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Preface 

 
Extremely hazardous substances (EHSs)2 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 lethality data in 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 (AEGLs) 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 AEGLs for approximately 200 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. This report is the ninth volume in 
                                                 

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

the series Acute Exposure Guideline Levels for Selected Airborne Chemicals. It 
reviews the AEGLs for bromine, ethylene oxide, furan, hydrogen sulfide, pro-
pylene oxide, and xylenes for scientific accuracy, completeness, and consistency 
with the NRC guideline reports. It also includes a chapter addressing the use of 
physiologically based pharmacokinetic (PBPK) models to support the derivation 
of AEGLs. 

The committee’s review of the AEGL documents involved both oral and 
written presentations to the committee by the NAC authors of the documents. 
The committee examined the draft documents and provided comments and rec-
ommendations 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 in-
terim reports and presented them for reexamination by the committee as many 
times as necessary until the committee was satisfied that the AEGLs were scien-
tifically 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 a volume such as this one. 

The nine 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 institution 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 nine committee interim reports, which sum-
marize the committee’s conclusions and recommendations for improving NAC’s 
AEGL documents for bromine (twelfth and fifteenth interim reports, 2005 and 
2008, respectively), ethylene oxide (tenth and fifteenth interim reports, 2004 and 
2008, respectively), furan (sixth, eighth, and fifteenth interim reports, 2001, 
2002, and 2008, respectively), hydrogen sulfide (third, sixth, seventh, eighth, 
and ninth interim reports, 2000, 2001, 2002, 2002, and 2003, respectively), pro-
pylene oxide (tenth interim report, 2004), xylenes (twelfth and fourteenth in-
terim reports, 2005 and 2006, respectively), and the use of PBPK models to sup-
port the derivation of AEGLs (fifteenth interim report, 2008): Deepak Bhalla 
(Wayne State University), Harvey Clewell (The Hamner Institutes for Health 
Sciences), Rakesh Dixit (MedImmune/AstraZeneca Biologics, before he became 
a member of the committee), David Gaylor (Gaylor and Associates, LLC), Sid-
ney Green (Howard University), A. Wallace Hayes (Harvard School of Public 
Health), Sam Kacew (University of Ottawa), Nancy Kerkvliet (Oregon State 
University), Florence K. Kinoshita (Hercules Incorporated [retired]), Kenneth 
Poirier (Toxicology Excellence for Risk Assessment),Charles R. Reinhardt (Du-
Pont Haskell Laboratory [retired]), and Bernard M. Wagner (New York Univer-
sity Medical Center [retired]). 
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Preface 

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 re-
lease. The review of the third interim report, completed in 2000, was overseen 
by Mary Vore, University of Kentucky Medical Center. The reviews of the sixth 
interim report (2001), seventh interim report (2002), fourteenth interim report 
(2006), and fifteenth interim report (2008) were overseen by Robert Goyer, 
University of Western Ontario (retired). The reviews of the eighth interim report 
(2002) and tenth interim report (2004) were overseen by David H. Moore, Bat-
telle Memorial Institute. The review of the ninth interim report (2003) was over-
seen by Judith A. Graham, American Chemistry Council (retired). The review of 
the twelfth interim report (2005) was overseen by David W. Gaylor, Gaylor and 
Associates, LLC. Appointed by the NRC, they were responsible for making cer-
tain that an independent examination of the interim reports was carried out in 
accordance with institutional procedures and that all review comments were 
carefully considered. Responsibility for the final content of this report rests en-
tirely with the authoring committee and the institution. 

The committee gratefully acknowledges the valuable assistance provided 
by the following persons: Ernest Falke, Marquea D. King, Iris A. Camacho, and 
Paul Tobin (all from EPA); and George Rusch (Honeywell, Inc.). The commit-
tee also acknowledges Raymond Wassel and Keegan Sawyer, the project direc-
tors for their work this project. Other staff members who contributed to this ef-
fort are James J. Reisa (director of the Board on Environmental Studies and 
Toxicology), Susan Martel (senior program officer for toxicology), Ruth Cross-
grove (senior editor), Radiah Rose (manager of editorial projects), Mirsada Ka-
ralic-Loncarevic (manager of the Technical Information Center), Orin Luke 
(senior program assistant), and Tamara Dawson (program associate). Finally, I 
would like to thank all members of the committee for their expertise and dedi-
cated effort throughout the development of this report.  
 

Donald E. Gardner, Chair 
Committee on Acute Exposure 
Guideline Levels 
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3 

 
 

National Research Council Committee 
Review of Acute Exposure Guideline 

Levels of Selected Airborne Chemicals 

 
This report is the ninth volume in the series Acute Exposure Guideline 

Levels for Selected Airborne Chemicals. 
In the Bhopal disaster of 1984, approximately 2,000 residents living near a 

chemical plant were killed 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 communities in 
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 also 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 a first 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 translated into emergency exposure limits for exposures at high levels 
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but of short duration, usually less than 1 hour (h), and only once in a lifetime 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, 2000a, 2002a, 2007a, 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 results.  

In November 1995, the National Advisory Committee (NAC)1 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 (AEGLs) 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. 

AEGLs represent threshold exposure limits (exposure levels below which 
adverse health effects are not likely to occur) for the general 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 AEGLs are defined as follows: 
 

AEGL-1 is the airborne concentration (expressed as ppm [parts per mil-
lion] or mg/m3 [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 

                                                           
1NAC is composed of members from EPA, DOD, many other federal and state agen-

cies, industry, academia, and other organizations. The NAC roster is shown on page 9. 
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upon cessation of exposure. 
AEGL-2 is the airborne concentration (expressed as ppm or mg/m3) 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/m3) 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 general public, including susceptible subpopulations, such as in-
fants, children, the elderly, persons with asthma, and those with other illnesses, 
it is recognized 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 
AEGLs for a chemical is to 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 AEGLs for airborne chemicals 
because inhalation is the most likely route of exposure and because extrapola-
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 
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for animal species most representative of humans in terms of pharmacodynamic 
and pharmacokinetic properties are used for determining AEGLs. 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 extrapolation. 

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 AEGLs corresponding 
to carcinogenic risks of 1 in 10,000 (1  10-4), 1 in 100,000 (1  10-5), and 1 in 
1,000,000 (1  10-6) 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, 2001a). 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 are initially prepared by ad hoc AEGL develop-
ment teams consisting of a chemical manager, two chemical reviewers, and a 
staff scientist of the NAC contractor—Oak Ridge National Laboratory. The 
draft documents are then reviewed by NAC and elevated from “draft” to “pro-
posed” status. After the AEGL documents are approved by NAC, they are pub-
lished in the Federal Register for public comment. The reports are then revised 
by NAC in response to the public comments, elevated from “proposed” to “in-
terim” status, and sent to the NRC Committee on Acute Exposure Guideline 
Levels for 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-
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 subcommittee is satisfied with the reviews. 

Because of the enormous amount of data presented in AEGL reports, the 
NRC committee cannot verify all of the data used by NAC. The NRC committee 
relies on NAC for the accuracy and completeness of the toxicity data cited in the 
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AEGL reports. Thus far, the committee has prepared seven reports in the series 
Acute Exposure Guideline Levels for Selected Airborne Chemicals (NRC 2001b, 
2002b, 2003, 2004, 2007b, 2008b, 2009, 2010). This report is the ninth volume in 
that series. AEGL documents for bromine, ethylene oxide, furan, hydrogen sul-
fide, propylene oxide, and xylenes are each published as an appendix in this re-
port. This volume also contains a chapter on the use of physiologically based 
pharmacokinetic models to support the derivation of AEGLs. The committee 
concludes that the AEGLs 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 chemicals will be presented in sub-
sequent volumes. 
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Hydrogen Sulfide1 
 

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—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 have 
been defined as follows: 
 

AEGL-1 is the airborne concentration (expressed as parts per million 
[ppm] or milligrams per cubic meter [mg/m3]) of a substance above which it is 
predicted that the general population, including susceptible individuals, could 
experience notable discomfort, irritation, or certain asymptomatic, nonsensory 

                                                 
1This document was prepared by the AEGL Development Team composed of Cheryl 

Bast (Oak Ridge National Laboratory) and Chemical Manager Steve Barbee (National 
Advisory Committee [NAC] on Acute Exposure Guideline Levels for Hazardous Sub-
stances). The NAC reviewed and revised the document and AEGLs as deemed necessary. 
Both the document and the AEGL values were then reviewed by the National Research 
Council (NRC) Committee on Acute Exposure Guideline Levels. The NRC committee 
has concluded that the AEGLs developed in this document are scientifically valid conclu-
sions based on the data reviewed by the NRC and are consistent with the NRC guideline 
reports (NRC 1993, 2001). 
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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/m3) 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/m3) 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 levels that 
could produce mild and progressively increasing but transient and nondisabling 
odor, taste, and sensory irritation or certain asymptomatic, nonsensory 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 AEGLs represent threshold levels 
for the general public, including susceptible subpopulations, such as infants, 
children, the elderly, persons with asthma, and those with other illnesses, it is 
recognized that individuals, subject to idiosyncratic responses, could experience 
the effects described at concentrations below the corresponding AEGL. 

 
SUMMARY 

 
Hydrogen sulfide (H2S) is a colorless, flammable gas at ambient tempera-

ture and pressure. It has an odor similar to that of rotten eggs and is both an irri-
tant and an asphyxiant. The air odor threshold ranges between 0.008 and 0.13 
ppm, and olfactory fatigue may occur at 100 ppm. Paralysis of the olfactory 
nerve has been reported at 150 ppm (Beauchamp et al. 1984). Mean ambient air 
concentrations for H2S range between 0.00071 and 0.066 ppm. 

Controlled human data were used to derive AEGL-1 values. Three of 10 
volunteers with asthma exposed to H2S at 2 ppm for 30 min complained of 
headache and 8 of 10 experienced nonsignificant increased airway resistance 
(Jappinen et al. 1990). As there were no clinical symptoms of respiratory diffi-
culty and there were no significant changes in forced vital capacity (FVC) or 
forced expiratory volume in 1 second (FEV1), the AEGL-1 was based exclu-
sively on increased complaints of headache in the three volunteers (Jappinen et 
al. 1990). A modifying factor of 3 was applied to account for the wide variabil-
ity in complaints associated with the foul odor of H2S and the shallow concen-
tration response at the relatively low concentrations that are consistent with 
definition of the AEGL-1. The 30-min experimental value was scaled to the 10-
min and 1-, 4-, and 8-h time points by using the concentration-exposure duration 
relationship, C4.4 × t = k, where C is concentration, t is time, and k is a constant. 
The exponent 4.4 was derived from rat lethality data ranging from 10-min to 6-h 
exposures. 
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The level of distinct odor awareness (LOA) for H2S is 0.01 ppm (see Ap-
pendix C for LOA derivation). The LOA represents the concentration above 
which it is predicted that more than half the exposed population will experience 
at least a distinct odor intensity, and about 10% of the population will experi-
ence a strong odor intensity. The LOA should help chemical emergency re-
sponders in assessing public awareness of the exposure due to odor perception. 
Thus, the derived AEGL-1 values are considered to have warning properties. 

The AEGL-2 was based on the induction of perivascular edema in rats ex-
posed to H2S at 200 ppm for 4 h (Green et al. 1991; Khan et al. 1991). An uncer-
tainty factor of 3 was applied as rat and mouse data suggest little interspecies 
variability. An intraspecies uncertainty factor of 3 was applied to account for 
sensitive individuals. The intraspecies uncertainty factor of 3 is considered suf-
ficient because applying the default uncertainty factor of 10 would result in a 
total uncertainty factor of 30, which would yield AEGL-2 values inconsistent 
with the total database for H2S. AEGL-2 values derived with larger uncertainty 
factors are essentially identical to or below the 10-ppm concentration causing no 
adverse health effects in humans exercising to exhaustion for up to 30 min 
(Bhambhani and Singh 1991; Bhambhani et al. 1994, 1996a,b, 1997). Therefore, 
the total uncertainty factor applied in the derivation of AEGL-2 is 10. The 4-h 
experimental value was then scaled to the 10- and 30-min and 1- and 8-h time 
points, using C4.4 × t = k. The exponent 4.4 was derived from empirical rat le-
thality data ranging from 10-min to 6-h exposures. 

The AEGL-3 was based on the highest concentration causing no mortality 
in the rat after a 1-h exposure (504 ppm) (MacEwen and Vernot 1972). An un-
certainty factor of 3 was used to extrapolate from animals to humans as rat and 
mouse data suggest little interspecies variability. An uncertainty factor of 3 was 
applied to account for sensitive individuals. The intraspecies uncertainty factor 
of 3 is considered sufficient because applying the default uncertainty factor re-
sults in AEGL-3 values inconsistent with the data. AEGL-3 values derived with 
larger uncertainty factors were equal to or less than twice the concentration that 
failed to produce adverse health effects in humans exercising to exhaustion for 
up to 30 min (Bhambhani and Singh 1991; Bhambhani et al. 1994, 1996a,b, 
1997). Increased mortality or irreversible medical conditions consistent with the 
definition of AEGL-3 are unlikely at such concentrations. Therefore, the total 
uncertainty factor is 10. The value was then scaled to the 10- and 30 min and 1-, 
4-, and 8-h time points, using C4.4 × t = k. The exponent 4.4 was derived from 
rat lethality data ranging from 10-min to 6-h exposures.  

The AEGL values are listed in Table 4-1. 

 
1. INTRODUCTION 

 
Hydrogen sulfide is a colorless, flammable gas at ambient temperature and 

pressure (NIOSH 1977). The National Fire Protection Association (NFPA 1974) 
placed H2S in the highest flammability classification. Precautions against fire 
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and explosion must be exercised to maintain airborne H2S below 0.43%. It has 
an odor similar to that of rotten eggs and it is both an irritant and an asphyxiant. 
The odor threshold is between 0.008 and 0.13 ppm, and olfactory fatigue, result-
ing in a lack of detection of odor, may occur at 100 ppm. Paralysis of the olfac-
tory nerve has been reported at 150 ppm (Beauchamp et al. 1984). Mean ambi-
ent air concentrations in the United States range between 0.00071 and 0.066 
ppm (NRC 1977; Graedel et al. 1986; Warneck 1988). 

