propane at 250 and 500 ppm (Stewart et al. 1977).

Because of the poor solubility of butane in water (61 mg/L), it is expected
that exposure to butane will lead to a rapid equilibrium and that there will be no
increase in the severity of response for duration of 30 min to 8 h. Therefore, the
AEGL-2 values for 30 min and 1, 4 and 8 h are set equal to the 2-h concentra-
tion. The AEGL-2 value for the 10-min exposure is derived by time scaling ac-
cording to the dose-response regression equation C" x t =k, using n = 3.

3«Complete anesthesia” was evaluated with five mice in a 20-L bottle. Using the as-
sumptions made in footnote 1, approximately 0.3% of the butane will be retained by the
five animals per min. The concentration of butane will have decreased to about 95% of
the initial concentration (from 220,000 to 209,000 ppm) after 15 min.
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The AEGL-2 values for butane are presented in Table 1-6.

7. DATA ANALYSIS FOR AEGL-3
7.1. Summary of Human Data Relevant to AEGL-3

Case reports indicate that butane’s effects on the brain (e.g., encephalopa-
thy) or effects on the heart (either direct cardiotoxicity or cardiac sensitization)
might cause death. It is difficult to distinguish between direct toxicity of butane
and the effects caused by hypoxia. The case reports do not provide adequate
quantitative data to derive AEGL-3 values. Exposure to butane at slowly in-
creasing concentrations up to 50,000 ppm (total exposure duration was at least
10 min) or at 100,000 ppm (short exposure, exact duration unknown) on the
same day did not result in serious complaints (Patty and Yant 1929).

7.2. Summary of Animal Data Relevant to AEGL-3

Experiments with dogs (Chenoweth 1946; Krantz et al. 1948) support the
cardiac sensitization potency of butane, but neither study provides an adequate
basis for deriving AEGL-3 values.

Two relevant animal studies are available, a study with rats and mice by
Shugaev (1969) and a study in mice by Stoughton and Lamson (1936). Shugaev
(1969) reported a 2-h LCs, of 287,000 ppm (680 g/m®) in mice and a 4-h LCs, of
278,000 ppm (658 g/m’) in rats. The concentration-response curve was very
steep, with LCygq:L.C¢ ratios of approximately 1.5 for both species. The 2-h le-
thality data in mice obtained by Stoughton and Lamson (1936) were remarkably
similar to those obtained by Shugaev (1969). Stoughton and Lamson (1936)
observed no mortality in mice after a 2-h exposure to butane at 130,000 or
220,000 ppm, whereas 4/10 and 6/10 mice died during a 2-h exposure at
270,000 and 310,000 ppm, respectively. The experimental procedure in the
study by Stoughton and Lamson (1936) is poorly described, but suggests that the
reported concentrations of butane are probably initial concentrations in a closed-
chamber setting. Thus, the concentration of butane will have decreased during
exposure.”

7.3. Derivation of AEGL-3

There are no adequate human data for derivation of AEGL-3 values. Al-
though case reports indicate that humans exposed to butane at high concentra-

“Lethality was studied with five mice in a 20-L bottle. The concentration of butane
will have decreased to about 83% of the original concentration after 60 min and to 69%
after 120 min (see footnote 1). Deaths occurred after 84 min (on average) at an initial
butane concentration of 270,000 ppm and after 65 min (on average) at an initial concen-
tration of 310,000 ppm.
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tions might develop cardiac arrhythmias, which are potentially fatal, the data
were inadequate to evaluate this end point. Therefore, AEGL-3 values are based
on animal data.

7.3. Derivation of AEGL-3

There are no adequate human data for derivation of AEGL-3 values. Al-
though case reports indicate that humans exposed to butane at high concentra-
tions might develop cardiac arrhythmias, which are potentially fatal, the data
were inadequate to evaluate this end point. Therefore, AEGL-3 values are based
on animal data.

The study by Stoughton and Lamson (1936) provides a no-observed-
adverse-effect level for lethality in mice exposed to butane for 2 h. However, the
mice were probably exposed in a closed-chamber setting and the reported butane
concentrations might refer to initial concentrations. Hence, this study does not
provide an adequate starting point for deriving AEGL-3 values. Shugaev (1969)
exposed mice and rats to butane for 2 and 4 h, respectively. The reported data
(LCy¢, LCsp, and LCyg,) indicate that the concentration-response curve for a 2-h
exposure in mice and a 4-h exposure in rats are very similar (see Table 1-3).
Further, brain concentrations of butane in dead mice and rats exposed at the
LCs, appeared to be comparable. This might be explained by the difference in
the ratio of minute ventilation to body weight, which is approximately two-fold
greater in mice. However, it might be an indication that mice are more suscepti-
ble to butane toxicity, because a steady state is expected to be reached rapidly
with butane (see Section 6.2). Because no further data are available, it is as-
sumed that mice are more susceptible than rats. Because the study by Shugaev
(1969) reports only LCy4, LCs, and the LCgy values obtained by probit analysis
and not the individual experimental data, benchmark dose-response modeling is
not possible. However, the LCy; can be calculated because the mean is known
and the standard deviation of the underlying lognormal distribution can be de-
rived from these data. The 2-h LCy; for mice is 160,000 ppm and the 4-h LCy,
for rats is 172,000 ppm. The 2-h LCy; for mice is chosen as the starting point for
the AEGL-3 values, because it is the lowest concentration tested in what appears
to be a more susceptible species.

TABLE 1-6 AEGL-2 Values for Butane
10 min 30 min 1h 4h 8h

See below” See below” See below” See below” See below”

“The 10-min AEGL-2 value is 24,000 ppm (57,000 mg/m’), which is greater than the
lower explosive limit for butane in air of 19,000 ppm. Therefore, extreme safety consid-
erations against the hazard of explosion must be taken into account.

*The AEGL-2 values for 30-min and 1-, 4-, and 8-h are 17,000 ppm (40,000 mg/m?),
which is greater than 50% of the lower explosive limit for butane in air of 19,000 ppm.
Therefore, extreme safety considerations against the hazard of explosion must be taken
into account.
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A total uncertainty factor of 3 is considered sufficient for toxicokinetic
and toxicodynamic differences between individuals and interspecies differences
for the following reasons. The effects are attributed to butane itself and no rele-
vant differences in kinetics are assumed. A species with a relatively high suscep-
tibility is used as starting point. The concentration-response curve appears to be
very steep indicating that a large uncertainty factor is unnecessary. Further, a
larger uncertainty factor would lead to unrealistically low values for AEGL-3,
which would be similar to the AEGL-2 values.

As indicated by the study by Stoughton and Lamson (1936), mortality is
preceded by CNS-depression. Hence, the rationale described in Section 6.2 for
determining the value of n for time scaling to derive AEGL-2 values is consid-
ered also appropriate for AEGL-3 values. After a steady state has been reached,
no increase in effect severity by exposure duration is expected. Therefore, the
AEGL-3 values for 30 min and for 1, 4 and 8 h of exposure will be set equal to
that for the 2-h exposure. The AEGL-3 values for the 10-min exposure are de-
rived by time scaling according to the dose-response regression equation C" x t
=k, using n = 3. The 10-min AEGL of 77,000 ppm is supported by the data
from Patty and Yant (1929). They reported that exposure to butane at slowly
increasing concentrations up to 50,000 ppm (total exposure duration at least 10
min) and to 100,000 ppm (short exposure, exact duration unknown) on the same
day did not result in serious complaints (Patty and Yant 1929).

The AEGL-3 values for butane are presented in Table 1-7.

8. SUMMARY OF AEGLS
8.1. AEGL Values and Toxicity End Points

The AEGL values for butane are summarized in Table 1-8.

8.2. Comparison with Other Standards and Guidelines

Standards and guidelines for short-term exposures to butane are presented
in Table 1-9.

8.3. Data Quality and Research Needs

The database for butane is poor and important studies date back to the
1920s or 1930s. Although case reports indicate that butane might cause ar-
rhythmias in humans exposed at high concentrations, no adequate human or
animal data are available to evaluate this end point in a quantitative way. Simi-
larly, case reports indicate that single exposure to high concentrations of butane
might cause severe brain damage in the fetus, but no adequate data are available
for a quantitative evaluation.

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals: Volume 12

36 Acute Exposure Guideline Levels

TABLE 1-7 AEGL-3 Values for Butane

10 min 30 min 1h 4h 8h

See below” See below” See below” See below” See below”

“The 10-min AEGL-3 value is 77,000 ppm (180,000 mg/m’), and the 30-min and 1-, 4-,
and 8-h AEGL-3 values are 53,000 ppm (130,000 mg/m®). All of these values are greater
than the lower explosive limit for butane in air of 19,000 ppm. Therefore, extreme safety
considerations against the hazard of explosion must be taken into account.

TABLE 1-8 Summary of AEGL Values for Butane

Classification 10 min 30 min 1h 4h 8h
AEGL-1 See below” 6,900 ppm” 5,500 ppm’ 5,500 ppm’ 5,500 ppm”
(nondisabling) (16,000 (13,000 (13,000 (13,000
mg/m’) mg/m”) mg/m’) mg/m’)
AEGL-2 See below®  See below* See below”’  See below”  See below”
(disabling)
AEGL-3 See below’  See below” See below®  See below®  See below”
(lethal)

“The 10-min AEGL-1 value is 10,000 ppm (24,000 mg/m’), which is greater than 50% of
the lower explosive limit for butane in air of 19,000 ppm. Therefore, extreme safety con-
siderations against the hazard of explosion must be taken into account.

"The AEGL-1 value is greater than 10% of the lower explosive limit for butane in air of
19,000 ppm. Therefore, safety considerations against the hazard of explosion must be
taken into account.

“The 10-min AEGL-2 value is 24,000 ppm (57,000 mg/m®), which is greater than the
lower explosive limit for butane in air of 19,000 ppm. Therefore, extreme safety consid-
erations against the hazard of explosion must be taken into account.

“The AEGL-2 values for 30 min and 1, 4, and 8 h are 17,000 ppm (40,000 mg/m®), which
is greater than 50% of the lower explosive limit for butane in air of 19,000 ppm. There-
fore, extreme safety considerations against the hazard of explosion must be taken into
account.

°The 10-min AEGL-3 value is 77,000 ppm (180,000 mg/m*). The AEGL-3 values for 30
min and 1, 4, and 8 h are 53,000 ppm (130,000 mg/m®). These values are greater than the
lower explosive limit for butane in air of 19,000 ppm). Therefore, extreme safety consid-
erations against the hazard of explosion must be taken into account.

