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A.  Extended abstract

The current California Ambient Air Quality Standard (CAAQS) for hydrogen sulfide is 0.03 ppm (30 ppb, 42 (g/m3) for one hour.  The standard was adopted in 1969 and was based on the geometric mean odor threshold measured in adults.  The purpose of the standard was to decrease odor annoyance.  The standard was reviewed in 1980 and 1984 (CARB, 1984), and was not changed since no new relevant information had emerged.  The U.S. EPA presently does not classify hydrogen sulfide as either a criteria air pollutant or a Hazardous Air Pollutant.  However, several countries have short-term (usually 30 minute) standards for hydrogen sulfide, as well as long-term (24 hour) standards. 

This report focuses on key studies in humans and animals bearing on the health-protectiveness of the CAAQS for hydrogen sulfide.  It also includes a discussion of whether significant adverse health effects would reasonably be expected to occur, especially among infants and children, at exposure concentrations below the CAAQS of 30 ppb, based on the findings of published studies.  Additional research on odor sensitivity in infants, children, and adults would be useful in evaluating the standard.  This would include: (1) testing of the odor threshold for H2S using the most current methodology among groups of healthy persons of both sexes in different age ranges; (2) odor testing of hydrogen sulfide in adolescents or younger children to determine their odor threshold for H2S; (3) the identification of children hypersensitive to the odor of hydrogen sulfide; and (4) physiologic testing of anosmic (either specifically anosmic to H2S or totally anosmic) children at the CAAQS to determine if adverse physiological symptoms occur in the absence of odor detection.

B.  Background 

The Mulford-Carrell Air Resources Act of 1967 directed the Air Resources Board to divide California into Air Basins and to adopt ambient air quality standards for each basin (Health and Safety Code (H&SC) Section 39606).  The existing California state-wide ambient air quality standard (CAAQS) for hydrogen sulfide of 0.03 ppm (30 ppb, 42 (g/m3), averaged over a period of 1 hour and not to be equaled or exceeded, protects against nuisance odor (“rotten egg smell”) for the general public.  The standard was adopted in 1969 and was based on rounding of the geometric mean odor threshold of 0.029 ppm (range = 0.012 ( 0.069 ppm; geometric SD = 0.005 ppm) measured in adults (California State Department of Public Health, 1969).  The standard was reviewed by the Department of Health Services in 1980 and 1984, and was not changed since no new relevant information had emerged.  OEHHA (1999) formally adopted 30 ppb as the acute Reference Exposure Level (REL) for use in evaluating peak off-site concentrations from industrial facilities subject to requirements in H&SC Section 44300 et seq.  OEHHA (2000) adopted a level of 8 ppb (10 (g/m3) as the chronic Reference Exposure Level (cREL) for use in evaluating long term emissions from Hot Spots facilities.  The cREL was based on a study demonstrating nasal histological changes in mice.

At the federal level, U.S. EPA does not currently classify hydrogen sulfide as either a criteria air pollutant or a Hazardous Air Pollutant (HAP).  U.S. EPA has developed a (chronic) Reference Concentration (RfC) of 0.001 mg/m3 (1 (g/m3) for hydrogen sulfide (USEPA, 1999).  The RfC is an estimate (with uncertainty spanning perhaps an order of magnitude) of a daily inhalation exposure of the human population (including sensitive subgroups) that is likely to be without an appreciable risk of deleterious effects during a lifetime.

There are no international standards for H2S.  Many countries have “short-term” (usually 30 minute) standards, which range from 6 to 210 ppb (WHO, 1981).  The World Health Organization (WHO) recommends that, in order to avoid substantial complaints about odor annoyance among the exposed population, hydrogen sulfide concentrations should not be allowed to exceed 0.005 ppm (5 ppb; 7 (g/m3), with a 30-minute averaging time (WHO, 1981; National Research Council, 1979; Lindvall, 1970).  A very short-lived, peak concentration could also be annoying.  Rule 2 of Regulation 9 of the Bay Area Air Quality Management District (BAAQMD) specifies that ambient ground level H2S concentrations may not exceed 60 ppb averaged over 3 consecutive minutes.  Regulating at averaging times less than 30 – 60 minutes may be difficult.  Many countries have “long-term” (24 hour) standards (WHO, 1981).

NRC (1979), WHO (1981), Beauchamp et al. (1984), Reiffenstein et al. (1992), and ATSDR (1999) have published reviews of the health effects of hydrogen sulfide. 

C.  Principal sources/Exposure assessment 

Hydrogen sulfide (H2S) is used as a reagent and as an intermediate in the preparation of other reduced sulfur compounds (HSDB, 1999).  It is also a by-product of desulfurization processes in the oil and gas industries and rayon production, sewage treatment, and leather tanning (Ammann, 1986).  Geothermal power plants, petroleum production and refining, and sewer gas are specific sources of hydrogen sulfide in California.  The annual statewide industrial emissions from facilities reporting under the Air Toxics Hot Spots Information and Assessment Act in California (H&SC Sec. 44300 et seq.), based on the most recent inventory, were estimated to be 5,688,172 pounds of hydrogen sulfide (CARB, 1999).

A specific concern in California has been schools located near workplaces emitting toxic substances.  For example, the Hillcrest Elementary School in Rodeo (Contra Costa County; part of the BAAQMD) is adjacent to an oil refinery which, on occasion, has emitted enough malodorous sulfur compounds (including H2S) for the school to close its doors and for the teachers and children to “shelter-in-place.”  Thus the school district has planned to relocate the school (West County Times, November 23, 1999).  These compounds have also affected other schools in the area.

Hydrogen sulfide is produced endogenously in mammalian tissues from L-cysteine, mainly by two pyridoxal-5'-phosphate-dependent enzymes, cystathionine beta-synthetase and cystathionine gamma-lyase (Hosoki et al., 1997).  Abe and Kimura (1996) suggested that hydrogen sulfide may be an endogenous neuromodulator in the hippocampus based on the high level of cystathionine beta-synthetase in the hippocampus and on experimental effects of activators and inhibitors of the enzyme. 