Approximately 90% of the H2S in the atmosphere occurs from natural 
sources. Hydrogen sulfide arises through bacterial reduction of sulfates and or-
ganic sulfur-containing compounds. It is emitted from crude oil, stagnant or pol-
luted water, sewers, and manure or coal pits with low oxygen content. A small 
amount of H2S is emitted from volcanoes, vents, mudpots, and similar geologic 
formations (ATSDR 2006). 

Hydrogen sulfide is synthesized commercially for use in rayon manufac-
turing, as an agricultural disinfectant, and as an additive in lubricants. It is also 
used as an intermediate in sulfuric acid and inorganic sulfide manufacturing and 
it is a by-product of pulp and paper manufacturing (Jaakkola et al. 1990) and 
geothermal operations (Kage et al. 1998); it is present in “sour” crude petroleum 
(NIOSH 1977; Guidotti 1994), roofing tar (Hoidal et al. 1986), natural gas, and 
shale oil (Ahlborg 1951; Kilburn 1993). Hydrogen sulfide has been manufac-
tured in ton quantities for use in production of heavy water and as a moderator 
in nuclear reactors (NRC 1977). In 1997, it was manufactured in the United 
States by three companies at five sites (ATSDR 1999). Most H2S is made and 
used captively or transported by pipeline. As of 2007, total domestic commercial 
production in the United States exceeded 1.1 × 106 tons/year (Kroshwitz and 
Seidel 2007).  

The physicochemical properties of H2S are presented in Table 4-2. 
 
 
TABLE 4-1 Summary of AEGL Values for Hydrogen Sulfide 

Classification 10 min 30 min 1 h 4 h 8 h 
End Point  
(Reference) 

AEGL-1 
(Nondisabling) 

0.75 ppm 
(1.05 
mg/m3) 

0.60 ppm 
(0.84 
mg/m3) 

0.51 ppm 
(0.71 
mg/m3) 

0.36 ppm 
(0.50 
mg/m3) 

0.33 ppm 
(0.46 
mg/m3) 

Headache in 
humans with  
asthma (Jappinen  
et al. 1990) 

AEGL-2 
(Disabling) 

41 ppm 
(59  
mg/m3) 

32 ppm 
(45  
mg/m3) 

27 ppm  
(39  
mg/m3) 

20 ppm 
(28  
mg/m3) 

17 ppm 
(24  
mg/m3) 

Perivascular  
edema in rats 
(Green et al. 1991; 
Khan et al. 1991) 

AEGL-3 
(Lethality) 

76 ppm 
(106 mg/m3) 

59 ppm 
(85  
mg/m3) 

50 ppm 
(71  
mg/m3) 

37 ppm 
(52  
mg/m3) 

31 ppm 
(44  
mg/m3) 

Highest 
concentration 
causing no mortality 
in the rat after a 1-h 
exposure (MacEwen 
and Vernot 1972) 
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TABLE 4-2 Chemical and Physical Data for Hydrogen Sulfide 
Parameter Data Reference 

Common name Hydrogen sulfide ATSDR 2006 

Synonyms Hydrosulfuric acid, stink damp,  
sulfur hydride, sulfurated hydrogen, 
dihydrogen monosulfide, sewer gas,  
swamp gas, rotten-egg gas 

ATSDR 2006 

CAS registry number 7783-06-4 ATSDR 2006 

Chemical formula H2S ATSDR 2006 

Molecular weight 34.08  ATSDR 2006 

Physical state Colorless gas ATSDR 2006 

Melting, boiling, and  
flash points 

−85.49°C, −60.33°C, and 26°C ATSDR 2006 

Density 1.5392 grams/liter at 0°C ATSDR 2006 

Density in air 1.192 ATSDR 2006 

Solubility 1 gram in 242 milliliters of water at 20°C; 
soluble in alcohol, ether, glycerol, gasoline, 
kerosene, crude oil, carbon disulfide 

ATSDR 2006 

Vapor pressure 15,600 mmHg at 25°C ATSDR 2006 

Conversion factors in air 1 ppm = 1.4 mg/m3 
1 mg/m3 = 0.7 ppm 

AIHA 2000 

 
 

2. HUMAN TOXICITY DATA 
 

2.1. Acute Lethality 
 

According to U.S. Occupational Safety and Health Administration re-
cords, there were 80 fatalities in 57 H2S incidents from 1984 to 1994 (Fuller and 
Suruda 2000). Nineteen deaths and 36 H2S-induced injuries occurred among 
people attempting to rescue victims overcome by the gas. 

The clinical toxicology of H2S has been reviewed (Smith and Gosselin 
1979; Gosselin et al. 1984; Reiffenstein et al. 1992). Literature accounts of hu-
man fatalities after inhalation of H2S are abundant; however, exposure concen-
trations and durations in these accidents are generally not rigorously defined. 
Vapor concentrations on the order of 500 to 1,000 ppm or more are usually fatal 
within minutes (API 1948; Ahlborg 1951; Reiffenstein et al. 1992). Most fatali-
ties occur in confined spaces (sewers, animal processing plants, manure tanks) 
and result from respiratory failure, initially presenting with respiratory insuffi-
ciency, noncardiogenic pulmonary edema, coma, or cyanosis. In many cases, 
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people lose consciousness after only one or two breaths, termed “slaughterhouse 
sledgehammer” (ATSDR 2006). Osbern and Crapo (1981) reported a typical, 
unfortunate accident involving an underground liquid manure storage pit. A 
farmer drained the liquid manure to a depth of 45 cm and entered the pit to re-
trieve a lid that a cow had kicked into the tank. The farmer was overcome within 
a few minutes, as were three men who attempted to rescue him. Three of the 
men lapsed into unconsciousness and died before reaching the hospital. Autopsy 
showed massive liquid manure pulmonary aspiration in two individuals and 
fulminant pulmonary edema without manure aspiration in the third. “Increased 
heart-blood sulfide levels” indicated significant H2S exposure. The clinical 
course of the surviving patient was complicated by hemodynamic instability, 
respiratory distress syndrome, and pulmonary infection. Air samples taken a 
week after the accident detected H2S at 76 ppm; however, pit air concentrations 
were likely higher at the time of exposure because of temperature and manure 
concentration. 

Two workers collapsed and died within 45 min after entering a sewer 
manhole (NIOSH 1991). A concentration of 200 ppm was measured in sewer air 
6 days after the accident. In another accident, a worker at a poultry-processing 
plant died after exposure to an estimated H2S concentration of 2,000 to 4,000 
ppm for an estimated 15 to 20 min (Breysse 1961). Pulmonary, intracranial, and 
cerebral edema and cyanosis were observed at autopsy. 

Hsu et al. (1987) reported 10 cases of accidental H2S poisoning. The H2S 
concentration was 429 ppm 4 h after the accident. Five victims died at the site of 
exposure. Four lost consciousness within 2 to 20 min of the accident and fell 
into a deep coma for approximately 48 h, regaining consciousness only after 
extensive hyperbaric oxygen therapy. Electrocardiograms indicated T-wave 
changes in all five survivors and changes in the P-wave in the patient remaining 
in the coma for 2 days. By day 9 after the accident, the electroencephalograms 
(EEGs) were essentially normal in four victims, while the P-wave returned to 
normal on day 21 and the T-wave returned to normal on day 36 in the most se-
verely poisoned patient. On day 3, blood urea nitrogen increased to 39.2 milli-
grams per deciliter and remained above normal through day 13, while serum 
glutamic pyruvic transaminase activity remained increased through day 8. No 
pulmonary edema or long-term neurologic abnormalities were identified. 

Autopsy of H2S victims often reveals pulmonary edema (Adelson and 
Sunshine 1966; Winek et al. 1968) and petechial hemorrhage into the lungs and 
brain along with gray-green cyanosis or a purple-to-green cast to the cerebral 
cortex, viscera, and blood (Freireich 1946; Breysse 1961; Adelson and Sunshine 
1966). Postmortem formation of sulfhemoglobin contributes to these discolora-
tions. Pulmonary edema is not always associated with death in H2S-induced cen-
tral respiratory arrest inasmuch as very high (1,000 ppm) exposures induce 
prompt unconsciousness, apnea, and anoxic convulsions with risus sardonicus 
and opisthotonos (Hurwitz and Taylor 1954). If victims are promptly evacuated, 
recovery can be rapid. It is at lower “but nevertheless fatal” exposure concentra-
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tions where the development of pulmonary and other systemic signs of H2S in-
toxication are permitted (Gosselin et al. 1984). 

 
2.2. Nonlethal Toxicity 

 
2.2.1. Case Reports 
 

Albuminuria and hematuria (Osbern and Crapo 1981), brain stem and cor-
tical damage (Hurwitz and Taylor 1954), neurasthenia, amnesia, and other psy-
chic disorders and difficulties with equilibrium to frank tremor can afflict survi-
vors of acute H2S intoxication. People acutely exposed to lower but nonfatal 
concentrations commonly experience lacrimation, photophobia, corneal opacity, 
tachypnea, dyspnea, tracheobronchitis (with elevated risk for broncho-
pneumonia), gastrointestinal distress (nausea, vomiting, diarrhea), arrhythmias, 
and palpitations, but these changes generally resolve promptly upon evacuation 
to fresh air. Patients can be left with a residual cough, hyposmia, dysosmia, or 
phantosmia (Kilburn and Warshaw 1995; Hirsch and Zavala 1999). At much 
higher concentrations, recovery from coma can be relatively rapid, and the clini-
cal course is usually complete but slow in those patients who do not die. Artifi-
cial respiration is appropriate in victims with depressed or absent breathing, as 
are supportive steps to combat development of pulmonary edema (Gosselin et al. 
1984). Oxygen is indicated in those patients with acute respiratory distress syn-
drome (Smith 1996). 

Case reports concerning nonlethal H2S effects in humans are abundant; 
however, exposure parameters, concentration, and duration are often either un-
reported or only estimated. Symptoms of acute H2S exposure include ocular and 
respiratory tract irritation, nausea, headaches, loss of equilibrium, memory loss, 
olfactory paralysis, loss of consciousness, tremors, and convulsions (ATSDR 
2006). Among tunnel, rayon, and sewer workers exposed for several hours to 
days, keratoconjunctivitis (“gas eye”) is commonplace (Vanhoorne et al. 1995). 
This condition is characterized by tearing, burning, and scratchy irritation of the 
cornea and conjunctivae, and the symptoms generally resolve without interven-
tion or sequelae after cessation of exposure (Grant 1974). The threshold for ocu-
lar irritation by H2S alone has been reported as 10 to 20 ppm (WHO 1981), but 
accounts of eye pain, burning, and photophobia in the presence of related sul-
fides put the threshold at no more than 6 ppm (Vanhoorne et al. 1995). 

Parra et al. (1991) reported cases of 14 workers likely poisoned with H2S 
from toilet facilities. The toilets were connected to a manure pit without a si-
phon. Workers complained of eye, nose, and throat irritation; nausea; dizziness; 
vomiting; and dyspnea. (One worker died a few hours after hospital admission. 
Hemorrhagic bronchitis and asphyxia were identified at autopsy.) Most workers 
recovered uneventfully; however, after a symptom-free period of 3 weeks, one 
worker reported dyspnea, chest tightness, and hemoptysis. A mild, bilateral, 
interstitial fibrosis was found on a chest X-ray and pulmonary function tests 
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showed mild restrictive pulmonary disease. Five months after the accident, the 
patient was asymptomatic except for residual exertion dyspnea. 

Six patients were examined 5 to 10 years after accidental exposures to un-
known concentrations of H2S (Tvedt et al. 1991a,b). They had been unconscious 
for 5 to 20 min in the H2S atmospheres. Persistent neurologic symptoms in-
cluded impaired vision, memory loss, decreased motor function, tremors, ataxia, 
abnormal learning and retention, and slight cerebral atrophy. One patient was 
severely demented. 

In another report, 37 workers (ages 24 to 50 years) were accidentally ex-
posed to an undetermined concentration of H2S while drilling a pit to lay the 
foundation for a municipal sewage pumping station (Snyder et al. 1995). Symp-
toms included headache, dizziness, breathlessness, cough, burning discomfort in 
the chest, throat and eye irritation, nausea, and vomiting. Most workers recov-
ered uneventfully; however, one worker died and another remained in a coma 
for 5 days. The comatose patient was aggressively treated with hyperbaric oxy-
gen. He was discharged from the hospital on day 15 with slow speech, impaired 
attention span, easy distractibility, isolated retrograde amnesia, decreased ability 
to communicate, impaired visual memory, and poor retention of new informa-
tion. His condition was unchanged at 12 and 18 months after exposure. Numer-
ous other reports of permanent or persistent neurologic effects after exposure to 
H2S have been published (Wasch et al. 1989; Kilburn 1993; Kilburn and War-
shaw 1995; Kilburn 1997). As with the other case studies, these reports lack 
definitive exposure parameters. 

In May and June 1964, a H2S emission from an industrial landfill in Terre 
Haute, Indiana, resulted in nearby residents complaining about odor and nausea, 
loss of sleep, shortness of breath, and headache (HEW 1964). Samples collected 
from five sites around the city indicated H2S concentrations ranging from <2 to 
>300 parts per billion (ppb); however, the observations are confounded by con-
current exposure to other malodorous pollutants such as smoke from burning 
garbage and sulfurous coal tar. Data summarized and experiments carried out by 
the State of California Department of Health Services showed that the geometric 
mean of the threshold odor concentration for H2S was approximately 0.008 ppm 
(Amoore 1985). It was also stated that, as a provisional rule, it appears that 
when an unpleasant odor reaches approximately 5 times its odor threshold con-
centration, the mean concentration for complaints of odor annoyance is attained. 
Factors responsible for odor annoyance were categorized as the unpleasant odor 
sensation itself, effects on social life, and instigation of headache or nausea 
(Amoore 1985). 

