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Introduction and Background

The Alaska Department of Health and Social Services requested that the ATSDR Division of
Toxicology and Environmental Medicine provide a chemical specific health consultation for the
chemical sulfolane. Sulfolane has been detected in the groundwater under the city of North Pole,
Alaska and a completed exposure pathway exists to residents through the groundwater. Alaska
specifically requested that ATSDR develop a public health action level for sulfolane in the
drinking water, as well as describing potential health effects of sulfolane exposure. The public
health action level is a non-regulatory level set to identify if human exposure to that water needs
to be evaluated further (a/k/a, a screening level). If exposure is occurring, then consideration
should be given to reducing that exposure.

Chemical and Physical Properties of Sulfolane

Sulfolane is an industrial solvent used in liquid-liquid and liquid-vapor extraction of compounds
such as aromatic hydrocarbons from petroleum (VKH Brown et al. 1966; Andersen 1976;
HSDB 2006). Sulfolane has also been reportedly used in fractionalization of wood tars, a
component of hydraulic fluid, textile finishing, and as a curing agent in epoxy resins (HSDB
2006). Sulfolane has reportedly no odor and is completely miscible in water, acetone, glycerol
and many oils (VKH Brown et al. 1966). Figure 1 shows sulfolane’s molecular structure.
Important physical properties are summarized in Table 1. Sulfolane mixes well in water, is not
very volatile, not highly viscous and is highly polar.

Figure 1: Sulfolane
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Table 1: Physical Properties of Sulfolane (VKH Brown et al. 1966; HSDB 2006; NIOSH 2006)

Physical Property Value
CAS Number 126-33-0
Molecular Weight 120.18
Freezing Point 27.4-27.8°C
Boiling Point 285 °C
Specific Gravity (30/20 °C) 1.265
Refractive Index 14.53 mm. Hg
Vapor Pressure (27.6 °C) 0.0062 mm. Hg
(116 °C) 5 mm. Hg
(150 °C) 14.53 mm. Hg
(250 °C) 333.70 mm. Hg

Henry’s Law constant
Viscosity
Dipole moment (in benzene)

Dielectric constant (33 °C)

4.6 X 10° atm-m>/mole
10.3 Centipoises
4.69 Debye

44

Absorption, Distribution, Metabolism and Excretion

Sulfolane is not well absorbed through human skin, with a reported permeability constant of 0.2
g/m*/h (Ursin et al. 1995). Sulfolane is well absorbed through the oral route (Andersen 1976).
Blood sulfolane decay curves were generated following intravenous injections of sulfolane in
rabbits, dogs and squirrel monkeys (Andersen et al. 1977). Sulfolane distributed rapidly in test
animals, with a reported volume of distribution that was near 1.0 I/kg (Andersen et al. 1977).
Sulfolane was removed from plasma with a half life of 3.5 to 5.0 hours (Andersen et al. 1977).

The metabolite of sulfolane is 3-hydroxysulfolane (Roberts and Warwick 1961). As dosage of
sulfolane increases in rats, the proportion of sulfolane that is excreted unchanged increases,
suggesting a saturable metabolic pathway (Andersen et al. 1977). When 100 mg of sulfolane
was administered intraperitoneal (i.p.) to rats, 85% of the sulfolane was excreted as a metabolite,
3-hydroxy sulfolane, in the first 24 hours (Roberts et al. 1960).
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Acute Toxicity Data

Acute health effects arise from exposure to a substance that occurs once or for only a short time
(up to 14 days). Acute lethal dose testing of sulfolane reported in the open literature is shown in
Table 2. Non-lethal testing is shown in Table 3. Limited data on the dermal irritancy and
sensitivity of sulfolane suggest a low potential for sulfolane to be a sensitizer or an acute irritant
in drinking water.

Lethal Dose

In lethal dose studies, sulfolane produced signs consistent with central nervous system toxicity
(Table 2) (Andersen et al. 1976). Mice and rats assumed a hunched, retreating posture with front
limbs braced wide, and tail erect (Andersen et al. 1976). They were also hyperreactive, showed
increased responsiveness to auditory stimulation, and respired rapidly (Andersen et al. 1976). At
lethal doses, rats and mice exposed to sulfolane had clonic-tonic convulsions which could occur
spontaneously or could be induced by sharp, loud noises (Andersen et al. 1976). Because
sulfolane causes a regulated hypothermia, the lethality of sulfolane was directly related to
ambient temperature, i.e. lower temperature resulted in lower mortality in mice (Gordon et al.
1986). This effect could be the result of the lower temperature itself, or the lowered metabolism
induced by the regulated hypothermic response (Gordon et al. 1986).

Table 2: Acute Lethality Values for Sulfolane

Species Type Route Value Source

Rat LD-50 Oral 2342 mg/kg (zhu et al. 1987)
LD-50 Oral 2100 mg/kg (VKH Brown et al. 1966)
LD -50 Oral 1846 mg/kg (Andersen et al. 1976)
LD-50 Oral 1965 mg/kg (Smyth et al. 1969)
LD-50 Intraperitoneal 1600 mg/kg RTECS (NIOSH 2006)
LD-50 Intraperitoneal 1598 mg/kg (Andersen et al. 1976)
LD-50 Subcutaneus 1620 pl/kg (2049 mg/kg)  RTECS
LD -50 Subcutaneus 1606 mg/kg (Andersen et al. 1976)
LD-50 Intravenous 1094 mg/kg (Andersen et al. 1976)
LD-50 Skin >3800 mg/kg RTECS
LC-50 Inhalation 4-hour, >1200 mg/m’ (Andersen et al. 1977)
Other (lethal convulsions,  Inhalation 17.5-hour, 3600 mg/m” (Andersen et al. 1977)

pulmonary hemorrhage)
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Mouse

Rabbit

Guinea
pig

Monkey

LD-50
LD-50
LD-50
LD-50
LD-50
LD-50
LD-50
LD -50
LD-50
LD-50
LD-50

LD-50

LD-50

LD-50

Other (lethality-
convulsions

>25% reduction in
white blood count

>15% reduction in HGB
and HCT

Oral

Oral

Oral
Intraperitoneal
Intraperitoneal
Intravenous
Intravenous
Subcutaneus
Skin
Intravenous

Subcutaneus

Oral

Oral
Intraperitoneal

Inhalation

1900 mg/kg

2504 mg/kg
(1900-2500 mg/kg) "
1250 mg/kg

1270 mg/kg

1080 mg/kg

632 mg/kg

1360 mg/kg

3180 pl/kg (4023 mg/kg)
(640- 850 mg/kg) "
(1900-3500 mg/kg) "

1815 mg/kg

1445mg/kg
1331mg/kg

4850 mg/m3

RTECS

(Zhu et al. 1987)

(VKH Brown et al. 1966)
RTECS

(Andersen et al. 1976)
RTECS

(Andersen et al. 1976)
(Andersen et al. 1976)
RTECS

(Andersen et al. 1976)

(Andersen et al. 1976)

(Andersen et al. 1976)

(Zhu et al. 1987)
(Andersen et al. 1976)

(Andersen et al. 1977)

* Authors provided only a range value of LD-50 without explanation

1 Not enough animals were used to calculate an LD50, so only a range is given — all animals survived at the lower
dose and all animals died at the higher dose.

Acute Toxicity

The acute effects of sulfolane have been studied by several researchers (Table 3). The effects of
sulfolane noted have been changes in thermoregulation, changes in motor activity, and changes

in brain-wave patterns in rats. As noted above, lethal doses of sulfolane result in neurotoxicity as
demonstrated by clonic-tonic convulsions.

Neurotoxicity

Single intraperitoneal (i.p.) injections of 800 mg/kg and 400 mg/kg produced dose-dependent
significant changes in flash evocated potentials (FEPs) and pattern-reversal evoked potentials
(PREPs) (Dyer et al. 1986). These changes lasted over six hours after treatment, with effects
diminishing with time. The 200 mg/kg dose did not produce a change in either FEPs or PREPs.
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The 400 mg/kg and 800 mg/kg doses resulted in hypothermia in the rats. Changes in FEPs were
not shown to be secondary to hypothermia in the rats. When hypothermia was prevented in the
800 mg/kg dose group of rats by keeping them in a warm ambient environment, sulfolane still
resulted in changes in FEPs latencies. PREPs were not measured in the group in which
hypothermia was prevented.

Burdette and Dyer (1986) conducted a series of experiments to identify sulfolane dosages that
alter seizure susceptibility to confirm the results of previous studies that sulfolane-treated
animals are hyper-reactive to sound. A second set of experiments was conducted to determine
the potential interaction between hypothermia and the convulsant properties of sulfolane. L.p.
doses of 800 mg/kg (one-half the lethal dose), 400 mg/kg, 200 mg/kg and 0 mg/kg (controls)
were administered to young male Long Evans hooded rats. On stimulation, audiogenic seizures
were observed in approximately half the animals treated with 800 mg/kg in both experiments.
Rats administered 400 mg/kg demonstrated minimal seizure susceptibility in the first study, but
not in the second. No seizure activity was seen in the 200 mg/kg or control animals. With
respect to the susceptibility to audiogenic seizures, the authors reported that it was evident that
hypothermia provided a significant protective influence, as inferred from the statistically
significant decrease in seizure severity and duration. It was further concluded that sulfolane
preferentially lowers seizure thresholds in select brain structures, rather than creating a general
predisposition to seizures triggered by any mechanism.

Metabolic Changes and Thermoregulation

Gordon et al. (1985) measured effects in thermoregulatory responses in male Sprague-Dawley-
rats that were injected (i.p.) with 800 milligrams per kilogram (mg/kg) sulfolane at ambient
temperatures of 15 or 25 degrees-C. At ambient temperatures of either 15 or 25 degrees,
sulfolane significantly inhibited metabolic rates and colonic temperatures. The metabolic rate
was depressed for 4 hours post injection, gradually recovering thereafter. Colonic temperature
was depressed for 8 hours after injection. Tail skin temperature was not affected by sulfolane at
either ambient temperature. The authors suggest that recovery of the thermoregulatory function
may parallel sulfolane clearance from the blood in rats.

Male rats were injected i.p with 0, 200, 400 or 800 mg/kg of sulfolane and placed in ambient
temperatures of 15, 25 or 35 °C (Gordon et al. 1984). At 15 and 25 °C, 400 and 800 mg/kg of
sulfolane resulted in statistically significant reduction in core body temperatures in the rats.
Metabolism was statistically lower in the 800 mg/kg treatment groups at ambient temperatures of
15 and 25 °C. At 35 °C, no dose of sulfolane resulted in statistically significant reductions in
core body temperature.

In a similar experiment, mice were treated with sulfolane (0, 200, 400, 600 and 800 mg/kg 1.p.)
and kept at ambient temperatures of 20, 30 and 35 °C (Gordon et al. 1986). Sulfolane caused a
dose dependent and temperature dependent significant decrease in metabolism and colonic
temperature at 400, 600 and 800 mg/kg in mice. At an ambient temperature of 35 °C, no
statistically significant changes in metabolism or colonic temperature were measured. At 20 °C,
statistically significant decreases in metabolism and colonic temperature were measured at 400,
600 and 800 mg/kg doses. At 30 °C, the statistically significant decreases in metabolism and
colonic temperature occurred in the 600 and 800 mg/kg dose groups only.
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Sulfolane can affect the preferred ambient temperature of mice (Gordon et al 1986). Mice treated
with 400, 600, and 800 mg/kg (i.p.) preferred significantly lower ambient temperatures in a
temperature gradient. After 1 hour, mice having received 600 and 800 mg/kg of sulfolane still
preferred statistically lower temperatures. The authors also studied preferred ambient
temperature in 800 mg/kg (i.p.) sulfolane treated rats (Gordon et al. 1985). Rats selected the
same ambient temperature (20.7 degrees) as the controls 1 hour after injection. Over time,
sulfolane treated rats preferred a statistically insignificant lower temperature than controls. At the
end of 8 hours, the preferred ambient temperature of control and sulfolane treated animals had
increased to 24.5 and 23.5 degrees, respectively.

Ruppert and Dyer (1985) investigated the effects of sulfolane on the behavior of rats at ambient
temperatures which would either prevent (32.3 °C) or facilitate (20.8 °C) the development of
hypothermia using figure-of-eight mazes. Behavior was assessed 1 hour after i.p. dosing of
saline, 200, 400 or 800 mg/kg sulfolane. Sulfolane reduced activity in the rats in both
temperature groups at 400 and 800 mg/kg doses. However, at the warmer temperature, the
effects were produced without hypothermia. At 20.8°C , the decrease in behavior activity was
more pronounced than the warmer temperature group.

Burdette and Dyer (1986) found that the affect of sulfolane on hypothermia was different in
animals maintained at 29°C (approx. 84°F) compared with animals maintained at 23°C (approx.
74°F) during experimentation. At 29°C, the housing temperature was sufficiently warm to
control/prevent the dose-dependent hypothermia seen at 23°C housing temperature in all groups.
At the 23°C housing temperature, colon temperatures decreased rapidly in the 800 mg/kg and
400 mg/kg groups by more than 3°C during the first half hour following injection, after which
the deep body temperature either stabilized or continued to decrease. The colonic temperatures
remained significantly depressed for up to 8 hours in both of these high-dose groups. In the 200
mg/kg and control groups, there was a slow recovery after 3 hours, the deepest point of
temperature depression.

Subcutaneous injections of sulfolane in rabbits at an ambient temperature of 10 °C caused a
dose-dependent decrease in colonic temperature (Mohler and Gordon 1988). While the metabolic
rate remained the same, a 1.5 °C transient increase in ear temperature and approximately 0.3 °C
decrease in colon temperature were observed at 200 mg/kg (Mohler and Gordon 1988).The
mechanism of toxicity in rabbits appears to be a result of changes in the vasomotor component of
thermoregulation, whereas in rats and mice it appears that sulfolane induced hypothermia is
caused by a reduction in metabolic rate (Gordon et al. 1985; Mohler and Gordon 1988).

Mohler and Gordon (1989) studied the thermoregulatory effects of sulfolane on the central
nervous system of rabbits by microinjection of sulfolane into the region of the brain that controls
thermoregulation. The rabbits were kept during treatment at an ambient temperature of 15 °C.
Microinjection of saline, 100,300 or 1000 pg of sulfolane in saline into the preoptic/anterior
hypothalamic area of the brains of rabbits did not result in regulated hypothermia. This suggests
that the sulfolane is not directly acting on the center of thermoregulation in the brain. To evaluate
whether changes in thermoregulation were the result of other centers of the brain being affected
by sulfolane, Mohler and Gordon (1989) administered intracerebroventricular, (ICV)
microinjection of sulfolane to rabbits. ICV microinjection of 300 and 1000 pg of sulfolane
resulted in slight rise in the temperature of the preoptic/anterior hypothalamic area. An ICV
injection 3000 pg of sulfolane caused a statistically significant hyperthermia in rabbits. At
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10,000 pg ICV injection, sulfolane caused a slight decrease in the temperature of the
preoptic/anterior hypothalamic area, followed by an increase in temperature. These data do not
support the conclusion that sulfolane directly affects the centers of the brain involved in
thermoregulation. However, the metabolite of sulfolane (3-hydroxy sulfolane) may act on these

centers (Mohler and Gordon 1989).

Table 3: Acute Non-lethal Values for Sulfolane

Species Type Route Value Source

Rat LOAEL (Thermoregulation) Intraperitoneal (i.p.) 800 mg/kg (Gordon et al. 1985)
LOAEL (Thermoregulation) i.p. 400 mg/kg (Ruppert and Dyer 1985)
NOAEL (Thermoregulation) i.p. 200 mg/kg  (Ruppert and Dyer 1985)
NOAEL (Thermoregulation) i.p. 200 mg/kg (Ruppert and Dyer 1985)
NOAEL (Thermoregulation) i.p. 200 mg/kg (Burdette and Dyer

1986)

NOAEL (Visual Evocated i.p. 200 mg/kg (Dyer et al. 1986)
Potentials)
LOAEL (Seizure susceptibility) i.p. 400 mg/kg (Dyer et al. 1986)
NOAEL (Seizure susceptibility) i.p. 200 mg/kg (Dyer et al. 1986)
LOAEL (Motor activity) i.p. 400 mg/kg  (Ruppert and Dyer 1985)

Rabbit LOAEL (Thermoregulation) Subcutaneous (s.c.) 200 mg/kg (Mohler and Gordon

1988)

Mouse  LOAEL (Thermoregulation) i.p. 400 mg/kg (Gordon et al. 1986)
NOAEL (Thermoregulation) i.p. 200mg/kg  (Gordon et al. 1986)
NOAEL (Developmental) Oral 280 mg/kg (Zhu et al. 1987)
LOAEL (Developmental) Oral 840 mg/kg (Zhu et al. 1987)
NOAEL (Genotoxicity) Oral 62.5mg/kg  (Zhu et al. 1987)

Dog LOAEL — Neurological Inhalation (After 7 200 mg/m3 (Andersen et al. 1977)

Convulsions

Aggressive Behavior Effects

days)

Skin and Eye Irritation and Sensitivity

Limited information on skin and eye irritation has been reported in the literature. Smyth et al.
(1969) report that sulfolane resulted in a “2” on a 10 point ordinal scale of irritation on
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uncovered rabbit belly. The procedure for evaluation was observation of the severest reaction on
the clipped skin of five albino rabbits within 24 hours of the uncovered application of 0.01
milliliters undiluted sample or solutions in water, propylene glycol, or acetone. Grade 1 indicated
no irritation; grade 2 indicated the least visible capillary injection from the undiluted chemical.
Grade 6 indicated necrosis when undiluted chemical was applied, and grade 10 indicated
necrosis from a 0.01% solution. 1 milliliter of sulfolane per day applied and occluded did not
produce irritation to bare rabbit skin (VKH Brown et al. 1966). 0.5 to 1 milliliter of sulfolane
applied to bare skin of rabbits and guinea-pigs for five days per week for four and one half weeks
did not result in gross or microscopic skin irritation (VKH Brown et al. 1966). Intradermal or
topical application of sulfolane did not result in sensitivity (VKH Brown et al. 1966).