D.  Key studies of acute and chronic health impacts 

D.1. Toxicity to Humans

D.1.1.   Adults.  Hydrogen sulfide is an extremely hazardous gas (ACGIH, 1991).  Exposure to high concentrations of hydrogen sulfide is reported to be the most common cause of sudden death in the workplace (NIOSH, 1977).  Estimates of the mortality resulting from acute hydrogen sulfide intoxication include 2.8% (Arnold et al., 1985) and 6% (WHO, 1981).  While severe intoxication is especially of concern when exposure occurs in confined spaces, an accidental release of hydrogen sulfide into the ambient air surrounding industrial facilities can cause very serious effects.  As a result of an accidental release of hydrogen sulfide due to a malfunctioning flare at an oilfield at Poza Rica, Mexico in 1950, 320 people were hospitalized and 22 died (WHO, 1981).  

Most information on H2S toxicity comes from studies that used levels of H2S orders of magnitude above the standard of 0.03 ppm.  Hazardtext (1994) reported an inhalation LCLo of 600 and 800 ppm (840 and 1,120 mg/m³) for 30 and 5 minutes, respectively.  A lethal exposure was documented for a worker exposed to approximately 600 ppm H2S for 5 to 15 minutes (Simson and Simpson, 1971).  Inhalation of 1,000 ppm (1,400 mg/m³) is reported to cause immediate respiratory arrest (ACGIH, 1991).  Concentrations greater than 200 ppm (280 mg/m³) H2S are reported to cause direct irritant effects on exposed surfaces and can cause pulmonary edema following longer exposures (Spiers and Finnegan, 1986).  The mechanism of H2S toxicity, cellular hypoxia caused by inhibition of cytochrome oxidase, is similar to that for cyanide.  Toxicity can be treated by induction of methemoglobin or by therapy with hyperbaric oxygen (Elovaara et al., 1978; Hsu et al., 1987).

At concentrations exceeding 50 ppm (70 mg/m³) H2S, olfactory fatigue prevents detection of H2S odor.  Exposure to 100-150 ppm (140-210 mg/m³) for several hours causes local irritation (Haggard, 1925).  Exposure to 50 ppm for 1 hour causes conjunctivitis with ocular pain, lacrimation, and photophobia; this can progress to keratoconjunctivitis and vesiculation of the corneal epithelium (ACGIH, 1991).  

Bhambhani and Singh (1985) reported that exposure of 42 individuals to 2.5 to 5 ppm (3.5 to 7 mg/m³) H2S caused coughing and throat irritation after 15 minutes.  Bhambhani and Singh (1991) showed that 16 healthy adult male subjects (25.2(5.5 years old) exposed to 5 ppm (7 mg/m³) H2S under conditions of moderate exercise exhibited impaired lactate and oxygen uptake in the blood.  Subsequently Bhambani et al. (1994) compared the effects of inhaling 5 ppm H2S on physiological and hematological responses during exercise.  Subjects were 13 men (mean(SD for age, height, and weight = 24.7(4.6 y, 173(6.6 cm, and 73.1(8.1 kg, respectively) and 12 women (mean(SD = 22.0(2.1 y, 165(8.2 cm, and 63.4(8.6 kg, respectively).  Subjects completed two 30-minute exercise tests on a cycle ergometer at 50% of their predetermined maximal aerobic power, while breathing either air or 5 ppm H2S.  There were no significant differences between the two exposures for metabolic (oxygen uptake, carbon dioxide production, respiratory exchange ratio), cardiovascular (heart rate, blood pressure, rate pressure product), arterial blood (oxygen and carbon dioxide tensions, pH), and perceptual (rating of perceived exertion) responses.  No one reported adverse health effects following H2S exposure.  The authors believe that healthy adults can safely perform moderate intensity work in environments containing 5 ppm H2S.

Bhambhani et al. (1996) examined the acute effects of “oral” inhalation of 10-ppm H2S, the occupational exposure limit, on lung physiology as measured by pulmonary function in nine men and ten women.  The volunteers inhaled medical air or 10 ppm H2S through the mouth for 15 minutes each during cycle exercise at 50% of their maximal aerobic power.  Routine pulmonary function tests (FVC, FEV1, FEV1/FVC, PEFR, maximal ventilation volume, and DLCO) were administered at rest and immediately after the two exposure conditions.  There were no significant changes in any of the variables derived from the flow volume loop, maximum ventilation volume, and diffusion capacity of the lung for carbon monoxide (DLCO) in both genders.  No subject experienced any sign or symptom as a result of H2S.  The authors concluded that inhalation of 10 ppm H2S through the mouth at an elevated metabolic and ventilation rate does not significantly alter pulmonary function in healthy people.

Jappinen et al. (1990) exposed ten adult asthmatic volunteers to 2 ppm H2S for 30 minutes and tested pulmonary function.  All subjects reported detecting “very unpleasant” odor but “rapidly became accustomed to it.”  Three subjects reported headache following exposure.  No significant changes in mean FVC or FEV1 were reported.  Although individual values for specific airway resistance (SRaw) were not reported, the difference following exposure ranged from (5.95% to +137.78%.  The decrease in specific airway conductance, SGaw, ranged from (57.7% to +28.9%.  The increase in mean SRaw and the decrease in mean SGaw were not statistically significant for the entire group.  However, markedly (>30%) increased airway resistance and decreased airway conductance were noted in two of the ten asthmatic subjects at 2 ppm, which indicated bronchial obstruction and may be clinically important.  Two ppm is 67 times the CAAQS of 0.03 ppm.

Hydrogen sulfide is noted for its strong and offensive odor.  The existing CAAQS of 0.03 ppm (30 ppb, 42 (g/m3) for 1 hour is based on rounding the geometric mean odor detection threshold of 0.029 ppm (range = 0.012 ( 0.069 ppm; GSD = 0.005 ppm).  The threshold was determined for a panel of 16 presumably healthy adults (California State Department of Public Health, 1969).  No information on the sex or age of the panel members has been located.  Amoore (1985) reviewed 26 studies, published between 1848 and 1979, all of which reported average odor detection thresholds for H2S.  The 26 studies seem to be mainly controlled exposures and used various measurement methods.  They included (1) at least two studies using only one subject, (2) a study of a panel of 35 people testing odors in natural gas in Southern California, and (3) another study of 852 untrained young adults (age range = 17.5 ( 22.4 years) tested at county and state fairs in the Northwest.  The average odor detection threshold in the 26 studies ranged from 0.00007 to 1.4 ppm H2S.  The geometric mean of the 26 studies was 0.008 ppm (8 ppb), approximately one-fourth the value determined by the Department of Public Health and lower than the lowest individual threshold of 12 ppb measured in the California panel.  Surprisingly the Department of Public Health panel study was not one of the 26 studies used by Amoore and was not even mentioned in his 1985 report to the ARB.  