TABLE 1-9 Extant Standards and Guidelines for Butane

Exposure Duration

Guideline 10 min 30 min 1h 4h 8h
AEGL-1 See below” 6,900 ppm” 5,500 ppm” 5,500 ppm” 5,500 ppm”
(16,000 mg/m®) (13,000 mg/m*) (13,000 mg/m*) (13,000 mg/m’)
AEGL-2 See below” See below” See below* See below” See below”
AEGL-3 See below’ See below® See below® See below’ See below’
TLV-TWA 1,000 ppm
(ACGIHY
(Continued)
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TABLE 1-9 Continued

Exposure Duration
Guideline 10 min 30 min 1h 4h 8h
REL-TWA 800 ppm
(NIOSH)?

MAK 1,000 ppm
(Germany)"

MAK Peak 2,000 ppm
Limit »
(Germany)'

MAC (The 600 ppm
Netherlands)

“The 10-min AEGL-1 value is 10,000 ppm (24,000 mg/m’), which is greater than 50% of
the lower explosive limit for butane in air of 19,000 ppm. Therefore, extreme safety con-
siderations against the hazard of explosion must be taken into account.

"The AEGL-1 value is greater than 10% of the lower explosive limit for butane in air of
19,000 ppm. Therefore, safety considerations against the hazard of explosion must be
taken into account.

“The 10-min AEGL-2 value is 24,000 ppm (57,000 mg/m®), which is greater than the
lower explosive limit for butane in air of 19,000 ppm. Therefore, extreme safety consid-
erations against the hazard of explosion must be taken into account.

“The AEGL-2 values for 30 min and 1, 4, and 8 h are 17,000 ppm (40,000 mg/m®), which
is greater than 50% of the lower explosive limit for butane in air of 19,000 ppm. There-
fore, extreme safety considerations against the hazard of explosion must be taken into
account.

“The 10-min AEGL-3 value is 77,000 ppm (180,000 mg/m*). The AEGL-3 values for 30
min and 1, 4, and 8 h are 53,000 ppm (130,000 mg/m°). These values are greater than the
lower explosive limit for butane in air of 19,000 ppm). Therefore, extreme safety consid-
erations against the hazard of explosion must be taken into account.

TLV-TWA (threshold limit value - time weighted average, American Conference of
Governmental Industrial Hygienists) (ACGIH 2007) is the time-weighted average con-
centration for a normal 8-h workday and a 40-h workweek, to which nearly all workers
may be repeatedly exposed, day after day, without adverse effect.

SREL-TWA (recommended exposure limit - time weighted average, National Institute for
Occupational Safety and Health) (NIOSH 2010) is defined analogous to the ACGIH
TLV-TWA.

"MAK (maximale arbeitsplatzkonzentration [maximum workplace concentration])
(Deutsche Forschungsgemeinschaft [German Research Association] (DFG 2007) is de-
fined analogous to the ACGIH TLV-TWA.

MAK spitzenbegrenzung (peak limit,German Research Association (DFG 2007) consti-
tutes the maximum concentration to which workers can be exposed for a period up to 60
min with no more than three exposure periods per work shift; total exposure may not
exceed the 8-h MAK.

/MAC (maximaal aanvaaarde concentratie [maximal accepted concentration]) (Dutch
Expert Committee for Occupational Standards, The Netherlands (MSZV 2004) is defined
analogous to the ACGIH TLV-TWA.
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The case reports do not provide an adequate basis for AEGL values. The
only study with human volunteers (Patty and Yant 1929) is rather old and fo-
cused on the warning properties of butane.
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APPENDIX A
DERIVATION OF AEGL VALUES FOR BUTANE
Derivation of AEGL-1 Values

Key study: Patty, F.A., and W.P. Yant. 1929. Odor Intensity
and Symptoms Produced by Commercial Propane,
Butane, Pentane, Hexane, and Heptane Vapor.
U.S. Bureau of Mines Report of Investigation.
No 2979. Washington, DC: U.S. Department of
Commerce, Bureau of Mines.

Toxicity end point: 10-min exposure to 10,000 ppm is the no-
observed-adverse-effect level for CNS depression.

Time scaling: C? x t =k for extrapolation to 30 min and 60 min;
flatlining assumed from 60 min to 4- and 8-h
exposure (based on 60-min steady-state
concentration).

k = (10,000 ppm)* x 10 min = 10" ppm*-min

Uncertainty factors: 1 for interindividual variability
Calculations:

10-min AEGL-1: 10,000 ppm* (24,000 mg/m’)
30-min AEGL-1: C* x 30 min = 10" ppm’-min

C = 6,900 ppm” (rounded) (16,000 mg/m’)

1-h AEGL-1: C* x 60 min = 10" ppm’-min
C = 5,500 ppm” (rounded) (13,000 mg/m’)

4-h AEGL-1: Set equivalent to 1-h AEGL-1 of 5,500 ppm”
(13,000 mg/m°)

8-h AEGL-1: Set equivalent to 1-h AEGL-1 of 5,500 ppm”
(13,000 mg/m®)

“The AEGL-1 value is greater than 10% of the lower explosive limit for butane in air of
19,000 ppm. Therefore, safety considerations against the hazard of explosion must be
taken into account.

"The 10-min AEGL-1 value is greater than 50% of the lower explosive limit for butane in
air of 19,000 ppm. Therefore, extreme safety considerations against the hazard of explo-
sion must be taken into account.
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Derivation of AEGL-2 Values

Key study: Nuckolls, A.H. 1933. Underwriters’ Laboratoris
Report on the Comparative Life, Fire, and
Explosion Hazards of Common Refrigerants.
Miscellaneous Hazards No. 2375. Chicago, IL:
National Board of Fire Underwriters.

Toxicity end point: CNS depression, no effects consistent with
definition of AEGL-2 in guinea pigs exposed
to butane at 50,000 ppm for 2 h.

Time scaling: C’ x t =k for extrapolation to 10 min, flatlining
assumed from 30 min to 8-h exposure (based on
2-h steady-state concentration).
k = (50,000 ppm)’ x 30 min = 3.8 x 10"
ppm’-min

Uncertainty factors: Total uncertainty factor of 3 for differences
between species and individuals.

Calculations:

10-min AEGL-2: C* x 10 min = 3.8 x 10" ppm’-min
C=72,112 ppm
72,112 +3 =24,000 ppm“ (rounded) (= 57,000
mg/m’)

30-min AEGL-2: C = 50,000 ppm (2-h steady state concentration)
50,000 ppm = 3 = 17,000 ppm” (rounded)
(40,000 mg/m°)

1-h AEGL-2: Set equivalent to the 30-min AEGL-2 of
17,000 ppm” (40,000 mg/m’)

4-h AEGL-2: Set equivalent to the 30-min AEGL-2 of
17,000 ppm” (40,000 mg/m’)

8-h AEGL-2: Set equivalent to the 30-min AEGL-2 of

17,000 ppm” (40,000 mg/m®)

“The 10-min AEGL-2 value is greater than the lower explosive limit for butane in air of
19,000 ppm. Therefore, extreme safety considerations against the hazard of explosion
must be taken into account.
"The AEGL-2 value is greater than 50% of the lower explosive limit for butane in air of
19,000 ppm. Therefore, extreme safety considerations against the hazard of explosion
must be taken into account.
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Butane

Key study:

Toxicity end point:

Time scaling:

Uncertainty factors:

Calculations:

10-min AEGL-3:

30-min AEGL-3:

1-h AEGL-3:

4-h AEGL-3:

8-h AEGL-3:
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Derivation of AEGL-3 Values

Shugaev, B.B. 1969. Concentrations of
hydrocarbons in tissues as a measure of toxicity.
Arch. Environ. Health 18(6):878-882.

Lethality study in mice exposed for 2 h. The
calculated 2-h LCy, is 160,000 ppm.

C? x t =k for extrapolation to 10 min, flatlining
assumed from 30 min to 8-h exposure (based on
2-h steady-state concentration).

k = (160,000 ppm)’ x 30 min = 1.2 x 10"’
ppm’-min

Total uncertainty factor of 3 for differences
between species and individuals.

C*x 10 min = 1.2 x 10" ppm*-min
C =230,760 ppm

230,760 + 3 = 77,000 ppm (rounded)
(18,000 mg/m°)

C =160,000 ppm (2-h steady state concentration)
160,000 ppm + 3 = 53,000 ppm* (rounded)
(130,000 mg/m®)

Set equivalent to the 30-min AGEL-3 of
53,000 ppm*® (130,000mg/m”)

Set equivalent to the 30-min AGEL-3 of
53,000 ppm® (130,000mg/m”)

Set equivalent to the 30-min AGEL-3 of
53,000 ppm* (130,000mg/m’)

“The AEGL-3 values are greater than the lower explosive limit for butane in air of 19,000
ppm. Therefore, extreme safety considerations against the hazard of explosion must be

taken into account.
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APPENDIX B

CATEGORY GRAPH FOR BUTANE
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FIGURE B-1 Category graph of toxicity data and AEGLs values for butane.
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APPENDIX C
ACUTE EXPOSURE GUIDELINE LEVELS FOR BUTANE

Derivation Summary for Butane

AEGL-1 VALUES

10 min 30 min lh 4h 8h
See below” 6,900 ppm” 5,500 ppm” 5,500 ppm” 5,500 ppm”

(16,000 mg/m®) (13,000 mg/m’) (13,000 mg/m®) (13,000 mg/m?)
Key reference: Patty, F.A., and W.P. Yant 1929. Odor Intensity and Symptoms
Produced by Commercial Propane, Butane, Pentane, Hexane, and Heptane Vapor.
U.S. Bureau of Mines Report of Investigation. No 2979. Washington, DC: U.S.
Department of Commerce, Bureau of Mines.

Test species/Strain/Number: Groups of 3- 6 human subjects (male and female, ages
20-30 years). The study was on the warning properties of several alkanes.

Exposure route/Concentrations/Durations: Subjects were exposed at slowly
increasing concentrations up to 50,000 ppm (continuous exposure test, total exposure
was at least 10 min), followed by exposure to fixed exposure concentrations for a
short duration (exact duration unknown) on the same day (intermittent exposure
test). The fixed exposure concentrations were approximately 1,000, 2,000, 5,000,
7,000, 10,000, 20,000, and 100,000 ppm.

Effects: No odor detection and no irritation were reported during the continuous
exposure test. Drowsiness reported after a 10-min exposure to butane 10,000 ppm
was considered to be of minor severity. No details on CNS effects were presented
for the higher exposure concentrations. No irritation was reported at 100,000 ppm
for 10 min.

End point/Concentration/Rationale: No AEGL-1 effects at 10,000 ppm for 10 min.

Uncertainty factors/Rationale:

Total uncertainty factor: 1

Interspecies: 1, test subjects were humans.

Intraspecies: 1, concentration-response curve appears to be very steep indicating
small interindividual variability; no irritation at 100,000 ppm for 10 min; larger
factor will result in unrealistically low values compared with occupational standards.

Modifying factor: Not applicable

Animal-to-human dosimetric adjustment: Not applicable

Time scaling: n = 3 for time scaling from 10 to 60 min (animal data suggest high
value of n); because steady state is reached within 30 min, the values for the 4- and
8-h exposures were set equivalent to the 60-min value.