In another report, Ruth (1986) reported an odor threshold range of 0.0005 
to 0.01 ppm and listed an irritating H2S concentration of 10 ppm. 

Members of the Mobile Monitoring Team, Source Sampling Team, Tech-
nical Support Team, and Systems Planning and Implementation Team of the 
Texas Natural Resource Conservation Commission (TNRCC) conducted a mo-
bile laboratory sampling trip to the Corpus Christi, Texas, area from January 31 
to February 6, 1998 (TNRCC 1998). The mean H2S concentration downwind 
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from an oil refinery was 0.09 ppm (30-min downwind average). The six staff 
members complained of persistent objectionable odors, eye and throat irritation, 
headache, and nausea. In most cases, the symptoms subsided within a few hours 
after leaving the sampling site; throat irritation persisted in two staff members 
through the following day. The exposure duration was about 5 h. Sulfur dioxide, 
benzene, methyl t-butyl ether, and toluene were also detected, and it is possible 
that these chemicals contributed to the complaints. 

Some authors hypothesize that odors, such as the rotten egg smell associ-
ated with H2S, may trigger asthma attacks; however, quantitative data support-
ing this premise are limited, and it is uncertain whether a toxicologic mechanism 
or stress-induced anxiety is involved. It is clear that objectionable odor can af-
fect behavior; individuals detecting odors may stay indoors, temporarily leave 
the neighborhood or area, complain to officials, or consider a change of resi-
dence (Shusterman 1992). Many objectionable odor sources have been impli-
cated in asthma attacks, annoyance, and behavioral modifications and include 
municipal odors (landfills, sewage treatment plants), agricultural odors (com-
posting, feed lots), industrial odors (pulp mills, refineries, hazardous waste sites) 
(Shusterman 1992), and household (perfumes, flowers, cleaning products, 
food/cooking odors) and bodily odors (Stein and Ottenberg 1958; Herbert et al. 
1967). Bruvold et al. (1983) used a survey questionnaire to determine whether 
people living downwind of two sewage treatment plants in California (Pacifica 
and Novato) detected H2Sodor and experienced odor annoyance more frequently 
than people living in two control communities. Hydrogen sulfide concentrations 
in the test communities ranged from 1 to 6 ppb. Odor was reported by 49 of 54 
respondents in Pacifica compared with 4 of 54 respondents in the Pacifica con-
trol community and 19 of 50 respondents in Novato compared with 1 of 48 re-
spondents from the Novato control community. When respondents were asked 
to rate odor annoyance on a scale of 0 (no annoyance) to 10 (extreme annoy-
ance), the following median annoyance scores were obtained: Pacifica affected 
= 7.9, Pacifica control = 5.5, Novato affected = 4.3, Novato control = 1.0. One 
in nine respondents in the “exposed” neighborhoods also reported that they or a 
family member had been made sick by the odors; however, only 1% of this 
group sought medical attention and no odor-induced asthma was reported in 
these communities. 

Rossi et al. (1993) examined the association between emergency room vis-
its for asthma attacks and weather (temperature, humidity, barometric pressure, 
rainfall), levels of air pollutants (nitrogen dioxide, sulfur dioxide, H2S, total sus-
pended particles), and pollen counts. No association was found between pollen 
counts and weather conditions, except for an inverse correlation with tempera-
ture. The most significant correlation was found for nitrogen dioxide, with lesser 
correlations for sulfur dioxide, H2S, and total suspended particles. The daily 
mean H2S concentration was 0.0022 ppm (range 0 to 0.02 ppm) and the daily 
maximum was 0.01 ppm (range 0 to 0.12 ppm). Only the relationship between 
nitrogen dioxide and asthma attacks held after controlling for temperature.  
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Stein and Ottenberg (1958) interviewed 25 hospitalized patients with 
asthma to determine whether odors precipitated asthma attacks. Initially, the 
patients were asked what would precipitate an asthma attack. If odors were not 
mentioned, they were then specifically asked about odors. The responses were 
then analyzed for the “character of the odorous substance.” Twenty-two of the 
25 subjects stated that odors precipitated attacks; of these 22, about half initially 
specified odor as a precipitating factor, whereas the others included odor only 
when prompted by the interviewer. The most common (74%) “precipitating 
odors” were categorized as “cleanliness/uncleanliness and included urine, sweat, 
feces, disinfectant, bleach, camphor, dirty/musty, smoke, sulfur, chemicals, 
paint, horses, and barn; followed by “romantic odors” (21%) including perfume, 
spring, and flowers; and foods (5%) such as bacon, onion, and garlic. In another 
report, Herbert et al. (1967) administered questionnaires to two groups of pa-
tients with asthma, one from a psychiatric hospital and one from a general hospi-
tal, to determine whether odors precipitated asthma attacks. Approximately 80% 
of patients reported that odor triggered asthma attacks, with the most common 
triggers being paint, tobacco fumes, wood smoke, household odors, and paraffin. 
The authors concluded that emotional distress could precipitate an asthmatic 
attack. There was no clear differentiation between the two groups of patients. In 
both the Stein and Ottenberg (1958) and Herbert et al. (1967) reports, the results 
are compromised by possible undefined concurrent exposures, no measure of 
repeatability, and the fact that neither the patient nor the interviewer was blinded 
to the inquiry. 

 
2.2.2. Epidemiologic Studies 
 

Jappinen et al. (1990) studied a cohort of 26 male pulp mill workers (mean 
age 40.3 years, range 22 to 60 years) to assess the possible effects of H2S on 
respiratory function. The workers experienced daily exposure to H2S “usually 
below the maximum permitted concentration of 10 ppm.” Bronchial responsive-
ness, FVC, and FEV1 were measured after at least 1 day off work and at the end 
of a workday. No significant changes in respiratory function or bronchial re-
sponsiveness were observed at the end of the workday compared with control 
values. 

Studies of communities located near pulp mills have reported increased 
incidences of respiratory system symptoms (irritation and cough) and central 
nervous system symptoms (headaches, migraine) (Partti-Pellinin et al. 1996). 
Although H2S concentrations have been reported in these studies, the popula-
tions were also exposed to relatively high concentrations of other malodorous 
sulfur compounds such as sulfur dioxide and mercaptans. Thus, it is difficult to 
define a concentration-response relationship for H2S from these reports. 

Hessel et al. (1997) studied a group of 175 oil and gas workers (mean age 
35 years) in Alberta, Canada. Hydrogen sulfide exposure concentrations were 
not available; therefore, exposure groups were determined by questioning the 
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workers about “exposures strong enough to cause symptoms,” “exposures that 
resulted in loss of consciousness (knockdown),” or no exposure. Exposures 
strong enough to cause symptoms were reported by 51 workers, “knockdown” 
was reported by 14 workers, and 110 workers reported no exposure. Exposures 
strong enough to cause symptoms were not associated with lower spirometric 
values. Knockdowns were not associated with lower spirometric values but were 
associated with shortness of breath while hurrying on the level or up a slight hill, 
wheezing with chest tightness, and wheezing attacks. 

In another study, 21 swine confinement facility owner-operators were 
tested by spirometry immediately before and after a 4-h work period (Donham et 
al. 1984). The confinement workers had statistically significant (p < 0.05) reduc-
tions in pulmonary flow rates ranging from 3.3% to 11.9% mean forced expira-
tory flow (FEF) after the 4-h work period. The report states that the work envi-
ronment was sampled for particulates and gases during the exposure period and 
that evidence suggested a concentration-response relationship between carbon 
dioxide and H2S exposure and lung function decrements. However, these moni-
toring data were not presented in the study report. 

 
2.2.3. Experimental Studies 
 

Jappinen et al. (1990) exposed a group of 10 people with asthma (3 men 
age 33 to 50 years and 7 women age 31 to 61 years) to H2S at 2 ppm for 30 min. 
The subjects had been diagnosed with bronchial asthma for 1 to 13 years and 
were under medical supervision. Severe asthma patients were excluded from the 
protocol. Two volunteers were exposed simultaneously in a 10-m3 sealed tile-
walled exposure chamber with an oxygen flow of 2 liters (L)/min. Hydrogen 
sulfide concentration was monitored continuously with a sulfur dioxide analyzer 
connected to a converter that transformed H2S into sulfur dioxide at 840°C. The 
H2S was supplied to the chamber from laminated plastic bags through plastic 
tubing. All asthma subjects complained of an unpleasant odor and nasal and 
pharyngeal dryness at the initiation of exposure. Three of the 10 complained of 
headache after exposure. There were no significant effects on FVC, FEV1, or 
FEF values after exposure to H2S. Airway resistance (Raw) value was slightly 
decreased in two and increased in eight subjects. The range of Raw differences 
was –5.95% to +137.78%, with an average increase of 26.3%; no accompanying 
clinical symptoms were observed. The range of specific airway conductance 
(SGaw) differences was –57.7% to +30%, with an average decrease of 8.4%. 
These effects were not statistically significant; however, in two subjects, 
changes were greater than 30% in both Raw and SGaw.  

Bhambhani and Singh (1991) exposed 16 healthy male volunteers (age 
25.2 ± 5.5 years) to H2S at 0, 0.5, 2.0, or 5.0 ppm during graded cycle exercise 
performed to exhaustion (up to 16 min). Filtered air from a pressurized cylinder 
was passed through a stainless steel humidifying chamber at a flow rate of 50 
L/min. After humidification, the air was mixed with H2S at 1,000 ppm in nitro-
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gen regulated from a pressurized cylinder to obtain the desired concentration of 
H2S in the test atmosphere. The H2S was then collected in three polyethylene 
bags connected in a series and suspended from the ceiling. The flow of gas into 
and out of each bag was controlled with a two-way stopcock and the H2S con-
centration was continuously monitored with a sulfur dioxide analyzer connected 
to a converter that transformed H2S into sulfur dioxide. Each subject completed 
a preliminary graded exercise test (H2S at 0 ppm) designed to determine maxi-
mum oxygen uptake (VO2max) and to identify the anaerobic and respiratory com-
pensation thresholds by use of respiratory gas-exchange criteria. The subject 
began pedaling an electronically braked cycle ergonometer at zero load at a 
speed of 60 revolutions/min for 4 min. The power output was then increased by 
200 kilopond-meters (kpm)/min every 2 min. Until volitional fatigue was 
achieved, there was no further increase in oxygen uptake with increasing power 
output (when VO2max was achieved). After the preliminary test, each subject 
completed four additional tests, one every 2 weeks, while breathing H2S at 0, 
0.5, 2.0, or 5.0 ppm in a random order. After a 4-min warmup period at zero 
load, the power output was increased so that it was midway between zero load 
and ventilatory threshold 1 (VT1) from the preliminary test. The subject pedaled 
at this power output for 3 min, after which the power output was increased mid-
way between VT1 and VT2 from the preliminary test. Pedaling was continued for 
an additional 3 min and then raised to the VT2 level. After 3 min of pedaling, 
power output was increased 200 kpm/min every minute until the VO2max was 
achieved. There was no effect on heart rate or expired ventilation as a result of 
H2S exposure during submaximal or maximal exercise. There was a tendency 
for oxygen uptake to increase and for carbon dioxide output to decrease with 
increasing H2Sconcentration; however, these effects were significant (p < 0.05) 
only at 5.0 ppm. Blood lactate levels also increased significantly (p < 0.05) as a 
result of exposure to H2S at 5.0 ppm. Maximal power output was not affected, 
however, thus questioning the biologic and toxicologic significance of the 
measured effects. 

In a followup study, Bhambhani et al. (1994, 1996a) exposed 25 healthy 
volunteers (13 men, age 24.7 ± 4.6 years and 12 women, age 22 ± 2.1 years) to 
H2S at 0 or 5 ppm for 30 min while exercising on a cycle ergonometer at 50% of 
their VO2max. The exposure protocol is essentially identical to that described by 
Bhambhani and Singh (1991). There were no treatment-related effects on oxy-
gen uptake, carbon dioxide production, respiratory exchange ratio, heart rate, 
blood pressure, arterial blood oxygen and carbon dioxide tensions or pH, or per-
ceived exertion ratings (Bhambhani et al. 1994). In men, the muscle citrate syn-
thetase decreased 19% (p < 0.05) after H2Sexposure compared with controls. 
Muscle lactate and lactic acid dehydrogenase increased 24% (not significant 
[n.s.]) and 6% (n.s.), respectively, and cytochrome oxidase decreased 9% (n.s.) 
after H2Sexposure compared with the control condition. In women, the muscle 
citrate synthetase decreased 19% (n.s.) after H2S exposure compared with con-
trols. Muscle lactate and lactic acid dehydrogenase were not affected in women 
and cytochrome oxidase increased 23% (n.s.) after H2S exposure compared with 
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the control condition (Bambhani et al. 1996a). None of the subjects reported 
adverse health effects after H2S exposure. 

In another followup study, Bhambhani et al. (1996b) exposed 19 healthy 
volunteers (9 men, age 27.4 ± 6.4 years and 10 women, age 21.8 ± 3.0 years) to 
H2S at 0 or 10 ppm for 15 min while exercising on a cycle ergonometer at 50% 
of their VO2max. The exposure protocol is essentially identical to that described 
by Bhambhani and Singh (1991). There were no treatment-related effects on 
FVC, FEV1, peak expiratory flow rate, FEF rate, or maximal ventilation volume 
in either sex. 

In another study, Bambhani et al. (1996b), exposed 28 healthy volunteers 
(15 men, age 23.4 ± 5.2 years and 13 women, age 21.8 ± 3.0 years) to H2S at 0 
or 10 ppm for 30 min while exercising on a cycle ergonometer at 50% of their 
VO2max. The exposure protocol is essentially identical to that described by 
Bhambhani and Singh (1991). There were no treatment-related effects on oxy-
gen uptake, carbon dioxide production, respiratory exchange ratio, heart rate, 
blood pressure, arterial blood oxygen, and carbon dioxide tensions. Muscle lac-
tate increased 33% (n.s.) in men and 16% (n.s.) in women after exposure to H2S. 
Muscle cytochrome oxidase decreased by 16% in men, whereas it increased by 
11% in women after exposure to H2S. None of the subjects reported adverse 
health effects after H2S exposure. 