Venstrom and Amoore (1968) reported that, in general, olfactory sensitivities decrease by a factor of 2 for each 22 years of age above age 20.  The conclusion was based on a study of 18 odorants in 97 government laboratory workers, ages 20 through 70.  Hydrogen sulfide was not tested.  The geometric mean odor threshold of 8 ppb for H2S from the 26 studies is based on an average age of 40 (possibly assumed to be the age of an average adult).  Amoore (1985) estimated that an 18-year-old person would have a threshold of 4 ppb H2S, while a 62-year-old person was predicted to have a threshold of 16 ppb.  Amoore also stated that there was no noticeable trend of odor sensitivity between young adults and children down to 5 years but did not present specific data to support the statement.  

Concentrations, which substantially exceed the odor threshold for, result in the annoying and discomforting physiological symptoms of headache or nausea (Amoore, 1985; Reynolds and Kauper 1984).  The perceived intensity of the odor of H2S depends on the longevity of the concentration, and the intensity increases 20% for each doubling of the concentration (Amoore, 1985).  Several studies have been conducted to establish the ratio of discomforting annoyance threshold to detection threshold for unpleasant odors (Winkler, 1975; Winneke and Kastka, 1977; Hellman and Small, 1974; Adams et al., 1968; and NCASI, 1971).  The geometric mean for these studies is 5; therefore an unpleasant odor should result in annoying discomfort when it reaches an average concentration of 5 times its detection threshold.  (Two studies that tested only H2S had a geometric mean of 4.)  Applying the 5-fold multiplier to the mean detectable level of 8 ppb results in a mean annoyance threshold of 40 ppb.  Amoore (1985) estimates that at 30 ppb, the CAAQS, H2S would be detectable by 83% of the population and would be discomforting to 40% of the population (Table 1).  These “theoretical” estimates have been substantiated by odor complaints and reports of nausea and headache (Reynolds and Kauper 1984) at 30 ppb H2S exposures from geyser emissions.  

In order to avoid substantial complaints about odor annoyance among the exposed population, the World Health Organization (WHO) recommends that hydrogen sulfide concentrations should not exceed 0.005 ppm (5 ppb; 7 (g/m3), with a 30-minute averaging time (WHO, 1981; National Research Council, 1979; Lindvall, 1970).  The WHO task group believed that 5 ppb averaged over 30 minutes “should not produce odour nuisance in most situations.”

Table 1. Predicted effects of exposure to ambient H2S.  (Adapted from Amoore, 1985)

H2S (ppb)
% able to detect odora
Perceived odor intensityb (ratio)
Median odor unitsc
% annoyed by odord

200
99
2.31
25
88

100
96
1.93
12
75

50
91
1.61
6.2
56

40
88
1.52
5.0
50

35
87
1.47
4.4
47

30 (CAAQS)
83
1.41
3.7
40

25
80
1.34
3.1
37

20
74
1.27
2.5
31

15
69
1.18
1.9
22

10
56
1.06
1.2
17

8
50
1.00
1.00
11

6
42
0.93
0.75
8

4
30
0.83
0.50
5

2
14
0.70
0.25
2

1
6
0.58
0.12
1

0.5
2
0.49
0.06
0

aBased on mean odor detection threshold of 8.0 ppb and SD(2.0 binary steps
b Based on intensity exponent of 0.26 (Lindvall, 1974).

cH2S concentration divided by mean odor detection threshold of 8 ppb.

d Based on assumption that mean annoyance threshold is 5x the mean odor detection threshold, and SD(2.0 binary steps.

Kilburn and Warshaw (1995) investigated whether people exposed to sulfide gases, including H2S, as a result of working at or living downwind from the processing of "sour" crude oil demonstrated persistent neurobehavioral dysfunction.  They studied 13 former workers and 22 neighbors of a California coastal oil refinery who complained of headaches, nausea, vomiting, depression, personality changes, nosebleeds, and breathing difficulties.  Neurobehavioral functions and a profile of mood states were compared to 32 controls matched for age and educational level.  The exposed subjects' mean values were statistically significantly different (abnormal) compared to controls for several tests (two-choice reaction time; balance (as speed of sway); color discrimination; digit symbol; trail-making A and B; immediate recall of a story).  Their profile of mood states (POMS) scores were much higher than those of controls.  Test scores for anger, confusion, depression, tension-anxiety, and fatigue were significantly elevated and nearly identical in both exposed residents and former workers, while the scores for controls equaled normal values from other published studies.  Visual recall was significantly impaired in neighbors, but not in the former workers.  Limited off-site air monitoring (one week) in the neighborhood found average levels of 10 ppb H2S (with peaks of 100 ppb), 4 ppb dimethylsulfide, and 2 ppb mercaptans.  On-site levels were much higher.  The authors concluded that neurophysiological abnormalities were associated with exposure to reduced sulfur gases, including H2S from crude oil desulfurization.