Data adequacy: Database is relatively poor but the values are supported by the
available animal data.

“The AEGL-1 value is 10,000 ppm (23,700 mg/m’), which is greater than 50% of the
lower explosive limit for butane in air of 19,000 ppm. Therefore, extreme safety consid-
erations against the hazard of explosion must be taken into account.
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"The AEGL value is greater than 10% of the lower explosive limit for butane in air of
19,000 ppm. Therefore, safety considerations against the hazard of explosion must be
taken into account.

AEGL-2 VALUES
10 min 30 min 1h 4h 8h
See below” See below” See below” See below” See below”

Key reference: Nuckolls, A.H. 1933. Underwriters’ Laboratoris Report on the
Comparative Life, Fire, and Explosion Hazards of Common Refrigerants.
Miscellaneous Hazards No. 2375. Chicago, IL: National Board of Fire Underwriters.
Test species/Strain/Number: Guinea pigs, 3 animals per every concentration-time
combination.

Exposure route/Concentrations/Durations: Inhalation for 5, 30, 60, or 120 min at
21,000-28,000 ppm or 50,000-56,000 ppm.

Effects: At 21,000-28,000 ppm, occasional irregular and rapid breathing, did not
worsen during exposure, and rapid recovery after exposure ended. At 50,000-56,000
ppm, irregular breathing and dazed appearance during second hour of exposure, but
animals were able to walk

End point/Concentration/Rationale: Animals had dazed appearance but were able to
walk at 50,000 ppm (lower concentration in the exposure range).

Uncertainty factors/Rationale:

Total uncertainty factor: A total uncertainty factor of 3 is considered sufficient for
toxicokinetic and toxicodynamic differences between individuals and interspecies
differences. The effects are attributed to butane itself and no relevant differences in
kinetics are assumed, so only small interindividual differences are expected. The
concentration-response curve appears to be very steep indicating that a large
uncertainty factor is unnecessary. Further, a larger uncertainty factor would lead to
unrealistically low values for AEGL-2 that would be similar to the AEGL-1 values.

Modifying factor: Not applicable

Animal-to-human dosimetric adjustment: Not applicable

Time scaling: A steady state is reached within 30 min, and the effects are
considered to be concentration dependent. Therefore, the starting point for the
30-min and the 1-, 4-, and 8-h values were the 2-h steady-state value of 50,000 ppm.
For extrapolation from 30 to 10 min, n = 3.

Data adequacy: Although case reports of butane exposure indicate potential for
cardiac sensitization (analogous to propane), this end point has not been studied.
“The 10-min AEGL-2 value is 24,000 ppm (57,000 mg/m°), which is greater than the
lower explosive limit for butane in air of 19,000 ppm. Therefore, extreme safety consid-
erations against the hazard of explosion must be taken into account.

®The AEGL-2 value for 30-min and 1-, 4-, and 8-h exposures is 17,000 ppm (40,000
mg/m?*), which is greater than 50% of the lower explosive limit for butane in air of 19,000
ppm. Therefore, extreme safety considerations against the hazard of explosion must be
taken into account.
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AEGL-3 VALUES
10 min 30 min 1h 4h 8h
See below” See below” See below” See below”  See below”

Key reference: Shugaev, B.B. 1969. Concentrations of hydrocarbons in tissues as a
measure of toxicity. Arch. Environ. Health 18(6):878-882.

Test species/Strain/Number: Mice, strain and number not specified.

Exposure route/Concentrations/Durations: Inhalation for 2 h, butane concentrations
not specified.

Effects: LCy4 =224,000 ppm; LCs, = 287,000 ppm; LCygy = 363,000 ppm
A 2-h LC,; was calculated to be 160,000 ppm.

End point/Concentration/Rationale: Lethal concentration, 1% lethality

Uncertainty factors/Rationale:

Total uncertainty factor: A total uncertainty factor of 3 is considered sufficient
because the effects are attributed to butane itself, and no relevant differences in
kinetics are assumed. A species with a relatively high susceptibility is used. The
concentration-response curve appears to be very steep indicating that a large factor
s unnecessary. Further, a larger uncertainty factor would lead to unrealistically low
values for AEGL-3, which would be similar to the AEGL-2 values.

Modifying factor: Not applicable

Animal-to-human dosimetric adjustment: Not applicable

Time scaling: A steady state is reached within 30 min, and the effects are
considered to be concentration dependent. Therefore, the starting point for the
30-min and the 1-, 4-, and 8-h values were the 2-h steady-state value of 160,000
ppm. For extrapolation from 30 to 10 min, n = 3.

Data adequacy: The results of the key study in mice are comparable with the

results from a second study in mice. The 10-min value is supported by human data.
Exposure to slowly increasing concentrations of butane up to 50,000 ppm (total
exposure duration at least 10 min) and a short exposure (exact duration unknown)

at 100,000 ppm on the same day did not result in serious complaints.

“The 10-min AEGL-3 values is 77,000 ppm (180,000 mg/m’), and the AEGL-3 value for
30 min and 1, 4, and 8 h is 53,000 ppm (130,000 mg/m’). All of the AEGL-3 values are
greater than the lower explosive limit for butane in air of 19,000 ppm. Therefore, extreme
safety considerations against the hazard of explosion must be taken into account.

Copyright © National Academy of Sciences. All rights reserved.



This PDF is available from The National Academies Press at http://www.nap.edu/catalog.php?record_id=13377

Acute Exposure Guideline Levels for Selected Airborne
Chemicals: Volume 12

e Committee on Acute Exposure Guideline Levels; Committee on
978-0-309-25501-1 Toxicology; Board on Environmental Studies and Toxicology; Division on

Earth and Life Studies; National Research Council
334 pages

6x9

PAPERBACK (2012)

B Add booktocart || JO Find similar titles & Share this PDF

Visit the National Academies Press online and register for...

Instant access to free PDF downloads of titles from the

NATIONAL ACADEMY OF SCIENCES
NATIONAL ACADEMY OF ENGINEERING
INSTITUTE OF MEDICINE

NATIONAL RESEARCH COUNCIL

10% off print titles
Custom notification of new releases in your field of interest

Special offers and discounts

Distribution, posting, or copying of this PDF is strictly prohibited without written permission of the National Academies Press.
Unless otherwise indicated, all materials in this PDF are copyrighted by the National Academy of Sciences.
Request reprint permission for this book

THE NATIONAL ACADEMIES

Copyright © National Academy of Sciences. All rights reserved. Advisers to the Nation on Science, Enginering, and Medidine



http://www.nap.edu/catalog.php?record_id=13377
http://cart.nap.edu/cart/cart.cgi?list=fs&action=buy%20it&record_id=13377&isbn=0-309-25501-5&quantity=1
http://www.nap.edu/related.php?record_id=13377
http://www.addthis.com/bookmark.php?url=http%3A%2F%2Fwww.nap.edu/catalog.php?record_id=13377
http://api.addthis.com/oexchange/0.8/forward/facebook/offer?pco=tbxnj-1.0&url=http%3A%2F%2Fwww.nap.edu%2Fcatalog.php%3Frecord_id%3D13377&amp;pubid=napdigops
http://www.nap.edu/share.php?type=twitter&record_id=13377&title=Acute%20Exposure%20Guideline%20Levels%20for%20Selected%20Airborne%20Chemicals%3A%20%20Volume%2012
http://api.addthis.com/oexchange/0.8/forward/stumbleupon/offer?pco=tbxnj-1.0&url=http%3A%2F%2Fwww.nap.edu%2Fcatalog.php%3Frecord_id%3D13377&pubid=napdigops
http://api.addthis.com/oexchange/0.8/forward/linkedin/offer?pco=tbxnj-1.0&url=http%3A%2F%2Fwww.nap.edu%2Fcatalog.php%3Frecord_id%3D13377&pubid=napdigops
http://www.nap.edu/
http://www.nap.edu/reprint_permission.html

Acute Exposure Guideline Levels for Selected Airborne Chemicals: Volume 12

Acute Exposure Guideline Levels for
Selected Airborne Chemicals

VOLUME 12

Committee on Acute Exposure Guideline Levels
Committee on Toxicology
Board on Environmental Studies and Toxicology

Division on Earth and Life Studies

NATIONAL RESEARCH COUNCIL

OF THE NATIONAL ACADEMIES

THE NATIONAL ACADEMIES PRESS
Washington, D.C.
www.nap.edu

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals: Volume 12

THE NATIONAL ACADEMIESPRESS 500 FIFTH STREET,NW  WASHINGTON, DC 20001

NOTICE: The project that is the subject of this report was approved by the Governing
Board of the National Research Council, whose members are drawn from the councils of
the National Academy of Sciences, the National Academy of Engineering, and the Insti-
tute of Medicine. The members of the committee responsible for the report were chosen
for their special competences and with regard for appropriate balance.

This project was supported by Contract No. W81K04-11-D-0017 and EP-W-09-007 be-
tween the National Academy of Sciences and the U.S. Department of Defense and the
U.S. Environmental Protection Agency. Any opinions, findings, conclusions, or recom-
mendations expressed in this publication are those of the author(s) and do not necessarily
reflect the view of the organizations or agencies that provided support for this project.

International Standard Book Number-13; 978-0-309-25501-1
International Standard Book Number-10: 0-309-25501-5

Additional copies of this report are available for sale from the National Academies Press,
500 Fifth Street, NW, Keck 360, Washington, DC 20001; (800) 624-6242 or (202) 334-
3313; http://www.nap.edu/.

Copyright 2012 by the National Academy of Sciences. All rights reserved.

Printed in the United States of America

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals: Volume 12

THE NATIONAL ACADEMIES

Advisers to the Nation on Science, Engineering, and Medicine

The National Academy of Sciences is a private, nonprofit, self-perpetuating society of
distinguished scholars engaged in scientific and engineering research, dedicated to the
furtherance of science and technology and to their use for the general welfare. Upon the
authority of the charter granted to it by the Congressin 1863, the Academy has a mandate
that requires it to advise the federal government on scientific and technical matters. Dr.
Ralph J. Cicerone is president of the National Academy of Sciences.

The National Academy of Engineering was established in 1964, under the charter of the
National Academy of Sciences, as a parallel organization of outstanding engineers. It is
autonomous in its administration and in the selection of its members, sharing with the
National Academy of Sciences the responsibility for advising the federal government.
The National Academy of Engineering also sponsors engineering programs aimed at
meeting national needs, encourages education and research, and recognizes the superior
achievements of engineers. Dr. Charles M. Vest is president of the National Academy of
Engineering.

The Institute of M edicine was established in 1970 by the National Academy of Sciences
to secure the services of eminent members of appropriate professions in the examination
of policy matters pertaining to the health of the public. The Institute acts under the re-
sponsibility given to the National Academy of Sciences by its congressional charter to be
an adviser to the federal government and, upon its own initiative, to identify issues of
medical care, research, and education. Dr. Harvey V. Fineberg is president of the Institute
of Medicine.