Smyth et al. (1969) rated eye injury in rabbits exposed to sulfolane as a “4” on a 10 point
grading. The exact conditions or effects of the test were not reported, but a grade 1 indicated no
irritation, and a grade of 5 indicated a severe burn with 0.005 ml (Smyth et al. 1962). We
suspect that this means the substance was graded as moderately irritating to the eyes. However,
Brown et al. (1966) reported that 0.2 ml of undiluted sulfolane applied to the right eyes of rabbits
produced mild conjunctivitis which cleared within a few hours.

Due to the subjectivity of these tests and non-standardized laboratory practices at the time,
moderate intra-laboratory reproducibility and low inter-laboratory reproducibility have been
noted in these types of tests (Weil and Scala 1971). Therefore, some discrepancies in the results
are not unexpected.

Developmental Effects

Sulfolane was orally administered to pregnant mice at doses of 93, 280, or 840 mg/kg (Zhu et al.
1987). Skeletal changes were found in the fetuses at the 840 mg/kg dose but not at the lower
treatment dosages.

Genotoxicity

Mice were orally administered doses of 62.5, 125, 250, 500, or 1000 mg/kg. Using the mice
marrow erythrocyte micronucleus test, sulfolane did not cause increases to the micronucleus
counts in the mice marrow erythrocytes (Zhu et al. 1987).

Intermediate/Sub-Chronic Toxicity

Intermediate/sub-chronic toxic effects are a result of exposure to a substance that occurs for
more than 14 days and less than a year. Sub-chronic studies are summarized in Table 4. Another
study, published by Huntington Life Sciences was reported in other literature as a 13 week oral
study (CCME 2006). This study reported a NOAEL of 2.9 mg/kg/day. This research, however, is
not available due to proprietary agreements (Turner 2009).

Table 4: Sub- Chronic Studies of Sulfolane

Species  Effect Route Value Source

Rat NOAEL — Respiratory Inhalation 20 mg/m’ (Andersen et
23 hrs/day 5 days/week al. 1977)
90 DAYS
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LOAEL — Inflamed hemorrhagic Inhalation 159 mg/ms (Andersen et
lungs 23 hrs/day 5 days/week al. 1977)
90 DAYS

NOAEL Oral 167 (Zhu et al.
90 days mg/kg/day  1987)

LOAEL — decreased birth indexand  Oral 200 (OECD 2004)
numb'er of pups (day 0 and 4 of 49 days (males) mg/kg/day
lactation)

41-50 days (females)

Monkey LOAEL — Death Inhalation 495 mg/ma (Andersen et
8 hrs/day 5 days/week al. 1977)
27 days

LOAEL - Inflamed hemorrhagic Inhalation 159 mg/m3 (Andersen et
lungs 23 hrs/day 5 days/week al. 1977)
90 DAYS

NOAEL Oral (6 months) 0.25 (zhu et al.
mg/kg/day  1987)
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Death

Nine male monkeys were exposed to 495 mg/m’ for 27 days (23 hrs/day, 5 days/week)
(Andersen et al. 1977). Three died during the course of the exposure and 5 others were found to
be at the point of death and were sacrificed. The monkeys were found to have blood tinged fluid
around the eyes and very pale livers and hearts. Of the remaining six monkeys surviving, fatty
metamorphosis of the liver was observed in five.

Respiratory Effects

Andersen et al. (1977) exposed rats, guinea pigs and dogs to inhalation concentrations of 2.8,
4.0, 20, 159 or 200 mg/m3 . Hemorrhagic, inflamed lungs were observed in all species at
concentrations of 159 and 200 mg/m’. Dogs and rats exposed to 495 mg/m” for 27 days had
chronic lung inflammation (Andersen et al. 1977).

Skin Irritation

Repeated application of 1 ml sulfolane to the bare skin of rabbits and 0.5 ml for guinea pigs of
undiluted sulfolane for 5 days/week for four and one-half weeks did not result in gross visible
skin irritation or in microscopic findings (VK Brown et al. 1966).

Hematological Effects

At 500 mg/kg for 90 days in guinea pigs the ascorbic acid content in the adrenal glands
decreased. No blood change parameters were noted in rats at doses of 55.6 and 167
milligrams/kilogram/day (mg/kg/d) (Zhu et al. 1987). Guinea pigs were exposed to sulfolane at
oral dose levels of 0, 0.25, 2.5, 25, or 250 mg/kg/d for six months (Zhu et al. 1987). Marrow cell
numbers were lower in the 2.5, 25 and 250 mg/kg/d dose groups than the control group.

Hepatic Effects

Guinea pigs exposed to 200 mg/m® for 90 days via inhalation showed fatty vacuolization in
livers (Andersen et al. 1977). This was not observed at 2.8, 4, 20 or 159 mg/mS. Nine male
monkeys were exposed to 495 mg/m’ for 27 days (23 hrs/day, 5 days/week) (Andersen et al.
1977). Between exposure days 7 and 17, eight of the monkeys died or were found to be at the
point of death and sacrificed. Fatty metamorphosis of the liver was observed in 5/6 of the
surviving monkeys.

Guinea pigs and rats were orally exposed to doses of 55.6, 167 or 500 mg/kg/d for 90 days.
Serum ALP activity decreased in guinea pigs at 55.6 and 167 mg/kg/d (but not at 500 mg/kg/d)
(Zhu et al. 1987). White blood cell counts decreased in all groups. Guinea pigs exposed to 159
or 200 mg/m” via inhalation showed leucopenia and increased plasma transaminase activity
(Andersen et al. 1977). This was not observed at 2.8, 4 and 20 mg/m™

Guinea pigs were exposed to sulfolane at oral dose levels of 0, 0.25, 2.5, 25, or 250 mg/kg/d for
six months (Zhu et al. 1987). Biochemical and pathological evaluations were conducted on a
subset of each dose group following three months and six months of exposure. GPT (Glutamic-
pyruvic transaminase), GOT (glutamic-oxaloacetic transaminase) and fatty deposits of the liver
were observed in pathological examinations of the 2.5, 25 and 250 mg/kg/d dose groups. No
pathological effects were noted at 0.25 mg/kg/d dose group.
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Lymphoreticular Effects

In the Zhu et al. (1987) 6-month study, at three months and six months of exposure, shrinkage of
the white pulp in the spleen was observed in the 2.5, 25 and 250 mg/kg/d guinea pig dose groups,
but not in the control groups. In the 2.5 mg/kg/d, 25 mg/kg/d and 250 mg/kg/d dosage groups, a
decrease in cell counts in spinal marrow was found.

Neurological Effects

In the inhalation toxicity study of dogs conducted by Andersen et al. (1977), four dogs were
exposed to 200 mg/m’ by inhalation. The dogs suffered intermittent convulsions after 7 days of
exposure and displayed fiercely aggressive behavior towards each other and their handlers
(Andersen et al. 1977). After 11 days, one dog in the exposure group was suffering generalized
motor seizures. Another dog had to be removed due to extremely aggressive behavior. A third
dog was removed from the experiment after 29 days because he had become too dangerous for
his handlers. Exposure in this group was intended for 23 hr/day for 90 days.

Developmental/Reproductive Effects

A reproduction/developmental toxicity screening test [OECD 421]) was reported in an OECD
report (OECD 2004). This study was conducted by Japanese Ministry of Health (MHW 1999)
and the report was peer reviewed by OECD. Rats were dosed at 0, 60, 200, or 700 mg/kg/d by
gavage for 41 to 50 days from 14 days prior to mating to day 3 of lactation. Some mortality
occurred in the high-dose group. There was a decrease in body weight gain and food
consumption for males and females during the pre-mating period at 700 mg/kg/d. The number of
oestrus cycles was decreased in the 700 mg/kg/d group. Four dams lost all their pups during the
lactation period in the 700 mg/kg/d group. Birth index, live index, number of pups on days 1 and
4 of lactation, viability index and body weights of pups of both sexes on days 0 and 4 of lactation
decreased, and the number of still births increased in the 700 mg/kg/d group. Delivery and birth
index were decreased in the 200 mg/kg/d group. The NOAEL for reproductive and
developmental toxicity was 60 mg/kg/day. There were no treatment-related findings in the
external appearance, general conditions and necropsy findings in offspring.

Chronic Toxicity

Chronic toxic effects arise from exposure that exceeds one year. No chronic toxicity studies have
been identified by ATSDR. Only one open literature report of longer term sub-chronic toxicity
was located by ATSDR (Zhu et al. 1987).

In Vitro Tests

In five bacterial strains (TA 1535, TA 1536, TA 1537, TA 98, and TA 100), sulfolane was not
mutagenic in the presence or absence of S-9 activation at concentrations of 0, 2, 20, 200, or 2000
ug per plate (Zhu et al. 1987). Sulfolane did not have a significant effect on sister chromatid
exchange in vitro in human peripheral blood lymphocytes (Zhu et al. 1987). OECD (2004) and
CCME (2006) did not note that sulfolane was mutagenic in bacteria, nor did it induce
chromosomal aberrations in mammalian cells in other unpublished tests they had obtained.
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Quantitative Structure Toxicity Relationships

Quantitative Structure Toxicity Relationship (QSTR) has been used as a method for the
estimation of sulfolane toxicity. QSTR utilizes a computer-based method to predict the toxicity
of a chemical solely from its molecular attributes. TOPKAT/QSTR 6.2, a tool for structure-based
toxicity assessment, correlates toxicity with a set of structural descriptors and gives a probability
value between 0 and 1. A value between 0 - 0.3 is considered negative or of low probability; a
value between 0.3 — 0.7 is considered indeterminate (i.e. (50/50 probability) for an assessment to
be meaningful, and a value greater than 0.7 is considered positive.

TOPKAT automatically performs two analyses, the univariate analysis or coverage examination
and the multivariate analysis or Optimum Prediction Space (OPS) examination to increase
confidence in prediction. The univariate analysis checks whether all of the structural fragments
of the query structure are represented in the data base compounds that were used in model
development and that at least three compounds in the data-base have the same descriptors as that
present in the query compound. In the event that structural attributes of these query compounds
are not presented in the training set, the software warns the user of this fact and displays a
message stating that the toxicity assessment may be unreliable. The multivariate analysis or OPS
examination checks to see whether the submitted structure fits within or near the periphery of the
OPS of the equation. If a query compound is determined to be outside the OPS, a warning about
the acceptability of the assessment is displayed.

It is important to note that a query chemical being inside or near the periphery of the OPS does
not necessarily mean that the predicted toxicity value for that chemical will have agreement with
the experimental value. Rather, it implies that the model is applicable to that particular query
compound and the probability of agreement between the experimental and predicted value is as
high as that for the chemicals in the database.

QSTR models were used to evaluate the rodent oral carcinogenicity (female/male; rat/mouse), rat
oral developmental toxicity and mutagenesis of sulfolane (Table 5).

Table 5: TOPKAT prediction of toxicity of sulfolane

Effect Species Result
Carcinogenicity Rat (male) Negative
Rat (female) Negative
Mouse (male) Negative
Mouse (female) Negative
Developmental Toxicity Positive
Potential
Mutagenesis Potential Bacteria Positive
LD50 Rat 1000 mg/kg (95% Cl 202.2 mg/kg — 5100 mg/kg)
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Skin Sensitization Negative
Skin Irritation Negative
Ocular Irritancy Positive
Discussion

Sulfolane is acutely toxic at relatively high doses (over 200 mg/kg) in species tested. While the
acute toxicity of sulfolane has been characterized in a number of species, a paucity of data exists
on the longer term effects of sulfolane. Only one sub-chronic study, Zhu et al. 1987 was
identified with effects noted in hepatic and lymphoreticular systems of rats (90 days) and guinea
pigs (90 days and 6 months). An oral NOAEL for guinea pigs was identified as 0.25 mg/kg/day.

To assess the appropriate uncertainty and modifying factors, ATSDR considers the following
facts:
¢ Guinea pigs were an order of magnitude (i.e., about 10-fold) more sensitive to sub-chronic effects
than rats.
¢ QSTR methodology provides some assurance that sulfolane is probably not carcinogenic in either
rats or mice. However, QSTR indicates that there is a potential for sulfolane to present
developmental effects in animals. Developmental effects have been seen in two studies. Zhu et al.
(1987) found developmental effects at a relatively high dose (72 the LD50) in mice. The Japanese
Ministry of Health (JMH 1999) identified an oral developmental NOAEL of 60 mg/kg/day in rats
and a LOAEL for developmental/reproductive effects at 200 mg/kg/day.
e No chronic toxicity studies could be identified for sulfolane.
e While the QSTR predicted a potential for there to be mutagenic effects, several tests both in vivo
and in vitro have not noted mutagenicity.

Recommendations for Drinking Water at North Pole

A sub-chronic oral NOAEL of 0.25 mg/kg/day in guinea pigs was identified by Zhu et al. 1987.
Utilizing an uncertainty of 10 for extrapolation from animals to humans is justified. To account
for human variability, another uncertainty factor of 10 is applied. ATSDR therefore
recommends that human exposures be limited to no more than 0.0025 mg/kg/day (2.5
pg/kg/day). Using standard water consumption assumptions (ATSDR 2005), this dose equates to
the following action levels as protective of public health:

25 ug/l (ppb) for infant populations (Assumes 1 liter water per day at 10 kg bodyweight)
40 ng/l (ppb) for child populations (Assumes 1 liter water per day at 16 kg bodyweight)
87.5 ng/l (ppb) for adult populations (Assumes 2 liters water per day at 70 kg bodyweight)
Alternative Public Health Levels

The Canadian Council of Ministers of the Environment calculated a tolerable daily intake for
sulfolane based on the Huntington Life Sciences NOAEL of 2.9 mg/kg/day in female rats
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(CCME 2006, unpublished). Uncertainty factors of 10 for human to animal extrapolation, 10 for
human variability, and 3 for extrapolation to chronic exposures as well as other database
uncertainties was used. A total uncertainty factor of 300 was applied for a tolerable daily intake
of 0.0097 mg/kg/day (9.7 ng/kg/day) Using default Canadian drinking water guidance, CCME
derive a drinking water guidance value of 0.09 mg/l (90 pg/l or ppb) for adult receptors drinking
1.5 liters of water a day.
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Introduction and Background

The Alaska Department of Health and Social Services requested that the ATSDR Division of
Toxicology and Environmental Medicine review the chemical-specific health consultation for
sulfolane issued in February 2010 (ATSDR 2010). Sulfolane has been detected in groundwater
under the city of North Pole, Alaska. A completed exposure pathway connects sulfolane to North
Pole residents through private and community wells. Alaska previously requested that ATSDR
develop a public health action level for sulfolane in drinking water, as well as describe potential
health effects of sulfolane exposure. The public health action level is a non-regulatory level set to
identify whether human exposure needs further evaluation. ToxStrategies, a contractor for the
site’s potentially responsible party, provided an additional toxicological study of sulfolane and
expressed concern about the methodology ATSDR employed in setting the action level for
sulfolane (ToxStrategies 2010). ToxStrategies presented several alternative screening values, all
derived with Benchmark Dose (BMD) methodology. ToxStrategies criticized ATSDR for not
having done an independent dose-response analysis of the key study and for using semi-
quantitative methods to derive its public health action level (ToxStrategies 2010). Additionally,
ToxStrategies contended that there was no need to use child-specific intake factors to derive an
action level (ToxStrategies 2010). ATSDR, as a matter of policy, will re-examine its decisions in
the event that compelling new evidence or reasoning is presented.

BMD methods use nonlinear curve fitting software to fit a dose-response curve to the
toxicological testing data. A point of departure, usually the 10% response rate (BMD) for
dichotomous data or the 1 standard deviation (BMD;sp) change in a continuous variable, is
established. The methodology then calculates a lower statistical confidence on this BMD,
referred to as the lower confidence limit of the benchmark dose (BMDL). ATSDR derived its
2010 sulfolane action level using a reported no observed adverse effect level (NOAEL) and
dividing by uncertainty factors (UF). The BMD approach has several advantages over the
NOAEL approach used by ATSDR (Crump 1984). Nevertheless, BMD methods require
decisions such as appropriate model selection and restrictions on model parameters; these
decisions can radically affect the BMDL reported. To be responsive to Alaska Department of
Health and Social Services, ATSDR initially utilized the NOAEL/UF approach in its 2010 health
consultation because default BMD models did not appear to adequately fit the data. Therefore, in
light of these issues, this document reviews:

1. Does the new information warrant revision to the ATSDR recommendations for the site
public health action level?

2. Do the data support the use of child-specific and infant-specific consumption and body
weights in the public health action level of sulfolane?

3. What is the appropriate point of departure for setting a provisional health guidance value
dose for sulfolane?

This document focuses on the above issues. Additional background information regarding what
is known about toxicity of sulfolane is contained in the 2010 health consultation (ATSDR 2010).
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Summary of Previous Health Consultation

Sulfolane is an industrial solvent used in liquid-liquid and liquid-vapor extraction of compounds
such as aromatic hydrocarbons from petroleum (Brown et al. 1966; Andersen 1976; HSDB
2006). Sulfolane has also been reportedly used in fractionalization of wood tars, a component of
hydraulic fluid, textile finishing, and as a curing agent in epoxy resins (HSDB 2006). Sulfolane
is completely miscible in water, acetone, glycerol and many oils (Brown et al. 1966). Sulfolane
has an odor threshold in water between 1.79 and 10.6 milligrams per liter (mg/L) (Zhu 1987 et
al.). Sulfolane mixes well in water, is not very volatile, is not highly viscous, and is highly polar.