D.1.2. Children.  In a case report Gaitonde et al. (1987) described subacute encephalopathy, ataxia, and choreoathetoid (jerky, involuntary) responses in a 20-month-old child with long term (approximately one year) exposure to hydrogen sulfide from a coal mine.  Levels of up to at least 0.6 ppm (600 ppb) were measured and levels were possibly higher before measurements started.  The abnormalities resolved after the emission source ceased operation. 
As part of the South Karelia Air Pollution Study in Finland (Jaakkola et al., 1990), Marttila et al. (1994) assessed the role of long-term exposure to ambient air malodorous sulfur compounds released from pulp mills as a determinant of eye and respiratory symptoms and headache in children.  The parents of 134 children living in severely polluted (n = 42), moderately polluted (n = 62), and rural, non-polluted (n = 30) communities responded to a cross-sectional questionnaire (response rate = 83%).  In the severely polluted area, the annual mean concentrations of hydrogen sulfide and methyl mercaptan (H3CSH) were estimated to be 8 (g/m3 (6 ppb) and 2 - 5 (g/m3 (1.4 – 3.6 ppb), respectively.  The highest daily average concentrations were 100 (g/m3 (71 ppb) and 50 (g/m3 (36 ppb), respectively.  The adjusted odds ratios (OR) for symptoms experienced during the previous 4 weeks and 12 months in the severely versus the non-polluted community were estimated in logistic regression analysis controlling for age and gender.  The risks of nasal symptoms, cough, eye symptoms, and headache were increased in the severely polluted community, but did not reach statistical significance (Table 2).  In addition, OEHHA staff noted that the highest percentages of children with symptoms were in the moderately polluted community, not in the severely polluted community.  The authors concluded that exposure to malodorous sulfur compounds may affect the health of children.  The odor threshold for methyl mercaptan of 1.6 ppb (Amoore and Hautala, 1983) indicates that it also likely contributed to the odor and probably the symptoms.

Table 2. Symptoms Reported in Marttila et al. (1994)

Symptom
Time
Odds Ratio
95% CI
Time
Odds ratio
95%CI

nasal symptoms
4 weeks
1.40
0.59-3.31
12 months
2.47
0.93-6.53

cough
4 weeks
1.83
0.75-4.45
12 months
2.28
0.95-5.47

eye symptoms
NR
NR
NR
12 months
1.15
0.43-3.05

headache
NR
1.02
0.36-2.94
12 months
1.77
0.69-4.54

NR = not reported

Studies of controlled exposures in children to study H2S odor detection have not been located.  A recent report studying children concluded that children aged 8 to 14 years have equivalent odor sensitivity to young adults (Cain et al., 1995), although children lack knowledge to identify specific odors by name.  Koelega (1994) found that prepubescent children (58 nine-year-olds) were inferior in their detection of 4 of 5 odors compared to 15-year-olds (n = 58) and 20-year-olds (n = 112).  Schmidt and Beauchamp (1988) have even tested 3-year-olds (n = 16) for sensitivity to noxious chemicals, such as butyric acid and pyridine. 
In March-April 1983, 949 cases (including 727 in adolescent females) of acute non-fatal illness consisting of headache, dizziness, blurred vision, abdominal pain, myalgia, and fainting occurred at schools on the West Bank.  However, physical examinations and biochemical tests were normal.  There was no common exposure to food, drink, or agricultural chemicals among those affected.  No toxins were consistently present in patients' blood or urine.  The only environmental toxicant detected was H2S gas in low concentrations (40 ppb) in a schoolroom at the site of the first outbreak (from a faulty latrine in the schoolyard).  The illness was deemed to be psychogenic and possibly triggered by the smell of H2S (Landrigan and Miller , 1983; Modan et al., 1983). 

D.1.3. Development.  Xu et al. (1998) conducted a retrospective epidemiological study in a large petrochemical complex in Beijing, China in order to assess the possible association between petrochemical exposure and spontaneous abortion.  The facility consisted of 17 major production plants divided into separate workshops, which allowed for the assessment of exposure to specific chemicals.  Married women (n = 2,853), who were 20-44 years of age, had never smoked, and who reported at least one pregnancy during employment at the plant, participated in the study.  According to their employment record, about 57% of these workers reported occupational exposure to petrochemicals during the first trimester of their pregnancy.  There was a significantly increased risk of spontaneous abortion for women working in all of the production plants with frequent exposure to petrochemicals compared with those working in non-chemical plants.  Also, when a comparison was made between exposed and non-exposed groups within each plant, exposure to petrochemicals was consistently associated with an increased risk of spontaneous abortion (overall odds ratio (OR) = 2.7 (95% confidence interval (CI) = 1.8 to 3.9) after adjusting for potential confounding factors).  Using exposure information obtained from interview responses for (self-reported) exposures, the estimated OR for spontaneous abortions was 2.9 (95% CI = 2.0 to 4.0).  When the analysis was repeated by excluding 452 women who provided inconsistent reports between recalled exposure and work history, a comparable risk of spontaneous abortion (OR 2.9; 95% CI = 2.0 to 4.4) was found.  In analyses for exposure to specific chemicals, an increased risk of spontaneous abortion was found with exposure to most chemicals.  There were 106 women (3.7% of the study population) exposed only to hydrogen sulfide; the results for H2S (OR 2.3; 95% CI = 1.2 to 4.4) were statistically significant.  Unfortunately H2S exposure concentrations were not reported.

D.2.  Effects of Animal Exposure

D.2.1. Adult/mature animals.  A median lethal concentration (LC50) in rats exposed to H2S for 4 hours was estimated as 440 ppm (616 mg/m³) (Tansy et al., 1981).  An inhalation LCLo of 444 ppm for an unspecified duration is reported in rats, and a lethal concentration of 673 ppm (942 mg/m³) for 1 hour is reported in mice (RTECS, 1994).  In another study, mortality was significantly higher for male rats (30%), compared to females (20%), over a range of exposure times and concentrations (Prior et al., 1988).  A concentration of 1,000 ppm (1,400 mg/m³) caused respiratory arrest and death in dogs after 15-20 minutes (Haggard and Henderson, 1922).  Inhalation of 100 ppm (140 mg/m³) for 2 hours resulted in altered leucine incorporation into brain proteins in mice (Elovaara et al., 1978).  Kosmider et al. (1967) reported abnormal electrocardiograms in rabbits exposed to 100 mg/m³ (71 ppm) H2S for 1.5 hours.

Khan et al. (1990) exposed groups of 12 male Fischer 344 rats to 0, 10, 50, 200, 400, or 500-700 ppm hydrogen sulfide for 4 hours.  Four rats from each group were euthanized at 1, 24, or 48 hours post-exposure.  The activity of cytochrome c oxidase in lung mitochondria, a primary molecular target of H2S, was significantly (p<0.05) decreased at 50 ppm (15%), 200 ppm (43%), and 400 ppm (68%) at 1-hour post-exposure compared to controls.  A NOAEL of 10 ppm for inhibition of cytochrome c oxidase was identified in this study.