The National Research Council was organized by the National Academy of Sciencesin
1916 to associate the broad community of science and technology with the Academy’s
purposes of furthering knowledge and advising the federal government. Functioning in
accordance with genera policies determined by the Academy, the Council has become
the principal operating agency of both the National Academy of Sciences and the Na-
tional Academy of Engineering in providing services to the government, the public, and
the scientific and engineering communities. The Council is administered jointly by both
Academies and the Institute of Medicine. Dr. Ralph J. Cicerone and Dr. Charles M. Vest
are chair and vice chair, respectively, of the National Research Council.

www.national-academies.org

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals: Volume 12

COMMITTEE ON ACUTE EXPOSURE GUIDELINE LEVELS

Members

DONALD E. GARDNER (Chair), Inhalation Toxicology Associates,
Savannah, GA

EDwWARD C. BisHOP, Parsons Government Services, Council Bluffs, |A
(until August 2011)

LUNG CHI CHEN, New York University, Tuxedo

RAKESH DixIT, Medimmune/AstraZeneca Biologics, Inc.,
Gaithersburg, MD (until August 2011)

KATHLEEN L. GABRIEL SON, Johns Hopkins School of Medicine,
Baltimore, MD

GUNNAR JOHANSON, Karolinska Institute, Stockholm, Sweden

DAvID P.KELLY, Dupont Company (retired), Newark, DE (until
December 2011)

MARGARET M. MACDONELL, Argonne National Laboratory, Argonne, IL

DAVID A. MACYS, U.S. Department of the Navy (retired), Oak Harbor, WA

MARIA T. MORANDI, University of Montana, Missoula

FRANZ OESCH, University of Mainz (retired), Mainz, Germany

Nu-MAY RuBy REeD, California Environmental Protection Agency
(retired), Davis

GEORGE C. RODGERS, University of Louisville, Louisville, KY

RICHARD B. SCHLESINGER, Pace University, Pleasantville, NY
(until August 2011)

ROBERT SNYDER, Rutgers University, Piscataway, NJ

KENNETH R. STILL, Occupational Toxicology Associates, Inc., Hillsboro, OR

Saff
SusAN MARTEL, Senior Program Officer
MIRSADA KARALIC-LONCAREVIC, Manager, Technical Information Center

RADIAH ROSE, Manager, Editorial Projects
TAMARA DAWSON, Program Associate

Sponsors

U.S. DEPARTMENT OF DEFENSE
U.S. ENVIRONMENTAL PROTECTION AGENCY

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals: Volume 12

COMMITTEE ON TOXICOLOGY

Members

GARY P. CARLSON (Chair), Purdue University (retired), West Lafayette, IN

LAWRENCE S. BETTS, Eastern VirginiaMedical School, Norfolk

DeepAK K. BHALLA, Wayne State University, Detroit, M|

DEBORAH A. CORY-SLECHTA, University of Rochester School of Medicine and

Dentistry, Rochester, NY

MARY E. DAVIS, West Virginia University, Morgantown

DaviD C. DORMAN, North Carolina State University, Raleigh

MARION F. EHRICH, Virginia Polytechnic Institute and State University,
Blacksburg

JoycE S. TsuJi, Exponent, Inc., Bellevue, WA

Saff
SUSAN N.J. MARTEL, Senior Program Officer for Toxicology
MIRsADA KARALIC-LONCAREVIC, Manager, Technical Information Center

RADIAH ROSE, Manager, Editorial Projects
TAMARA DAWSON, Program Associate

Vi

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals: Volume 12

BOARD ON ENVIRONMENTAL STUDIESAND TOXICOLOGY?

Members

ROGENE F. HENDERSON (Chair), Lovelace Respiratory Research Institute,
Albuquerque, NM

PRAVEEN AMAR, Clean Air Task Force, Boston, MA

TINA BAHADORI, American Chemistry Council, Washington, DC

MIcHAEL J. BRADLEY, M.J. Bradley & Associates, Concord, MA

DALLASBURTRAW, Resources for the Future, Washington, DC

JONATHAN Z. CANNON, University of Virginia, Charlottesville

GAIL CHARNLEY, HealthRisk Strategies, Washington, DC

FRANK W. DAVIS, University of California, Santa Barbara

RICHARD A. DENISON, Environmental Defense Fund, Washington, DC

CHARLEST. DRIscoLL, JR., Syracuse University, New Y ork

H. CHRISTOPHER FREY, North Carolina State University, Raleigh

RICHARD M. GoLD, Holland & Knight, LLP, Washington, DC

LYNN R. GoLDMAN, George Washington University, Washington, DC

LINDA E. GREER, Natural Resources Defense Council, Washington, DC

WicLLiam E. HALPERIN, University of Medicine and Dentistry of New
Jersey, Newark

PHILIPK. HOPKE, Clarkson University, Potsdam, NY

HowARD Hu, University of Michigan, Ann Arbor

SAMUEL KACEw, University of Ottawa, Ontario

ROGER E. KASPERSON, Clark University, Worcester, MA

THOMASE. McKoONE, University of California, Berkeley

TERRY L. MEDLEY, E.I. du Pont de Nemours & Company, Wilmington, DE

JANA MILFORD, University of Colorado at Boulder, Boulder

FRANK O'DONNELL, Clean Air Watch, Washington, DC

RICHARD L. PoiroOT, Vermont Department of Environmental Conservation, Waterbury

KATHRYN G. SEssIONS, Health and Environmental Funders Network,
Bethesda, MD

JoycEe S. Tsudi, Exponent Environmental Group, Bellevue, WA

Senior Saff

JAMESJ. REISA, Director

DAvID J. POLICANSKY, Scholar

RAYMOND A. WASSEL, Senior Program Officer for Environmental Studies
SusaN N.J. MARTEL, Senior Program Officer for Toxicology

ELLEN K. MANTUS, Senior Program Officer for Risk Analysis

EiLEEN N. ABT, Senior Program Officer

RuTH E. CROSSGROVE, Senior Editor

MIRsADA KARALIC-LONCAREVIC, Manager, Technical Information Center
RADIAH RoOSE, Manager, Editorial Projects

YThis study was planned, overseen, and supported by the Board on Environmental
Studies and Toxicology.

Vi

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals: Volume 12

OTHER REPORTSOF THE
BOARD ON ENVIRONMENTAL STUDIESAND TOXICOLOGY

Macondo Well-Deepwater Horizon Blowout: Lessons for Improving Offshore
Drilling Safety (2012)

Feasibility of Using Mycoherbicides for Controlling Illicit Drug Crops (2011)

Improving Health in the United States: The Role of Health Impact
Assessment (2011)

A Risk-Characterization Framework for Decision-Making at the Food and Drug
Administration (2011)

Review of the Environmental Protection Agency’s Draft IRIS Assessment of
Formaldehyde (2011)

Toxicity-Pathway-Based Risk Assessment: Preparing for Paradigm
Change (2010)

The Use of Title 42 Authority at the U.S. Environmental Protection Agency (2010)

Review of the Environmental Protection Agency’s Draft IRIS Assessment of
Tetrachloroethylene (2010)

Hidden Costs of Energy: Unpriced Consequences of Energy Production and Use (2009)

Contaminated Water Supplies at Camp L ejeune—Assessing Potential Health
Effects (2009)

Review of the Federal Strategy for Nanotechnology-Related Environmental, Health,
and Safety Research (2009)

Science and Decisions: Advancing Risk Assessment (2009)

Phthal ates and Cumulative Risk Assessment: The Tasks Ahead (2008)

Estimating Mortality Risk Reduction and Economic Benefits from Controlling Ozone
Air Pollution (2008)

Respiratory Diseases Research at NIOSH (2008)

Evaluating Research Efficiency in the U.S. Environmental Protection Agency (2008)

Hydrology, Ecology, and Fishes of the Klamath River Basin (2008)

Applications of Toxicogenomic Technologies to Predictive Toxicology and Risk
Assessment (2007)

Models in Environmental Regulatory Decision Making (2007)

Toxicity Testing in the Twenty-first Century: A Vision and a Strategy (2007)

Sediment Dredging at Superfund Megasites: Assessing the Effectiveness (2007)

Environmental Impacts of Wind-Energy Projects (2007)

Scientific Review of the Proposed Risk Assessment Bulletin from the Office of
Management and Budget (2007)

Assessing the Human Health Risks of Trichloroethylene: Key Scientific Issues (2006)

New Source Review for Stationary Sources of Air Pollution (2006)

Human Biomonitoring for Environmental Chemicals (2006)

Health Risks from Dioxin and Related Compounds: Evaluation of the EPA
Reassessment (2006)

Fluoride in Drinking Water: A Scientific Review of EPA’s Standards (2006)

State and Federal Standards for Mobile-Source Emissions (2006)

Superfund and Mining Megasites—L essons from the Coeur d’ Alene River Basin (2005)

Health Implications of Perchlorate Ingestion (2005)

Air Quality Management in the United States (2004)

Endangered and Threatened Species of the Platte River (2004)

viii

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals: Volume 12

Atlantic Salmon in Maine (2004)

Endangered and Threatened Fishes in the Klamath River Basin (2004)

Cumulative Environmental Effects of Alaska North Slope Oil and Gas
Development (2003)

Estimating the Public Health Benefits of Proposed Air Pollution Regulations (2002)

Biosolids Applied to Land: Advancing Standards and Practices (2002)

The Airliner Cabin Environment and Health of Passengers and Crew (2002)

Arsenic in Drinking Water: 2001 Update (2001)

Evaluating V ehicle Emissions Inspection and Maintenance Programs (2001)

Compensating for Wetland L osses Under the Clean Water Act (2001)

A Risk-Management Strategy for PCB-Contaminated Sediments (2001)

Acute Exposure Guideline Levels for Selected Airborne Chemicals (eleven volumes,
2000-2012)

Toxicological Effects of Methylmercury (2000)

Strengthening Science at the U.S. Environmental Protection Agency (2000)

Scientific Frontiersin Developmental Toxicology and Risk Assessment (2000)

Ecological Indicators for the Nation (2000)

Waste Incineration and Public Health (2000)

Hormonally Active Agentsin the Environment (1999)

Research Priorities for Airborne Particulate Matter (four volumes, 1998-2004)

The National Research Council’s Committee on Toxicology: The First 50 Y ears (1997)

Carcinogens and Anticarcinogens in the Human Diet (1996)

Upstream: Salmon and Society in the Pacific Northwest (1996)

Science and the Endangered Species Act (1995)

Wetlands: Characteristics and Boundaries (1995)

Biologic Markers (five volumes, 1989-1995)

Science and Judgment in Risk Assessment (1994)

Pesticides in the Diets of Infants and Children (1993)

Dolphins and the Tuna Industry (1992)

Science and the National Parks (1992)