 
2.3. Developmental and Reproductive Toxicity 

 
Xu et al. (1998) conducted a retrospective epidemiologic study of female 

workers in a large petrochemical facility in Beijing, China. The study was de-
signed to investigate the association between petrochemical exposure and spon-
taneous abortion. The facility consisted of 17 major production plants, which are 
divided into separate workshops, allowing for the assessment of exposure to 
specific chemicals. Married women (n = 2,853) between the ages of 20 and 44 
years who had never smoked and did not consume ethanol participated in the 
study. These women reported at least one pregnancy during their employment at 
the plant. The association between occupational exposures and spontaneous 
abortion were adjusted for age, education level, plant shift work, standing and 
kneeling hours at work, noise level, dust concentration, passive smoke at home 
and work, and diet. There were 106 women (3.7% of the study population) ex-
posed to only H2S and the data showed a significant association between occu-
pational H2S exposure and increased frequency of spontaneous abortion. The 
spontaneous abortion rate was 12.3% (odds ratio 2.3, 95% confidence interval 
1.2 to 4.4) in workers exposed to H2S compared with 2.9% in the control group. 
No H2S exposure concentrations were reported. 

 
2.4. Genotoxicity 

 
Genotoxic studies on acute human exposure to H2S were not available. 
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2.5. Carcinogenicity 
 

Carcinogenicity studies on human exposure to H2S were not available. 
However, no increase in cancer incidence was found in a cohort living down-
wind from natural gas refineries in Alberta, Canada, from 1970 to 1984 
(ATSDR 2006). 
 

2.6. Summary 
 

Hydrogen sulfide is both an irritant and an asphyxiant. At relatively low 
concentrations (<10 ppm), minor ocular and respiratory irritation occur; at 
higher concentrations (hundreds to thousands of ppm), the central nervous sys-
tem is affected and paralysis of the respiratory center may lead to rapid death. 
Ocular effects described after inhalation of H2S include acute conjunctivitis (gas 
eye) at concentrations of 50 to 100 ppm and are believed to be result from direct 
contact of H2S with the eye. The threshold for eye irritation is reportedly 6 to 20 
ppm (WHO 1981; Vanhoorne et al. 1995; ACGIH 1996). There are numerous 
reports of accidental poisonings with H2S; however, neither reliable concentra-
tions nor duration parameters are described for lethal or nonlethal end points. 
Several reports suggest that neurologic effects may persist in survivors of severe 
H2S poisonings. Some reports hypothesize that odors, such as the rotten egg 
smell associated with H2S, may trigger asthma attacks and other health effects; 
however, it is uncertain whether a toxicologic mechanism or a nontoxicologic 
odor-related mechanism is involved. No adverse effects were observed in male 
or female volunteers exposed to H2S at 5 or 10 ppm for up to 30 min while exer-
cising to exhaustion (Bambhani and Singh 1991; Bambhani et al. 1994, 
1996a,b). Headache in 30% and clinically insignificant increased airway resis-
tance were observed in asthma patients exposed to H2S at 2 ppm for 30 min 
(Jappinen et al. 1990). An association between spontaneous abortion and occu-
pational exposure to H2S was identified in a cohort of female petroleum plant 
workers; however, no H2S concentrations were provided (Xu et al. 1998). No 
information on potential human genotoxicity or carcinogenicity was located. 

 
3. ANIMAL TOXICITY DATA 

 

3.1. Acute Lethality 
 

3.1.1. Rats 
 

Groups of five male and five female Wistar rats were exposed to different 
concentrations of H2S for 10, 30, or 60 min (Arts et al. 1989; Zwart et al. 1990). 
The test atmospheres were monitored at the inlet and outlet of the glass exposure 
chambers (0.90 m long and 0.15 m diameter; flow rate 25 to 40 L/min). The 10-
min LC50 (concentration with 50% lethality) value was 835 ppm, whereas the 
30- and 50-min LC50 values were 726 and 683 ppm, respectively. 
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MacEwen and Vernot (1972) exposed groups of 10 male Sprague-Dawley 
rats to H2S at 400, 504, 635, or 800 ppm for 1 h. The exposures were conducted 
in a 30-L glass bell jar at an air flow rate of 30 L/min and chamber concentra-
tions were continuously monitored with an ion-specific sulfide electrode. Gasp-
ing was observed during exposure. Rats surviving the 14-day observation period 
exhibited normal weight gains; however, congestion and mottling of the kidney 
and liver accompanied by moderate to severe fatty changes in the liver were 
observed at necropsy. A 1-h LC50 value of 712 ppm was calculated. Mortality 
data are summarized in Table 4-3. 

Tansy et al. (1981) exposed groups of five male and five female Sprague-
Dawley rats to H2S at 0 to 600 ppm for 4 h, followed by a 14-day observation 
period. Animals were exposed simultaneously in a 75-L glass chamber. A 4-h 
LC50 of 444 ppm was calculated. 

Prior et al. (1988) exposed groups of male and female Long Evans, Spra-
gue-Dawley, and Fischer 344 (F344) rats to different concentrations of H2S for 
2, 4, or 6 h, followed by a 14-day observation. Exposure chambers were clear, 
acrylic horizontal flow chambers with two removable stainless steel cones with 
a total volume of 69 L. Hydrogen sulfide concentrations were monitored by gas 
chromatography four times per hour. LC50 values of 587, 501, and 335 ppm 
were calculated for the 2-, 4-, and 6-h time points, respectively. No strain differ-
ences were observed. 

In another study, Khan et al. (1990) exposed groups of 12 male F344 rats 
to H2S at 0, 10, 50, 200, 400, or 500 to 700 ppm for 4 h. Animals exposed to 
H2S at 500 to 700 ppm died from the exposure. This study, including nonlethal 
effects observed at lower concentrations, is described in Section 3.2.1. 

Groups of five male Sprague-Dawley rats were exposed to H2S at 0 or 
1,655.4 ± 390.9 ppm (Lopez et al. 1989). The H2S was passed sequentially 
through a regulator and flowmeter and then mixed with a supply of conditioned 
air. The H2S flow was adjusted to maintain the target concentration and the test 
atmosphere was analyzed by gas chromatography. All test rats died within 3 
min, but none of the control rats died from exposure. Rats exposed to H2S exhib-
ited dyspnea characterized by exaggerated abnormal, audible respiration and had 
frothy fluid from the nose and mouth during exposure. Pulmonary edema was 
evident in exposed rats at necropsy. No abnormalities were observed in control 
animals. 
 
 
TABLE 4-3 Mortality of Rats Exposed to Hydrogen Sulfide for 1 Hour 
Concentration (ppm) Mortality 

400 0/10 

504 0/10 

635 1/10 

800 9/10 
Source: MacEwen and Vernot 1972. 
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3.1.2. Mice 
 

Groups of five male and five female Swiss mice were exposed to different 
concentrations of H2S for 10, 30, or 50 min (Arts et al. 1989; Zwart et al. 1990). 
The test atmospheres were monitored at the inlet and outlet of the glass exposure 
chambers (0.90 m long and 0.15-m diameter; flow rate 25 to 40 L/min). The 10-
min LC50 value was 1,160 ppm, and the 30- and 50-min LC50 values were 800 
and 676 ppm, respectively. 

MacEwen and Vernot (1972) exposed groups of 10 male CF1 mice to H2S 
at 400, 504, 635, or 800 ppm for 1 h. The exposures were conducted in a 30-L 
glass bell jar at an air flow rate of 30 L/min and chamber concentrations were 
continuously monitored with an ion-specific sulfide electrode. Gasping and con-
vulsions were observed during exposure. Mice surviving the 14-day observation 
exhibited normal weight gains; however, one mouse each from the 635- and 
800-ppm groups had a blocked urethral opening due to encrustation of the exter-
nal orifice, and consequently the bladders were distended upon examination at 
14 days. A 1-h LC50 value of 634 ppm was calculated. Mortality data from this 
study are summarized in Table 4-4, and rat and mouse LC50 values are summa-
rized in Table 4-5. 

 
TABLE 4-4 Mortality of Mice Exposed to Hydrogen Sulfide for 1 Hour 
Concentration (ppm) Mortality 

400 2/10 
504 0/10 
635 5/10 
800 8/10 
Source: MacEwen and Vernot 1972. 

 
TABLE 4-5 Summary of LC50 Values of Rats and Mice Exposed to  
Hydrogen Sulfide 

LC50 (ppm) 
Exposure Duration Rat Mouse Reference 

10 min 835 1,160 Zwart et al. 1990 

30 min 726 800 Zwart et al. 1990 

60 mina 683 676 Zwart et al. 1990 

1 h 712 634 MacEwen and Vernot 1972 

2 h 587 ND Prior et al. 1988 

4 h 501 ND Prior et al. 1988 

4 h 444 ND Tansy et al. 1981 

6 h 335 ND Prior et al. 1988 
aZwart et al. (1990) reported a 50-min LC50 value. However, because the exposure was 
60 min, it is assumed that this value is a 60-min LC50 value. 
Abbreviation: LC50, concentration with 50% lethality; ND, no data. 
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3.2. Nonlethal Toxicity 
 

3.2.1. Rats 
 

Groups of 12 male F344 rats were exposed to H2S at 0, 10, 200, or 400 
ppm for 4 h (Lopez et al. 1987, 1988). Exposure chambers were clear, acrylic 
horizontal flow chambers with two removable stainless steel cones with a total 
volume of 69 L. Hydrogen sulfide was passed sequentially through a regulator 
and flowmeter and was then mixed with a supply of filtered air. The flow of H2S 
and air was adjusted to maintain the target concentration in the exposure cham-
bers. Gas flow volume was 17 L/min. Hydrogen sulfide concentrations were 
monitored by gas chromatography three times per hour. Actual concentrations 
were within 4% of nominal. Four rats from each group were sacrificed at 1, 20, 
and 44 h postexposure. No animals died during exposure. No effects were noted 
at 10 ppm. At the end of the 4-h exposure, rats in the 400-ppm group were le-
thargic but rapidly recovered. Lactate dehydrogenase (LDH) and protein in nasal 
passages were initially increased in rats administered 400 ppm but had returned 
to baseline levels 20 h after exposure (Lopez et al. 1987). Bronchoalveolar cell 
counts were decreased only in the 400-ppm group. Alkaline phosphatase (400 
ppm) and LDH (200 and 400 ppm) activities in lung lavage fluid were increased 
up to 90%. Lung protein concentrations were increased 3,000% and remained 
elevated through 44 h postexposure at 400 ppm. Treatment-related nasal cavity 
lesions were observed only at 400 ppm (Lopez et al. 1988). Necrosis and exfo-
liation of respiratory and olfactory mucosal cells were observed; however, 
squamous epithelial cells were not affected. Lesions were distributed midway 
along the nasal passages involving nasal and maxillary conchae but not ethmoi-
dal conchae. Injured respiratory mucosa was undergoing repair at 44 h; how-
ever, olfactory mucosa continued to exfoliate after 44 h.  

Green et al. (1991) exposed groups of six male F344 rats to H2S at 0, 200, 
or 300 ppm for 4 h utilizing the exposure system described by Lopez et al. 
(1987, 1988). Animals were sacrificed 1 h after exposure. Actual exposure con-
centrations were 0, 194.1 ± 3.7, and 290 ± 3 ppm. No adverse clinical signs were 
observed in animals exposed to 200 ppm; however, there was a significant (p < 
0.001) increase in protein and LDH in lavage fluid from these animals compared 
with controls. Focal areas of perivascular edema and occasional collections of 
proteinaceous material in the alveoli were observed in animals from the 200-
ppm group. Rats exposed to H2S at 300 ppm were visibly stressed during expo-
sure and their lungs showed focal areas of red atelectasis and patchy alveolar 
edema with perivascular and peribronchial interstitial edema. Significantly (p < 
0.001) increased protein concentration and LDH activity were found in lung 
lavage fluid from animals exposed to 300 ppm. Exposure to H2S at 300 ppm 
produced significant (p < 0.01) abnormalities of surfactant activity parameters.  

Khan et al. (1990) exposed groups of 12 male F344 rats to H2S at 0, 10, 
50, 200, 400, or 500 to 700 ppm for 4 h utilizing the exposure system described 
by Lopez et al. (1987, 1988). Four rats from each group were sacrificed at 1, 24, 
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or 48 h postexposure. No effects were observed at 10 ppm. Cytochrome c oxi-
dase activity in lung mitochondria was significantly (p < 0.05) decreased at 50 
ppm (15%), 200 ppm (43%), and 400 ppm (68%) at 1 h postexposure compared 
with controls. Cytochrome c oxidase activity returned to normal 24 h postexpo-
sure in the 50-ppm animals, was about 89% of normal at 24 and 48 h postexpo-
sure at 200 ppm, and remained at 70% of normal 24 and 48 h postexposure in 
the 400-ppm group. Animals inhaling H2S at 500 to 700 ppm died and had 
>90% inhibition of cytochrome c oxidase activity. Succinate oxidase was sig-
nificantly (p < 0.001) decreased at 200 ppm (40%) and 400 ppm (63%) at the 1-
h time point. Succinate-cytochrome c reductase and NADH-cytochrome c reduc-
tase were unaffected by exposure to H2S. 

Kahn et al. (1991) studied groups of six male F344 rats inhaling H2S at 0, 
50, 200, or 400 ppm for 4 h using an exposure system identical to that described 
by Lopez et al. (1987). All rats were sacrificed immediately after cessation of 
exposure, and lungs were lavaged. Greater than 90% of the cells lavaged were 
pulmonary alveolar macrophages. Exposure to H2S at 50 and 200 ppm did not 
affect the number of cells recovered; however, cell viability was significantly (p 
< 0.05) reduced in animals exposed to 400 ppm. This experiment also showed 
complete inhibition of zymosan-induced stimulation of respiratory rates of the 
macrophages from animals exposed to H2S at 200 and 400 ppm. 