Fischer and Sprague-Dawley rats (15 per group) were exposed to 0, 10.1, 30.5, or 80 ppm (0, 14.1, 42.7, or 112 mg/m3, respectively) H2S for 6 hours/day, 5 days/week for 90 days (CIIT, 1983a,b).  Measurements of neurological and hematological function revealed no abnormalities due to H2S exposure.  Histological examination of the nasal turbinates also revealed no significant exposure-related changes.  A significant decrease in body weight was observed in both strains of rats exposed to 80 ppm (112 mg/m3).

In a companion study, the CIIT conducted a 90-day inhalation study in mice (10 or 12 mice per group) exposed to 0, 10.1, 30.5, or 80 ppm (0, 14.1, 42.7, or 112 mg/m3, respectively) H2S for 6 hours/day, 5 days/week (CIIT, 1983c).  Neurological function was measured by tests for posture, gait, facial muscle tone, and reflexes.  Ophthalmologic and hematologic examinations were also performed, and a detailed necropsy was included at the end of the experiment.  The only exposure-related histological lesion was inflammation of the nasal mucosa of the anterior segment of the noses of mice exposed to 80 ppm (112 mg/m3) H2S.  Weight loss was also observed in the mice exposed to 80 ppm.  Neurological and hematological tests revealed no abnormalities.  The 30.5 ppm (42.5 mg/m3) level was considered to be a NOAEL for histological changes in the nasal mucosa.  (Different adjustments were made to this NOAEL by U. S. EPA to calculate the RfC of 1 (g/m3 and by OEHHA to calculate the chronic REL of 10 (g/m3 (8 ppb).)

Hydrogen sulfide (0, 10, 30, or 80 ppm) was administered via inhalation (6 h/d, 7 d/wk) to 10-week-old male CD rats (n = 12/group) for 10 weeks (Brenneman et al., 2000).  Histological evaluation revealed that rats exposed to 30 or 80 ppm had significant increases in lesions of the olfactory mucosa but not other tissues.  Multifocal, rostrocaudally-distributed olfactory neuron loss and basal cell hyperplasia were seen.  The dorsal medial meatus and the dorsal and medial portions of the ethmoid recess were affected.  The lowest dose (10 ppm) was considered a no observed adverse effect level for olfactory lesions. 

Fischer F344 rats inhaled 0, 1, 10, or 100 ppm hydrogen sulfide for 8 hours/day for 5 weeks (Hulbert et al, 1989).  No effects were noted on baseline measurements of airway resistance, dynamic compliance, tidal volume, minute volume, or heart rate.  Two findings were noted more frequently in exposed rats: (1) proliferation of ciliated cells in the tracheal and bronchiolar epithelium, and (2) lymphocyte infiltration of the bronchial submucosa.  Some exposed animals responded similarly to controls to aerosol methacholine challenge, whereas a subgroup of exposed rats were hyperreactive to concentrations as low as 1 ppm H2S.

Male rats were exposed to 0, 10, 200, or 400 ppm H2S for 4 hours (Lopez et al., 1987).  Samples of bronchoalveolar and nasal lavage fluid contained increased inflammatory cells, protein, and lactate dehydrogenase in rats treated with 400 ppm.  Later Lopez and associates (1988) showed that exposure to 83 ppm (116 mg/m3) for 4 hours resulted in mild perivascular edema.

D.2.2. Developing animals.  Saillenfait et al. (1989) investigated the developmental toxicity of H2S in rats.  Rats were exposed 6 hours/day on days 6 through 20 of gestation to 100 ppm hydrogen sulfide.  No maternal toxicity or developmental defects were observed. 

Hayden et al. (1990) exposed gravid Sprague-Dawley rat dams continuously to 0, 20, 50, and 75 ppm H2S from day 6 of gestation until day 21 postpartum.  The animals demonstrated normal reproductive parameters until parturition, when delivery time was extended in a dose-dependent manner (with a maximum increase of 42% at 75 ppm).  Pups exposed in utero and neonatally to day 21 postpartum developed with a subtle decrease in time of ear detachment and hair development, but with no other observed change in growth and development through day 21 postpartum.
Hannah and Roth (1991) analyzed the dendritic fields of developing Purkinje cells in rat cerebellum to determine the effects of chronic exposure to low concentrations of H2S during perinatal development.  Treatment of timed-pregnant female Sprague Dawley rats with 20 and 50 ppm H2S for 7 hours per day from day 5 after mating until day 21 after birth produced severe alterations in the architecture and growth characteristics of the dendritic fields of the Purkinje cells.  The architectural modifications included longer branches, an increase in the vertex path length, and variations in the number of branches in particular areas of the dendritic field.  The treated cells also exhibited a nonsymmetrical growth pattern at a time when random terminal branching is normally occurring.  Thus, developing neurons exposed to H2S may be at risk of severe deficits.  However, the lower level of 20 ppm for 7 hours is nearly 2 orders of magnitude above the present one-hour standard. 

Dorman et al. (2000) examined the effect of perinatal exposure of H2S on pregnancy outcomes, offspring development, and offspring behavior in rats.  Male and female Sprague-Dawley rats (12 rats/sex/concentration) were exposed to 0, 10, 30, or 80 ppm H2S 6 h/day, 7 days/week for 2 weeks prior to breeding.  Exposures continued during a 2-week mating period and then from Gestation Day (GD) 0 through GD 19.  Exposure of rat dams and their pups (eight rats/litter after culling) resumed between postnatal day (PND) 5 and 18.  Adult males were exposed for 70 consecutive days.  Offspring were evaluated using motor activity (assessed on PND 13, 17, 21, and 60(2), passive avoidance (PND 22(1 and 62(3), functional observation battery (FOB) (PND 60(2), acoustic startle response (PND 21 and 62(3), and neuropathology (PND 23(2 and 61(2).  No deaths occurred and no adverse physical signs were seen in F0 males or females. There were no statistically significant effects on the reproductive performance of the F0 rats as assessed by the number of females with live pups, litter size, average length of gestation, and the average number of implants per pregnant female.  Exposure to H2S did not affect pup growth, development, or performance on any behavioral test. The authors conclude that H2S is neither a reproductive toxicant nor a behavioral developmental neurotoxicant in the rat at occupationally relevant exposure concentrations (i.e., at 10 ppm, the current occupational daily average exposure limits - TLV and PEL; however, the ACGIH is considering lowering the TLV to 5 ppm).  The lowest level tested (10 ppm) is more than 300-fold higher than the CAAQS of 0.030 ppm. 