Human Exposure Assessment for Airborne Pollutants (1991)

Rethinking the Ozone Problem in Urban and Regional Air Pollution (1991)

Decline of the Sea Turtles (1990)

Copies of these reports may be ordered from the National Academies Press

(800) 624-6242 or (202) 334-3313
www.nap.edu

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals: Volume 12

OTHER REPORTSOF THE COMMITTEE ON TOXICOLOGY

Review of Studies of Possible Toxic Effects from Past Environmental Contamination at
Fort Detrick: A Letter Report (2012)

Review of Risk Assessment Work Plan for the Medical Countermeasures Test and
Evaluation Facility at Fort Detrick, A Letter Report (2011)

Assistance to the U.S. Army Medical Research and Materiel Command with Preparation
of aRisk Assessment for the Medical Countermeasures Test and Evaluation
(MCMT&E) Fecility at Fort Detrick, Maryland, A Letter Report (2011)

Review of the Department of Defense Enhanced Particulate Matter Surveillance Program
Report (2010)

Evaluation of the Health and Safety Risks of the New USAMRIID High-Containment
Facilities at Fort Detrick, Maryland (2010)

Combined Exposures to Hydrogen Cyanide and Carbon Monoxide in Army Operations:
Final Report (2008)

Managing Health Effects of Beryllium Exposure (2008)

Review of Toxicologic and Radiologic Risks to Military Personnel from Exposures to
Depleted Uranium (2008)

Emergency and Continuous Exposure Guidance Levels for Selected Submarine
Contaminants, Volume 1 (2007), Volume 2 (2008)

Review of the Department of Defense Research Program on Low-Level Exposures to
Chemica Warfare Agents (2005)

Review of the Army's Technical Guides on Assessing and Managing Chemical Hazards
to Deployed Personnel (2004)

Spacecraft Water Exposure Guidelines for Selected Contaminants, Volume 1 (2004),
Volume 2 (2007), Volume 3 (2008)

Toxicologic Assessment of Jet-Propulsion Fuel 8 (2003)

Review of Submarine Escape Action Levelsfor Selected Chemicals (2002)

Standing Operating Procedures for Devel oping Acute Exposure Guideline Levels for
Hazardous Chemicals (2001)

Evaluating Chemical and Other Agent Exposures for Reproductive and Devel opmental
Toxicity (2001)

Acute Exposure Guideline Levels for Selected Airborne Contaminants, Volume 1 (2000),
Volume 2 (2002), Volume 3 (2003), Volume 4 (2004), Volume 5 (2007),
Volume 6 (2008), Volume 7 (2009), Volume 8 (2009), Volume 9 (2010),
Volume 10 (2011), Volume 11 (2012)

Review of the U.S. Navy’s Human Health Risk Assessment of the Naval Air Facility at
Atsugi, Japan (2000)

Methods for Developing Spacecraft Water Exposure Guidelines (2000)

Review of the U.S. Navy Environmental Health Center’ s Health-Hazard A ssessment
Process (2000)

Review of the U.S. Navy’s Exposure Standard for Manufactured Vitreous Fibers (2000)

Re-Evaluation of Drinking-Water Guidelines for Diisopropyl Methylphosphonate (2000)

Submarine Exposure Guidance Levels for Selected Hydrofluorocarbons: HFC-236fa,
HFC-23, and HFC-404a (2000)

Review of the U.S. Army’s Health Risk Assessments for Oral Exposure to Six
Chemical-Warfare Agents (1999)

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals: Volume 12

Toxicity of Military Smokes and Obscurants, Volume 1(1997), Volume 2 (1999),
Volume 3 (1999)

Assessment of Exposure-Response Functions for Rocket-Emission Toxicants (1998)

Toxicity of Alternatives to Chlorofluorocarbons: HFC-134a and HCFC-123 (1996)

Permissible Exposure Levels for Selected Military Fuel Vapors (1996)

Spacecraft Maximum Allowable Concentrations for Selected Airborne Contaminants,
Volume 1 (1994), Volume 2 (1996), Volume 3 (1996), Volume 4 (2000),
Volume 5 (2008)

Xi

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals: Volume 12

Preface

Extremely hazardous substances (EHSs)? can be released accidentally as a
result of chemical spills, industrial explosions, fires, or accidents involving rail-
road cars and trucks transporting EHSs. Workers and residents in communities
surrounding industrial facilities where EHSs are manufactured, used, or stored
and in communities along the nation’s railways and highways are potentially at
risk of being exposed to airborne EHSs during accidental releases or intentional
releases by terrorists. Pursuant to the Superfund Amendments and Reauthoriza-
tion Act of 1986, the U.S. Environmental Protection Agency (EPA) has identi-
fied approximately 400 EHSs on the basis of acute |ethality datain rodents.

As part of its efforts to develop acute exposure guideline levels for EHSs,
EPA and the Agency for Toxic Substances and Disease Registry (ATSDR) in
1991 requested that the National Research Council (NRC) develop guidelines
for establishing such levels. In response to that request, the NRC published
Guidelines for Developing Community Emergency Exposure Levels for Hazard-
ous Substances in 1993. Subsequently, Standard Operating Procedures for De-
veloping Acute Exposure Guideline Levels for Hazardous Substances was pub-
lished in 2001, providing updated procedures, methodologies, and other
guidelines used by the National Advisory Committee (NAC) on Acute Exposure
Guideline Levels for Hazardous Substances and the Committee on Acute Expo-
sure Guideline Levels (AEGL ) in developing the AEGL values.

Using the 1993 and 2001 NRC guidelines reports, the NAC—consisting of
members from EPA, the Department of Defense (DOD), the Department of En-
ergy (DOE), the Department of Transportation (DOT), other federal and state
governments, the chemical industry, academia, and other organizations from the
private sector—has developed AEGL s for more than 270 EHSs.

In 1998, EPA and DOD requested that the NRC independently review the
AEGLs developed by NAC. In response to that request, the NRC organized
within its Committee on Toxicology (COT) the Committee on Acute Exposure
Guideline Levels, which prepared this report. Thisreport isthe twelfth volumein

2As defined pursuant to the Superfund Amendments and Reauithorization Act of 1986.
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that series. AEGL documents for butane, chloroacetaldehyde, chlorobenzene,
chloroform, methyl bromide, methyl chloride, and propane are each published as
an appendix in this report. The committee concludes that the AEGL s developed in
these appendixes are scientifically valid conclusions based on the data reviewed
by NAC and are consistent with the NRC guideline reports. AEGL reports for
additional chemicalswill be presented in subsequent volumes.

The committee's review of the AEGL documents involved both oral and
written presentations to the committee by the authors of the documents. The
committee examined the draft documents and provided comments and recom-
mendations for how they could be improved in a series of interim reports. The
authors revised the draft AEGL documents based on the advice in the interim
reports and presented them for reexamination by the committee as many times
as necessary until the committee was satisfied that the AEGLs were scientifi-
caly justified and consistent with the 1993 and 2001 NRC guideline reports.
After these determinations have been made for an AEGL document, it is pub-
lished as an appendix in avolume such as this one.

The five interim reports of the committee that led to this report were re-
viewed in draft form by individuals selected for their diverse perspectives and
technical expertise, in accordance with procedures approved by the NRC's Re-
port Review Committee. The purpose of this independent review is to provide
candid and critical comments that will assist the ingtitution in making its pub-
lished report as sound as possible and to ensure that the report meets institu-
tional standards for objectivity, evidence, and responsiveness to the study
charge. The review comments and draft manuscript remain confidential to pro-
tect the integrity of the deliberative process. We wish to thank the following
individuals for their review of the five committee interim reports, which summa-
rize the committee’s conclusions and recommendations for improving NAC's
AEGL documents for butane (interim reports 17 and 20a), chloroacetaldehyde
(interim report 17), chlorobenzene (interim report 17), chloroform (interim re-
ports 13, 14, and 18), methyl bromide (interim reports 18 and 20a), methyl chlo-
ride (interm reports 18 and 10a), and propane (interim reports 17 and 20a):
Deepak Bhalla (Wayne State University), Harvey Clewell (The Hamner Insti-
tutes for Health Sciences), Jeffrey Fisher (U.S. Food and Drug Administration),
David Gaylor (Gaylor and Associates, LLC), A. Wallace Hayes (Harvard
School of Public Health), Sam Kacew (University of Ottawa), Kenneth Still
(Occupational Toxicology Associates), Joyce Tsuji (Exponent, Inc.), and Judith
Zelikoff (New Y ork University).

Although the reviewers listed above have provided many constructive
comments and suggestions, they were not asked to endorse the conclusions or
recommendations, nor did they see the final draft of this volume before its
release. The review of interim report 13 was overseen by Sidney Green, Jr.
(Howard University), and interim reports 14, 17, 18, and 20a were overseen by
Robert Goyer (University of Western Ontario [retired]). Appointed by the
NRC, they were responsible for making certain that an independent examina-
tion of the interim reports was carried out in accordance with institutional pro-
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cedures and that all review comments were carefully considered. Responsibil-
ity for the final content of this report rests entirely with the authoring commit-
tee and the institution.

The committee gratefully acknowledges the valuable assistance provided
by the following persons. Ernest Falke and Iris A. Camacho (both from EPA)
and George Rusch (Risk Assessment and Toxicology Services). The committee
also acknowledges Susan Martel, the project director for her work this project.
Other staff members who contributed to this effort are James J. Reisa (director
of the Board on Environmental Studies and Toxicology), Radiah Rose (manager,
editorial projects), Mirsada Karalic-Loncarevic (manager of the Technica In-
formation Center), and Tamara Dawson (program associate). Finaly, | would
like to thank all members of the committee for their expertise and dedicated ef-
fort throughout the devel opment of this report.

Donald E. Gardner, Chair

Committee on Acute Exposure
Guideline Levels
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National Research Council Committee
Review of Acute Exposure Guideline
L evels of Selected Airborne Chemicals

This report is the twelfth volume in the series Acute Exposure Guideline
Levelsfor Selected Airborne Chemicals.

In the Bhopal disaster of 1984, approximately 2,000 residents living near a
chemical plant werekilled and 20,000 more suffered irreversible damage to their
eyes and lungs following accidental release of methyl isocyanate. The toll was
particularly high because the community had little idea what chemicals were
being used at the plant, how dangerous they might be, or what steps to take in an
emergency. This tragedy served to focus international attention on the need for
governments to identify hazardous substances and to assist local communitiesin
planning how to deal with emergency exposures.

In the United States, the Superfund Amendments and Reauthorization Act
(SARA) of 1986 required that the U.S. Environmental Protection Agency (EPA)
identify extremely hazardous substances (EHSs) and, in cooperation with the
Federal Emergency Management Agency and the U.S. Department of Transpor-
tation, assist local emergency planning committees (LEPCs) by providing guid-
ance for conducting health hazard assessments for the development of emer-
gency response plans for sites where EHSs are produced, stored, transported, or
used. SARA aso required that the Agency for Toxic Substances and Disease
Registry (ATSDR) determine whether chemical substances identified at hazard-
ous waste sites or in the environment present a public health concern.