Sulfolane is acutely toxic at relatively high doses (over 200 millgrams per kilogram (mg/kg)) in
several species tested (ATSDR 2010). While sulfolane’s acute toxicity has been characterized in
a number of species, only a limited number of studies examine longer-term exposure (Table 1).
Of the available intermediate duration studies, Zhu et al. (1987) has been identified as the key
study, with effects noted in hepatic and lymphoreticular systems of rats (90 days) and guinea
pigs (90 days and 6 months). The study author identified an oral NOAEL for guinea pigs as 0.25
mg/kg/day. In its February 2010 health consultation, ATSDR applied an uncertainty factor of
100 to the NOAEL of 0.25 mg/kg/day (10 for extrapolation from animals to humans, 10 to
account for human variability), resulting in a health guidance value dose of 0.0025 mg/kg/day
(2.5 micrgorams/kilogram/day (ug/kg/day)). Using standard water consumption assumptions
(ATSDR 2005), this sulfolane dose would equate to the following action levels:

e 25 parts-per-billion' (ppb) for infant populations (assumes 1 liter water per day at 10 kg
bodyweight)

e 40 ppb for child populations (assumes 1 liter water per day at 16 kg bodyweight)

e §7.5 ppb for adult populations (assumes 2 liters water per day at 70 kg bodyweight)

Utilizing BMD methods, and after consultation with members of the ATSDR Minimal Risk
Level Committee, ATSDR now recommends:

e 20 ppb for infant populations (Assumes 1 liter water per day at 10 kg bodyweight)

e 32 ppb for child populations (Assumes 1 liter water per day at 16 kg bodyweight)
e 70 ppb for adult populations (Assumes 2 liters water per day at 70 kg bodyweight)

Discussion

BMDS analysis of Available Intermediate Duration Studies

An ad hoc committee of ATSDR’s Minimal Risk Level (MRL) workgroup convened to review
and discuss the February 2010 Health Consultation of sulfolane, and to review the information
and issues raised by ToxStrategies in its August 2010 sulfolane assessment. These
recommendations were further reviewed with toxicologists—including experts in Benchmark
Dose Modeling—at the U.S. Environmental Protection Agency (USEPA), The U.S. Food and
Drug Administration, and the National Institute for Occupational Safety and Health. For the
derivation of a health guidance sulfolane value, ATSDR considered three intermediate exposure

M part-per-billion of sulfolane is equivalent to 1 microgram of sulfolane per liter of water
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duration studies’ (Table 2). ATSDR has been unable to locate chronic studies on sulfolane.
ATSDR used U.S.EPA’s Benchmark Dose Modeling System (BMDS) version 2.12 to establish
BMDLs for each of the studies and their health effects (Appendix B) (USEPA 2010a).

Zhu et al. 1987

The Zhu et al. study (Table 3), reports an intermediate-duration oral study of guinea pigs (Zhu et
al. 1987). The manner and schedule of oral administration is not specified. This introduces some
uncertainty in the dosing. If the animals were gavaged on a less-than 7 day per week schedule for
the study duration, the average dose could be potentially less than the administered dose. Zhu et
al.”s purported purpose was to derive a cumulative toxicity value for sulfolane in drinking water.
The authors specifically report a chronic threshold dose of 2.5 mg/kg and a NOAEL of 0.25
mg/kg, suggesting that these values were averaged over the study’s duration. ATSDR assumes
the chronic dose was accurately reported.

For the Zhu et al. study, ATSDR considered the following toxic end points: shrinkage of the
white pulp of the spleen at 3 months and 6 months, and fatty degeneration of the liver at 6
months. The study noted changes in blood chemistry and cell counts in the bone marrow, but the
lack of reporting of parameter variability details prevent a full dose-response analysis. ATSDR
does not use severe health effects to establish a point of departure. Thus, severe fatty
degeneration of the liver was not modeled. The liver and spleen effects, however, showed a
significant trend (using the Cochran-Armitage test for trend). Compared with controls, Fisher’s
Exact test p-values decreased with dose in the 3-month spleen data and in the 6-month liver and
spleen data. P-values were below the standard statistical-significance threshold (less than 5%
chance of no difference, p<0.05) at 250 mg/kg/day. Borderline statistical significance (p=0.054)
occurred at 25 mg/kg/day. Multiple comparison adjustment (e.g., Holm’s correction) was not
used because Fisher’s Exact Test will fail to reject the null hypothesis at a rate far less than it
nominally reports (Armitage et al. 2002; Lin and Yang 2009).

For fatty liver degeneration effects in the Zhu et al. study, ATSDR considered the primary and
alternative models in the BMDS. ATSDR utilized the BMDS models with restrictions on
parameters—as recommended in the BMDS system—and also without restrictions. While
several of the primary models passed the X criterion of p >0.1 (Appendix B, Table B-1),
boundary restrictions constrained all of the primary models’ parameters. The literature has
discussed some statistical issues and concerns that arise when a model parameter hits a boundary
restriction (Kopylev and Fox 2009) with respect to derivation of BMDLs. This is illustrated by
the magnitude of the changes observed in BMDL’s and goodness-of-fit measures, when the
restrictions are removed from the models. The purpose of parameter boundary restrictions are to
prevent the occurrence of unrealistic model predictions. For example, the restriction on slope in
the log-logistic model prevents an unrealistically high dose-response rate at very low doses.
Accurate assessment of the dose response data is critical for ATSDR’s public health assessment
process (cf. ATSDR Public Health Assessment Guidance Manual, chapter 8) (ATSDR 2005).
Thus, ATSDR considered alternative models in BMDS, with USEPA recommended restrictions
on the parameters. Of the alternatives, the restricted dichotomous Hill model provided superior
fits to the Zhu et al. fatty liver dose-response data than did the restricted log-logistic model. In

2 ATSDR considers intermediate exposure to be from 2 weeks to 1 year.
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fact, the dichotomous Hill model is similar to the log-logistic model, and two of the four ATSDR
external reviewers recommended it. The restricted dichotomous Hill model predicted the BMDL
for the liver effect seen in Zhu et al. as 2.4 mg/kg/day.

Likewise, in evaluating the 6-month spleen data, the restricted dichotomous Hill model best
described the dose response data, as measured by higher X7, lower Akaike information criterion
(AIC), and lower residuals (Appendix B, Table B-2). While passing the X? criterion, parameter
boundaries constrained the primary models. The restricted dichotomous Hill model predicted a
BMDL for sulfolane of 1.5 mg/kg/day.

For the 3-month spleen dichotomous data, ATSDR considered all the primary and alternative
models with and without recommended restrictions on model parameters (Appendix B, Table B-
3). The dichotomous Hill model, Zhu et al. better fit the data than other restricted models, and
predicted a BMDL at 1.5 mg/kg/day.

Huntingdon Life Sciences 2001

Huntingdon Life Sciences (HLS) (2001) conducted a detailed 90-day study of male and female
rats exposed to sulfolane in their drinking water ad libitum. This administration mode may be
more relevant to water contamination than is oral gavage, because in a gavage study the animals
typically receive a bolus dose of the contaminant on a daily basis, whereas with a drinking water
study the animals would receive their dose gradually as they drink water. While good laboratory
practices (GLP) governed this study, the study is not available in the open, peer-reviewed
literature.

Only 10 rats per sex per dose group were exposed. At the time of ATSDR’s original health
consultation, this study was unavailable to the agency for review, although summaries were
available (CCME 2006). ToxStrategies obtained a copy of this study and later provided it to
ATSDR. In the study, HLS researchers conducted a comprehensive battery of observations
(weight, food/water intake, reflexes, and behavior), examined 13 major organ systems (adrenals,
brain, femur, heart, ileum, kidneys, liver, lungs, mammary area, spinal cord, stomach, thyroid,
and uterus), and performed hematological examination and chemical analysis of the blood. The
only reported significant effect relevant to human health was a reduction of white blood cell and
lymphocyte counts in female rats (NOAEL=2.9 mg/kg/day). The HLS study does increase the
data available for development of a health-based guidance value. However, the rats in the HLS
study did not suffer from fatty degeneration of the liver or from effects on the spleen, even at
doses as high as 191 mg/kg/day. This suggests rats are not the most sensitive species.
Furthermore, Zhu et al. (1987) studied rats concurrently with guinea pigs, and concluded that the
guinea pig appeared to be the species more sensitive to sulfolane’s effects. In the absence of
adequate human data, ATSDR will normally select the most sensitive animals and endpoints for
derivation of health guidance values. Nevertheless, others have recommended the HLS study for
deriving health guidance values. The Canadian Council of Ministers of the Environment
(CCME) calculated a tolerable daily intake for sulfolane based on the HLS NOAEL of 2.9
mg/kg/day in female rats (CCME 2006). CCME used uncertainty factors of 10 for human to
animal extrapolation, 10 for human variability, and 3 for extrapolation to chronic exposures, as
well as other database uncertainties. Thus, CCME applied a total uncertainty factor of 300 for a
tolerable daily intake of 0.0097 mg/kg/day (9.7 ug/kg/day). Using default Canadian drinking
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water guidance, CCME derived a sulfolane drinking water guidance value of 0.09 mg/1 (90 pg/l
or ppb) for adult receptors drinking 1.5 liters of water per day.

In contrast, ToxStrategies used benchmark dose modeling to fit a linear model of the log-
transformed dose (In (dose+1)) to the reduced total white blood celland lymphocyte data
(ToxStrategies 2010). As these measures were continuous measurements, the benchmark
response dose represents a 1 standard deviation reduction in laboratory historical female rat
white blood cell counts. ATSDR repeated this analysis using BMDS, but also considering
concurrent and historical controls.> BMD models for the reduction in monocytes, basophils, and
large unstained cells did not meet statistical tests for fit, nor did they produce a valid answer (i.e.,
BMDL <0). ToxStrategies arrived at a “Reference Dose” of 0.01 mg/kg/day (Table 4) by
selecting the linear model based on parsimony and applying a % power body weight scaling and
standard uncertainty factors.

Results of ATSDR’s modeling of the HLS data (with and without substitution of historical
control data) are shown in Appendix B, Tables B-4 through B-7. Because the polynomial and the
power models resulted in models identical to the linear model, these results are not presented.
Following USEPA guidance on model selection, when the BMDLs differ by a factor greater than
three, the lowest BMDL is recommended (USEPA 2000). When the BMDLs are within a factor
of three, the lowest AIC is chosen. Or, if multiple values have the same AIC, then an average is
recommended (USEPA 2000). Parsimony does not provide much guidance on model selection
because the linear and exponential regressions are equally parsimonious as applied to the log-
transformed HLS data. Algebraic reduction of the linear model results in an equation with a
logarithm function:

Y[dose] = betay + beta, * (In(1 + dose))
the exponential (M2) model reduces to:
Y[dose] = a X (dose + 1)7?
the exponential (M4) model reduces to:

Y[dose] =axc¢ x (c —1) X (dose + 1)~

In terms of functions and number of variables, the M2 and the linear models are equally
complex. In considering the exponential equation, exponential submodel M2 and M4 resulted in
identical curves (in this case c=0). The difference in BMDL is a result of submodel M4 having
an additional parameter. In the regressions, as the BMDS searched for a BMDL;gp, this
additional parameter increased the likelihood of the BMDL,gp.

The BMDL is dependent on model-selection as well as controls. Unfortunately the statistical
indicators (AIC, X?) do not-provide a clear indication as to which model is preferable for any of
the endpoints. ATSDR selected the lowest BMDL values to evaluate whether the HLS data had a
higher BMDL than did the Zhu et al. guinea pig data. Regardless of the model selected however,
the BMDLs from the HLS 2001 are higher than those in the Zhu et al. study. The lowest BMDL

3 ATSDR noted that the WBC standard deviation of the highest dose group in the female rats is 1.019. ToxStrategies
modeled the standard deviation as 1.109 (cf ToxStrategies 2010 p 53). ATSDR also noted also that some animal
blood samples were clotted and not readable, resulting in fewer than 10 blood samples in some dose groups.
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would have been the exponential M4 lymphocyte-reduction model. If concurrent controls were
used, and if historical controls were used in the BMDS, this model would have resulted in a
BMDL of 4.12 or 4.38, based on the lowest AIC for this effect.

Japanese Ministry of Health 1999

A 2004 Organization for Economic Cooperation (OECD) report (OECD 2004) contained a
reproduction/developmental toxicity sulfolane screening test study. The Japanese Ministry of
Health (MHW 1999) conducted the study, which OECD peer-reviewed. Rats were dosed at 0,
60, 200, or 700 mg/kg/day of sulfolane by gavage for 41 to 50 days from 14 days before mating
to day 3 of lactation. Some mortality occurred in the high-dose group. During the pre-mating
period , a decrease in body weight gain and food consumption occurred for both males and
females at a dose of 700 mg/kg/day. The number of estrus cycles also decreased in the 700
mg/kg/day group. In the 700 mg/kg/day group, four dams lost all their pups during the lactation
period. Birth index, live index, number of pups alive on days 1 and 4 of lactation, viability index,
and body weights of pups of both sexes on days 0 and 4 of lactation all decreased at this dose. In
addition, the number of stillbirths increased. In the 200 mg/kg/day group, delivery and birth
index also decreased. The NOAEL for reproductive and developmental toxicity was 60
mg/kg/day. However, at 60 mg/kg/day, no treatment-related observations were recorded in the
external appearance, general conditions and necropsy findings in offspring.

The BMDS successfully fit BMDL,sp models to both the birth index and the number of live
pups. BMDLgp for the live pups on day 4 was 160 mg/kg/day (exponential model M3) and for
birth index, the BMDL established was 120 mg/kg/day (exponential model M3). Results are
shown in Tables B-8 and B-9 in Appendix B. As discussed in ATSDR’s original health
consultation, developmental effects occur at relatively high sulfolane doses (half of the lethal
dose) and probably are not sensitive endpoints for basing a provisional health guidance value.

Selection of Study and Endpoint

ATSDR has selected the Zhu et al. study for the derivation of the provisional health guidance
value. It has the advantage of having been conducted for the longest period of time (twice the
duration of the HLS study). Another key advantage of the Zhu et al. study is that it is available in
the peer-reviewed literature, although in Chinese.

ATSDR received criticism (ToxStrategies 2010) for selecting the Zhu et al. study because:

1. The Zhu et al. study lacked standard deviations of the bone marrow and hepatic enzymes,
preventing independent verification and analysis of cell counts in the blood and bone
marrow and hepatic enzyme levels in the blood.

2. Zhu et al. did not provide incidence or standard deviation data for the 90-day rat and
guinea pig study.

3. ATSDR was unclear regarding the endpoint from which it derived its public health action
level.

In response, ATSDR notes that despite the HLS study’s extensive pathological examinations, no
changes to the liver or spleen were noted (HLS 2001; ToxStrategies 2010). Zhu et al. also
studied rats over 90 days together with guinea pigs, and noted that with respect to sulfolane,
guinea pigs were the more sensitive species. While Zhu et al. contains acknowledged

6
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uncertainties, the lack of some parameters does not automatically invalidate other data on which
the study relies. Using BMD analysis, the most sensitive departure point is a BMDL for
dispersion of the white pulp of the spleen at 1.5 mg/kg/day in the guinea pig.

ATSDR Derivation of Action Level using Zhu et al. 1987

Use of BMD methodology outlined above would alter ATSDR’s recommended public health
action levels (Table 5). Using the 1.5 mg/kg/day BMDL (dispersion of the spleen’s white pulp),
we recommend a total uncertainty factor of 1000 (10 for animal to human extrapolation, 10 for
variability in human sensitivity, and 10 for extrapolation of an intermediate dose to a chronic
dose), resulting in a sulfolane action level of 0.002 mg/kg/day. The additional uncertainty factor
for intermediate to chronic exposure, as compared with ATSDR’s 2010 Health Consultation, is
added to account for the longer duration of exposure apparently occurring at this site.

Child-Specific Intake Factors

ATSDR’s use of child-specific intake factors for health guidance values is outlined in the Public
Health Assessment Guidance Manual (ATSDR 2005) and is established policy at the agency.
ToxStrategies cites the USEPA Region III Risk Based Concentration (RBC) intake and
bodyweight factors as a justification for using adult body weight (70 kilograms) and water intake
(2 liters per day) (ToxStrategies 2010). ATSDR’s public health action levels were based on body
weights specific for age categories (infant = 10 kg, child = 16 kg, and adult = 70 kg) and intake
factors (child/infant = 1 liter per day, adult = 2 liters per day).

The RBC purpose and the ATSDR screening value purpose, while similar, are not identical. The
RBC'’s tables stated purposes are (USEPA 2010b):

¢ Prioritizing multiple sites or operable units or areas of concern within a facility or
exposure units

e Setting risk-based detection limits for contaminants of potential concern (COPCs)

® Focusing future site investigation and risk assessment efforts (e.g., selecting COPCs for
the baseline risk assessment)

¢ Identifying contamination that may warrant cleanup
¢ Identifying sites, or portions of sites, that warrant no further action or investigation
¢ Initial cleanup goals when site-specific data are lacking

The ATSDR action level is specifically designed to support screening of environmental data
using the process outlined in the ATSDR Public Health Guidance Manual (PHAGM). This is
distinct from the purposes outlined above for the RBCs (ATSDR 2005). Simply put, an action
level is intended to serve only as a screening tool to help decide whether to evaluate more closely
exposures to a substance found at a site (ATSDR 2005). Exceeding the recommended action
level supports the need for additional assessment of site conditions. Some of the elements that
assessment might include activities outlined in Chapter 8 of the PHAGM. That is, at the location
where the action levels are exceeded, the assessment might include a review of the specific
demographics of the population exposed. ATSDR requires consideration of children’s health
issues at all sites (PHAGM 8.5.3). Given the developmental effects reported in OECD (2004),
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the use of child and infant-specific intake factors is a prudent way to ensure protection for these
sensitive populations.