E. Interactions between hydrogen sulfide and other pollutants

Ethanol can potentiate the effects of H2S by shortening the mean time-to-unconsciousness in mice exposed to 800 ppm (1,120 mg/m³) H2S (Beck et al., 1979).

Endogenous hydrogen sulfide may regulate smooth muscle tone in synergy with nitric oxide (Hosoki et al., 1997).

Hydrogen sulfide is often accompanied by other malodorous sulfur compounds, such as methyl mercaptan, dimethyl sulfide, and dimethyl disulfide.  Some of these have odor thresholds lower than that of hydrogen sulfide.  The complex mixture is often referred to as TRS (total reduced sulfur).

Lindvall (1977) reported that the perceived odor strength of H2S is increased by the simultaneous presence of 600 ppb nitric oxide (600 ppb nitric acid is imperceptible by itself).

F. Conclusions 

The current standard of 0.03 ppm (30 ppb) hydrogen sulfide for one hour based on odor is well below NOAEL levels from animal experiments where exposure lasted weeks to months, including the period of intrauterine development.  However, it is greater than OEHHA’s chronic Reference Exposure Level (REL) of 8 ppb, which is based on histological changes in the nasal area of mice.  (The chronic REL is compared to the annual average H2S concentration.)  Ideally neither of these two benchmark levels should be exceeded by the properly averaged concentration.

Additional research might help reduce uncertainties regarding the impacts of hydrogen sulfide on the health of infants and children.  This would include:

a. Odor testing of hydrogen sulfide in adolescents or younger children, if ethically permissible, to determine their odor threshold.  Current data on odor detection in children are not consistent.  Data on H2S odor detection in children under controlled exposure are lacking.

b. The identification of children hypersensitive to the odor of hydrogen sulfide.  While the odor from very low level H2S would not itself threaten their physical health, the odor might be alarming to hypersensitive children.  Psychosomatic complaints might be more confusing to children than to adults.

c. Physiologic testing of anosmic (either specifically anosmic to H2S or totally anosmic) children at the CAAQS would be useful in determining whether if adverse physiological symptoms occur in the absence of odor detection.

d. Testing of the odor threshold for H2S using the most current methodology among groups of healthy persons of both sexes in different age ranges.  Data from such testing would likely be an improvement over the use of either the mean of 16 people (California Department of Public Health, 1969) or the mean from 26 studies, conducted over a period of 130 years, which found thresholds spanning a 20,000 fold range, from 0.07 ppb to 1400 ppb (Amoore, 1985).  (If the highest and lowest values of the range in Amoore (1985) are dropped as outliers - Amoore (1985) stated that these two studies seemed to involve only one subject - the range would be 0.43 ppb to 190 ppb, a 440-fold range).

e. Further research is needed on the topic of when odor is an adverse health effect and how much consideration should be given to psychosomatic complaints accompanying odor annoyance (Dalton et al., 1997; ATS, 2000).  A recent American Thoracic Society position paper titled “What Constitutes an Adverse Health Effect of Air Pollution?” (ATS, 2000) indicates that air pollution exposures, which interfere with the quality of life, can be considered adverse.  This suggests that, for the purpose of setting a standard, odor-related annoyance should be considered adverse, even if nausea or headache or other symptoms are not present.

G. References

Abe K, Kimura H. 1996. The possible role of hydrogen sulfide as an endogenous neuromodulator. J. Neurosci. 16(3):1066-1071.

Adams DF, Young FA, Lahr RA. 1968. Evaluation of odor perception threshold test facility. TAPPI 51(13):62A-67A.

ATSDR. 1999. The Agency for Toxic Substances and Disease Registry. Hydrogen sulfide. Atlanta: ATSDR.

(ACGIH) American Conference of Governmental Industrial Hygienists. Documentation of the Threshold Limit Values and Biological Exposure Indices. 6th ed. Vol II. Cincinnati: ACGIH; 1991. p. 786-788.

ATS. 2000. American Thoracic Society. What constitutes an adverse health effect of air pollution? Am. J. Respir. Crit. Care Med. 161:655-673.

Ammann HM. 1986. A new look at physiologic respiratory response to H2S poisoning. J. Haz. Mat. 13:369-374.

Amoore JE. 1985. The perception of hydrogen sulfide odor in relation to setting an ambient standard. Olfacto-Labs, Berkeley, CA: prepared for the California Air Resources Board.

Amoore JE, Hautala E. 1983. Odor as an aid to chemical safety: Odor thresholds compared with threshold limit values and volatilities for 214 chemicals in air and water dilution. J. Appl. Toxicol. 3(6):272-290.

Arnold IM, Dufresne RM, Alleyne BC, Stuart PJ. 1985. Health implications of occupational exposures to hydrogen sulfide. J. Occup. Med. 27:373-376.

Beauchamp RO Jr, Bus JS, Popp JA, Boreiko CJ, Andjelkovich DA. 1984. A critical review of the literature on hydrogen sulfide toxicity. Crit. Rev. Toxicol. 13(1):25-97.

Beck JF, Cormier F, Donini JC. 1979. The combined toxicity of ethanol and hydrogen sulfide. Toxicol. Lett. 311-313.

Bhambhani Y, Burnham R, Snydmiller G, MacLean I, Martin T. 1994. Comparative physiological responses of exercising men and women to 5 ppm hydrogen sulfide exposure. Am. Ind. Hyg. Assoc. J. 55(11):1030-1035.

Bhambhani Y, Singh M. 1985. Effects of hydrogen sulphide on selected metabolic and cardio-respiratory variables during rest and exercise. Report submitted to Alberta Worker’s Health and Safety and Compensation. June, 1985. 