As afirst step in assisting the LEPCs, EPA identified approximately 400
EHSs largely on the basis of their immediately dangerous to life and health val-
ues, developed by the National Institute for Occupational Safety or Health. Al-
though several public and private groups, such as the Occupational Safety and
Health Administration and the American Conference of Governmental Industrial
Hygienists, have established exposure limits for some substances and some ex-
posures (e.g., workplace or ambient air quality), these limits are not easily or
directly tranglated into emergency exposure limits for exposures at high levels

3
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but of short duration, usually less than 1 hour (h), and only once in alifetime for
the general population, which includes infants (from birth to 3 years of age),
children, the elderly, and persons with diseases, such as asthma or heart disease.

The National Research Council (NRC) Committee on Toxicology (COT)
has published many reports on emergency exposure guidance levels and space-
craft maximum allowable concentrations for chemicals used by the U.S. De-
partment of Defense (DOD) and the National Aeronautics and Space Admini-
stration (NASA) (NRC 1968, 1972, 1984a,b,c,d, 1985a,b, 1986a, 1987, 1988,
1994, 1996a,b, 20003, 2002a, 20073, 2008a). COT has also published guidelines
for developing emergency exposure guidance levels for military personnel and
for astronauts (NRC 1986b, 1992, 2000b). Because of COT'’s experience in rec-
ommending emergency exposure levels for short-term exposures, in 1991 EPA
and ATSDR requested that COT develop criteria and methods for developing
emergency exposure levels for EHSs for the general population. In response to
that request, the NRC assigned this project to the COT Subcommittee on Guide-
lines for Developing Community Emergency Exposure Levels for Hazardous
Substances. The report of that subcommittee, Guidelines for Developing Com+
munity Emergency Exposure Levels for Hazardous Substances (NRC 1993),
provides step-by-step guidance for setting emergency exposure levels for EHSs.
Guidance is given on what data are needed, what data are available, how to
evaluate the data, and how to present the resullts.

In November 1995, the National Advisory Committee (NAC)* for Acute
Exposure Guideline Levels for Hazardous Substances was established to iden-
tify, review, and interpret relevant toxicologic and other scientific data and to
develop acute exposure guideline levels (AEGL s) for high-priority, acutely toxic
chemicals. The NRC's previous name for acute exposure levels—community
emergency exposure levels (CEELs)—was replaced by the term AEGLS to re-
flect the broad application of these values to planning, response, and prevention
in the community, the workplace, transportation, the military, and the remedia-
tion of Superfund sites.

AEGL s represent threshold exposure limits (exposure levels below which
adverse health effects are not likely to occur) for the genera public and are ap-
plicable to emergency exposures ranging from 10 minutes (min) to 8 h. Three
levels—AEGL-1, AEGL-2, and AEGL-3—are developed for each of five expo-
sure periods (10 min, 30 min, 1 h, 4 h, and 8 h) and are distinguished by varying
degrees of severity of toxic effects. The three AEGL s are defined as follows:

INAC completed its chemical reviews in October 2011. The committee was composed
of members from EPA, DOD, many other federal and state agencies, industry, academia,
and other organizations. From 1996 to 2011, the NAC discussed over 300 chemicals and
developed AEGLSs values for at least 272 of the 329 chemicals on the AEGLS priority
chemicals lists. Although the work of the NAC has ended, the NAC-reviewed technical
support documents are being submitted to the NRC for independent review and finaliza-
tion.
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AEGL-1 is the airborne concentration (expressed as ppm [parts per mil-
lion] or mg/m® [milligrams per cubic meter]) of a substance above which it is
predicted that the general population, including susceptible individuals, could
experience notable discomfort, irritation, or certain asymptomatic nonsensory
effects. However, the effects are not disabling and are transient and reversible
upon cessation of exposure.

AEGL-2 is the airborne concentration (expressed as ppm or mg/m°) of a
substance above which it is predicted that the general population, including sus-
ceptible individuals, could experience irreversible or other serious, long-lasting
adverse health effects or an impaired ability to escape.

AEGL-3 is the airborne concentration (expressed as ppm or mg/m°) of a
substance above which it is predicted that the general population, including sus-
ceptible individuals, could experience life-threatening adverse health effects or
death.

Airborne concentrations below AEGL -1 represent exposure levels that can
produce mild and progressively increasing but transient and nondisabling odor,
taste, and sensory irritation or certain asymptomatic nonsensory adverse effects.
With increasing airborne concentrations above each AEGL, there is a progres-
sive increase in the likelihood of occurrence and the severity of effects described
for each corresponding AEGL. Although the AEGL values represent threshold
levels for the genera public, including susceptible subpopulations, such as in-
fants, children, the elderly, persons with asthma, and those with other illnesses,
it isrecognized that individuals, subject to idiosyncratic responses, could experi-
ence the effects described at concentrations below the corresponding AEGL.

SUMMARY OF REPORT ON
GUIDELINES FOR DEVELOPING AEGLS

As described in Guidelines for Developing Community Emergency Expo-
sure Levels for Hazardous Substances (NRC 1993) and the NRC guidelines re-
port Standing Operating Procedures for Developing Acute Exposure Guideline
Levels for Hazardous Chemicals (NRC 2001a), the first step in establishing
AEGLsfor achemical isto collect and review all relevant published and unpub-
lished information. Various types of evidence are assessed in establishing AEGL
values for a chemical. These include information from (1) chemical-physical
characterizations, (2) structure-activity relationships, (3) in vitro toxicity studies,
(4) animal toxicity studies, (5) controlled human studies, (6) observations of
humans involved in chemical accidents, and (7) epidemiologic studies. Toxicity
data from human studies are most applicable and are used when available in
preference to data from animal studies and in vitro studies. Toxicity data from
inhalation exposures are most useful for setting AEGLSs for airborne chemicals
because inhalation is the most likely route of exposure and because extrapola-
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tion of data from other routes would lead to additional uncertainty in the AEGL
estimate.

For most chemicals, actual human toxicity data are not available or critical
information on exposure is lacking, so toxicity data from studies conducted in
laboratory animals are extrapolated to estimate the potential toxicity in humans.
Such extrapolation requires experienced scientific judgment. The toxicity data
for animal species most representative of humans in terms of pharmacodynamic
and pharmacokinetic properties are used for determining AEGLSs. If data are not
available on the species that best represents humans, data from the most sensi-
tive animal species are used. Uncertainty factors are commonly used when ani-
mal data are used to estimate risk levels for humans. The magnitude of uncer-
tainty factors depends on the quality of the animal data used to determine the no-
observed-adverse-effect level (NOAEL) and the mode of action of the substance
in question. When available, pharmacokinetic data on tissue doses are consid-
ered for interspecies extrapol ation.

For substances that affect several organ systems or have multiple effects,
all end points (including reproductive [in both genders], developmental, neuro-
toxic, respiratory, and other organ-related effects) are evaluated, the most impor-
tant or most sensitive effect receiving the greatest attention. For carcinogenic
chemicals, excess carcinogenic risk is estimated, and the AEGLSs corresponding
to carcinogenic risks of 1 in 10,000 (1 x 10, 1 in 100,000 (1 x 10®), and 1 in
1,000,000 (1 x 10°®) exposed persons are estimated.

REVIEW OF AEGL REPORTS

As NAC began developing chemical-specific AEGL reports, EPA and
DOD asked the NRC to review independently the NAC reports for their scien-
tific validity, completeness, and consistency with the NRC guideline reports
(NRC 1993, 20014). The NRC assigned this project to the COT Committee on
Acute Exposure Guideline Levels. The committee has expertise in toxicology,
epidemiology, occupational health, pharmacology, medicine, pharmacokinetics,
industrial hygiene, and risk assessment.

The AEGL draft reports were initially prepared by ad hoc AEGL devel-
opment teams consisting of a chemical manager, chemical reviewers, and a staff
scientist of the NAC contractors—Oak Ridge National Laboratory and subse-
guently Syracuse Research Corporation. The draft documents were then re-
viewed by NAC and elevated from “draft” to “proposed” status. After the AEGL
documents were approved by NAC, they were published in the Federal Register
for public comment. The reports were then revised by NAC in response to the
public comments, elevated from “proposed” to “interim” status, and sent to the
NRC Committee on Acute Exposure Guideline Levelsfor final evaluation.

The NRC committee’s review of the AEGL reports prepared by NAC and
its contractors involves oral and written presentations to the committee by the
authors of the reports. The NRC committee provides advice and recommenda-
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tions for revisions to ensure scientific validity and consistency with the NRC
guideline reports (NRC 1993, 2001a). The revised reports are presented at sub-
sequent meetings until the committee is satisfied with the reviews.

Because of the enormous amount of data presented in AEGL reports, the
NRC committee cannot verify al of the data used by NAC. The NRC committee
relies on NAC for the accuracy and completeness of the toxicity data cited in the
AEGL reports. Thus far, the committee has prepared eleven reports in the series
Acute Exposure Guideline Levels for Selected Airborne Chemicals (NRC 2001b,
2002h, 2003, 2004, 2007b, 2008b, 2009, 2010a,b, 2011, 2012). This report is the
twelfth volume in that series. AEGL documents for butane, chloroacetaldehyde,
chlorobenzene, chloroform, methyl bromide, methyl chloride, and propane are
each published as an appendix in this report. The committee concludes that the
AEGLSs developed in these appendixes are scientifically valid conclusions based
on the data reviewed by NAC and are consistent with the NRC guideline reports.
AEGL reportsfor additional chemicalswill be presented in subsequent volumes.
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Preface

Extremely hazardous substances (EHSs)? can be released accidentally as a
result of chemical spills, industrial explosions, fires, or accidents involving rail-
road cars and trucks transporting EHSs. Workers and residents in communities
surrounding industrial facilities where EHSs are manufactured, used, or stored
and in communities along the nation’s railways and highways are potentially at
risk of being exposed to airborne EHSs during accidental releases or intentional
releases by terrorists. Pursuant to the Superfund Amendments and Reauthoriza-
tion Act of 1986, the U.S. Environmental Protection Agency (EPA) has identi-
fied approximately 400 EHSs on the basis of acute |ethality datain rodents.

As part of its efforts to develop acute exposure guideline levels for EHSs,
EPA and the Agency for Toxic Substances and Disease Registry (ATSDR) in
1991 requested that the National Research Council (NRC) develop guidelines
for establishing such levels. In response to that request, the NRC published
Guidelines for Developing Community Emergency Exposure Levels for Hazard-
ous Substances in 1993. Subsequently, Standard Operating Procedures for De-
veloping Acute Exposure Guideline Levels for Hazardous Substances was pub-
lished in 2001, providing updated procedures, methodologies, and other
guidelines used by the National Advisory Committee (NAC) on Acute Exposure
Guideline Levels for Hazardous Substances and the Committee on Acute Expo-
sure Guideline Levels (AEGL ) in developing the AEGL values.