Uncertainties

As mentioned in the discussion of the Zhu et al. study, the exact mode of administration for
sulfolane is not known. Depending on the dosing schedule, the mode of administration could
affect the dose value calculation. However, that said, the authors report the values used as
“chronic values,” and the study was clearly directed towards deriving drinking water toxicity
values. Thus, the reported doses were in all likelihood accurately reported. The alternative
Huntingdon Life Science study is not available in the open peer-reviewed literature. Zhu et al., in
side—by-side comparison of 90-day studies of both guinea pigs and rats, found guinea pigs to be
the more sensitive species (Zhu et al. 1987). Not surprisingly, the HLS data in a 90-day study
failed to find histopathological changes in rat livers. This was consistent with Zhu et al.’s
findings. ATSDR’s dose-response analysis, using USEPA’s BMDS, looked at both the Zhu et al.
data and the HLS data. ATSDR found the lowest benchmarks with the Zhu et al. guinea pig data.

In addition to drinking water, Alaska health officials are considering and evaluating other
exposure routes. The Alaska Department of Health and Social Services reported that sulfolane
was detected in relatively low concentrations in a small sample of garden produce that was
watered with well water containing sulfolane (ADHSS 2011). Additional exposure pathways
may be present through inhalation of water vapor containing sulfolane during showering,
bathing, and dishwashing. However, because sulfolane has a relatively low vapor pressure,
ATSDR did not address this pathway in its 2010 consultation. ATSDR understands, however,
that USEPA is in the process of developing a Provisional Peer Review Toxicity inhalation value
for sulfolane (State of Alaska 2011).

This health consultation does not consider exposure to additional chemicals in the environment.
This introduces a slight uncertainty because the presence of other chemicals can sometimes
amplify a given chemical’s toxicity (ATSDR 2005; Chou 2002). Examining multiple chemical
exposures in the context of Public Health Assessments/Consultations is addressed in ATSDR's
Guidance Manual for the Assessment of Joint Action of Chemical Mixtures and in ATSDR’s
Public Health Assessment Guidance Manual (ATSDR 2001; ATSDR 2005).

Recommended Public Health Action Levels

Using the provisional health guidance value of 0.002 mg/kg/day, ATSDR recommends the
following environmental public health action levels for chronic (greater than 1-year) sulfolane
exposure:

e 20 ppb for infant populations (assumes 1 liter water per day at 10 kg bodyweight)
e 32 ppb for child populations (assumes 1 liter water per day at 16 kg bodyweight)
e 70 ppb for adult populations (assumes 2 liters water per day at 70 kg bodyweight)
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Conclusions

® The Zhu et al. (1987) study of sulfolane represents the longest period of exposure studied
in the most sensitive animal. Using this study, ATSDR’s BMDS analysis showed the
lowest BMDL endpoints (shrinkage of the spleen’s white pulp).

¢ For deriving a point of departure, the alternative dichotomous Hill model’s (restricted
slope) lowest BMDL using the Zhu et al. data is 1.5 mg/kg/day.

¢ To support the intended use in the context of public health assessment, child and infant
factors are appropriate. Other contexts might require different exposure factors to derive

an appropriate screening value, but for public health assessments ATSDR is mandated to
consider children’s health issues.

e A total uncertainty factor of 1000 is recommended (10 for animal to human extrapolation,
10 for variability in human sensitivity, and 10 for extrapolation of a intermediate duration
dose to a chronic dose), resulting in an action level of 0.002 mg/kg/day. This computes to
a similar, 2010 action level—as ATSDR previously recommended—of 0.0025 mg/kg/day.
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A peer review panel was assembled for this health consultation. The panel consisted of the following

members:

1. Christine Whittaker Sofge, Ph.D. Chief, Risk Evaluation Branch Education and Information
Division NIOSH/CDC - Cincinnati, OH

2. Matthew Wheeler, M.S. Statistician, Risk Evaluation Branch Education and Information Division
NIOSH/CDC - Cincinnati, OH

3. Robert Benson, Ph.D. Toxicologist, Water Program US Environmental Protection Agency
(EPA), Region 8 Denver, Co.

4. Marcia Bailey, D.Env. Toxicologist, Office of Environmental Assessment, EPA Region 10
Seattle, WA

5. Jeffrey Fisher, Ph.D. Fellow, ATS Research Toxicologist Food & Drug Administration,
National Center for Toxicological Research Jefferson, AR

6. Jeff Gift, Ph.D. Senior Health Scientist National Center for Environmental Assessment,

Hazardous Pollutant Assessment Group. EPA RTP, NC

Scientists from the Agency for Toxic Substances and Disease Registry (ATSDR) have reviewed the peer
reviewers' comments and determined which comments will be included in the profile. A listing of the peer
reviewers' comments not incorporated in the profile, with a brief explanation of the rationale for their
exclusion, exists as part of the administrative record for this compound.

The citation of the peer review panel should not be understood to imply its approval of the profile's final
content. The responsibility for the content of this profile lies with the ATSDR.
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Appendix A - Tables

Table 1: Intermediate Duration Studies of Sulfolane

Species  Effect Route Value Source

LOAEL' - Inflamed hemorrhagic Inhalation 159 mg/m3 (Andersen et al. 1977)
lungs 23 hrs/day 5 days/week
90 days

NOAEL Oral (drinking water) 2.9 mg/kg/day (HLS 2001)
90 days

NOAEL Oral, 90 days 167 mg/kg/day (Zhu et al. 1987)

LOAEL - decreased birth index and Oral 200 mg/kg/day (JMH 1999/0OECD 2004)
number of pups (day 0 and 4 of
Jactation) 49 days (males)

41-50 days (females)

Monkey LOAEL - Death Inhalation 495 mg/m3 (Andersen et al. 1977)
8 hrs/day 5 days/week
27 days

LOAEL - Inflamed hemorrhagic Inhalation 159 mg/m* (Andersen et al. 1977)
lungs 23 hrs/day 5 days/week
90 DAYS
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Guinea LOAEL - Hepatic Effects Changes in ~ Oral (6 months) 2.5 mg/kg/day

Pig Serum ALP
Changes in White Blood Cell count

NOAEL (reported by author) Oral (6 months) 0.25 mg/kg/day*

(Zhu et al. 1987)

(Zhu et al. 1987)

"NOAEL: No Observed Adverse Effect Level
‘LOAEL: No Observed Adverse Effect Level

* Author reported NOAEL as 0.25 mg/kg/day but statistical analysis showed NOAEL to probably be at the 2.5 mg/kg/day level.

Table 2 — Studies Considered in Provisional Health Guidance Value

Study Animal Period of Study Doses Route Critical Effects
(mg/kg/day)
Zhu et al. 1987 Guinea Pig 6 months, 3 months 0,0.25,2.5,25,250  Oral Fatty degeneration of the
liver, Dispersion
of the white pulp of
the spleen, , reported
changes in AST and ALT
Huntingdon Life Rat 90 days 0,2.9,10.6, 42, Oral ‘White blood cell counts
Sciences 2001 191.1 (drinking  decreased, Lymphocytes
water) decreased in females at
10.6, 42, and 191.1
mg/kg/day
JMH 1999/0ECD Rat 60, 200, 700 Oral Birth index, decreased
2004 A s (e E) mg/kg/day (gavage) number of pups alive at
41-50 days (females) day 0 and day 4
Table 3 — Zhu et al. toxicity data (Guinea Pig)
Oral Dose Spleen Spleen Fatty Liver Severe Fatty Liver ~ Bone Marrow
(mg/kg/day) (3-month) (6-month) (6-month) (6-month) Count
0 0/14 0/25 0/25 0/25 16.43 x 10*/mm’
0.25 0/14 0/22 0/22 0/22 n.d.
2.5 1/14 2/26 2/26 1/26 10.99 x 10*/mm’
25 2/14 2/25 4/25 (p=0.054) 2/25 12.25 x 10%/mm’
250 6/14 (p=0.008)"  7/22 (p=0.0027)"  7/22 (p=0.0027) " 5/22 (p=0.017)" 10.56 x 10%/mm?
Cochran-Armitage 2.04x10™ 2.04x10™ 1.22x10™ 7.09x10™ NA

Trend (p-value)

: Significant by Pair-wise Fisher Exact test vs. control (p<0.05)

Table 4 — ToxStrategies RfD for HLS 2001 Reduction in White Blood Cells in Rats

Point of Departure Dose Scaling Human Uncertainty Factors RfD dose
(mg/kg/day) Factor Equivalent Dose
(mg/kg/day)
A H S D Total
15.1 4.08 3.7 3 3 10 3 270(300)* 0.012 (0.01)*

A: Animal to human extrapolation

H: Human variability uncertainty factor

S: Extrapolation from intermediate duration to chronic exposure
D: Database uncertainties

* Value rounded to 1 significant figure
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Table 5 — ATSDR provisional Health Guidance Level (p-HGV) for Sulfolane based on Zhu
et al. 1987

Source Point of Uncertainty Factors p-HGV (dose)
Departure
(mg/kg/day)
A H S D Total
Zhuetal. - 15 10 10 10 _ 1000 0.002
Spleen

A: Animal to human extrapolation

H: Human variability uncertainty factor

S: Extrapolation from intermediate duration to chronic exposure
D: Database uncertainties
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Appendix B - Benchmark Dose System Output Summary

Table B-1: Zhu et al. 1987: Liver

Summary Table of BMDS modeling results

Liver (Zhu et al. 1987)
Degrees
of X’ p- BMD BMDL
Model Freedom | Value AIC (mg/kg-d) | (mg/kg-d) Notes
Gamma 3.00 0.15 74.00 62.78 34.84 | power bound hit (power = 1)
gamma, unrestricted 3.00 0.84 68.94 10.41 1.09 | unrestricted (power = 0.385)
log-logistic 3.00 0.17 73.47 48.51 22.63 | slope bound hit (slope = 1)
log-logistic,
unrestricted 3.00 0.87 68.75 9.45 1.21 | unrestricted (slope = 0.462)
log-probit,
unrestricted 3.00 0.90 68.49 8.56 1.33 | unrestricted (slope = 0.252)
multistage, 4-degree 3.00 0.15 74.00 62.78 34.84 | final =0
Weibull 3.00 0.15 74.00 62.78 34.84 | power bound hit (power = 1)
Weibull,
unrestricted 3.00 0.86 68.84 9.92 1.15 | unrestricted (power= 0.343)
quantal linear 3.00 0.15 74.00 62.78 34.84
dichotomous Hill * 3.00 0.84 68.58 5.88 2.40 | slope bound hit (slope = 1)
dichotomous Hill,
unrestricted 2.00 0.75 7041 6.94 1.34
log-Probit,
background dose,
unrestricted 3.00 0.90 68.49 8.56 1.33
Weibull,
unrestricted 3.00 0.86 68.84 9.92 1.15

 Best-fitting model, BMDS output presented in this appendix

Output for selected model: dichotomous Hill
Zhu et al. 1987: Liver

Dichotomous Hill Model. (Version: 1.2; Date: 12/11/2009)
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Input Data File: C:/USEPA/BMDS212/Data/l1A_Zhu_1987_Liver_DichHill_dich_hill_liver. (d)
Gnuplot Plotting File:
C:/USEPA/BMDS212/Data/1A_Zhu_1987_Liver_DichHill _dich_hill_liver.plt
Tue Feb 08 13:54:53 2011

[add_notes_here]

The form of the probability function is:
P[response] = v*g +(v-v*qg)/[1+EXP(-intercept-slope*Log(dose)) ]
where: 0 <= g <1, 0 < v <=1
v is the maximum probability of response predicted by the model,
and v*g is the background estimate of that probability.
Dependent variable =y

Independent variable dose
Slope parameter is restricted as slope >= 1

Total number of observations = 5
Total number of records with missing values = 0
Maximum number of iterations = 250

Relative Function Convergence has been set to: 1e-008
Parameter Convergence has been set to: 1e-008

Default Initial Parameter Values

v = -9999

g = -9999
intercept = -5.81209
slope = 1

Asymptotic Correlation Matrix of Parameter Estimates

( *** The model parameter (s) -g -slope
have been estimated at a boundary point, or have been specified by the user,
and do not appear in the correlation matrix )

v intercept
v 1 -0.74
intercept -0.74 1

Parameter Estimates

95.0% Wald Confidence Interval

Variable Estimate Std. Err. Lower Conf. Limit Upper Conf. Limit
v 0.303254 0.108989 0.0896387 0.516869
g 0 NA
intercept -2.47993 1.15449 -4.7427 -0.217172
slope 1 NA

NA - Indicates that this parameter has hit a bound
implied by some inequality constraint and thus
has no standard error.

Analysis of Deviance Table
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0.8088

Model Log(likelihood) # Param's Deviance Test d.f. P-value
Full model -31.8035 5
Fitted model -32.2879 2 0.96878 3
Reduced model -41.162 1 18.717 4 0.0008932
AIC: 68.5757
Goodness of Fit
Scaled
Dose Est._Prob. Expected Observed Size Residual
0.0000 0.0000 0.000 0.000 25 0.000
0.2500 0.0062 0.137 0.000 22 -0.371
2.5000 0.0525 1.365 2.000 26 0.558
25.0000 0.2052 5.131 4.000 25 -0.560
250.0000 0.2894 6.367 7.000 22 0.297
Chi~2 = 0.85 d.f. =3 P-value = 0.8371

Benchmark Dose Computation

Specified effect = 0.1

Risk Type = Extra risk

Confidence level = 0.95
BMD = 5.87467

Warning: BMDL computation is at best imprecise for these data

BMDL = 2.39471

Dichotomous-Hill Model with 0.95 Confidence Level

0.6 Dichotomous-Hill ——
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12:53 02/14 2011

Zhu et al. 1987: Liver
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Table B-2: Zhu et al. 1987: Spleen (3 months)

Summary Table of BMDS modeling results

Spleen (3 month) (Zhu et al. 1987)

Degrees
of X’ p- BMD BMDL
Model Freedom Value AIC (mg/kg-d) | (mg/kg-d) Notes
Gamma 3.00 0.52 4447 43.29 23.61 | power bound hit (power = 1)
gamma, unrestricted 3.00 0.94 42.40 11.53 0.88 | unrestricted (power = 0.492)
negative intercept (intercept = -
Logistic 3.00 0.37 45.87 109.80 75.41 | 2.996)
log-logistic 3.00 0.56 44.03 31.26 13.20 | slope bound hit (slope = 1)
log-logistic,
unrestricted 3.00 0.94 42.36 10.30 1.00 | unrestricted (slope = 0.596)
log-probit 3.00 0.30 46.26 85.33 45.24 | slope bound hit (slope = 1)
log-probit,
unrestricted 3.00 0.94 42.30 8.87 1.05 | unrestricted (slope = 0.323)
multistage, 4-degree 3.00 0.52 4447 43.29 23.61 | final =0
negative intercept (intercept = -
Probit 3.00 0.38 45.76 99.65 68.31 | 1.684)
Weibull 3.00 0.52 44.47 43.29 23.61 | power bound hit (power = 1)
Weibull,
unrestricted 3.00 0.94 42.38 10.95 2.38 | unrestricted (power =)
quantal linear 3.00 0.52 4447 43.29 23.61
dichotomous Hill * 3.00 0.79 42.74 9.42 1.47
dichotomous Hill,
unrestricted slope 2.00 0.81 44.36 10.16 1.00
log-Probit,
background dose 3.00 0.49 44.94 54.38 29.20
log-Probit,
background dose,
unrestricted 3.00 0.94 42.30 8.87 1.05
multistage,
background dose 2.00 0.32 46.47 43.29 23.61
probit, background
response,
unrestricted 2.00 0.22 47.76 99.65 68.31

 Best-fitting model, BMDS output presented in this appendix
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Output for selected model: dichotomous Hill
Zhu et al. 1987: Spleen (3 months)

Dichotomous Hill Model. (Version: 1.2; Date: 12/11/2009)
Input Data File:
C:/USEPA/BMDS212/Data/2A_Zhu_1987_Spleen_3_DichHill_dich_hill_spleen3. (d)
Gnuplot Plotting File:
C:/USEPA/BMDS212/Data/2A_zhu_1987_Spleen_3_DichHill_dich_hill_spleen3.plt
Tue Feb 08 13:56:46 2011

[add_notes_here]

The form of the probability function is:
P[response] = v*g +(v-v*g)/[1+EXP(-intercept-slope*Log(dose))]
where: 0 <= g <1, 0 < v <=1
v 1s the maximum probability of response predicted by the model,
and v*g is the background estimate of that probability.
Dependent variable =y

Independent variable dose
Slope parameter is restricted as slope >= 1

Total number of observations = 5
Total number of records with missing values = 0
Maximum number of iterations = 250

Relative Function Convergence has been set to: 1e-008
Parameter Convergence has been set to: 1e-008

Default Initial Parameter Values

v = -9999

g = -9999
intercept = -5.63082
slope = 1

Asymptotic Correlation Matrix of Parameter Estimates

( *** The model parameter (s) -g -slope
have been estimated at a boundary point, or have been specified by the user,
and do not appear in the correlation matrix )

v intercept
v 1 -0.79
intercept -0.79 1

Parameter Estimates

95.0% Wald Confidence Interval
Variable Estimate Std. Err. Lower Conf. Limit Upper Conf. Limit
v 0.469041 0.205517 0.0662347 0.871846
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g 0 NA
intercept -3.5483 1.25897 -6.01583 -1.08077
slope 1 NA

NA - Indicates that this parameter has hit a bound
implied by some inequality constraint and thus
has no standard error.