In a third study, Kahn et al. (1998) exposed groups of male F344 rats to 
H2S at 0, 1, 10, or 100 ppm, 8 h/day, 6 days/week, for 5 weeks. Lung, brain, and 
liver mitochondria were analyzed for cytochrome oxidase activities, and eryth-
rocytes were analyzed for superoxide dismutase and glutathione peroxidase ac-
tivities. No effects were noted at 1 ppm. Rats exposed to H2S at 10 and 100 ppm 
exhibited concentration-related reductions in cytochrome c oxidase activity in 
lung (p < 0.05) mitochondria. Cytochrome c oxidase activity in liver mitochon-
dria was not affected by exposure. A small (8%) decrease in superoxide dismu-
tase activity was noted in 100-ppm rats compared with controls. 

Male F344 rats (number per group not stated) were exposed to H2S at 0 or 
400 ppm for 4 h or 1,500 ppm for 4 min (Lefebvre et al. 1991). The exposure 
system was similar to that described by Lopez et al. (1987, 1988). Immediately 
after exposure, the eyes were washed with 0.4 milliliter of saline and the lavage 
fluid was collected for exfoliative cytology. The number of exfoliated cells was 
increased in animals exposed to H2S (44 cells/microliter [μL] at 400 ppm; 35 
cells/μL at 1,500 ppm) compared with control (19 cells/μL). Exposure to H2S 
also increased the proportion of conjunctival to corneal epithelial cells recovered 
compared with controls. 

Kohno et al. (1991) exposed groups of male Wistar rats to H2S at 75 ppm 
for 20 to 60 min. Heart rates were decreased 10% to 27% during exposure and 
up to 1 h postexposure compared with controls, which was thought to be a pos-
sible compensatory response. Necropsy showed slight lung congestion in ex-
posed animals. 

Dorman et al. (2002) exposed groups of male CD rats to H2S at 10, 30, 80, 
200, or 400 ppm for 3 h and examined hindbrain, lung, liver, and nasal cyto-



Copyright © National Academy of Sciences. All rights reserved.

Acute Exposure Guideline Levels for Selected Airborne Chemicals, Volume 9 
http://www.nap.edu/catalog/12978.html

191 
 

 

Hydrogen Sulfide 

chrome oxidase activity and sulfide concentrations immediately after exposure. 
Lung sulfide and sulfide metabolite concentrations were also analyzed at 0, 1.5, 
3, 3.25, 3.5, 4, 5, and 7 h postexposure to 400 ppm. Lung sulfide concentrations 
increased during exposure and returned to baseline levels within 15 min after 
exposure to 400 ppm, and lung sulfide metabolite concentrations transiently 
increased immediately after the end of exposure. Decreased cytochrome oxidase 
activities were noted in the olfactory epithelium at 30, 80, 200, and 400 ppm. 
Increased olfactory sulfide concentrations were noted after exposure to 400 
ppm. No effects were noted for hindbrain and nasal respiratory sulfide concen-
trations. Nasal respiratory epithelial cytochrome oxidase activity decreased in 
animals exposed to H2S at 30, 80, 200, and 400 ppm. Liver sulfide concentra-
tions were increased at 200 and 400 ppm, and liver cytochrome oxidase activity 
was increased in all treatment groups. 

Brenneman et al. (2000) exposed groups of male Sprague-Dawley rats to 
H2S at 0, 10, 30, or 800 ppm for 6 h/day, 7 days/week, for 10 weeks. Multifocal, 
bilaterally symmetrical olfactory neuron loss and basal cell hyperplasia, limited 
to the olfactory mucosa, were observed in rats exposed to 30 or 80 ppm. Lesions 
were observed in the dorsal medial meatus and dorsal and medial areas of the 
ethmoid recess. No treatment-related effects were noted at 10 ppm.  

Brenneman et al. (2002) then exposed groups of male Sprague-Dawley 
rats to H2S at 0, 30, 80, 200, or 400 ppm for 3 h/day for 1 or 5 consecutive days. 
Nasal passages were examined histologically 24 h postexposure and lesion re-
covery was assessed 2 and 6 weeks after the 5-day exposure. Regeneration of 
the respiratory mucosa and full thickness necrosis of the olfactory mucosa local-
ized to the ventral and dorsal medial meatus were noted after the single 3-h ex-
posure to H2S at 80, 200, or 400 ppm. A single exposure to 400 ppm resulted in 
severe mitochondrial swelling in sustentacular cells and olfactory neurons, pro-
gressing to olfactory epithelial necrosis and sloughing. Repeated exposure to 80, 
200, or 400 ppm resulted in necrosis of the olfactory mucosa with early mucosal 
regeneration extending from the dorsomedial meatus to the caudal regions of the 
ethmoid recess. 

In a repeated exposure study, groups of five male Sprague-Dawley rats 
were exposed to H2S at 0 (nitrogen air mixture), 25, 50, 75, or 100 ppm for 3 
h/day for 5 days (Skrajny et al. 1996). The rats were implanted with hippocam-
pal electrodes in the dentate gyrus or CA1 region to determine the effects of H2S 
on EEG activity in the hippocampus and neocortex. Exposures occurred in a 33-
L acrylic chamber designed to allow observation of the animal during recording 
of the EEG during exposure. Filtered room air was drawn through the chamber 
with a vacuum pump and mixed with H2S in nitrogen. The mixture was passed 
through a diffuser in the top of the chamber at an airflow of 11 L/min. The H2S 
concentration was continuously monitored by gas chromatography. Exposure to 
H2S at 100 ppm resulted in increased hippocampal theta activity but did not 
change the basic behavior-EEG correlation. Total hippocampal theta activity 
increased in a cumulative manner in both the dentate gyrus and CA1 regions 
during exposure to H2S at 25, 50, 75, and 100 ppm. The increase was significant 
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(p < 0.05) after exposure on days 3, 4, and 5 and did not return to control levels 
during the 24-h period between exposures. Complete recovery of the 100-ppm 
animals required about 2 weeks. 

In a subchronic study, groups of 15 male and 15 female Sprague-Dawley 
rats were exposed to H2S at 0, 10.1, 30.5, or 80.0 ppm for 6 h/day, 5 days/week, 
for 90 days (CIIT 1983a). No animals died during the study. Clinical signs in-
cluded crustiness around the ear tags; crusty noses, eyes, and muzzles; red-
stained fur; swollen red ears; rales; lacrimation; and swollen muzzles and eyes. 
Decreased body weight gain and decreased brain weights were observed in high-
concentration animals of both sexes. No treatment-related effects were observed 
with regard to food consumption, ophthalmology, neurologic function, clinical 
pathology, gross pathology, histopathology, and neuropathology. 

 
3.2.2. Mice 
 

In a subchronic study, groups of 10 male and 12 female B6C3F1 mice 
were exposed to H2S at 0, 10.1, 30.5, or 80.0 ppm for 6 h/day, 5 days/week, for 
90 days (CIIT 1983b). Two control mice were found dead, and one 30.5-ppm 
mouse was accidentally killed during the study. Two 80-ppm mice exhibiting 
prostration or hypoactivity were sacrificed in extremis. Clinical observations at 
80 ppm included alopecia, missing anterior appendage, and loss of use of an 
anterior appendage. Decreased body weight gain was observed in high-
concentration animals. Neurologic function studies revealed two 80-ppm ani-
mals not responding to an artificial light stimulus and two others with an irregu-
lar gait due to missing appendages. At sacrifice, 89% of high-concentration 
males and 78% of high-concentration females displayed inflammation of the 
anterior nasal mucosa in the anterior segments of the nose. No effects were 
noted in controls or in the low- or midconcentration animals. No treatment-
related effects were observed with regard to ophthalmology, hematology, serum 
chemistry, and urinalyses. 

 
3.2.3. Rabbits 
 

Mixed-breed rabbits exposed to H2S at 72 ppm for 1.5 h developed ven-
tricular repolarization (Kosmider et al. 1966). Rabbits exposed to 72 ppm for 0.5 
h/day for 5 days exhibited cardiac arrhythmia. Histochemical staining of myo-
cardial cells from exposed rabbits showed a decrease in ATP phosphohydrolase 
and NADPH2 oxidoreductase. 

 
3.2.4. Monkeys 
 

Rhesus monkeys exposed to H2S at 500 ppm for 22 min developed ataxia, 
anorexia, and parenchymal necrosis in the brain, while exposure to 500 ppm for  
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35 min resulted in conjunctival irritation, sudden loss of consciousness, and res-
piratory and cardiac arrest (Lund and Wieland 1966). Monkeys exposed to H2S 
at 500 ppm for 25 min, followed by a 17-min exposure to 500 ppm 3 days later 
had extensive changes in gray matter and moderate liver hyperemia upon ne-
cropsy (Lund and Wieland 1966). No other details on tissue pathology results 
were provided. No other experimental details were presented. 

 
3.3. Developmental and Reproductive Toxicity 

 

Dorman et al. (2000) exposed groups of 12 male and 12 female Sprague-
Dawley rats to H2S at 0, 10, 30, or 80 ppm for 6 h/day, 7 days/week, for 2 weeks 
before breeding. Exposures continued during a 2-week mating period and then 
from gestation days 0 to 19. Exposure of the dams and pups (eight rats per litter 
after culling) resumed between postnatal day 5 and 18. Adult male rats were 
exposed for 70 consecutive days. Offspring were evaluated for motor activity, 
passive avoidance, functional observational battery, acoustic startle response, 
and neuropathology. A significant (p < 0.05) decrease in food consumption was 
observed in F0 males only in the 80-ppm group during the first week of expo-
sure. There were no deaths and no treatment-related adverse clinical signs in F0 
males or females. There were no significant effects on reproductive performance 
of the F0 rats as assessed by the number of females with live pups, average ges-
tation length, and average number of implants per pregnant female. No treat-
ment-related effects in pups were noted with regard to growth, development, and 
behavioral tests. No other effects were noted at any concentration. 

Saillenfait et al. (1989) exposed groups of eight pregnant Sprague-Dawley 
rats to H2S at 0, 50, 100, or 150 ppm for 6 h/day on days 6 to 20 of gestation. 
Hydrogen sulfide (10% in nitrogen) was delivered from a compressed gas cylin-
der by a pressure-regulating valve into a 200-L stainless steel dynamic flow in-
halation chamber. Prenatal exposure to H2S at 100 and 150 ppm resulted in a 
slight (−4%) decrease (p < 0.01) in fetal body weight. However, the biologic 
significance of this finding is questionable as the dams also lost weight and there 
were a greater numbers of live fetuses per litter at these concentrations. No ma-
ternal or fetal effects were noted at 50 ppm. 

Groups of 17 to 24 pregnant Sprague-Dawley rats (and offspring) were 
exposed to H2S at 0, 20, 50, or 75 ppm for 7 h/day from gestation day 1 through 
delivery and up to postnatal day 21 (Hayden et al. 1990a). Each group was 
culled to litters with 12 pups each at parturition. Animals were exposed in a 90-
L acrylic dome-shaped chamber. Air supply to the chamber was room air drawn 
through a HEPA (high-efficiency particulate air) filter with a vacuum blower 
and mixed with H2S in nitrogen. The mixture was passed through an orifice 
plate through a diffuser at the top of the chamber. Actual H2S concentrations 
were within 5% of nominal concentrations. Maternal blood glucose increased 
about 50% (p < 0.05) on day 21 postpartum in all exposure groups. This increase 
was accompanied by a possible decrease in serum triglyceride in dams and pups 
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on day 21. No treatment-related effects were noted for serum alkaline phos-
phatase, LDH, or serum glutamic-oxaloacetic transaminase. 

In a similar study, groups of five or six pregnant Sprague-Dawley rats 
were exposed to H2S at 0, 20, 50, or 75 ppm for 7 h/day from gestation day 6 
through postpartum day 21 (Hayden et al. 1990b). There was a concentration-
dependent increase in parturition time (measured in minutes) of about 10%, 
20%, and 40% over matched controls at 20, 50, and 75 ppm, respectively. The 
biologic significance of this effect is questionable because parturition time was 
quite variable among control groups. Maternal liver cholesterol increased (p < 
0.05) in the 75-ppm group. No other treatment-related effects were noted in the 
dams or their offspring. 

Hannah and Roth (1991) exposed Sprague-Dawley rats to H2S at 0, 20, or 
50 ppm for 7 h/day from gestation day 5 through postpartum day 21. The mean 
Purkinje cell terminal path length significantly increased in the 20- and 50-ppm 
groups compared with controls; however, the biological significance of this 
finding is unclear as no concentration response was observed. The study neither 
mentioned whether there were any adverse effects on maternal health nor pro-
vided neurobehavioral parameters in followup studies of H2S-exposed offspring. 

Skrajny et al. (1992) exposed groups of 20 pregnant Sprague-Dawley rats 
to H2S at 0, 20, or 75 ppm for 7 h/day from day 5 postcoitus through postpartum 
day 21. Animals were exposed in a 90-L chamber designed to allow continuous 
observation. Air flow was 30 L/min and H2S concentrations were verified by gas 
chromatography. Increased (p < 0.05) serotonin levels were observed in the 
frontal cortex on day 21 postpartum of pups exposed to H2S at 20 ppm, and in-
creased (p < 0.01) serotonin levels were observed in the cerebellum and frontal 
cortex on postpartum days 14 and 21 in pups exposed to H2S at 75 ppm. Norepi-
nephrine concentrations increased (p < 0.05) at 75 ppm in the cerebellum at 
postpartum days 7, 14, and 21 but significantly increased in the frontal cortex 
only at postpartum day 21. At 20 ppm, frontal cortex norepinephrine levels de-
creased compared with controls on days 14 and 21. No neurobehavioral corre-
lates were provided in preliminary or followup investigations to assist in deter-
mining the biologic significance of those findings. 

 
3.4. Genotoxicity 

 

Studies on the genotoxic potential of H2S are limited. Hydrogen sulfide 
was negative in an Ames reverse mutation assay in Salmonella typhimurium 
strains TA97, TA98, and TA100 with and without hepatic S9 from male Spra-
gue-Dawley rat and Syrian hamster liver (ATSDR 2006). No other genotoxicity 
studies were located. 
 