Using the 1993 and 2001 NRC guidelines reports, the NAC—consisting of
members from EPA, the Department of Defense (DOD), the Department of En-
ergy (DOE), the Department of Transportation (DOT), other federal and state
governments, the chemical industry, academia, and other organizations from the
private sector—has developed AEGL s for more than 270 EHSs.

In 1998, EPA and DOD requested that the NRC independently review the
AEGLs developed by NAC. In response to that request, the NRC organized
within its Committee on Toxicology (COT) the Committee on Acute Exposure
Guideline Levels, which prepared this report. Thisreport isthe twelfth volumein

2As defined pursuant to the Superfund Amendments and Reauithorization Act of 1986.

Xiii
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that series. AEGL documents for butane, chloroacetaldehyde, chlorobenzene,
chloroform, methyl bromide, methyl chloride, and propane are each published as
an appendix in this report. The committee concludes that the AEGL s developed in
these appendixes are scientifically valid conclusions based on the data reviewed
by NAC and are consistent with the NRC guideline reports. AEGL reports for
additional chemicalswill be presented in subsequent volumes.

The committee's review of the AEGL documents involved both oral and
written presentations to the committee by the authors of the documents. The
committee examined the draft documents and provided comments and recom-
mendations for how they could be improved in a series of interim reports. The
authors revised the draft AEGL documents based on the advice in the interim
reports and presented them for reexamination by the committee as many times
as necessary until the committee was satisfied that the AEGLs were scientifi-
caly justified and consistent with the 1993 and 2001 NRC guideline reports.
After these determinations have been made for an AEGL document, it is pub-
lished as an appendix in avolume such as this one.

The five interim reports of the committee that led to this report were re-
viewed in draft form by individuals selected for their diverse perspectives and
technical expertise, in accordance with procedures approved by the NRC's Re-
port Review Committee. The purpose of this independent review is to provide
candid and critical comments that will assist the ingtitution in making its pub-
lished report as sound as possible and to ensure that the report meets institu-
tional standards for objectivity, evidence, and responsiveness to the study
charge. The review comments and draft manuscript remain confidential to pro-
tect the integrity of the deliberative process. We wish to thank the following
individuals for their review of the five committee interim reports, which summa-
rize the committee’s conclusions and recommendations for improving NAC's
AEGL documents for butane (interim reports 17 and 20a), chloroacetaldehyde
(interim report 17), chlorobenzene (interim report 17), chloroform (interim re-
ports 13, 14, and 18), methyl bromide (interim reports 18 and 20a), methyl chlo-
ride (interm reports 18 and 10a), and propane (interim reports 17 and 20a):
Deepak Bhalla (Wayne State University), Harvey Clewell (The Hamner Insti-
tutes for Health Sciences), Jeffrey Fisher (U.S. Food and Drug Administration),
David Gaylor (Gaylor and Associates, LLC), A. Wallace Hayes (Harvard
School of Public Health), Sam Kacew (University of Ottawa), Kenneth Still
(Occupational Toxicology Associates), Joyce Tsuji (Exponent, Inc.), and Judith
Zelikoff (New Y ork University).

Although the reviewers listed above have provided many constructive
comments and suggestions, they were not asked to endorse the conclusions or
recommendations, nor did they see the final draft of this volume before its
release. The review of interim report 13 was overseen by Sidney Green, Jr.
(Howard University), and interim reports 14, 17, 18, and 20a were overseen by
Robert Goyer (University of Western Ontario [retired]). Appointed by the
NRC, they were responsible for making certain that an independent examina-
tion of the interim reports was carried out in accordance with institutional pro-
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cedures and that all review comments were carefully considered. Responsibil-
ity for the final content of this report rests entirely with the authoring commit-
tee and the institution.
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and George Rusch (Risk Assessment and Toxicology Services). The committee
also acknowledges Susan Martel, the project director for her work this project.
Other staff members who contributed to this effort are James J. Reisa (director
of the Board on Environmental Studies and Toxicology), Radiah Rose (manager,
editorial projects), Mirsada Karalic-Loncarevic (manager of the Technica In-
formation Center), and Tamara Dawson (program associate). Finaly, | would
like to thank all members of the committee for their expertise and dedicated ef-
fort throughout the devel opment of this report.

Donald E. Gardner, Chair
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National Research Council Committee
Review of Acute Exposure Guideline
L evels of Selected Airborne Chemicals

This report is the twelfth volume in the series Acute Exposure Guideline
Levelsfor Selected Airborne Chemicals.

In the Bhopal disaster of 1984, approximately 2,000 residents living near a
chemical plant werekilled and 20,000 more suffered irreversible damage to their
eyes and lungs following accidental release of methyl isocyanate. The toll was
particularly high because the community had little idea what chemicals were
being used at the plant, how dangerous they might be, or what steps to take in an
emergency. This tragedy served to focus international attention on the need for
governments to identify hazardous substances and to assist local communitiesin
planning how to deal with emergency exposures.

In the United States, the Superfund Amendments and Reauthorization Act
(SARA) of 1986 required that the U.S. Environmental Protection Agency (EPA)
identify extremely hazardous substances (EHSs) and, in cooperation with the
Federal Emergency Management Agency and the U.S. Department of Transpor-
tation, assist local emergency planning committees (LEPCs) by providing guid-
ance for conducting health hazard assessments for the development of emer-
gency response plans for sites where EHSs are produced, stored, transported, or
used. SARA aso required that the Agency for Toxic Substances and Disease
Registry (ATSDR) determine whether chemical substances identified at hazard-
ous waste sites or in the environment present a public health concern.

As afirst step in assisting the LEPCs, EPA identified approximately 400
EHSs largely on the basis of their immediately dangerous to life and health val-
ues, developed by the National Institute for Occupational Safety or Health. Al-
though several public and private groups, such as the Occupational Safety and
Health Administration and the American Conference of Governmental Industrial
Hygienists, have established exposure limits for some substances and some ex-
posures (e.g., workplace or ambient air quality), these limits are not easily or
directly tranglated into emergency exposure limits for exposures at high levels

3
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but of short duration, usually less than 1 hour (h), and only once in alifetime for
the general population, which includes infants (from birth to 3 years of age),
children, the elderly, and persons with diseases, such as asthma or heart disease.

The National Research Council (NRC) Committee on Toxicology (COT)
has published many reports on emergency exposure guidance levels and space-
craft maximum allowable concentrations for chemicals used by the U.S. De-
partment of Defense (DOD) and the National Aeronautics and Space Admini-
stration (NASA) (NRC 1968, 1972, 1984a,b,c,d, 1985a,b, 1986a, 1987, 1988,
1994, 1996a,b, 20003, 2002a, 20073, 2008a). COT has also published guidelines
for developing emergency exposure guidance levels for military personnel and
for astronauts (NRC 1986b, 1992, 2000b). Because of COT'’s experience in rec-
ommending emergency exposure levels for short-term exposures, in 1991 EPA
and ATSDR requested that COT develop criteria and methods for developing
emergency exposure levels for EHSs for the general population. In response to
that request, the NRC assigned this project to the COT Subcommittee on Guide-
lines for Developing Community Emergency Exposure Levels for Hazardous
Substances. The report of that subcommittee, Guidelines for Developing Com+
munity Emergency Exposure Levels for Hazardous Substances (NRC 1993),
provides step-by-step guidance for setting emergency exposure levels for EHSs.
Guidance is given on what data are needed, what data are available, how to
evaluate the data, and how to present the resullts.

In November 1995, the National Advisory Committee (NAC)* for Acute
Exposure Guideline Levels for Hazardous Substances was established to iden-
tify, review, and interpret relevant toxicologic and other scientific data and to
develop acute exposure guideline levels (AEGL s) for high-priority, acutely toxic
chemicals. The NRC's previous name for acute exposure levels—community
emergency exposure levels (CEELs)—was replaced by the term AEGLS to re-
flect the broad application of these values to planning, response, and prevention
in the community, the workplace, transportation, the military, and the remedia-
tion of Superfund sites.

AEGL s represent threshold exposure limits (exposure levels below which
adverse health effects are not likely to occur) for the genera public and are ap-
plicable to emergency exposures ranging from 10 minutes (min) to 8 h. Three
levels—AEGL-1, AEGL-2, and AEGL-3—are developed for each of five expo-
sure periods (10 min, 30 min, 1 h, 4 h, and 8 h) and are distinguished by varying
degrees of severity of toxic effects. The three AEGL s are defined as follows:

INAC completed its chemical reviews in October 2011. The committee was composed
of members from EPA, DOD, many other federal and state agencies, industry, academia,
and other organizations. From 1996 to 2011, the NAC discussed over 300 chemicals and
developed AEGLSs values for at least 272 of the 329 chemicals on the AEGLS priority
chemicals lists. Although the work of the NAC has ended, the NAC-reviewed technical
support documents are being submitted to the NRC for independent review and finaliza-
tion.
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AEGL-1 is the airborne concentration (expressed as ppm [parts per mil-
lion] or mg/m® [milligrams per cubic meter]) of a substance above which it is
predicted that the general population, including susceptible individuals, could
experience notable discomfort, irritation, or certain asymptomatic nonsensory
effects. However, the effects are not disabling and are transient and reversible
upon cessation of exposure.

AEGL-2 is the airborne concentration (expressed as ppm or mg/m°) of a
substance above which it is predicted that the general population, including sus-
ceptible individuals, could experience irreversible or other serious, long-lasting
adverse health effects or an impaired ability to escape.

AEGL-3 is the airborne concentration (expressed as ppm or mg/m°) of a
substance above which it is predicted that the general population, including sus-
ceptible individuals, could experience life-threatening adverse health effects or
death.

Airborne concentrations below AEGL -1 represent exposure levels that can
produce mild and progressively increasing but transient and nondisabling odor,
taste, and sensory irritation or certain asymptomatic nonsensory adverse effects.
With increasing airborne concentrations above each AEGL, there is a progres-
sive increase in the likelihood of occurrence and the severity of effects described
for each corresponding AEGL. Although the AEGL values represent threshold
levels for the genera public, including susceptible subpopulations, such as in-
fants, children, the elderly, persons with asthma, and those with other illnesses,
it isrecognized that individuals, subject to idiosyncratic responses, could experi-
ence the effects described at concentrations below the corresponding AEGL.