Analysis of Deviance Table

Model Log(likelihood) # Param's Deviance Test d.f. P-value
Full model -18.9048 5
Fitted model -19.3684 2 0.927139 3 0.8189
Reduced model -26.8563 1 15.9031 4 0.003152
AIC: 42.7367

Goodness of Fit

Scaled
Dose Est._Prob. Expected Observed Size Residual
0.0000 0.0000 0.000 0.000 14 0.000
0.2500 0.0033 0.047 0.000 14 -0.217
2.5000 0.0315 0.441 1.000 14 0.856
25.0000 0.1962 2.747 2.000 14 -0.503
250.0000 0.4118 5.765 6.000 14 0.128
Chi”2 = 1.05 d.f. = 3 P-value = 0.7893
Benchmark Dose Computation
Specified effect = 0.1
Risk Type = Extra risk
Confidence level = 0.95
BMD = 9.41743
BMDL = 1.46712

22



ATSDR Health Consultation - Sulfolane

Dichotomous-Hill Model with 0.95 Confidence Level
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Zhu et al. 1987: Spleen (3 months)
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Table B-3: Zhu et al. 1987: Spleen (6 months)

Summary Table of BMDS modeling results

Spleen (6 month) (Zhu et al. 1987)

Degrees
of X2 p- BMD BMDL
Model Freedom | Value AIC (mg/kg-d) | (mg/kg-d) Notes
gamma 3.00 0.33 63.62 69.11 38.53 | power bound hit (power = 1)
gamma, unrestricted 3.00 0.69 61.22 18.73 2.89 | unrestricted (power = 0.44)
negative intercept (intercept = -
logistic 3.00 0.32 64.46 137.80 101.60 | 3.258)
log-logistic 3.00 0.33 63.47 58.85 28.26 | slope bound hit (slope = 1)
log-logistic,
unrestricted 3.00 0.67 61.28 16.71 2.77 | unrestricted (slope = 0.503)
log-probit 3.00 0.28 64.84 118.90 72.46 | slope bound hit (slope = 1)
log-probit,
unrestricted 3.00 0.66 61.30 14.10 2.61 | unrestricted (slope = 0.259)
multistage, 4-degree 3.00 0.33 63.62 69.11 38.53 | final =0
negative intercept (intercept = -
probit 3.00 0.33 64.38 127.40 92.09 | 1.797)
Weibull 3.00 0.33 63.62 69.11 38.53 | power bound hit (power = 1)
quantal linear 3.00 0.33 63.62 69.11 38.53
dichotomous Hill ® 3.00 0.35 62.64 10.70 1.47
dichotomous Hill,
unrestricted 3.00 0.67 61.28 16.71 2.75
logistic, background
response,
unrestricted 3.00 0.32 64.46 137.80 101.60
log-Probit,
background dose 3.00 0.34 63.93 84.24 48.76
log-Probit,
background dose,
unrestricted 3.00 0.66 61.30 14.10 2.61
multistage,
background dose 3.00 0.33 63.62 69.11 38.53
Weibull,
unrestricted 3.00 0.68 61.24 17.77 2.84 | unrestricted (power = 0.861)
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* Best-fitting model, BMDS output presented in this appendix

Output for selected model: dichotomous Hill
Zhu et al. 1987: Spleen (6 months)

Dichotomous Hill Model. (Version: 1.2; Date: 12/11/2009)
Input Data File:
C:/USEPA/BMDS212/Data/2B_Zzhu_1987_Spleen_6_DichHill _dich_hill_spleen6. (d)
Gnuplot Plotting File:
C:/USEPA/BMDS212/Data/2B_Zhu_1987_Spleen_6_DichHill_dich_hill_spleen6.plt
Tue Feb 08 13:58:31 2011

[add_notes_here]

The form of the probability function is:
P[response] = v*g +(v-v*g)/[1+EXP(-intercept-slope*Log(dose))]
where: 0 <= g <1, 0 < v <=1
v 1s the maximum probability of response predicted by the model,
and v*g is the background estimate of that probability.
Dependent variable =y

Independent variable dose
Slope parameter is restricted as slope >= 1

Total number of observations = 5
Total number of records with missing values = 0
Maximum number of iterations = 250

Relative Function Convergence has been set to: 1e-008
Parameter Convergence has been set to: 1e-008

Default Initial Parameter Values

v o= -9999

g = -9999
intercept = -6.10214
slope = 1

Asymptotic Correlation Matrix of Parameter Estimates

( *** The model parameter (s) -g -slope
have been estimated at a boundary point, or have been specified by the user,
and do not appear in the correlation matrix )

v intercept
v 1 -0.84
intercept -0.84 1

Parameter Estimates

95.0% Wald Confidence Interval
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Variable Estimate Std. Err. Lower Conf. Limit Upper Conf. Limit
v 0.299454 0.147519 0.0103226 0.588585
g 0 NA
intercept -3.06102 1.51231 -6.0251 -0.0969394
slope 1 NA
NA - Indicates that this parameter has hit a bound
implied by some inequality constraint and thus
has no standard error.
Analysis of Deviance Table
Model Log(likelihood) # Param's Deviance Test d.f. P-value
Full model -27.781 5
Fitted model -29.3188 2 3.07571 3 0.3801
Reduced model -36.7652 1 17.9685 4 0.001252
AIC: 62.6376
Goodness of Fit
Scaled
Dose Est._Prob. Expected Observed Size Residual
0.0000 0.0000 0.000 0.000 25 0.000
0.2500 0.0035 0.076 0.000 22 -0.277
2.5000 0.0314 0.816 2.000 26 1.331
25.0000 0.1615 4.038 2.000 25 -1.108
250.0000 0.2759 6.070 7.000 22 0.444
Chi~2 = 3.27 d. =3 P-value = 0.3514
Benchmark Dose Computation
Specified effect = 0.1
Risk Type = Extra risk
Confidence level = 0.95
BMD = 10.7039
BMDL = 1.4671
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Dichotomous-Hill Model with 0.95 Confidence Level
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Zhu et al. 1987: Spleen (6 months)
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Table B-4: HLS 2001: White Blood Cells ((historical control)

Model Predictions for Reduction in White Blood Cells (Historical Controls)

Model Homogeneity| Goodness of [AIC for| BMD,,, (BMD1sd| BMDL,,, |BMDL1sd Notes
Variance p- | fit p-value® | fitted |In(dose+1)| mg/kg-d|In(dose+1)| mg/kg-d
value model | mg/kg-d mg/kg-d
Exponential |0.017 0.161 111.58 |3.91 48.88 1.88 5.54 Lowest BMDL
(M4)
(nonconstant
variance) *
Exponential |0.017 0.161 111.58 |3.91 48.88 2.28 8.78
(M2)
(nonconstant
variance)
Linear 0.017 0.161 111.58 |4.31 73.13 2.84 16.12
(nonconstant
variance)

“ Best-fitting model, BMDS output presented in this appendix

® Values <0.10 fail to meet conventional goodness-of-fit criteria
AIC = Akaike's Information Criteria; BMD = benchmark dose; BMDL lower confidence limit (95%) on the
benchmark dose

Output for selected model: exponential (M4)
HLS 2001: White Blood Cells

Exponential Model.

(Version:

1.7;

Date:

12/10/2009)

Input Data File: C:/USEPA/BMDS212/Test/HLS_2001_WBC_Exp_BMR2. (d)
Gnuplot Plotting File:

Sun Feb 13 21:14:37 2011

HLS 2001

The form
Model
Model
Model
Model

Note:

sign =
sign

of the response function by Model:

2

3:
4:
5

: Y [dose]
: Y [dose]
Y [dose]
Y [dose]

* [c

a * exp{sign *
a * exp{sign *
a * [c—(c-1) *
a —-(c-1) *

Y[dose] is the median response for exposure =
+1 for increasing trend in data;
-1 for decreasing trend.

b * dose}

(b * dose)"d}

exp{-b * dose}]
exp{-(b * dose)"d}]

Model 2 is nested within Models 3 and 4.

dose;
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Model 3 is nested within Model 5.
Model 4 is nested within Model 5.

Dependent variable = WBC

Independent variable = alt_dose

Data are assumed to be distributed: normally
Variance Model: exp(lnalpha +rho *1n(Y[dose]))

The variance is to be modeled as Var (i) = exp(lalpha + log(mean(i)) * rho)
Total number of dose groups = 5

Total number of records with missing values = 0

Maximum number of iterations = 250

Relative Function Convergence has been set to: 1e-008
Parameter Convergence has been set to: 1e-008

MLE solution provided: Exact

Initial Parameter Values

Variable Model 4
lnalpha -4.88402
rho 3.34041
a 8.3685
b 0.140286
c 0.108502
d 1
Parameter Estimates
Variable Model 4
lnalpha -4.84106
rho 3.31339
a 8.10018
b 0.110604
c 0
d 1
Table of Stats From Input Data
Dose N Obs Mean Obs Std Dev
0 10 7.97 2.626
1.361 10 7.63 2.653
2.451 9 5.41 1.392
3.761 9 5.53 1.756
5.258 10 4.54 1.019
Estimated Values of Interest
Dose Est Mean Est std Scaled Residual
0 8.1 2.844 -0.1448
1.361 6.968 2.216 0.9444
2.451 6.177 1.815 -1.268
3.761 5.343 1.427 0.392
5.258 4.528 1.085 0.03437

Other models for which likelihoods are calculated:

Model Al: Yij = Mu(i) + e(ij)
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Var{e(ij)} = Sigma"2
Model A2: Yij = Mu(i) + e(ij)

Var{e(ij)} = Sigma(i)"2
Model A3: Yij = Mu(i) + e(ij)

Var{e(ij)} = exp(lalpha + log(mean(i)) * rho)
Model R: Yij = Mu + e(i)

Var{e(ij)} = Sigma"2

Likelihoods of Interest

Model Log(likelihood) DF AIC
Al -55.03553 6 122.0711
A2 -49.00331 10 118.0066
A3 -49.2142 7 112.4284
R -64.89649 2 133.793
4 -51.79076 4 111.5815
Additive constant for all log-likelihoods = -44.11. This constant added to the

above values gives the log-likelihood including the term that does not
depend on the model parameters.

Explanation of Tests
Test 1: Does response and/or variances differ among Dose levels? (A2 vs. R)

Test Are Variances Homogeneous? (A2 vs. Al)
Test 3: Are variances adequately modeled? (A2 vs. A3)

N

Test 6a: Does Model 4 fit the data? (A3 vs 4)

Tests of Interest

Test —-2*log(Likelihood Ratio) D. F. p-value

Test 1 31.79 8 0.0001017
Test 2 12.06 4 0.01688
Test 3 0.4218 3 0.9357
Test 6a 5.153 3 0.1609

The p-value for Test 1 is less than .05. There appears to be a
difference between response and/or variances among the dose
levels, it seems appropriate to model the data.

The p-value for Test 2 is less than .1. A non-homogeneous
variance model appears to be appropriate.

The p-value for Test 3 is greater than .1. The modeled
variance appears to be appropriate here.

The p-value for Test 6a is greater than .1. Model 4 seems
to adequately describe the data.

Benchmark Dose Computations:

Specified Effect = 1.000000
Risk Type = Estimated standard deviations from control
Confidence Level = 0.950000

BMD = 3.90954
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BMDL = 1.87853

Exponential Model 4 with 0.95 Confidence Level
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HLS 2001: White Blood Cells (historical controls)
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Table B-5 of BMDS modeling results (concurrent control)

Model Predictions for Reduction in White Blood Cells (Concurrent Control)

Model Homogeneity| Goodness of |AIC for| BMD,y |BMD1sd| BMDL,y, |[BMDL1sd Notes
Variance p- | fit p-value® | fitted |In(dose+1)| mg/kg-d|In(dose+1)| mg/kg-d
value model | mg/kg-d mg/kg-d

Exponential |0.036 0.130 109.18 |3.53 32.96 1.75 4.75 Lowest BMDL
(M4)
(nonconstant
variance) *
Exponential |0.036 0.130 109.18 |3.53 32.96 2.08 6.99
(M2)
(nonconstant
variance)
Linear 0.036 0.136 109.06 |3.96 51.23 2.61 12.66 Lowest AIC
(nonconstant
variance)

? Best-fitting model, BMDS output presented in this appendix

® Values <0.10 fail to meet conventional goodness-of-fit criteria
AIC = Akaike's Information Criteria; BMD = benchmark dose; BMDL lower confidence limit (95%) on the
benchmark dose

Output for model presented: exponential (M4)
HLS 2001: WBC (Concurrent Control)

Exponential Model.

(Version

: 1.7;

Date:

12/10/2009)

Input Data File: C:/USEPA/BMDS212/Test/HLS_2001_WBC_con_Exp_BMR2. (d)
Gnuplot Plotting File:

Sun Feb 13 21:29:06 2011

HLS 2001

The form
Model
Model
Model
Model

Note:

Model
Model

Y [dose]
sign
sign

of the response function by Model:

2:

3:
4:
5:

2 is
3 is

Y [dose]
Y [dose]
Y [dose]
Y [dose]

= {
= a * exp{
=a * [c—(
=a * [c—(

sign *

c-1
c-1

is the median response for exposure
+1 for increasing trend in data;
-1 for decreasing trend.

a * exp{sign * b * dose}

(b * dose)"d}

nested within Models 3 and 4.
nested within Model 5.

) * exp{-b * dose}]
) * exp{-(b * dose)”d}]

dose;
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Model 4 is nested within Model 5.

Dependent variable = WBC

Independent variable = alt_dose

Data are assumed to be distributed: normally
Variance Model: exp(lnalpha +rho *1n(Y[dose]))

The variance is to be modeled as Var (i) = exp(lalpha + log(mean(i)) * rho)
Total number of dose groups = 5

Total number of records with missing values = 0

Maximum number of iterations = 250

Relative Function Convergence has been set to: 1e-008
Parameter Convergence has been set to: 1e-008

MLE solution provided: Exact

Initial Parameter Values

Variable Model 4
lnalpha -4.23146
rho 2.9407
a 8.3685
b 0.129448
c 0.0542511
d 1
Parameter Estimates
Variable Model 4
lnalpha -4.16406
rho 2.91156
a 8.10768
b 0.110916
c 0
d 1
Table of Stats From Input Data
Dose N Obs Mean Obs Std Dev
0 10 7.97 2.213
1.361 10 7.63 2.653
2.451 9 5.41 1.392
3.761 9 5.53 1.756
5.258 10 4.54 1.019
Estimated Values of Interest
Dose Est Mean Est std Scaled Residual
0 8.108 2.624 -0.1659
1.361 6.972 2.106 0.9884
2.451 6.178 1.766 -1.304
3.761 5.342 1.43 0.3942
5.258 4.525 1.123 0.0423

Other models for which likelihoods are calculated:

Model Al: Yij = Mu(i) + e(ij)
Var{e(ij)} = Sigma"2
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Model A2: Yij = Mu(i) + e(ij)

Var{e(ij)} = Sigma(i)"2
Model A3: Yij = Mu(i) + e(ij)

Var{e(ij)} = exp(lalpha + log(mean(i)) * rho)
Model R: Yij = Mu + e(i)

Var{e(ij)} = Sigma"2

Likelihoods of Interest

Model Log(likelihood) DF AIC
Al -52.43142 6 116.8628
A2 -47.29218 10 114.5844
A3 -47.75877 7 109.5175
R -63.20171 2 130.4034
4 -50.58752 4 109.175
Additive constant for all log-likelihoods = -44.11. This constant added to the

above values gives the log-likelihood including the term that does not
depend on the model parameters.

Explanation of Tests
Test 1: Does response and/or variances differ among Dose levels? (A2 vs. R)

Test Are Variances Homogeneous? (A2 vs. Al)
Test 3: Are variances adequately modeled? (A2 vs. A3)

N

Test 6a: Does Model 4 fit the data? (A3 vs 4)

Tests of Interest

Test -2*log(Likelihood Ratio) D. F. p-value

Test 1 31.82 8 0.0001004
Test 2 10.28 4 0.03599
Test 3 0.9332 3 0.8174
Test 6a 5.658 3 0.1295

The p-value for Test 1 is less than .05. There appears to be a
difference between response and/or variances among the dose
levels, it seems appropriate to model the data.

The p-value for Test 2 is less than .1. A non-homogeneous
variance model appears to be appropriate.

The p-value for Test 3 is greater than .1. The modeled
variance appears to be appropriate here.

The p-value for Test 6a is greater than .1. Model 4 seems
to adequately describe the data.
Benchmark Dose Computations:

Specified Effect = 1.000000

Risk Type = Estimated standard deviations from control
Confidence Level = 0.950000

BMD = 3.52527
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BMDL = 1.7499

Exponential Model 4 with 0.95 Confidence Level

‘Exponential

Mean Response

0 1 2 3 4 5

11:50 02/14 2011

HLS 2001: WBC (Concurrent Control)
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Table B-6: HLS 2001: Lymphocytes (historical control)

Model Predictions for Reduction in Lymphocytes (Historical Control)

Homogeneity | Goodness AIC for BMD,; 4 BMDL, 4
Model Variance p- of fit p- fitted In(dose+1) Bl;’[/l;ls((il In(dose+1) BMgl/)kthsid Notes
value value” model mg/kg-d | MEHE mg/kg-d mg/ke-
Exponential Lowest
(M4) 0.023 0.168 | 10246 | 3.86 4646 | 1.68 438 AIC
(nonconstant Lowest
variance) * BMDL
Exponential
(M2) 0.023 0.168 | 10246 | 3.86 4646 | 2.19 7.96 Lowest
(nonconstant AIC
variance)
Linear
(nonconstant | 0.023 0.158 102.61 4.34 75.55 2.83 15.90
variance)

? Best-fitting model, BMDS output presented in this appendix

® Values <0.10 fail to meet conventional goodness-of-fit criteria
AIC = Akaike's Information Criteria; BMD = benchmark dose; BMDL lower confidence limit (95%) on the
benchmark dose

Output for selected model: exponential (M4)

HLS 2001: Lymphocytes (Historical Control)

Exponential Model.