Bhambhani Y, Singh M. 1991. Physiological effects of hydrogen sulfide inhalation during exercise in healthy men. J. Appl. Physiol. 71:1872-1877.

Bhambhani Y, Burnham R, Snydmiller G, MacLean I, Lovlin R. 1996. Effects of 10-ppm hydrogen sulfide inhalation on pulmonary function in healthy men and women. J. Occup. Environ. Med. 38(10):1012-1017.
Brenneman KA, James RA, Gross EA, Dorman DC. 2000. Olfactory neuron loss in adult male CD rats following subchronic inhalation exposure to hydrogen sulfide. Toxicol. Pathol. 28(2):326-333.

Cain WS, Stevens JC, Nickou CM, Giles A, Johnston I, Garcia-Medina MR. 1995. Life-span development of odor identification, learning, and olfactory sensitivity. Perception 24(12):1457-1472.

CARB. 1984. California Air Resources Board. Report of the committee regarding the review of the AAQS for hydrogen sulfide. Memorandum from CARB to G. Duffy, August 23.

CARB. 1999. California Air Resources Board. Air toxics emissions data collected in the Air Toxics Hot Spots Program CEIDARS Database as of January 29, 1999.
California State Department of Public Health. Recommended Ambient Air Quality Standards. (Statewide standards applicable to all California Air Basins). 1969;HS-3.

CIIT. 1983a. Chemical Industry Institute of Toxicology. 90-Day vapor inhalation toxicity study of hydrogen sulfide in Fischer-344 rats. U.S. EPA, Office of Toxic Substances Public Files. Fiche number 0000255-0. Document number FYI-OTS-0883-0255.

CIIT. 1983b. Chemical Industry Institute of Toxicology. 90-Day vapor inhalation toxicity study of hydrogen sulfide in Sprague-Dawley rats. U.S. EPA, Office of Toxic Substances Public Files. Fiche number 0000255-0. Document number FYI-OTS-0883-0255.

CIIT. 1983c. Chemical Industry Institute of Toxicology. 90-Day vapor inhalation toxicity study of hydrogen sulfide in B6C3F1 mice. U.S. EPA, Office of Toxic Substances Public Files. Fiche number 0000255-0. Document number FYI-OTS-0883-0255.

Dalton P, Wysocki CJ, Brody MJ, Lawley HJ. 1997. The influence of cognitive bias on the perceived odor, irritation and health symptoms from chemical exposure. Arch. Occup. Environ. Health 69(6):407-417.

Dorman DC, Brenneman KA, Struve MF, Miller KL, James RA, Marshall MW, Foster PM. 2000. Fertility and developmental neurotoxicity effects of inhaled hydrogen sulfide in Sprague-Dawley rats. Neurotoxicol. Teratol. 22(1):71-84.

Elovaara E, Tossavainen A, Savolainen H. 1978. Effects of subclinical hydrogen sulfide intoxication on mouse brain protein metabolism. Exp. Neurol. 62:93-98.

Gaitonde UB, Sellar RJ, O'Hare AE. 1987. Long term exposure to hydrogen sulphide producing subacute encephalopathy in a child. Br. Med. J. (Clin. Res. Ed.) 7;294(6572):614.

Haggard HAW. 1925. The toxicology of hydrogen sulphide. J. Ind. Hyg. 7:113-121.

Haggard HW, Henderson Y. 1922. The influence of hydrogen sulfide on respiration. Am. J. Physiol. 61:289-297.

Hannah RS, Roth SH. 1991. Chronic exposure to low concentrations of hydrogen sulfide produces abnormal growth in developing cerebral Purkinje cells. Neurosci. Lett. 122(2):225-228. 

Hayden LJ, Goeden H, Roth SH. 1990. Growth and development in the rat during subchronic exposure to low levels of hydrogen sulfide. Toxicol. Ind. Health 6(3-4):389-401.

HAZARDTEXT(. Hall AH, Rumack BH, editors. Denver (CO): Micromedex, Inc.; 1994. (Edition expires 4/30/94).

HSDB. 1999. Hazardous Substances Data Bank. U.S. National Library of Medicine, Bethesda, MD 20894. (http://sis.nlm.nih.gov/sis1)

Hellman TM, Small FH. 1974. Characterization of the odor properties of 101 petrochemicals using sensory methods. J. Air Pollut. Control Assoc. 24:979-982.

Hosoki R, Matsuki N, Kimura. 1997. The possible role of hydrogen sulfide as an endogenous smooth muscle relaxant in synergy with nitric oxide. Biochem. Biophys. Res. Commun. 237(3):527-531

Hsu P, Li HW, Lin Y. 1987. Acute hydrogen sulfide poisoning treated with hyperbaric oxygen. J. Hyperbaric Med. 2(4):215-221.

Hulbert WC, Prior MG, Pieroni p, Florence Z. 1989. Hyperresponsiveness in rats after 5 weeks exposure to hydrogen sulfide. Clin. Invest. Med. 12(4): B89.

Jaakkola JJ, Vilkka V, Marttila O, Jappinen P, Haahtela T. 1990. The South Karelia Air Pollution Study. The effects of malodorous sulfur compounds from pulp mills on respiratory and other symptoms. Am. Rev. Respir. Dis. 142(6 Pt 1):1344-50.

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

Khan AA, Schuler MM, Prior MG, Yong S, Coppock RW, Florence LZ, Lillie LE. 1990. Effects of hydrogen sulfide exposure on lung mitochondrial respiratory chain enzymes in rats. Toxicol. Appl. Pharmacol. 103: 482-490.

Kilburn KH, Warshaw RH. 1995. Hydrogen sulfide and reduced-sulfur gases adversely affect neurophysiological functions. Toxicol. Ind. Health 11:185-197.

Koelega HS. 1994. Prepubescent children may have specific deficits in olfactory sensitivity. Percept. Mot. Skills 78(1):191-199.

Kosmider S, Rogala E, Pacholek A. 1967. Electrocardiographic and histochemical studies of the heart muscle in acute experimental hydrogen sulfide poisoning. Arch. Immunol. Ther. Exp. 15:731-740.