3.5. Carcinogenicity 
 

No information on the carcinogenic potential of H2S was located in the 
available literature. 
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3.6. Summary 
 

Animal lethality studies from various laboratories have produced similar 
results. All F344 rats died when exposed to H2S at 500 to 700 ppm for 4 h (Khan 
et al. 1990), whereas no F344 rats died when similarly exposed to H2S at up to 
400 ppm for 4 h (Lopez et al. 1987, 1988; Khan et al. 1990, 1991; Green et al. 
1991; Lefebvre et al. 1991). Rat LC50 values range from 683 to 712 ppm for 
periods of 10 min to 1 h (MacEwen and Vernot 1972; Zwart et al. 1990) and 
from 335 to 587 ppm for periods of 2 to 6 h in Sprague-Dawley, Long Evans, 
and F344 rats (Tansy et al. 1981; Prior et al. 1988). Mouse LC50 values range 
from 634 to 1,160 ppm for periods of 10 min to 1 h (MacEwen and Vernot 
1972; Zwart et al. 1990). 

Toxicity studies identified the respiratory and nervous systems as the pri-
mary targets for H2S, with some cardiac involvement. Nasal pathology and de-
creased bronchiolar macrophage counts have been observed in rats exposed to 
400 ppm for 4 h (Lopez et al. 1988; Kahn et al. 1991), and enzyme activity 
changes (LDH, cytochrome c oxidase, succinate oxidase) have been observed in 
rats exposed to H2S at 50 to 400 ppm for 4 h (Lopez et al. 1987, 1988; Khan et 
al. 1990; Green et al. 1991). Pulmonary edema and atelectasis developed in rats 
exposed to H2S at 300 ppm for 4 h (Green et al. 1991). Changes in EEG activity 
were identified in rats repeatedly exposed to H2S at 25 to 100 ppm (Skrajny et 
al. 1996), and biochemical brain changes were identified in mice exposed to H2S 
at 100 ppm for 2 h. 

Data suggesting that H2S exposure can impair prenatal neurologic devel-
opment in rats are equivocal; inconsistencies in some developmental studies 
make the data difficult to interpret. Genotoxicity data are extremely limited and 
no carcinogenicity data were located.  

 
4. SPECIAL CONSIDERATIONS 

 
4.1. Metabolism and Disposition 

 
Hydrogen sulfide is present as an endogenous substance in normal mam-

malian (Warenycia et al. 1990; Kage et al. 1992; Mitchell et al. 1993) tissues. 
Normal tissues contain relatively high (µg/g) concentrations of endogenous sul-
fide ion (HS-) (Dorman et al. 2002). Endogenous sulfide also arises from bacte-
rial activity in the lower bowel (NRC 1977) and there is some evidence that H2S 
participates in normal nerve transmission (Kimura 2000). 

The major metabolic and excretory pathway of H2S involves oxidation of 
the sulfide to sulfate. The exact mechanism of the oxidation is unknown; how-
ever, both enzymatic (sulfide oxidase) and nonenzymatic catalytic systems have 
been proposed. Glutathione stimulates mitochondrial oxidation of thiosulfate to 
sulfite in vitro, and it is possible that a sulfite intermediate may be converted to 
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sulfate by sulfite oxidase. After oxidation, H2S is excreted either as free sulfate 
or as conjugated sulfate in the urine (Beauchamp et al. 1984). 

Two other metabolic pathways for H2S have been identified as follows: 
methylation of H2S to produce methanethiol and dimethylsulfide and reaction of 
hydrosulfide with metallo- or disulfide-containing enzymes (Dorman et al. 
2002). Data suggest that thiol S-methyltransferase catalyzes the methylation of 
H2S to yield less toxic methanethiol and dimethylsulfide (Beauchamp et al. 
1984). The reaction of H2S with metalloenzymes, such as cytochrome oxidase, 
is a mechanism of toxicity and is described in Section 4.2. 

Hydrogen sulfide may also reduce disulfide bridges in proteins and this 
reaction is likely responsible for H2S-induced inhibition of succinic dehydro-
genase. Oxidized (but not reduced) glutathione protects against H2S poisoning. 
This protective mechanism is likely due to the scavenging of hydrosulfide by the 
oxidized glutathione disulfide linkage, thus preventing the reaction of the sulfide 
with other enzymatic sites (Beauchamp et al. 1984). 

 
4.2. Mechanism of Toxicity 

 
Hydrogen sulfide acts similarly to cyanide by interrupting the electron 

transport chain through inhibition of cytochrome oxidase. Tissues with high 
oxygen demand (e.g., cardiac muscle, brain) are particularly sensitive to sulfide 
inhibition of electron transport (Ammann 1986). At physiologic pH, the dissoci-
ated hydrosulfide anion and undissociated H2S (K1 = 1.0 × 10-7) (Williams and 
Williams 1967) are in equilibrium. At high, nonphysiologic concentrations, H2S 
(as HS-) acts similarly to cyanide (as CN-) by direct, reversible inhibition of mi-
tochondrial cytochrome c oxidase (ferrocytochrome c-oxygen oxidoreductase) 
(Nicholls 1975; Smith et al. 1977; Kahn et al. 1990), the principal terminal oxi-
dase of aerobic metabolism. The sulfide anion forms a reversible complex with 
the heme A prosthetic groups of cytochromes a and a3 (electrons received from 
cytochrome c by cytochrome a heme are normally transferred to the cytochrome 
a3 heme). Spectral data demonstrate that sulfide and cyanide anions bind to the 
trivalent cytochrome a3 iron (Nicholls 1975); interestingly, the affinities of cya-
nide and hydrosulfide for cytochrome oxidase binding sites are of the same or-
der of magnitude (Wever et al. 1975). As a result of the electron transfer block-
age, oxidative phosphorylation and aerobic metabolism are compromised, 
peripheral tissue partial pressure of oxygen increases, and the unloading gradient 
for oxyhemoglobin decreases. High concentrations of oxyhemoglobin are thus 
found in the venous return, resulting in flushed skin and mucous membranes. 
Lactic acidemia occurs as a result of the increased demand placed on glycolysis. 
Although the signs of H2S poisoning are essentially identical to those of cyanide 
poisoning, H2S has a greater tendency to produce conjunctivitis and pulmonary 
edema (Smith 1996). 

Hydrogen sulfide can also directly stimulate the chemoreceptors of the ca-
rotid and aortic bodies to produce hyperpnea and cardiac irregularity. However, 
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death is due to respiratory arrest that may occur within minutes at high H2S con-
centrations (Smith 1996). 

 
4.3. Concurrent Exposure Issues 

 
Data suggest that ethanol consumption may potentiate the toxic effects of 

H2S. Poda (1966) reported that “it took very little” H2S to overcome six persons 
who had been drinking heavily during a 16- to 24-h period before reporting to 
work. Rats pretreated with ethanol (0.33 or 0.66 gram per kilogram of body 
weight, intraperitoneally) 0.5 h before exposure to H2S at 790 to 800 ppm for a 
maximum of 20 min lost consciousness in 35% less time than rats exposed only 
to H2S (Beck et al 1979). However, the results of the rodent study are equivocal 
because all rats receiving only the 20-min H2S exposure died but some rats pre-
treated with ethanol survived. 

Increased chronic and recurrent headaches were observed in Finnish pulp 
workers exposed simultaneously to H2S (peak up to 20 ppm), methyl mercap-
tans, and sulfur dioxide (ATSDR 2006). In another study, no increase in respira-
tory symptoms or pulmonary function abnormalities were noted in Canadian 
pulp and paper mill workers exposed to H2S at 0.05 ppm, sulfur dioxide at 0.3 
ppm, carbon monoxide at 8.3 ppm, total particulates at 0.8 ppm, and chlorine at 
<0.05 ppm (ATSDR 2006). No other details were reported. 

 
4.4. Structure-Activity Relationships 

 
As previously stated, H2S and cyanide are potent inhibitors of the cyto-

chrome oxidase system and produce similar effects. Both compounds selectively 
react with cytochrome aa3. Also, similar to cyanide, H2S may inhibit other met-
alloproteins containing alkali metals such as horseradish peroxidase, potato 
polyphenol oxidase, and catalase. Inhibition of the latter enzymes occurs only at 
concentrations much greater than those required to inhibit cytochrome oxidase. 
The toxicologic significance of these enzyme inhibitions is unclear as the critical 
position of cytochrome c oxidase in oxidative metabolism makes its inhibition 
felt earliest and strongest (Smith 1996). 

The hydrosulfide ion complexes with methemoglobin to form sulfmethe-
moglobin, which is analogous to cyanmethemoglobin. The dissociation constant 
for cyanmethemoglobin is 2 × 10-8 mole (mol)/L, whereas the dissociation con-
stant for sulfmethemoglobin is about 6 × 10-6 mol/L. In both cases, nitrite-
induced methemoglobinemia provides protection and had antidotal effects 
against H2S poisoning (Smith 1996). 

 
4.5. Temporal Extrapolation 

 
The concentration-exposure time relationship for many irritant and sys-

temically acting vapors and gases can be described by the relationship Cn × t = 
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k, where the exponent n ranges from 0.8 to 3.5 (ten Berge et al. 1986). However, 
mortality data suggest that the value of n for H2S does not fall within this range 
(see Figure 4-1). For rat lethality data, the derived values of n approach 8 for 
times up to 1 h. As longer time points are included, the value of n decreases, 
suggesting that at short time points (and relatively low concentrations) a rather 
broad change in exposure duration (not concentration) is associated with a rela-
tively small change in response. It is likely that at some point (between 1 and 6 
h) there is a steep threshold (providing for an all-or-none response); however, 
given the available data, it is not possible to quantitate this point on the concen-
tration-response curve. Because rat data were used to derive AEGL-2 and 
AEGL-3 values and because AEGL values are derived for periods of 10 min to 8 
h, it is most appropriate to select an n value from this species for the period of 
time closest to the time periods encompassed by the AEGL values. Furthermore, 
use of default time-scaling parameters yields AEGL values less consistent with 
the overall data set. Thus, the value n = of 4.4, derived from rat lethality data 
from 10 min to 6 h (r2 = 0.92), was selected for extrapolation of H2S response 
across time.  
 
 

 

FIGURE 4-1 Log concentration vs. log time of rat LC50 values. 
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5. RATIONALE AND PROPOSED AEGL-1 
 

5.1. Human Data Relevant to AEGL-1 
 

Complaints of headache were recorded in 3 of 10 adult volunteers with 
asthma exposed by controlled inhalation of H2S at 2 ppm for 30 min (Jappinen 
et al. 1990). Bhambhani et al. (1991; 1994; 1996a,b) exposed 88 exercising 
healthy male and female volunteers (ranging in age from 18 to 61 years) to H2S 
at 0.5 to 10 ppm for up to 30 min. No treatment-related respiratory or cardiac 
effects or complaints of headache were observed. 

 
5.2. Animal Data Relevant to AEGL-1 

 
Effects observed from inhalation exposure of experimental animals to H2S 

are generally no-effect levels or more severe than those defined by AEGL-1. 

 
5.3. Derivation of AEGL-1 

 
Controlled human data were used to derive AEGL-1 values. Three of 10 

volunteers with asthma exposed to H2S at 2 ppm for 30 min complained of 
headache and 8 of 10 experienced nonsignificant increased airway resistance 
(Jappinen et al. 1990). As there were no clinical symptoms of respiratory diffi-
culty and no significant changes in FVC or FEV1, the AEGL-1 was based exclu-
sively on increased complaints of headache in the three volunteers (Jappinen et 
al. 1990). A modifying factor of 3 was applied to account for the wide variabil-
ity in complaints associated with the foul odor of H2S and the shallow concen-
tration response at the relatively low concentrations that are consistent with 
definition of the AEGL-1. The concentration-time relationship for many irritant 
and systemically acting vapors and gases may be described by Cn × t = k (ten 
Berge et al. 1986). For scaling the AEGL values for H2S across time, the empiri-
cally derived chemical-specific value of 4.4 (derived from rat lethality data rang-
ing from 10-min to 6-h exposure durations; Figure 4-1) was used as the expo-
nent n. The AEGL-1 values for H2S are presented in Table 4-6, and the 
calculations for these AEGL-1 values are presented in Appendix A. 

The level of distinct odor awareness (LOA) for H2S is 0.01 ppm (see Ap-
pendix C for LOA derivation). The LOA represents the concentration above 
which it is predicted that more than half of the exposed population will experi-
ence at least a distinct odor intensity, and about 10% of the population will ex-
perience a strong odor intensity. The LOA should help chemical emergency 
responders in assessing public awareness of the exposure due to odor perception. 
Thus, the derived AEGL-1 values are considered to have warning properties. 
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TABLE 4-6 AEGL-1 Values for Hydrogen Sulfide 
Classification 10 min 30 min 1 h 4 h 8 h 

AEGL-1 0.75 ppm 
(1.05 mg/m3) 

0.60 ppm 
(0.84 mg/m3) 

0.51 ppm 
(0.71 mg/m3) 

0.36 ppm 
(0.50 mg/m3) 

0.33 ppm 
(0.46 mg/m3) 

 
 

6. RATIONALE AND PROPOSED AEGL-2 
 

6.1. Human Data Relevant to AEGL-2 
 

Case reports describing human poisonings with H2S leading to effects 
consistent with the definition of AEGL-2 are abundant. However, because of a 
lack of reliable concentration and duration parameters, these data are not appro-
priate for derivation of AEGL-2 values. 

 

6.2. Animal Data Relevant to AEGL-2 
 

Nasal passage necrosis and exfoliation and increased lung lavage fluid 
bronchiolar cell counts and enzyme activities were observed in rats exposed to 
H2S at 400 ppm for 4 h (Lopez et al. 1988). Decreased cytochrome c oxidase 
activity (Khan et al. 1990) and decreased pulmonary alveolar cell macrophage 
activity (Kahn et al. 1991) were also observed in rats exposed to H2S at 400 ppm 
for 4 h. Focal areas of red atelectasis and patchy alveolar edema with perivascu-
lar and peribronchial interstitial edema, increased protein concentration and 
LDH activity in lung lavage fluid, and abnormal surfactant activity were ob-
served in rats exposed to H2S at 300 ppm for 4 h (Green et al. 1991). Rats ex-
posed to H2S at 200 ppm for 4 h exhibited minor perivascular edema and a sig-
nificant increase in protein and LDH in lung lavage fluid (Green et al. 1991). 
Khan et al. (1991) observed no change in pulmonary alveolar macrophage 
counts in rats exposed to 200 ppm for 4 h. 