Input Data File:
Gnuplot Plotting File:

(Version:

1.7;

Date:

12/10/2009)
C:/USEPA/BMDS212/Test/HLS_2001_Lymphocytes_Exp_BMR2. (d)

Mon Feb 14 10:49:36 2011

dose;

HLS 2001
The form of the response function by Model:
Model 2: Y[dose] = a * exp{sign * b * dose}
Model 3: Y[dose] = a * exp{sign * (b * dose)"d}
Model 4: Y[dose] = a * [c-(c-1l) * exp{-b * dose}]
Model 5: Y([dose] = a * [c-(c-1) * exp{-(b * dose)”d}]
Note: Y[dose] is the median response for exposure =
sign = +1 for increasing trend in data;
sign = -1 for decreasing trend.
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Model 2 is nested within Models 3 and 4.
Model 3 is nested within Model 5.
Model 4 is nested within Model 5.

Dependent variable = Lymph

Independent variable = alt_dose

Data are assumed to be distributed: normally
Variance Model: exp(lnalpha +rho *1ln(Y[dose]))

The variance is to be modeled as Var (i) = exp(lalpha + log(mean(i)) * rho)
Total number of dose groups = 5

Total number of records with missing values = 0

Maximum number of iterations = 250

Relative Function Convergence has been set to: 1e-008
Parameter Convergence has been set to: 1e-008

MLE solution provided: Exact

Initial Parameter Values

Variable Model 4
lnalpha -3.80574
rho 2.92924
a 7.329
b 0.208881
c 0.254469
d 1
Parameter Estimates
Variable Model 4
lnalpha -3.90323
rho 2.98476
a 6.9219
b 0.118982
c 0
d 1
Table of Stats From Input Data
Dose N Obs Mean Obs Std Dev
0 10 6.98 2.29
1.361 10 6.36 2.452
2.451 9 4.39 1.308
3.761 9 4.63 1.564
5.258 10 3.73 0.941
Estimated Values of Interest
Dose Est Mean Est Std Scaled Residual
0 6.922 2.549 0.07208
1.361 5.887 2.002 0.7471
2.451 5.171 1.649 -1.42
3.761 4.425 1.307 0.4715
5.258 3.703 1.002 0.08592

Other models for which likelihoods are calculated:
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Model Al: Yij = Mu(i) + e(ij)
Var{e(ij)} = Sigma"2
Model A2: Yij = Mu(i) + e(ij)
Var{e(ij)} = Sigma(i)"2
Model A3: Yij = Mu(i) + e(ij)
Var{e(ij)} = exp(lalpha + log(mean(i)) * rho)
Model R: Yij = Mu + e(i)
Var{e(ij)} = Sigma"2

Likelihoods of Interest

Model Log(likelihood) DF AIC
Al -50.12088 6 112.2418
A2 -44.44769 10 108.8954
A3 -44.70446 7 103.4089
R -60.31932 2 124.6386
4 -47.2319 4 102.4638
Additive constant for all log-likelihoods = -44.11. This constant added to the

above values gives the log-likelihood including the term that does not
depend on the model parameters.

Explanation of Tests
Test 1: Does response and/or variances differ among Dose levels? (A2 vs. R)

Test Are Variances Homogeneous? (A2 vs. Al)
Test 3: Are variances adequately modeled? (A2 vs. A3)

N

Test 6a: Does Model 4 fit the data? (A3 vs 4)

Tests of Interest

Test -2*log(Likelihood Ratio) D. F. p-value

Test 1 31.74 8 0.0001035
Test 2 11.35 4 0.02294
Test 3 0.5135 3 0.9159
Test 6a 5.055 3 0.1678

The p-value for Test 1 is less than .05. There appears to be a
difference between response and/or variances among the dose
levels, it seems appropriate to model the data.

The p-value for Test 2 is less than .1. A non-homogeneous
variance model appears to be appropriate.

The p-value for Test 3 is greater than .1. The modeled
variance appears to be appropriate here.

The p-value for Test 6a is greater than .1. Model 4 seems
to adequately describe the data.
Benchmark Dose Computations:
Specified Effect = 1.000000
Risk Type = Estimated standard deviations from control

Confidence Level = 0.950000
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BMD = 3.85985

BMDL 1.68317

Exponential Model 4 with 0.95 Confidence Level

9 Exponential

Mean Response

12:32 02/14 2011

HLS 2001: Lymphocytes
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HLS 2001: Lymphocytes (Concurrent Control)

TableB-7 of BMDS modeling results (Concurrent Control)

Model Predictions for Reduction in Lymphocytes (Concurrent Control)

Homogeneity | Goodness AIC for BMD,y4 BMDL, 4
Model Variance p- of fit p- fitted In(dose+1) ?nf/llzlfg In(dose+1) BII::[gl/)kLTZd Notes
value value” model mg/kg-d g mg/kg-d g
Exponential Lowest
(Md) 0.031 0158 | 101.55 | 3.70 3047 | 1.63 412 AlC
(nonconstant Lowest
variance) * BMDL
Exponential
(M2) 0.031 0158 | 10155 | 3.70 3947 | 211 7.26 Lowest
(nonconstant AIC
variance)
Linear
(nonconstant | 0.031 0.151 101.65 4.20 65.48 2.74 14.45
variance)

* Best-fitting model, BMDS output presented in this appendix

" Values <0.10 fail to meet conventional goodness-of-fit criteria
AIC = Akaike's Information Criteria; BMD = benchmark dose; BMDL lower confidence limit (95%) on the
benchmark dose

Exponential Model. (Version: 1.7; Date: 12/10/2009)
Input Data File: C:/USEPA/BMDS212/Test/HLS_2001_Lymphocytes_con_Exp_BMR2. (d)
Gnuplot Plotting File:

Mon Feb 14 11:04:45 2011

HLS 2001

The form of the response function by Model:

Model 2: Y[dose] = a * exp{sign * b * dose}
Model 3: Y[dose] = a * exp{sign * (b * dose)"d}
Model 4: Y[dose] = a * [c-(c-1) * exp{-b * dose}]
Model 5: Y[dose] = a * [c-(c-1) * exp{-(b * dose)”d}]
Note: Y[dose] is the median response for exposure = dose;
sign = +1 for increasing trend in data;
sign = -1 for decreasing trend.

Model 2 is nested within Models 3 and 4.
Model 3 is nested within Model 5.
Model 4 is nested within Model 5.

Dependent variable = Lymph
Independent variable = alt_dose
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Data are assumed to be distributed:
Variance Model:

normally

exp (lnalpha +rho *1n(Y[dose]))
The variance is to be modeled as Var (i) =

Total number of dose groups = 5
Total number of records with missing values = 0

Maximum number of iterations =

250

Relative Function Convergence has been set to:

Parameter Convergence has been set to: 1e-008
MLE solution provided: Exact
Initial Parameter Values
Variable Model 4
lnalpha -3.58873
rho 2.77965
a 7.329
b 0.208881
c 0.254469
d 1
Parameter Estimates
Variable Model 4
lnalpha -3.68366
rho 2.8384
a 6.92764
b 0.119266
c 0
d 1

Table of Stats From Input Data

exp (lalpha + log(mean(i))

1e-008

Dose N Obs Mean Obs Std Dev

0 10 6.98 2.146
1.361 10 6.36 2.452
2.451 9 4.39 1.308
3.761 9 4.63 1.564
5.258 10 3.73 0.941

Estimated Values of Interest

Dose Est Mean Est Std Scaled Residual

0 6.928 2.472 0.06698
1.361 5.89 1.963 0.7575
2.451 5.172 1.633 -1.436
3.761 4.424 1.308 0.4736
5.258 3.7 1.015 0.09245

Other models for which likelihoods are calculated:

Model Al: Yij =
Var{e(ij)} =
Model A2: Yij =
Var{e(ij)} =
Model A3: Yij =

Mu (i) + e(ij)
Sigma”2
Mu(i) + e(ij)

Sigma (i) "2

Mu (i) + e(ij)
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Var{e(ij)} = exp(lalpha + log(mean(i)) * rho)
Model R: Yij = Mu + e(i)
Var{e(ij)} = Sigma"2

Likelihoods of Interest

Model Log(likelihood) DF AIC
Al -49.13278 6 110.2656
A2 -43.79823 10 107.5965
A3 -44.17752 7 102.355
R -59.6779 2 123.3558
4 -46.77582 4 101.5516
Additive constant for all log-likelihoods = -44.11. This constant added to the

above values gives the log-likelihood including the term that does not
depend on the model parameters.

Explanation of Tests
Test 1: Does response and/or variances differ among Dose levels? (A2 vs. R)

Test Are Variances Homogeneous? (A2 vs. Al)
Test 3: Are variances adequately modeled? (A2 vs. A3)

N

Test 6a: Does Model 4 fit the data? (A3 vs 4)

Tests of Interest

Test -2*log(Likelihood Ratio) D. F. p-value

Test 1 31.76 8 0.0001029
Test 2 10.67 4 0.03055
Test 3 0.7586 3 0.8593
Test 6a 5.197 3 0.158

The p-value for Test 1 is less than .05. There appears to be a
difference between response and/or variances among the dose
levels, it seems appropriate to model the data.

The p-value for Test 2 is less than .1. A non-homogeneous
variance model appears to be appropriate.

The p-value for Test 3 is greater than .1. The modeled
variance appears to be appropriate here.

The p-value for Test 6a is greater than .l1. Model 4 seems
to adequately describe the data.

Benchmark Dose Computations:
Specified Effect = 1.000000

Risk Type = Estimated standard deviations from control

Confidence Level = 0.950000

BMD = 3.70068
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BMDL = 1.6333

Exponential Model 4 with 0.95 Confidence Level

| Exponential

Mean Response

0 1 2 3 4 5

12:49 02/14 2011

HLS 2001: Lymphocytes (Concurrent Control)
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Table B-8:OECD 2004: Live Pups Day 4

Summary Table of BMDS modeling results

Survival (OECD 2004)
Model * De%;ees ",‘;{’le AIC (mz\kg)_ d (Iggl\fkl;ﬁi) Notes
Freedom

exponential 1.00 0.71 | 114.86 239.40 161.20 | Lowest AIC
(M3)°

polynomial, 3- 1.00 0.62 | 114.97 255.80 146.50

degree

power 1.00 0.66 | 114.92 248.20 153.10

* Non-constant variance model selected (p = <0.0001)

® Best-fitting model, BMDS output presented in this appendix

Output for selected model: exponential (M3)
OECD 2004: Live Pups Day 4

Exponential Model. (Version: 1.7; Date: 12/10/2009)
Input Data File: C:/USEPA/BMDS212/Data/OECD 2004_pups_alive_day4_Exp_birth. (d)
Gnuplot Plotting File:

Tue Feb 08 14:03:40 2011

OECD 2004

The form of the response function by Model:

Model 2: Y[dose] = a * exp{sign * b * dose}
Model 3: Y[dose] = a * exp{sign * (b * dose)"d}
Model 4: Y[dose] = a * [c-(c-1) * exp{-b * dose}]
Model 5: Y[dose] = a * [c—(c-1) * exp{-(b * dose)”"d}]
Note: Y[dose] is the median response for exposure = dose;
sign = +1 for increasing trend in data;
sign = -1 for decreasing trend.

Model 2 is nested within Models 3 and 4.
Model 3 is nested within Model 5.
Model 4 is nested within Model 5.

Dependent variable = Obs_Mean

Independent variable = dose

Data are assumed to be distributed: normally

Variance Model: exp(lnalpha +rho *1ln(Y[dose]))

The variance is to be modeled as Var (i) = exp(lalpha + log(mean(i)) * rho)

Total number of dose groups = 4
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MLE solution provided: Exact

Model Al:

Model A2:

Model A3:

Model

Total number of records with missing values = 0
Maximum number of iterations = 250
Relative Function Convergence has been set to: 1e-008
Parameter Convergence has been set to: 1e-008
Initial Parameter Values
Variable Model 3
lnalpha 5.99242
rho -1.86471
a 3.58254
b -8.246e-007
c 0
d 2
Parameter Estimates
Variable Model 3
lnalpha 5.58675
rho -1.7118
a 14.902
b 0.00163543
c 0
d 2.30684
Table of Stats From Input Data
N Obs Mean Obs Std Dev
11 14.8 1.8
12 15 1.9
10 13.7 1.3
9 4 5.6
Estimated Values of Interest
Est Mean Est std Scaled Residual
14.9 1.618 -0.2091
14.83 1.625 0.3587
13.81 1.727 -0.2059
3.802 5.209 0.1143
Other models for which likelihoods are calculated:
Yij = Mu(i) + e(ij)
Var{e(ij)} = Sigma"2
Yij = Mu(i) + e(ij)
Var{e(ij)} = Sigma(i)"2
Yij = Mu(i) + e(ij)
Var{e(ij)} = exp(lalpha + log(mean(i)) * rho)
Yij = Mu + e(i)
Var{e(ij)} = Sigma"2

Likelihoods of Interest
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Model Log(likelihood) DF AIC
Al -64.80532 5 139.6106
A2 -51.19334 8 118.3867
A3 -52.36184 6 116.7237
R -90.21303 2 184.4261
3 -52.43031 5 114.8606
Additive constant for all log-likelihoods = -38.6. This constant added to the

above values gives the log-likelihood including the term that does not
depend on the model parameters.

Explanation of Tests
Test 1: Does response and/or variances differ among Dose levels? (A2 vs. R)

Test Are Variances Homogeneous? (A2 vs. Al)
Test 3: Are variances adequately modeled? (A2 vs. A3)

N

Test 5a: Does Model 3 fit the data? (A3 vs 3)

Tests of Interest

Test -2*log(Likelihood Ratio) D. F. p-value

Test 1 78.04 6 < 0.0001
Test 2 27.22 3 < 0.0001
Test 3 2.337 2 0.3108
Test 5a 0.1369 1 0.7113

The p-value for Test 1 is less than .05. There appears to be a
difference between response and/or variances among the dose
levels, it seems appropriate to model the data.

The p-value for Test 2 is less than .1. A non-homogeneous
variance model appears to be appropriate.

The p-value for Test 3 is greater than .1. The modeled
variance appears to be appropriate here.

The p-value for Test 5a is greater than .1. Model 3 seems
to adequately describe the data.
Benchmark Dose Computations:
Specified Effect = 1.000000
Risk Type = Estimated standard deviations from control

Confidence Level = 0.950000

BMD 239.373

BMDL = 161.176
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Exponential Model 3 with 0.95 Confidence Level
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OECD 2004: Live Pups Day 4
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Table B-9: OECD 2004: Birth index

Summary Table of BMDS modeling results

Birth Index (OECD 2004)

Degrees 2
Model * of "f b AIC BMD d BMDLd Notes
Freedom alue (mg/kg' ) (mg/kg- )
exponential 2.00 0.18 | 229.80 137.70 88.48
(M2)
expor;entlal 1.00 0.58 | 228.70 214.90 119.70 Lowest AIC
(M3)
linear 2.00 0.28 | 228.97 142.60 95.69
polynomial, 3- 1.00 0.46 | 228.95 219.90 113.70
degree
power 1.00 0.55 | 228.76 216.70 117.40
# Non-constant variance model selected (p = <0.0001)
" Best-fitting model, BMDS output presented in this appendix
Output for selected model: exponential (M3)
OECD 2004: Birth index
Exponential Model. (Version: 1.7; Date: 12/10/2009)

Input Data File:

Gnuplot Plotting File:

Tue Feb 08 14:04:30 2011

OECD 2004

The form of the response function by Model:

Model 2: Y[dose] = a * exp{sign * b * dose}
Model 3: Y[dose] = a * exp{sign * (b * dose)"d}
Model 4: Y[dose] = a * [c—(c-1) * exp{-b * dose}]
Model 5: Y[dose] = a * [c—(c-1) * exp{-(b * dose)”"d}]
Note: Y[dose] 1is the median response for exposure = dose;
sign = +1 for increasing trend in data;
sign = -1 for decreasing trend.
Model 2 is nested within Models 3 and 4.
Model 3 is nested within Model 5.
Model 4 is nested within Model 5.
Dependent variable = Obs_Mean

C:/USEPA/BMDS212/Data/OECD 2004_birth_index_Exp_birth. (d)
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Independent variable = dose
Data are assumed to be distributed: normally
Variance Model: exp(lnalpha +rho *1n(Y[dose]))

The variance is to be modeled as Var (i) = exp(lalpha + log(mean(i)) * rho)
Total number of dose groups = 4

Total number of records with missing values = 0

Maximum number of iterations = 250

Relative Function Convergence has been set to: 1e-008
Parameter Convergence has been set to: 1e-008

MLE solution provided: Exact

Initial Parameter Values

Variable Model 3
lnalpha 52.9161
rho -10.8897
a 80.128
b 0.000438051
c 0
d 1
Parameter Estimates
Variable Model 3
lnalpha 46.0602
rho -9.38104
a 96.135
b 0.000708097
c 0
d 1.5534
Table of Stats From Input Data
Dose N Obs Mean Obs Std Dev
0 11 96.3 6.5
60 12 95.8 4.8
200 10 90.5 5.1
700 10 71.6 26.2
Estimated Values of Interest
Dose Est Mean Est Std Scaled Residual
0 96.13 5.025 0.1089
60 95.43 5.202 0.2488
200 91.63 6.294 -0.5669
700 68.69 24.31 0.3783

Other models for which likelihoods are calculated:

Model Al: Yij = Mu(i) + e(ij)
Var{e(ij)} = Sigma"2
Model A2: Yij = Mu(i) + e(ij)
Var{e(ij)} = Sigma(i)"2
Model A3: Yij = Mu(i) + e(ij)
Var{e(ij)} = exp(lalpha + log(mean(i)) * rho)
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Model R: Yij = Mu + e(i)
Var{e(ij)} = Sigma"2

Likelihoods of Interest

Model Log(likelihood) DF AIC
Al -131.2566 5 272.5131
A2 -107.7633 8 231.5267
A3 -109.2007 6 230.4013
R -141.2441 2 286.4883
3 -109.3519 5 228.7037
Additive constant for all log-likelihoods = -39.51. This constant added to the

above values gives the log-likelihood including the term that does not
depend on the model parameters.