SUMMARY OF REPORT ON
GUIDELINES FOR DEVELOPING AEGLS

As described in Guidelines for Developing Community Emergency Expo-
sure Levels for Hazardous Substances (NRC 1993) and the NRC guidelines re-
port Standing Operating Procedures for Developing Acute Exposure Guideline
Levels for Hazardous Chemicals (NRC 2001a), the first step in establishing
AEGLsfor achemical isto collect and review all relevant published and unpub-
lished information. Various types of evidence are assessed in establishing AEGL
values for a chemical. These include information from (1) chemical-physical
characterizations, (2) structure-activity relationships, (3) in vitro toxicity studies,
(4) animal toxicity studies, (5) controlled human studies, (6) observations of
humans involved in chemical accidents, and (7) epidemiologic studies. Toxicity
data from human studies are most applicable and are used when available in
preference to data from animal studies and in vitro studies. Toxicity data from
inhalation exposures are most useful for setting AEGLSs for airborne chemicals
because inhalation is the most likely route of exposure and because extrapola-
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tion of data from other routes would lead to additional uncertainty in the AEGL
estimate.

For most chemicals, actual human toxicity data are not available or critical
information on exposure is lacking, so toxicity data from studies conducted in
laboratory animals are extrapolated to estimate the potential toxicity in humans.
Such extrapolation requires experienced scientific judgment. The toxicity data
for animal species most representative of humans in terms of pharmacodynamic
and pharmacokinetic properties are used for determining AEGLSs. If data are not
available on the species that best represents humans, data from the most sensi-
tive animal species are used. Uncertainty factors are commonly used when ani-
mal data are used to estimate risk levels for humans. The magnitude of uncer-
tainty factors depends on the quality of the animal data used to determine the no-
observed-adverse-effect level (NOAEL) and the mode of action of the substance
in question. When available, pharmacokinetic data on tissue doses are consid-
ered for interspecies extrapol ation.

For substances that affect several organ systems or have multiple effects,
all end points (including reproductive [in both genders], developmental, neuro-
toxic, respiratory, and other organ-related effects) are evaluated, the most impor-
tant or most sensitive effect receiving the greatest attention. For carcinogenic
chemicals, excess carcinogenic risk is estimated, and the AEGLSs corresponding
to carcinogenic risks of 1 in 10,000 (1 x 10, 1 in 100,000 (1 x 10®), and 1 in
1,000,000 (1 x 10°®) exposed persons are estimated.

REVIEW OF AEGL REPORTS

As NAC began developing chemical-specific AEGL reports, EPA and
DOD asked the NRC to review independently the NAC reports for their scien-
tific validity, completeness, and consistency with the NRC guideline reports
(NRC 1993, 20014). The NRC assigned this project to the COT Committee on
Acute Exposure Guideline Levels. The committee has expertise in toxicology,
epidemiology, occupational health, pharmacology, medicine, pharmacokinetics,
industrial hygiene, and risk assessment.

The AEGL draft reports were initially prepared by ad hoc AEGL devel-
opment teams consisting of a chemical manager, chemical reviewers, and a staff
scientist of the NAC contractors—Oak Ridge National Laboratory and subse-
guently Syracuse Research Corporation. The draft documents were then re-
viewed by NAC and elevated from “draft” to “proposed” status. After the AEGL
documents were approved by NAC, they were published in the Federal Register
for public comment. The reports were then revised by NAC in response to the
public comments, elevated from “proposed” to “interim” status, and sent to the
NRC Committee on Acute Exposure Guideline Levelsfor final evaluation.

The NRC committee’s review of the AEGL reports prepared by NAC and
its contractors involves oral and written presentations to the committee by the
authors of the reports. The NRC committee provides advice and recommenda-
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tions for revisions to ensure scientific validity and consistency with the NRC
guideline reports (NRC 1993, 2001a). The revised reports are presented at sub-
sequent meetings until the committee is satisfied with the reviews.

Because of the enormous amount of data presented in AEGL reports, the
NRC committee cannot verify al of the data used by NAC. The NRC committee
relies on NAC for the accuracy and completeness of the toxicity data cited in the
AEGL reports. Thus far, the committee has prepared eleven reports in the series
Acute Exposure Guideline Levels for Selected Airborne Chemicals (NRC 2001b,
2002h, 2003, 2004, 2007b, 2008b, 2009, 2010a,b, 2011, 2012). This report is the
twelfth volume in that series. AEGL documents for butane, chloroacetaldehyde,
chlorobenzene, chloroform, methyl bromide, methyl chloride, and propane are
each published as an appendix in this report. The committee concludes that the
AEGLSs developed in these appendixes are scientifically valid conclusions based
on the data reviewed by NAC and are consistent with the NRC guideline reports.
AEGL reportsfor additional chemicalswill be presented in subsequent volumes.

REFERENCES

NRC (Nationa Research Council). 1968. Atmospheric Contaminants in Spacecraft.
Washington, DC: National Academy of Sciences.

NRC (National Research Council). 1972. Atmospheric Contaminants in Manned Space-
craft. Washington, DC: National Academy of Sciences.

NRC (National Research Council). 1984a. Emergency and Continuous Exposure Limits
for Selected Airborne Contaminants, Vol. 1. Washington, DC: National Academy
Press.

NRC (National Research Council). 1984b. Emergency and Continuous Exposure Limits
for Selected Airborne Contaminants, Vol. 2. Washington, DC: National Academy
Press.

NRC (National Research Council). 1984c. Emergency and Continuous Exposure Limits
for Selected Airborne Contaminants, Vol. 3. Washington, DC: National Academy
Press.

NRC (National Research Council). 1984d. Toxicity Testing: Strategies to Determine
Needs and Priorities. Washington, DC: National Academy Press.

NRC (National Research Council). 1985a. Emergency and Continuous Exposure Guid-
ance Levels for Selected Airborne Contaminants, Vol. 4. Washington, DC: Na-
tional Academy Press.

NRC (National Research Council). 1985h. Emergency and Continuous Exposure Guid-
ance Levels for Selected Airborne Contaminants, Vol. 5. Washington, DC: Na-
tional Academy Press.

NRC (National Research Council). 1986a. Emergency and Continuous Exposure Guid-
ance Levels for Selected Airborne Contaminants, Vol. 6. Washington, DC: Na-
tional Academy Press.

NRC (National Research Council). 1986b. Criteria and Methods for Preparing Emer-
gency Exposure Guidance Level (EEGL), Short-Term Public Emergency Guid-
ance Level (SPEGL), and Continuous Exposure Guidance level (CEGL) Docu-
ments. Washington, DC: National Academy Press.

NRC (National Research Council). 1987. Emergency and Continuous Exposure Guidance

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals: Volume 12

8 Acute Exposure Guideline Levels

Levels for Selected Airborne Contaminants, Vol. 7. Washington, DC: National
Academy Press.

NRC (National Research Council). 1988. Emergency and Continuous Exposure Guidance
Levels for Selected Airborne Contaminants, Vol. 8. Washington, DC: National
Academy Press.

NRC (National Research Council). 1992. Guidelines for Developing Spacecraft Maxi-
mum Allowable Concentrations for Space Station Contaminants. Washington, DC:
National Academy Press.

NRC (National Research Council). 1993. Guidelines for Developing Community Emer-
gency Exposure Levels for Hazardous Substances. Washington, DC: National
Academy Press.

NRC (National Research Council). 1994. Spacecraft Maximum Allowable Concentra-
tions for Selected Airborne Contaminants, Vol. 1. Washington, DC: Nationa
Academy Press.

NRC (National Research Council). 1996a. Spacecraft Maximum Allowable Concentra-
tions for Selected Airborne Contaminants, Vol. 2. Washington, DC: National
Academy Press.

NRC (National Research Council). 1996b. Spacecraft Maximum Allowable Concentra-
tions for Selected Airborne Contaminants, Vol. 3. Washington, DC: National
Academy Press.

NRC (National Research Council). 2000a. Spacecraft Maximum Allowable Concentra-
tions for Selected Airborne Contaminants, Vol. 4. Washington, DC: National
Academy Press.

NRC (National Research Council). 2000b. Methods for Developing Spacecraft Water
Exposure Guidelines. Washington, DC: National Academy Press.

NRC (National Research Council). 2001a. Standing Operating Procedures for Develop-
ing Acute Exposure Guideline Levels for Hazardous Chemicals. Washington, DC:
Nationa Academy Press.

NRC (National Research Council). 2001b. Acute Exposure Guideline Levels for Selected
Airborne Chemicals, Vol. 1. Washington, DC: National Academy Press.

NRC (National Research Council). 2002a. Review of Submarine Escape Action Levels
for Selected Chemicals. Washington, DC: The National Academies Press.

NRC (National Research Council). 2002b. Acute Exposure Guideline Levels for Selected
Airborne Chemicals, Vol 2. Washington, DC: The National Academies Press.

NRC (National Research Council). 2003. Acute Exposure Guideline Levels for Selected
Airborne Chemical, Vol. 3. Washington, DC: The National Academies Press.

NRC (National Research Council). 2004. Acute Exposure Guideline Levels for Selected
Airborne Chemicals, Vol. 4. Washington, DC: The National Academies Press.

NRC (National Research Council). 2007a. Emergency and Continuous Exposure Guid-
ance Levels for Selected Submarine Contaminants, Vol. 1. Washington, DC: The
National Academies Press.

NRC (National Research Council). 2007b. Acute Exposure Guideline Levels for Selected
Airborne Chemicals, Vol. 5. Washington, DC: The National Academies Press.

NRC (National Research Council). 2008a. Emergency and Continuous Exposure Guid-
ance Levels for Selected Submarine Contaminants, Vol. 2. Washington, DC: The
National Academies Press.

NRC (National Research Council). 2008b. Acute Exposure Guideline Levels for Selected
Airborne Chemicals, Vol. 6. Washington, DC: The National Academies Press.

NRC (National Research Council). 2009. Acute Exposure Guideline Levels for Selected
Airborne Chemicals, Vol. 7. Washington, DC: The National Academies Press.

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals: Volume 12

NRC Committee Review of Acute Exposure Guideline Levels 9

NRC (National Research Council). 2010a. Acute Exposure Guideline Levels for Selected
Airborne Chemicals, Vol. 8. Washington, DC: The National Academies Press.
NRC (National Research Council). 2010b. Acute Exposure Guideline Levels for Selected
Airborne Chemicals, Vol. 9. Washington, DC: The National Academies Press.
NRC (National Research Council). 2011. Acute Exposure Guideline Levels for Selected
Airborne Chemicals, Vol. 10. Washington, DC: The Nationa Academies Press.
NRC (National Research Council). 2012. Acute Exposure Guideline Levels for Selected
Airborne Chemicals, Vol. 11. Washington, DC: The National Academies Press.

Copyright © National Academy of Sciences. All rights reserved.



Acute Exposure Guideline Levels for Selected Airborne Chemicals: Volume 12

Appendixes

Copyright © National Academy of Sciences. All rights reserved.



	R1-18_first
	1-2_second
	3-10_third
	11-12_fourth
	butane_volume12.pdf
	R1-18_first
	1-2_second
	3-10_third
	11-12_fourth

	!front pages_volume12.pdf
	R1-18_first
	1-2_second
	3-10_third
	11-12_fourth