 

6.3. Derivation of AEGL-2 
 

The focal areas of perivascular edema in rats exposed to H2S at 200 ppm 
for 4 h (Green et al. 1991; Khan et al. 1991) are used as the basis for AEGL-2 
values. An uncertainty factor of 3 is used to extrapolate from animals to humans 
as rat and mouse data suggest little interspecies variability. An uncertainty factor 
of 3 will also be applied to account for sensitive individuals. The intraspecies 
uncertainty factor of 3 is sufficient because application of 10 yields AEGL-2 
values inconsistent with the total database. AEGL-2 values derived with a total 
default uncertainty factor were less than the10-ppm concentration causing no 
effects in humans exercising to exhaustion (Bhambhani and Singh 1991; 
Bhambhani et al. 1994, 1996a,b, 1997). Thus, the total uncertainty factor is 10.  
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The concentration-time relationship for many irritant and systemically acting 
vapors and gases may be described by Cn × t = k (ten Berge et al. 1986). For 
scaling the AEGL values for H2S across time, the empirically derived chemical-
specific value of 4.4 (derived from rat lethality data ranging from 10 min to 6 h 
exposure duration, Figure 4-1) was used as the exponent n. The AEGL-2 values 
for H2S are presented in Table 4-7, and the calculations for these AEGL-2 val-
ues are presented in Appendix A. 

 
7. RATIONALE AND PROPOSED AEGL-3 

 
7.1. Human Data Relevant to AEGL-3 

 
Human lethality data were anecdotal and lacked reliable concentration and 

time parameters. Thus, those reports were not appropriate for establishing 
AEGL-3 values. 

 
7.2. Animal Data Relevant to AEGL-3 

 
Well-conducted LC50 studies are available for rats (MacEwen and Vernot 

1972; Tansy et al. 1981; Prior et al. 1988; Zwart et al. 1990) and mice (MacE-
wen and Vernot 1972; Zwart et al. 1990). 

 
7.3. Derivation of AEGL-3 

 
The highest H2S concentration causing no mortality in the rat after a 1-h 

exposure is 504 ppm (MacEwen and Vernot 1972). This value is used as the 
basis for deriving AEGL-3 values. An uncertainty factor of 3 is used to extrapo-
late from animals to humans as rat and mouse data suggest little interspecies 
variability. An uncertainty factor of 3 will also be applied to account for sensi-
tive individuals. The intraspecies uncertainty factor of 3 is sufficient because 
application of the default 10 yields AEGL-3 values inconsistent with the total 
database. AEGL-3 values derived with a total default uncertainty factor were 
less than twice the concentration causing no effects in humans exercising to ex-
haustion (Bhambhani and Singh 1991; Bhambhani et al. 1994, 1996a,b, 1997). 
Effects consistent with the definition of AEGL-3 are unlikely at such concentra-
tions. Therefore, the total uncertainty factor is 10. The concentration-time rela-
tionship for many irritant and systemically acting vapors and gases may be de-
scribed by Cn × t = k (ten Berge et al. 1986). For scaling the AEGL values for 
H2S across time, the empirically derived chemical-specific value of 4.4 (derived 
from rat lethality data ranging from 10 min to 6 h exposure duration; Figure 4-1) 
was used as the exponent n. The AEGL-3 values for H2S are presented in Table 
4-8, and the calculations for these AEGL-3 values are presented in Appendix A. 
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These values are supported by the fact that no deaths were observed in rats 
exposed to H2S at 80 ppm for 6 h/day, 5 days/week, for 90 days (CIIT 1983a). 
 

8. SUMMARY OF PROPOSED AEGLS 
 

8.1. AEGL Values and Toxicity End Points 
 

The derived AEGL values for various levels of effects and durations of 
exposure are summarized in Table 4-9. Headache in humans with asthma was 
used as the basis for AEGL-1, and focal areas of perivascular edema in rats were 
used as the basis for AEGL-2. The highest concentration causing no mortality in 
rats after a 1-h exposure was used to calculate the AEGL-3. 

The odor threshold ranges between 0.008 and 0.13 ppm, olfactory fatigue 
may occur at 100 ppm, and paralysis of the olfactory nerve has been reported at 
150 ppm (Beauchamp et al. 1984). Furthermore, the LOA for H2S is 0.01 ppm 
(see Appendix C for LOA derivation). The LOA represents the concentration 
above which it is predicted that more than half of the exposed population will 
experience at least a distinct odor intensity, and about 10% of the population 
will experience a strong odor intensity. The LOA should help chemical emer-
gency responders in assessing public awareness of the exposure due to odor per-
ception. Thus, the derived AEGL-1 values are considered to have warning prop-
erties, and the characteristic odor will also be present at AEGL-2 and AEGL-3 
concentrations. 

 
TABLE 4-7 AEGL-2 Values for Hydrogen Sulfide  
Classification 10 min 30 min 1 h 4 h 8 h 

AEGL-2 41 ppm 
(59 mg/m3) 

32 ppm 
(45 mg/m3) 

27 ppm 
(39 mg/m3) 

20 ppm 
(28 mg/m3) 

17 ppm 
(24 mg/m3) 

 
TABLE 4-8 AEGL-3 Values for Hydrogen Sulfide 
Classification 10 min 30 min 1 h 4 h 8 h 

AEGL-3 76 ppm 
(106 mg/m3) 

59 ppm 
(85 mg/m3) 

50 ppm 
(71 mg/m3) 

37 ppm 
(52 mg/m3) 

31 ppm 
(44 mg/m3) 

 
TABLE 4-9 Summary of AEGL Values for Hydrogen Sulfide 
Classification 10 min 30 min 1 h 4 h 8 h 

AEGL-1 
(Nondisabling) 

0.75 ppm 
(1.05 mg/m3) 

0.60 ppm 
(0.84 mg/m3) 

0.51 ppm 
(0.71 mg/m3) 

0.36 ppm 
(0.50 mg/m3) 

0.33 ppm 
(0.46 mg/m3) 

AEGL-2 
(Disabling) 

41 ppm 
(59 mg/m3) 

32 ppm 
(45 mg/m3) 

27 ppm  
(39 mg/m3) 

20 ppm 
(28 mg/m3) 

17 ppm 
(24 mg/m3) 

AEGL-3 
(Lethality) 

76 ppm 
(106 mg/m3) 

59 ppm 
(85 mg/m3) 

50 ppm 
(71 mg/m3) 

37 ppm 
(52 mg/m3) 

31 ppm 
(44 mg/m3) 
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8.2. Other Exposure Criteria 
 

The criteria for H2S exposure have been established and are shown in Ta-
ble 4-10. 

 
TABLE 4-10 Extant Standards and Guidelines for Hydrogen Sulfide 

Exposure Duration 
Guideline 10 min 30 min 1 h 4 h 8 h 

AEGL-1 0.75 ppm 0.60 ppm 0.51 ppm 0.36 ppm 0.33 ppm 

AEGL-2 41 ppm 32 ppm 27 ppm 20 ppm 17 ppm 

AEGL-3 76 ppm 59 ppm 50 ppm 37 ppm 31 ppm 

ERPG-1a 0.1 ppm 

ERPG-2a 30 ppm 

ERPG-3a 100 ppm 

Acute MRL (ATSDR)b 0.07 ppm 

EEGL (NRC)c 50 ppm (10 min)   10 ppm (24 h) 

SEAL 1h, SEAL 2h (NRC)d    15 ppm (10 d) 
30 ppm (24 h) 

IDLH (NIOSH)e 100 ppm    

TLV-TWA (ACGIH)f    10 ppm 

PEL-TWA (OSHA)g    20 ppm 

PEL-acceptable maximum 
peak, 10 min, once only  
per 8-hr workshift (OSHA)g 

50 ppm    

TLV-STEL (ACGIH)h 15 ppm    

REL-STEL (NIOSH)i 10 ppm    

MAK (Germany)j    10 ppm 

MAC (The Netherlands)k    10 ppm 

OELV- LLV (Sweden)l    10 ppm 

OELV-CLV (Sweden)l 15 ppm (15min)    
aERPG (emergency response planning guidelines, American Industrial Hygiene Associa-
tion) (AIHA 2001): The ERPG-1 is the maximum airborne concentration below which it 
is believed nearly all individuals could be exposed for up to 1 h without experiencing 
other than mild, transient adverse health effects or without perceiving a clearly defined 
objectionable odor. The ERPG-2 is the maximum airborne concentration below which it 
is believed nearly all individuals could be exposed for up to 1 h without experiencing or 
developing irreversible or other serious health effects or symptoms that could impair an 
individual’s ability to take protective action. The ERPG-3 is the maximum airborne con-
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centration below which it is believed nearly all individuals could be exposed for up to 1 h 
without experiencing or developing life-threatening health effects.  
 bMRL (minimal risk level, Agency for Toxic Substances and Disease Registry) (ATSDR 
2009) is an estimate of daily human exposure that is likely to be without appreciable risk 
of adverse noncancer health effects over a specified duration. 
cEEGL (emergency exposure guidance levels, National Research Council) (NRC 1985) is 
the concentration of contaminants that can cause discomfort or other evidence of irrita-
tion or intoxication in or around the workplace but avoids death, other severe acute ef-
fects, and long-term or chronic injury. The EEGL for H2S is based on keratoconjunctivi-
tis. 
 dSEAL (submarine escape action levels, National Research Council) (NRC 2002): 
SEAL1 is the maximum concentration of a gas in a disabled submarine below which 
healthy submariners can be exposed for up to 10 days without experiencing irreversible 
health effects. SEAL2 is the maximum concentration of a gas in a disabled submarine 
below which healthy submariners can be exposed for up to 24 h without experiencing 
irreversible health effects. The SEALs for H2S are based on ocular toxicity. 
 eIDLH (immediately dangerous to life or health, National Institute for Occupational 
Safety and Health) (NIOSH 1996) represents the maximum concentration from which 
one could escape within 30 min without any escape-impairing symptoms or any irre-
versible health effects. The IDLH for H2S is based on acute inhalation toxicity data in 
humans and animals. 
fTLV-TWA (Threshold Limit Value–time-weighted average, American Conference of 
Governmental Industrial Hygienists) (ACGIH 1996) 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. ACGIH (2000) lists a 
“notice of intended changes” for 2001; proposed value: 5 ppm. 
gPEL-TWA (permissible exposure limits–time-weighted average, Occupational Safety 
and Health Administration, OSHA) (29 CFR 1910.1000 [2003]) is analogous to the 
ACGIH TLV-TWA but is for exposures of no more than 10 h/d, 40 h/wk. 
hTLV-STEL (Threshold Limit Value–short-term exposure limit, American Conference of 
Governmental Industrial Hygienists) (ACGIH 1996) is the short-term exposure limit for a 
15-min exposure. 
iREL-STEL (recommended exposure limits–short-term exposure limit, National Institute 
for Occupational Safety and Health) (NIOSH 2005) is analogous to the ACGIH TLV-
STEL. 
jMAK (maximale argeitsplatzkonzentration [maximum workplace concentration], 
Deutsche Forschungsgemeinschaft [German Research Association]) (DFG 2000) is 
analogous to the ACGIH TLV-TWA.  
kMAC (maximaal aanvaarde concentratie [maximum accepted concentration], SDU Uit-
gevers [under the auspices of the Ministry of Social Affairs and Employment, The 
Hague, The Netherlands]) is analogous to the ACGIH TLV-TWA (MSZW 2004). 
lOELV-LLV (occupational exposure limit value-level limit value) and OELV-CLV (oc-
cupational exposure limit value-ceiling limit value) (Swedish Work Environment Author-
ity 2005). OELV-LLV is the maximum acceptable average concentration (time-weighted 
average) of an air contaminant in respiratory air. An OELV is either a level limit value 
(one working day) or a ceiling limit value (15 min or some other reference time period) 
and short time value (a recommended value consisting of a time-weighted average for 
exposure during a reference period of 15 min). 
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8.3. Data Adequacy and Research Needs 
 

The database for human exposure for effects defined by AEGL-1 is rela-
tively good as controlled chamber studies with asthma patients and otherwise 
healthy volunteers are available. These studies, when considered together, pro-
vide good concentration-response information and are appropriate for derivation 
of AEGL-1 values. Case reports of accidental human exposure to H2S leading to 
effects consistent with the definitions of AEGL-2 and AEGL-3 did not include 
concentration or duration parameters adequate for derivation of AEGL-2 or 
AEGL-3 values. However, numerous animal studies were available for deriva-
tion of AEGL-2 and AEGL-3 values. The animal studies were well-conducted in 
a number of species over a broad range of exposure durations and were adequate 
for derivation of AEGL-2 and AEGL-3 values for H2S. 
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APPENDIX A 
 

TIME-SCALING CALCULATIONS FOR HYDROGEN SULFIDE 
 
 

Derivation of AEGL-1 
 
Key study:  Jappinen et al. 1990 
 
Toxicity end point: Headache in human asthma subjects 
 
Scaling:   C4.4 × t = k 

(2 ppm)4.4 × 0.5 h = 10.27 ppm-h 
 
Modifying factor:  3, wide variability in complaints associated with the 
foul odor of H2S   and the shallow concentration response at the  

relatively low concentrations that are consistent  
with definition of the AEGL-1 

 
Calculations: 
 
10-min AEGL-1:  C4.4 × 0.167 h = 10.27 ppm-h 

C4.4 = 61.5 ppm 
C = 2.6 ppm 
10-min AEGL-1 = 2.6/3 = 0.75 ppm 

 
30-min AEGL-1:  C4.4 × 0.5 h = 10.27 ppm-h 

C4.4 = 20.54 ppm 
C = 2.00 ppm 
30-min AEGL-1 = 2.0/3 = 0.60 ppm 

 
1-h AEGL-1:  C4.4 × 1 h = 10.27 ppm-h 

C4.4 = 10.27 ppm 
C = 1.71 ppm 
1-h AEGL-1 = 1.7/3 = 0.51 ppm 

 
4-h AEGL-1:  C4.4 × 4 h = 10.27 ppm-h 

C4.4 = 2.57 ppm 
C = 1.28 ppm 
4-h AEGL-1 =1.28/3 = 0.36 ppm 

 
8-h AEGL-1:  C4.4 × 8 h = 10.27 ppm-h 

C4.4 = 1.28 ppm 
C = 1.06 ppm 
8-h AEGL-1 = 1.06/3 = 0.33 ppm 
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Derivation of AEGL-2 
 
Key studies:  Green et al. 1991; Khan et al. 1991 
 
Toxicity end points: Minor perivascular edema present and significant 

increase in protein and LDH in lung lavage fluid. 
 