Explanation of Tests
Test 1: Does response and/or variances differ among Dose levels? (A2 vs. R)

Test Are Variances Homogeneous? (A2 vs. Al)
Test 3: Are variances adequately modeled? (A2 vs. A3)

N

Test 5a: Does Model 3 fit the data? (A3 vs 3)

Tests of Interest

Test —-2*log(Likelihood Ratio) D. F. p-value

Test 1 66.96 6 < 0.0001
Test 2 46.99 3 < 0.0001
Test 3 2.875 2 0.2376
Test 5a 0.3024 1 0.5824

The p-value for Test 1 is less than .05. There appears to be a
difference between response and/or variances among the dose
levels, it seems appropriate to model the data.

The p-value for Test 2 is less than .1. A non-homogeneous
variance model appears to be appropriate.

The p-value for Test 3 is greater than .1. The modeled
variance appears to be appropriate here.

The p-value for Test 5a is greater than .l1. Model 3 seems
to adequately describe the data.

Benchmark Dose Computations:

Specified Effect = 1.000000

Risk Type = Estimated standard deviations from control

Confidence Level = 0.950000
BMD = 214.899
BMDL = 119.71
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Exponential Model 3 with 0.95 Confidence Level
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Sulfolane
CASRN 126-33-0
September 6, 2011

ToxStrategies of Austin (August 18, 2010) and URS of Houston (January 31, 2011) submitted
proposed RfDs and/or RfCs for the March 2011 TRRP toxicity factor update. The Toxicology
Division (TD) reviewed that information and provided toxicity factors in a March 9, 2011
document. This document updates the March 9, 2011 toxicity factor documentation with a
slightly revised benchmark dose (BMD) and an animal-to-human extrapolation procedure
reflective of the June 2011 proposed Guidelines to Develop Effects Screening Levels, Reference
Values, and Unit Risk Factors (RG-442) by the Texas Commission on Environmental Quality
(TCEQ). These changes increase the RfD by a factor of 3.5, primarily due to the updated
animal-to-human extrapolation procedure which received favorable external expert peer review
as part of the proposed RG-442 guidelines.

ToxStrategies initially proposed an RfD of 1.2E-02 mg/kg-day based on a BMDL;sp of 15.1
mg/kg-day for reduced white blood cells (WBCs) (females more sensitive) in a 3-month
(subchronic) rat study (Huntingdon Life Sciences 2001), adjusted to a human equivalent dose
point-of-departure (PODyep) of 3.7 mg/kg-day using BW scaling, divided by a total UF of 300 (3
animal to human, 3 database uncertainty, 10 subchronic study, and 3 intrahuman). ToxStrategies
further proposed an RfC of 1.9E-02 mg/m® based on a NOAEL of 20 mg/m?® for a four species
(rats, guinea pigs, dogs, squirrel monkeys) 90-day (subchronic) study (Andersen et al. 1977) for
effects such as chronic lung inflammation, lung hemorrhage, motor disturbances, seizures,
convulsion and death (LOAELS of 159-200 mg/m?®). After duration adjustment (20 mg/m® x 23
hours/24 hours x 7 day/7 day = 19.2 mg/m®), a total UF of 1,000 was used (10 animal to human,
3 database uncertainty, 3 subchronic study, and 10 intrahuman).

However, documentation from August 31, 2011 indicates that ToxStrategies made a minor error
in entering data for BMD modeling which resulted in a slightly lower BMDL;sp and PODygp in
the original documentation than would have been calculated had the error not occurred. More
specifically, in the data entry for the high dose group WBC count, a standard deviation of 1.109
was entered instead of 1.019. The correct standard deviation (1.019) results in a slight increase in
the BMDL,;sp from 15.1 to 16.1 mg/kg-day, and a corresponding increase in the PODygp from
3.7 to 3.9 mg/kg-day using BW scaling. As such, the PODygp of 3.9 mg/kg-day for decreased
WABCs is the correct one for TD consideration.

URS proposed an RfD of 2.5E-03 mg/kg-day based on a NOAEL of 0.25 mg/kg-day for reduced
serum enzyme levels (AST/ALT, a.k.a. GOT/GPT) and decreased bone marrow cells in a
6-month (chronic) guinea pig study (Zhu et al. 1987), divided by a total UF of 100 (10 animal to
human, 1 database uncertainty, 10 intrahuman). ToxStrategies indicated that without measures of
variability and normal reference ranges that the biological significance of these findings in guinea
pigs is unclear (also, statistical analyses independent of the study authors cannot be performed).
However, in the absence of sufficiently convincing information to the contrary, a conservative
assumption is often that statistically significant findings are relevant when an endpoint such as



reduced bone marrow cells are reported (e.g., the reduction was 33% from controls to the 2.5
mg/kg-day dose group), especially when consistent with other effects on cell counts (e.g.,
decreased WBCs). Therefore, TD believes the results as reported (e.g., significant decreases in
bone marrow cells) should still be considered.

RfD Derivation

The proposed RfDs are less than a factor of 5 apart. However, TD believes female rats being
more sensitive than males is not justification for ToxStrategies reducing the intrahuman UF to 3
primarily because it is unknown how female rat sensitivity for the species tested relates to
intrahuman variability (i.e., it is unknown how inter-gender TK/TD differences conferring
differences in gender sensitivity to sulfolane in one homogeneous rodent species relate to
potential TK/TD differences affecting sensitivity to sulfolane in the heterogeneous human
population, especially considering that individuals in the human population may exhibit different
sensitivities not only based on gender, but also age, pre-existing health conditions, etc.).
Additionally, typically the most sensitive effects in the most sensitive species (and even gender)
are used (bone marrow cell reduction in guinea pigs) but may not have been for their proposed
RfD as independent statistics could not be run (even if under a conservative assumption of
adversity) and ToxStrategies has other endpoint-specific concerns. TD believes a full intrahuman
UF of 10 is justified. Additionally, consistent with TCEQ’s proposed Guidelines to Develop
Effects Screening Levels, Reference Values, and Unit Risk Factors (RG-442), TD believes BW
scaling adequately accounts for both TK and TD in animal-to-human extrapolation (i.e., without
use of an additional UF of 3 for TD). Thus, the total UF used by TD with the PODygp of 3.9
mg/kg-day is 300 (3 for database uncertainty, 10 for use of a subchronic study, and 10 for
intrahuman variability), which would result in an RfD of 1.3E-02 mg/kg-day (3.9 mg/kg-day /
total UF of 300 = 1.3E-02 mg/kg-day). The resulting RfD is considered protective by TD for the
effect it is based on (i.e., reduced WBCs), and is also significantly below the NOAEL reported
for bone marrow effects in the potentially more sensitive guinea pig (0.25 mg/kg-day). This puts
the RfDs considered for adoption a factor of 5 apart.

As TD considers both RfDs under consideration as sufficiently similar to be adequately
protective and ToxStrategies used a more robust and modern analysis (e.g., BMDLs, multiple
PODs), the TD will adopt the POD proposed by ToxStrategies (PODyep 0f 3.9 mg/kg-day)
divided by a total UF of 300 (as discussed above) for a final RfD of 1.3E-02 mg/kg-day.

RfD = 1.3E-02 mg/kg-day
RfC Derivation

Regarding the RfC proposed by ToxStrategies (1.9E-02 mg/m?), given the steepness of the
dose-response curve based on the subchronic study (a factor of only 8-10 separates no effects
from convulsions and death potentially), the TD believes a higher subchronic UF to be justified.
Chronic studies could identify more subtle effects (a chronic critical effect) at a LOAEL/NOAEL
more than three times lower than the subchronic study. The relatively small difference between
very severe effect levels and no effect levels reported in the subchronic study is of concern.



Using a subchronic UF of 10 instead of 3 yields a total UF of 3,000 and a resulting RfC of
6.4E-03 mg/m® (19.2 mg/m* / total UF of 3,000 = 6.4E-03 mg/m°).

RfC = 6.4E-03 mg/m®

Joseph “Kip” Haney, MS
Senior Toxicologist
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COMMONLY USED ABBREVIATIONS

BMC benchmark concentration

BMCL benchmark concentration lower bound 95% confidence interval
BMD benchmark dose

BMDL benchmark dose lower bound 95% confidence interval

HEC human equivalent concentration

HED human equivalent dose

IUR inhalation unit risk

LOAEL lowest-observed-adverse-effect level

LOAELp; LOAEL adjusted to continuous exposure duration

LOAELygc LOAEL adjusted for dosimetric differences across species to a human
NOAEL no-observed-adverse-effect level

NOAELp) NOAEL adjusted to continuous exposure duration

NOAELugc NOAEL adjusted for dosimetric differences across species to a human
NOEL no-observed-effect level

OSF oral slope factor

p-IUR provisional inhalation unit risk

POD point of departure

p-OSF provisional oral slope factor

p-RfC provisional reference concentration (inhalation)

p-RfD provisional reference dose (oral)

RfC reference concentration (inhalation)

RfD reference dose (oral)

UF uncertainty factor

UF, animal-to-human uncertainty factor

UFc composite uncertainty factor

UFp incomplete-to-complete database uncertainty factor

UFgu interhuman uncertainty factor

UF, LOAEL-to-NOAEL uncertainty factor

UFs subchronic-to-chronic uncertainty factor

WOE weight of evidence
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PROVISIONAL PEER-REVIEWED TOXICITY VALUES FOR
SULFOLANE (CASRN 126-33-0)

BACKGROUND

A Provisional Peer-Reviewed Toxicity Value (PPRTV) is defined as a toxicity value
derived for use in the Superfund Program. PPRTVs are derived after a review of the relevant
scientific literature using established Agency guidance on human health toxicity value
derivations. All PPRTV assessments receive internal review by a standing panel of National
Center for Environment Assessment (NCEA) scientists and an independent external peer review
by three scientific experts.

The purpose of this document is to provide support for the hazard and dose-response
assessment pertaining to chronic and subchronic exposures to substances of concern, to present
the major conclusions reached in the hazard identification and derivation of the PPRTVs, and to
characterize the overall confidence in these conclusions and toxicity values. It is not intended to
be a comprehensive treatise on the chemical or toxicological nature of this substance.

The PPRTYV review process provides needed toxicity values in a quick turnaround
timeframe while maintaining scientific quality. PPRTV assessments are updated approximately
on a 5-year cycle for new data or methodologies that might impact the toxicity values or
characterization of potential for adverse human health effects and are revised as appropriate. It is
important to utilize the PPRTV database (http://hhpprtv.ornl.gov) to obtain the current
information available. When a final Integrated Risk Information System (IRIS) assessment is
made publicly available on the Internet (www.epa.gov/iris), the respective PPRTVs are removed
from the database.

DISCLAIMERS

The PPRTV document provides toxicity values and information about the adverse effects
of the chemical and the evidence on which the value is based, including the strengths and
limitations of the data. All users are advised to review the information provided in this
document to ensure that the PPRTV used is appropriate for the types of exposures and
circumstances at the site in question and the risk management decision that would be supported
by this toxicity assessment.

Other U.S. Environmental Protection Agency (EPA) programs or external parties who
may choose to use PPRTVs are advised that Superfund resources will not generally be used to
respond to challenges, if any, of PPRTVs used in a context outside of the Superfund program.

QUESTIONS REGARDING PPRTVS

Questions regarding the contents and appropriate use of this PPRTV assessment should
be directed to the EPA Office of Research and Development’s National Center for
Environmental Assessment, Superfund Health Risk Technical Support Center (513-569-7300).
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INTRODUCTION

Sulfolane (2,3,5-tetrahydrothiophene-1,1-dioxide; tetramethylene sulfone), CAS No.
126-33-0, is used as an industrial solvent as well as a feedstock in polymer and electronics
manufacturing. The chemical structure is shown in Figure 1. The chemical is listed as a
high-production-volume chemical by the Organisation for Economic Cooperation and
Development (OECD, 2004). Sulfolane has a low vapor pressure, suggesting it has low
volatility; however, it is highly soluble in water. A table of physicochemical properties is
provided below (see Table 1). The chemical formula is C4HgSO,.

0 N
7

Figure 1. Sulfolane Structure

Table 1. Physicochemical Properties Table for Sulfolane (CASRN 126-33-0)
Property (unit) Value
Boiling point (°C) 285%
Melting point (°C) 27.4-27.8"
Density (g/cm’) 1.265
Vapor pressure (mm Hg at 27.6°C) 0.0062°
pH (unitless) ND
Solubility in water (g/L at 25°C) >100°
Relative vapor density (air = 1) 1.266"
Molecular weight (g/mol) 120.18*
"ATSDR (2010a).
POECD (2004).
ND = no data.

No Reference Dose (RfD), Reference Concentration (RfC), or cancer assessment for
sulfolane is included in the United States Environmental Protection Agency (U.S. EPA)
Integrated Risk Information System (IRIS) (U.S. EPA, 2011a) or on the Drinking Water
Standards and Health Advisories List (U.S. EPA, 2009). No RfD or RfC values are reported in
the Health Effects Assessment Summary Tables (HEAST) (U.S. EPA, 2011b). The Chemical
Assessments and Related Activities (CARA) list does not include a Health and Environmental
Effects Profile (HEEP) for sulfolane; there are no noncancer toxicity values (U.S. EPA, 1994).
The toxicity of sulfolane has not been reviewed by the Agency for Toxic Substances and Disease
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Registry (ATSDR) in a Toxicological Profile (ATSDR, 2010b), but ATSDR did perform a
Health Consultation on sulfolane for the Alaska Department of Health and Social Services.
ATSDR has recommended an oral exposure limit of 2.5 pg/kg-day based on an oral subchronic
study in guinea pigs by Zhu et al. (1987) (ATSDR, 2010a). The toxicity of sulfolane has not
been reviewed by the World Health Organization (WHO, 2010). The California Environmental
Protection Agency (CalEPA, 2008, 2009) has not derived toxicity values for exposure to
sulfolane. No occupational exposure limits for sulfolane have been derived by the American
Conference of Governmental Industrial Hygienists (ACGIH, 2010), the National Institute of
Occupational Safety and Health (NIOSH, 2011), or the Occupational Safety and Health
Administration (OSHA, 2010).

The HEAST (U.S. EPA, 2011b) does not report any values for cancer or a cancer
weight-of-evidence (WOE) classification for sulfolane. The International Agency for Research
on Cancer (IARC, 2010) has not reviewed the carcinogenic potential of sulfolane. Sulfolane is
not included in the 72 Report on Carcinogens (NTP, 2011). CalEPA (2008) has not prepared a
quantitative estimate of carcinogenic potential for sulfolane.

Literature searches were conducted on sources published from 1900 through
September 2011 for studies relevant to the derivation of provisional toxicity values for sulfolane,
CAS No. 126-33-0. Searches were conducted using EPA’s Health and Environmental Research
Online (HERO) database of scientific literature. HERO searches the following databases:
AGRICOLA; American Chemical Society; BioOne; Cochrane Library; DOE: Energy
Information Administration, Information Bridge, and Energy Citations Database; EBSCO:
Academic Search Complete; GeoRef Preview; GPO: Government Printing Office;
Informaworld; IngentaConnect; J-STAGE: Japan Science & Technology; JSTOR: Mathematics
& Statistics and Life Sciences; NSCEP/NEPIS (EPA publications available through the National
Service Center for Environmental Publications [NSCEP] and National Environmental
Publications Internet Site [NEPIS] database); PubMed: MEDLINE and CANCERLIT databases;
SAGE,; Science Direct; Scirus; Scitopia; SpringerLink; TOXNET (Toxicology Data Network):
ANEUPL, CCRIS, ChemIDplus, CIS, CRISP, DART, EMIC, EPIDEM, ETICBACK, FEDRIP,
GENE-TOX, HAPAB, HEEP, HMTC, HSDB, IRIS, ITER, LactMed, Multi-Database Search,
NIOSH, NTIS, PESTAB, PPBIB, RISKLINE, TRI, and TSCATS; Virtual Health Library; Web
of Science (searches Current Content database among others); World Health Organization; and
Worldwide Science. The following databases outside of HERO were searched for toxicity
reference values: ACGIH, ATSDR, CalEPA, EPA IRIS, EPA HEAST, EPA HEEP, EPA OW,
EPA TSCATS/TSCATS2, NIOSH, NTP, OSHA, and RTECS.