Landrigan PJ, Miller B. 1983. The Arjenyattah epidemic. Home interview data and toxicological aspects. Lancet 2(8365-66):1474-1476.

Lindvall T. 1970. On sensory evaluation of odorous air pollutant intensities. Nord. Hyg. Tidskr. Suppl 2:1-181.

Lindvall T. 1974. Monitoring odorous air pollution in the field with human observers. Ann. N. Y. Acad. Sci. 237:247-260.

Lindvall T. 1977. Perception of composite odorous air pollutants. In: Olfaction and Taste VI (J. LeMagnen, P. MacLeod, eds.). London: Information Retrieval. pp. 449-458.

Lopez A, Prior M, Yong S, Albassam M, Lillie L. 1987. Biochemical and cytological alterations in the respiratory tract of rats exposed for 4 hours to hydrogen sulfide. Fundam. Appl. Toxicol. 9:753-762.

Lopez A, Prior M, Lillie L, Gulayets C, Atwal O. 1988. Histologic and ultrastructural alterations in lungs of rats exposed to sublethal to lethal concentrations of hydrogen sulfide. Vet. Pathol. 25:376-384.

Marttila O, Jaakkola JJ, Vilkka V, Jappinen P, Haahtela T. 1994. The South Karelia Air Pollution Study: the effects of malodorous sulfur compounds from pulp mills on respiratory and other symptoms in children. Environ. Res. 66(2):152-159.

Modan B, Swartz TA, Tirosh M, Costin C, Weissenberg E, Donagi, A, Acker C, Revach M, Vettorazzi G. 1983. The Arjenyattah epidemic. A mass phenomenon: spread and triggering factors. Lancet 2(8365-66):1472-1474.

NCASI. 1971. Evaluation of the use of humans in measuring the effectiveness of odor control technology at the source. Atmospheric Quality Improvement Technical Bulletin No. 56. New York: National Council of Paper Industry for Air and Steam Improvement.

NIOSH. 1977. National Institute for Occupational Safety and Health. Criteria for a recommended standard...Occupational exposure to hydrogen sulfide, DHEW (NIOSH) #77-158. Cincinnati (OH): National Institute for Occupational Safety and Health; 1977.

NIOSH. 1995. National Institute for Occupational Safety and Health. Chemical listing and documentation of revised IDLH values (as of March 1, 1995). Available at http://www.cdc.gov/niosh/intridl4.html.

National Research Council. Hydrogen sulfide. Baltimore: University Park Press: 1979.

OEHHA. 1999. Office of Environmental Health Hazard Assessment. Air Toxics Hot Spots Program Risk Assessment Guidelines. Part I. The Determination of Acute References Exposure Levels for Airborne Toxicants. Available on-line at http://www.oehha.ca.gov
OEHHA. 2000. Office of Environmental Health Hazard Assessment. Air Toxics Hot Spots Program Risk Assessment Guidelines. Part III. Technical Support Document for the Determination of Noncancer Chronic Reference Exposure Levels. Available on-line at http://www.oehha.ca.gov
Prior MG, Sharma AK, Yong S, Lopez A. 1988. Concentration-time interactions in hydrogen sulphide toxicity. Can. J. Vet. Res. 52:375-379.

RTECS(. 1994. Registry of Toxic Effects of Chemical Substances. National Institute of Occupational Safety and Health, Cincinnati (OH) (CD-ROM version). Denver (CO): Micromedex, Inc.; 1994. (Edition expires 4/30/94).

Reiffenstein RJ, Hulbert WC, Roth SH. 1992. Toxicology of hydrogen sulfide. Annu. Rev. Pharmacol. Toxicol. 32:109-134.

Reynolds R L, Kamper RL. 1984. Review of the State of California Ambient Air Quality Standard for Hydrogen Sulfide (H2S). Lakeport (CA): Lake County Air Quality Management District; 1984.

Saillenfait A, Bonnet P, DeCeaurriz J. 1989. Effects of inhalation exposure to carbon disulfide and its combination with hydrogen sulfide on embryonal and fetal development in rats. Toxicol. Lett. 48:57-66.

Schmidt HJ, Beauchamp GK. 1988. Adult-like odor preferences and aversions in three-year-old children. Child. Dev. 59(4):1136-1143.

Simson RE, Simpson GR. 1971. Fatal hydrogen sulphide poisoning associated with industrial waste exposure. Med. J. Austral. 2:331-334.

Spiers M, Finnegan OC. 1986. Near death due to inhalation of slurry tank gases. Ulster Med. Soc. 55(2):181-183.

Tansy MF, Kendall FM, Fantasia J, Landlin WE, Oberly R, Sherman W. 1981. Acute and subchronic toxicity of rats exposed to vapors of methyl mercaptan and other reduced-sulfur compounds. J. Toxicol. Environ. Health 8(1-2):71-88.

U.S.EPA. 1999. U.S. Environmental Protection Agency. Integrated Risk Information System (IRIS) database. Reference concentration (RfC) for hydrogen sulfide. Available on-line at http://www.epa.gov/ngispgm3/iris/subst/index.html

Venstrom P, Amoore JE. 1968. Olfactory threshold in relation to age, sex or smoking. J. Food Sci. 33:264-265.

Winkler K. 1975. Zur Diskussion Gestellt Imissionsgrenzwerte Zur Vehrinderung von. Geruchsbelastigungan. Wasser Luft Betrieb. 19:411.

Winneke G, Kastka J. 1977. Odor pollution and odor annoyance reactions in industrial areas of the Rhine-Ruhr region. In: Olfaction and Taste VI. J Le Magnen, P MacLeod, editors. pp. 471-479. London: Information Retrieved.

(WHO) World Health Organization. Hydrogen sulfide. Environmental Health Criteria No. 19. Geneva: WHO; 1981.

Xu X, Cho SI, Sammel M, You L, Cui S, Huang Y, Ma G, Padungtod C, Pothier L, Niu T, Christiani D, Smith T, Ryan L, Wang L. 1998. Association of petrochemical exposure with spontaneous abortion. Occup. Environ. Med. 55(1):31-36. 

20