Scaling:   C4.4 × t = k 

(200 ppm)4.4 × 4 h =4.31 × 1010 ppm-h 
 
Uncertainty factors: 3 for interspecies variability 

3 for intraspecies variability 
 
Calculations: 
 
10-min AEGL-2:  C4.4 × 0.167 h = 4.31 × 1010 ppm-h 

C4.4 = 2.58 × 1011 ppm 
C = 414.4 ppm 
10-min AEGL-2 = 414.4/10 = 41.4 ppm 

 
30-min AEGL-2:  C4.4 × 0.5 h = 4.31 × 1010 ppm-h 

C4.4 = 8.62 × 1010 ppm 
C = 322.2 ppm 
30-min AEGL-2 = 322.2/10 = 32.2 ppm 

 
1-h AEGL-2:  C4.4 × 1 hr = 4.31 ×1010 ppm-h 

C4.4 =4.31 × 1010 ppm 
C = 274 ppm 
1-h AEGL-2 =274/10 = 27.4 ppm 

 
4-h AEGL-2:  C4.4 × 4 hr = 4.31 × 1010 ppm-h 

C4.4 = 1.08 ×1010 ppm 
C = 199.9 ppm 
4-h AEGL-2 =199.9/10 = 19.9 ppm 

 
8-h AEGL-2:  C4.4 × 8 h =4.31 × 1010 ppm-h 

C4.4 = 5.39 × 109 ppm 
C = 170.6 ppm 
8-h AEGL-2 =170.6/10 = 17.1 ppm 
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Derivation of AEGL-3 
 
Key study:  MacEwen and Vernot 1972 
 
Toxicity end point: Highest concentration causing no death after a 1-h 
exposure in rats  
 
Scaling:   C4.4 × t = k 

(504 ppm)4.4 × 1 h = 6.06 × 1011 ppm-h 
 
Uncertainty factors: 3 for interspecies variability 

3 for intraspecies variability 
 
Calculations: 
 
10-min AEGL-3:  C4.4 × 0.167 h = 6.06 × 1011 ppm-h 

C4.4 = 3.63 × 1012 ppm 
C = 759.8 ppm 
10-min AEGL-3 = 759.8/10 = 75.9 ppm 

 
30-min AEGL-3:  C4.4 × 0.5 h = 6.06 ×1011 ppm-h 

C4.4 = 1.21 × 1012 ppm 
C = 590.8 ppm 
30-min AEGL-3 = 590.8/10 = 59.1 ppm 

 
1-h AEGL-3:  C4.4 × 1 h = 6.06 × 1011 ppm-h 

C4.4 = 6.06 × 1011 ppm 
C = 503.9 ppm 
1-h AEGL-3 =503.9/10 = 50.4 ppm 

 
4-h AEGL-3:  C4.4 × 4 h = 6.06 × 1011 ppm-h 

C4.4 = 1.52 × 1011 ppm 
C = 366.7 ppm 
4-h AEGL-3 =366.7/10 = 36.7 ppm 

 
8-h AEGL-3:  C4.4 × 8 hr = 6.06 × 1011 ppm-h 

C4.4 = 7.58 × 1010 ppm 
C = 312.8 ppm 
8-h AEGL-3 = 312.8/10 = 31.3 ppm 
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Hydrogen Sulfide 

APPENDIX B 
 

ACUTE EXPOSURE GUIDELINES FOR HYDROGEN SULFIDE 
 
 

Derivation Summary for Hydrogen Sulfide 
 

AEGL-1 VALUES 
10 min 30 min 1 h 4 h 8 h 

 0.75 ppm 0.60 ppm 0.51 ppm 0.36 ppm 0.33 ppm 

Key Reference: Jappinen, P., V. Vilkka, O. Marttila, P. Jappinen, and T. Haahtela. 1990. 
Exposure to hydrogen sulfide and respiratory function. Br. J. Ind. Med. 47(12):824-828. 

Test Species/Strain/Number: Human/10 asthma patients 

Exposure Route/Concentrations/Durations: Inhalation/2 ppm /30 min 

Effects: Odor and pharyngeal dryness at the beginning of exposure; headache (3/10); 
increased Raw (significant in 2/10) with no accompanying clinical signs or lung  
function effects 

End Point/Concentration/Rationale: headache/2 ppm 

Uncertainty Factors/Rationale:  
Interspecies 1: subjects were human 

Modifying Factor: 3 to account for the wide variability in complaints associated with  
the foul odor of H2S and the shallow concentration response at the relatively low 
concentrations that are consistent with definition of the AEGL-1 

Animal to Human Dosimetric Adjustment: NA 

Time-Scaling: Cn × t = k, where n = 4.4; value derived from rat lethality data ranging 
from 10 min to 6 h. Data point used for AEGL-1 derivation was 30 min. Other time 
points were based on extrapolation. 

Data Quality and Research Needs: These values are supported by the fact that no adverse 
effects were observed in healthy humans exposed to H2S at 5 ppm for 30 min or 10 ppm 
for 15 min while exercising to exhaustion (Bhambhani and Singh 1991; Bhambhani et al. 
1994, 1996a,b). Using these concentrations and applying an uncertainty factor of 10 for 
sensitive human subpopulations, the following AEGL-1 values would be obtained: 0.64, 
0.50, 0.43, 0.31, and 0.26 ppm for the 10- and 30-min and 1-, 4-, and 8-h time points, 
respectively, for the 5-ppm exposure for 30 min; and 1.1, 0.85, 0.73, 0.53, and 0.45 ppm 
for the 10- and 30-min and 1-, 4-, and 8-h time points, respectively, for the 10-ppm 
exposure for 15 min. These values suggest that the proposed AEGL-1 values are 
protective. 
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AEGL-2 VALUES 
10 min  30 min  1 h 4 h 8 h 

41 ppm 32 ppm 27 ppm 20 ppm 17 ppm 

Key References: Green, F.H., S. Schurch, G.T. DeSanctis, J.A. Wallace, S. Cheng, and 
M. Prior. 1991. Effects of hydrogen sulfide exposure on surface properties of lung 
surfactant. J. Appl. Physiol. 70(5):1943-1949. Khan, A.A., S. Yong, M.G. Prior, and L.E. 
Lillie. 1991. Cytotoxic effects of hydrogen sulfide on pulmonary alveolar macrophages in 
rats. J. Toxicol. Environ. Health 33(1):57-64. 

Test Species/Strain/Number: (1) Rat/F344/6 males; (2) Rat/F344/6 males 

Exposure Route/Concentrations/Durations: 
Inhalation/0, 200, or 300 ppm/4 h;  
Inhalation/0, 50, 200, or 400 ppm/4 h 

Effects: 
200 ppm: No adverse clinical signs or gross lung pathology, increased protein and  
LDH in lavage fluid  
300 ppm: Clinical signs during exposure, increased protein and LDH in lavage fluid,  
lung atelectasis, and edema  
50 and 200 ppm: No effect on viability of pulmonary alveolar macrophages  
300 ppm: Decreased viability of pulmonary alveolar macrophages (200 ppm for 4 h  
was determinant for AEGL-2) 

End Point/Concentration/Rationale: (1) No-effect level for gross lung pathology, minor 
perivascular edema, increased protein and LDH in lung lavage fluid. (2) No-effect level 
for pulmonary alveolar macrophage viability/200 ppm 

Uncertainty Factors/Rationale: 
Interspecies 3: rat and mouse data suggest little interspecies variability 
Intraspecies 3: The intraspecies uncertainty factor of 3 is considered sufficient because 
application of the default uncertainty factor of 10 would result in a total uncertainty factor 
of 30, which would yield AEGL-2 values inconsistent with the total database. AEGL-2 
values derived with a total uncertainty factor of 30 would be 14 ppm for 10 min, 11 ppm 
for 30 min, 9.0 ppm for 1 h, 6.7 ppm for 4 h, and 5.7 ppm for 8 h, values essentially 
identical to or below the 10-ppm concentration causing no effects in humans exercising 
to exhaustion (Bhambhani and Singh 1991; Bhambhani et al. 1994, 1996a,b, 1997).  
Total Uncertainty Factor: 10. The total adjustment is 10 because each of the factors of 3 
represents a logarithmic mean (3.16) of 10; therefore, 3.16 × 3.16 = 10. 

Modifying Factor: NA 

Animal to Human Dosimetric Adjustment: NA 

Time-Scaling: Cn × t = k, where n = 4.4; value derived from rat lethality data ranging 
from 10 min to 6 h. Data point used for AEGL-2 derivation was 4 h. Other time points 
were based on extrapolation. 

Data quality and research needs: Two well-conducted studies in rats support one another. 
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Hydrogen Sulfide 

AEGL-3 VALUES 
10 min 30 min 1 h 4 h 8 h 

76 ppm 59 ppm 50 ppm 37 ppm 31 ppm 

Key Reference: MacEwen, J.D., and E.H. Vernot. 1972. Acute toxicity of hydrogen 
sulfide. Pp. 66-70 in Toxic Hazards Research Unit Annual Report: 1972. Report No. 
ARML-TR-72-62. Aerospace Medical Research Laboratory, Air Force Systems 
Command, Wright-Patterson Air Force Base, OH.  

Test Species/Strain/Sex/Number: Sprague-Dawley rats/10 males/concentration 

Exposure Route/Concentrations/Durations: Rats/inhalation: 400, 504, 635, or 800  
ppm/1 h 
(Highest concentration causing no death in rats after a 1-h exposure (504 ppm)  
was determinant for AEGL-3.) 

End Point/Concentration/Rationale: Highest concentration causing no death in rats after a 
1 h-exposure/504 ppm/threshold for death for 1-h exposure in rats. 

Effects: 
Concentration Mortality 
400 ppm 0/10 
504 ppm 0/10 
635 ppm 1/10 
800 ppm 9/10 

Uncertainty Factors/Rationale:  
Total uncertainty factor: 10 
Interspecies: 3 for rat and mouse data suggest little interspecies variability 
Intraspecies: 3 is considered sufficient because application of the default uncertainty 
factor of 10 would result in a total uncertainty factor of 30, which would yield AEGL-3 
values inconsistent with the total database. AEGL-3 values derived with a total 
uncertainty factor of 30 would be 25 ppm for 10 min, 20 ppm for 30 min, 17 ppm for  
1 h, 12 ppm for 4 h, and 10 ppm for 8 h, values equal to or less than 2-fold the 
concentration causing no effects in humans exercising to exhaustion (Bhambhani and 
Singh 1991; Bhambhani et al. 1994, 1996a,b, 1997). Effects consistent with the definition 
of AEGL-3 would be unlikely to occur at such concentrations. 
Total Uncertainty Factor: 10. The total adjustment is 10 because each of the factors of  
3 represents a logarithmic mean (3.16) of 10; therefore, 3.16 × 3.16 = 10. 

Modifying Factor: NA 

Animal to Human Dosimetric Adjustment: Insufficient data 

Time-Scaling: Cn × t = k, where n = 4.4, value derived from rat lethality data ranging 
from 10 min to 6 h. Data point used for AEGL-3 derivation was 1 h. Other time points 
were based on extrapolation. 

Data Quality and Research Needs: Well-conducted study with appropriate end point  
for AEGL-3. 
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APPENDIX C 
 

Derivation of the Level of Distinct Odor Awareness for Hydrogen Sulfide 
 

The level of distinct odor awareness (LOA) represents the concentration 
above which it is predicted that more than half of the exposed population will 
experience at least a distinct odor intensity, and about 10% of the population 
will experience a strong odor intensity. The LOA should help chemical emer-
gency responders in assessing public awareness of the exposure due to odor per-
ception. The LOA derivation follows the guidance given by Ruijten et al. 
(2009).  

The odor detection threshold (concentration at which 50% of people detect 
an odor; OT50) for H2S was calculated to be 0.0006 ppm (Ruijten et al. 2009).  

The concentration (C) leading to an odor intensity (I) of distinct odor de-
tection (I = 3) is derived with the Fechner function: 
 

I = kw × log(C/OT50) + 0.5. 
 

For the Fechner coefficient, the default of kw = 2.33 is used because of a 
lack of chemical-specific data: 
 

3 = 2.33 × log(C /0.0006) + 0.5, which can be rearranged to 
log(C /0.0006) = (3 - 0.5)/2.33 = 1.07 and results in 

C = (101.07) × 0.0006 = 0.0071 ppm. 
 

The resulting concentration is multiplied by an empirical field correction 
factor. It takes into account that in everyday life factors such as sex, age, sleep, 
smoking, upper airway infections, and allergy as well as distraction increase the 
OT50 by a factor of 4. In addition, it takes into account that odor perception is 
very fast (about 5 seconds) which leads to the perception of concentration peaks. 
On the basis of current knowledge, a factor of 1/3 is applied to adjust for peak 
exposure. Adjustment for distraction and peak exposure lead to a correction fac-
tor of 4/3 = 1.33. 
 

LOA = C × 1.33 = 0.0071 ppm × 1.33 = 0.01 ppm. 
 

The LOA for H2S is 0.01 ppm. 
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