REVIEW OF POTENTIALLY RELEVANT DATA
(CANCER AND NONCANCER)

Table 2 provides an overview of the relevant database for sulfolane and includes all
potentially relevant repeated-dose short-term-, subchronic-, and chronic-duration studies. The
phrase “statistical significance,” used throughout the document, indicates a p-value of <0.05,
unless otherwise noted.
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Table 2. Summary of Potentially Relevant Data for Sulfolane (CASRN 126-33-0)
Number of
Male/Female, Strain,
Species, Study Type, BMDL/ Reference
Category Study Duration Dosimetry” Critical effects NOAEL? BMCL* LOAEL? (Comments) | Notes”
Human
1. Oral’®
Subchronic ND NA
Chronic ND NA
Developmental |ND NA
Reproductive ND NA
Carcinogenicity |ND NA
2. Inhalation”
Subchronic ND NA
Chronic ND NA
Developmental |ND NA
Reproductive ND NA
Carcinogenicity |ND NA
4 Sulfolane
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Table 2. Summary of Potentially Relevant Data for Sulfolane (CASRN 126-33-0)
Number of
Male/Female, Strain,
Species, Study Type, BMDL/ Reference
Category Study Duration Dosimetry” Critical effects NOAEL? BMCL* LOAEL? (Comments) | Notes”
Animal
1. Oral®
Subchronic 10/10, CD, Rat, 2.1, 8.8, 35.0, |Statistically significant 8.8 (males) No models fit | 35.0 (males) Huntingdon |PS, PR
drinking water, 13 wk |131.7 (males) |reductions in total white blood to data Life Sciences
cell (WBC) and differential 2.9 (females) |(reduced 10.6 (females) |(2001)
2.9,10.6, 42.0, | WBC counts (lymphocyte, WBCs in
191.1 basophils, monocyte, and large females)
(females) unstained cell [LUC]) counts in
females; increased incidence
and severity of cortical tubules
with hyaline droplets in the
kidneys of males
Subchronic 6—12/6-12, 0, 60, 200, or | Slight reduction of locomotor 60 (male 267 (female | 200 (male Ministry of | PR
Crj:CD(S-D), Rat, 700 activity and splenic weight in hyaline droplets | spleen hyaline droplets | Health and
gavage, 28 d females; increased relative kidney | in kidney) weight) in kidney) Welfare
weight in males; decreased body Japan (1996a)
weight and food consumption in | 200 (female 700 (female as cited by
males and females; increased decreased decreased OECD (2004)
hyaline droplets and eosinophilic |spleen weight) spleen weight)
bodies in renal tubules of males
Subchronic 80 unspecified sex, and |0, 55.6, 167, or | Decreased urine volume, ND¢ ND ND¢ Zhu et al. PR
strain, Rat, unspecified |500 increased urine gamma glutamyl (1987a)

oral exposure, 90 d

transferase activity, decreased
serum alkaline phosphatase,
decreased “ICD ;( likely serum
isocitrate dehydrogenase),”
decreased thrombin.
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Table 2. Summary of Potentially Relevant Data for Sulfolane (CASRN 126-33-0)
Number of
Male/Female, Strain,
Species, Study Type, BMDL/ Reference
Category Study Duration Dosimetry” Critical effects NOAEL? BMCL* LOAEL? (Comments) | Notes”
Subchronic 80 unspecified sex and |0, 55.6, 167, or | Decreased ascorbic acid content | ND® ND ND¢ Zhu et al. PR
strain, Guinea Pig, 500 in adrenal glands; decreased (1987b)
unspecified oral serum alkaline phosphatase
exposure, 90 d levels; decreased WBC count
Subchronic 20/20, unspecified 0,0.25,2.5, Decreased marrow cell counts; ND¢ ND ND¢ Zhu et al. PR
strain, Guinea Pig, 25, or 250 shrinkage of the white pulp in the (1987¢)
unspecified oral spleen
exposure, 3 mo interim
sacrifice
Chronic 20/20, unspecified 0,0.25,2.5, Shrinkage of the white pulp in the | 0.25 ND 2.5 Zhu et al. PR
strain, Guinea Pig, 25, or 250 spleen; fatty degeneration of liver (1987¢c)
unspecified oral
exposure, 6 mo
Developmental | Unreported number of |0, 93, 280, 840 | Increased fetal resorption; skeletal | 280 (maternal | ND 840 (maternal | Zhu et al. PR
females, Kunming, abnormalities (breastbone and and (1987d)
Mouse, unreported malposition, rib fusion) developmental) developmental)
method of oral
administration,
GDs 6—15
Reproductive 12/12, Crj:CD(S-D), 0, 60, 200, 700 | Mortality; decreased number of 60 ND 200 Ministry of  |PR
Rat, gavage, 41-50d estrous cases; entire litter loss (reproductive (reproductive Health and
from 14 days pre- during lactation; increased and and Welfare
mating to lactation number of still births; decreased | developmental) developmental) |Japan (1999)
day 3 body-weight gain and food as cited by
consumption in males and OECD 2004°
females (premating); decreased
birth index and number of viable
pups on Days 0 and 4 of lactation
Carcinogenicity |ND NA
6 Sulfolane
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Table 2. Summary of Potentially Relevant Data for Sulfolane (CASRN 126-33-0)
Number of
Male/Female, Strain,
Species, Study Type, BMDL/ Reference
Category Study Duration Dosimetry” Critical effects NOAEL? BMCL* LOAEL? (Comments) | Notes”
2. Inhalation®
Subchronic 8/7, S-D, Rat, repeated |120 Chronic liver inflammation; NA ND 120 Andersenet |PR
exposure, 8 hr/d, chronic lung inflammation al. (1977a)
5d/wk,37d
Subchronic 15/0, 2.7, No effects observed 19.2 ND NA Andersenet |PR
15/0, 3.8, al. (1977b)
8/7, 19.2
S-D, Rat, continuous
exposure, 23 hr/d,
90-110d
Subchronic 8/7, Hartley, Guinea 120 Chronic lung inflammation NA ND 120 Andersenet |PR
Pig; repeated exposure, al. (1977¢c)
8 hr/d, 5 d/wk, 37 d
Subchronic 15/0, 2.7,3.8,19.2, | Chronic pleuritis; WBC count 152 ND 192 Andersenet |PR
15/0, 152, and 192  |significantly lower than al. (1977d)
8/7, preexposure levels; fatty
24/24, vacuolation of the liver
15/15,
Hartley, Guinea Pig,
continuous exposure,
23 hr/d, 85-110d
Subchronic 2/0, Beagle, Dog, 120 Chronic lung inflammation NA ND 120 Andersenet |PR
repeated exposure, al. (1977¢)
8 hr/d, 5 d/wk, 37 d
7 Sulfolane
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Table 2. Summary of Potentially Relevant Data for Sulfolane (CASRN 126-33-0)
Number of
Male/Female, Strain,
Species, Study Type, BMDL/ Reference
Category Study Duration Dosimetry” Critical effects NOAEL? BMCL? LOAEL*? (Comments) | Notes”
Subchronic 1-4 males/group, 2.7,3.8,19.2, |Convulsions, labored breathing, | 19.2 ND 192 (FEL) Andersen et |PS, PR
Beagle, Dog, and 192 and aggressive behavior in all al. (19779)
continuous exposure, dogs; severe motor seizures;
23 hr/d, 90-110 d severe convulsion; chronically
inflamed and hemorrhagic
lungs
Subchronic 9/0, Squirrel Monkey 120 Chronic lung inflammation; NA ND 120 (FEL) Andersenet |PR
(Saimiri sciureus), extreme convulsions; al. (1977g)
repeated exposure, blood-tinged fluid around eyes;
8 hr/d, 5 d/wk, 37 d pale livers and hearts; fatty
metamorphosis of the liver
Subchronic 2—9 males/group, 2.7,3.8,19.2, |Mortality and moribundity; 19.2 ND 192 (FEL) Andersenet |PR
Squirrel Monkey, and 192 chronic pleuritis al. (1977h)
continuous exposure,
23 h/d, 90-110d
Chronic ND NA
Developmental |ND NA
Reproductive ND NA
Carcinogenicity |ND NA

*Dosimetry: The units for oral exposures are expressed as mg/kg-day, while inhalation exposures units are expressed as mg/m’ NOAEL, BMDL/BMCL, and LOAEL values
of long-term exposure (4 weeks and longer) are converted from a discontinuous to a continuous (weekly) exposure. Values from animal developmental studies are not
adjusted to a continuous exposure. Values for inhalation were not converted to HEC for respiratory effects due to inadequate information available on particle size of the
vapor or for any similar vapor.
"Notes: IRIS = utilized by IRIS, date of last update; PS = principal study, PR = peer reviewed, NPR = not peer reviewed.

‘Incomplete results and lack of description precludes assigning effect levels to the subchronic portion of this study.

Tables and Figures are in English, the text is in Japanese.
NA = not applicable, ND = not determined, FEL = frank effect level.
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HUMAN STUDIES
Oral Exposures
No studies were identified on the oral exposure of sulfolane to humans.

Inhalation Exposures
No studies were identified on the inhalation exposure of sulfolane to humans

ANIMAL STUDIES
Oral Exposures

The effects of oral exposure of animals to sulfolane have been evaluated in several
subchronic-duration studies (i.e., Huntingdon Life Sciences, 2001; Ministry of Health and
Welfare Japan, 1996a, and as summarized in OECD 2004; Zhu et al., 1987), one 6-month
chronic-duration study (Zhu et al., 1987), one developmental (Zhu et al., 1987), and one
screening-level reproductive study (Ministry of Health and Welfare Japan, 1999, and, as
summarized in OECD 2004). No carcinogenicity studies of animals orally exposed to sulfolane
have been identified in the literature.

Subchronic Studies

Huntingdon Life Sciences (2001)

The 13-week drinking water study in rats (Huntingdon Life Sciences, 2001) is selected as
the principal study for derivation of the subchronic and chronic p-RfDs. In a GLP-compliant,
peer-reviewed' study by Huntingdon Life Sciences (2001), the study authors administered
sulfolane (purity unreported) to CD rats (10/sex/group) in drinking water at concentrations of 0,
25, 100, 400, or 1600 mg/L for 13 weeks. The study authors calculated the actual dosages to be
2.1, 8.8, 35.0, and 131.7 mg/kg-day, respectively, for males and 2.9, 10.6, 42.0, and
191.1 mg/kg-day, respectively, for females. Analytical measurements performed by the study
authors indicated that sulfolane was stable in drinking water for 8 days at ambient temperatures
and that actual doses were within acceptable limits (96.3—109% of nominal concentrations).
Animals were 26—30 days old when supplied by Charles River (UK) Limited, Margate, Kent,
England. At the beginning of treatment, animals were 39—43 days old. Males weighed
167-215 g, and females weighed 142—180 g.

Animals were housed in a controlled environment. Temperatures were kept between
19-23°C, and relative humidity was kept between 40—70%. Lighting was supplied in a 12-hour
light/dark cycle. The rodent facility was designed and maintained to prevent contamination with
external biological and chemical agents. Rats were kept in stainless steel cages with five rats of
the same sex in each cage. Food (Rat and Mouse No. 1 Maintenance Diet, Special Services,
Ltd., Witham, Essex, England) was provided freely, except on nights before blood sampling.
Public tap water was supplied ad libitum in polycarbonate water bottles. Diet and water analyses
did not indicate any signs of contamination that may have affected the study.

The study authors examined animals at least twice per day for treatment-related effects
and disease. Detailed physical examinations were performed once per week for each animal.
Body weight was recorded during acclimatization, at Week 0, once per week throughout
treatment, and again at study termination. Food consumption was measured by weighing
supplied food and measuring spilled food. Mean weekly consumption and food conversion

'Peer-reviewed independently as part of this review.
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efficiency were calculated using these data. Water consumption was recorded weekly. All
animals were given eye examinations before treatment, focusing on the adnexa, conjunctivae,
cornea and sclera, anterior chamber and iris, lens, and vitreous and ocular fundus. Any animals
with ocular abnormalities were replaced with healthy animals. During Week 13 of treatment,
study authors examined the eyes of animals in the control and high-dose groups.

The study authors performed functional observational battery tests at various times
throughout the study. Before treatment and once weekly throughout treatment, animals were
examined in the hand for exophthalmos, fur condition, lacrimation, piloerection, reactivity to
handling, ease of removal from cage, salivation, and vocalization on handling. Afterward,
activity counts, arousal, convulsion, defecation count, gait, grooming, palpebral closure, posture,
rearing count, tremor, twitches, and urination were assessed during a 1-minute period in a
standard area. Before treatment and during Weeks 6 and 12, animals were examined for
approach response, auditory startle reflex, body temperature, body weight, grip strength
(forelimbs and hindlimbs), landing foot splay, tail pinch response, pupil reflex, righting reflex,
and touch response. Motor activity was measured before treatment and during Weeks 6 and 12
using infrared sensor equipment on animals for 1 hour.

During Week 13, blood samples were collected and examined for hematocrit,
hemoglobin, erythrocyte count, total and differential leukocyte count, platelet count, mean cell
hemoglobin (MCH), mean cell volume (MCV), and mean cell hemoglobin concentration
(MCHC). Romanowsky stains of blood films were examined using light microscopy for
abnormal morphology and unusual cell types. Prothrombin time (PT) and activated partial
thromboplastin time (APTT) were also measured in additional samples. Blood cell counts also
reported large unstained cells (LUCs), which are thought to be larger than normal or atypical
lymphocytes. During Week 13, blood plasma was analyzed for alanine aminotransferase (ALT),
aspartate aminotransferase (AST), glucose, total cholesterol, creatinine, urea, total protein,
albumin, albumin/globulin ratio, and sodium and potassium concentrations.

At sacrifice, the study authors performed a full necropsy including examination of the
external body and orifices; neck; and cranial, thoracic, abdominal, and pelvic cavities including
their viscera. The study authors recorded organ weights (with bilateral organs weighed together)
for the adrenals, brain, epididymides, heart, kidneys, liver, ovaries, spleen, testes, thymus, and
uterus with cervix. The following organs were preserved with 10% neutral buffered formalin
(except testes and epididymides, which were preserved in Bouin’s fluid and then 70% industrial
methylated spirits) and examined microscopically: adrenals, aorta, brain, cecum, colon,
duodenum, epididymides, femur (with joint), heart, ileum, jejunum, kidneys, liver, lungs (with
bronchi), lymph nodes, mammary area, esophagus, ovaries, pancreas, pituitary, prostate, rectum,
salivary gland, sciatic nerve, seminal vesicles, skin, spinal cord, spleen, sternum, stomach, testes,
thymus, thyroid with parathyroids, trachea, urinary bladder, and uterus with cervix.

In control and high-dose animals, tissue samples were sectioned and stained from the
adrenals (cortex and medulla), brain (cerebellum, cerebrum, and midbrain), femur, heart, ileum,
kidneys, liver, lungs, mammary area (including overlying skin), spinal cord, stomach, thyroid,
uterus, and testes. The study report indicates that kidneys were examined in the 2.1-, 8.8-, and
35.0-mg/kg-day groups (males) and 2.9-, 10.6-, and 42.0-mg/kg-day groups (females). The
study authors also examined any abnormal tissues observed in control and all treatment groups.
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The study authors did not observe any deaths or treatment-related clinical signs in either
males or females. Study authors did not observe treatment-related findings in body weight (see
Table B.1), food and water consumption, ocular examinations, functional observational battery
tests, organ weight, or macroscopic tissue examination in males or females. Food conversion
efficiency was slightly lower than controls during Week 1 in animals receiving the highest dose
level (see Table B.2). However, after this time point, food efficiency was roughly comparable
with controls in all groups. Females receiving 2.9 mg/kg-day of sulfolane had increased
body-weight gain compared with controls but it was not significant. Females exhibited
statistically significant decreases in total white blood cells (WBCs), lymphocyte, monocyte,
basophil, and LUC counts compared with controls in the 10.6-, 42.0-, and 191.1-mg/kg-day dose
groups (see Table B.3). Information was not provided about neutrophils or other cell types, and
it is assumed these did not change. Males did not experience similar decreases in these cell
counts. There were other intergroup hematological differences reaching statistical significance,
with little or no biological relevance, including slightly prolonged prothrombin times in
high-dose males and increased mean cell volumes and reduced activated partial thromboplastin
times in high-dose females. LUCs were significantly lower in males at 35.0 and
131.7 mg/kg-day compared with control, but the study authors noted there were high values in
two of the control animals. Basophils were also significantly different from controls at the two
highest doses in both genders.

Males in the high-dose group (i.e., 131.7 mg/kg-day) experienced lowered ALT activities
and elevated creatinine concentrations in Week 13 that were statistically significantly different
than controls (see Table B.4). Males in the high-dose group had statistically lower AST
activities, but authors noted that the mean value in controls was higher due to unusually high
levels in two animals. The high-dose animals also displayed reduced plasma sodium
concentration compared with controls, but the study authors attributed this decrease to a very low
value in one control animal. Histopathological examinations indicated that males dosed with
35.0 and 131.7 mg/kg-day had an increasing incidence and severity of hyaline droplets in the
cortical tubules of the kidneys, and increased cortical tubular basophilia; this effect was
considered treatment related (see Table B.5). High-dose males also experienced a slightly
elevated incidence of granular casts of the renal medulla compared with controls. These effects
were not seen in females.

Although there was no assay of functional manifestation of the white cell decreases such
as decreased inflammation or compromised immune function, or other effects to the organs of
the immune system, the decreases in white cell counts seen in female rats are broad (seen in
several cell types), statistically significant, and dose related. Additionally, there was a
statistically significant decrease in the spleen weights at the high dose, which supports the
immune suppression effect. Also, this effect has been consistently reported in several other
studies of sulfolane exposures (albeit at higher exposures) in a different rat strain (Crj:CD[S-D]),
species (guinea pigs), and route of exposure (inhalation) (Zhu et al., 1987; Andersen et al.,
1977). A LOAEL of 10.6 mg/kg-day and NOAEL of 2.9 mg/kg-day were identified in female
rats based on significant decreases in total WBCs, lymphocyte, monocyte, basophil, and LUC
counts.

Ministry of Health and Welfare Japan (1996a, cited in OECD, 2004)
In a GLP-compliant, peer-reviewed study, the Ministry of Health and Welfare Japan
(19964, cited in OECD, 2004) administered sulfolane (vehicle and purity unreported) by gavage
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to 5-week old male and female Crj:CD(S-D) rats (source unreported) at dose levels of 0, 60, 200,
or 700 mg/kg-day for 28 days. The study report was written in Japanese, but it is summarized
here based on secondary information from the Organisation for Economic Cooperation and
Development (OECD, 2004). Additionally, the data tables in the Ministry of Health and Welfare
Japan study report are available in English. There were 6 animals/sex in the 60- and
200-mg/kg-day groups and 12 animals/sex for the groups dosed at 0 and 700 mg/kg-day. After
28 days of treatment, 6 animals in the control and 6 in the 700 mg/kg-day groups were observed
for a 14-day recovery period. The exact methods, animal husbandry, and statistical procedures
performed by the Ministry of Health and Welfare Japan were not reported by the OECD.

There were no deaths in the control or treatment groups. Males in the 700-mg/kg-day
group experienced significantly (p < 0.01) lower absolute body weight compared with controls
throughout treatment (12—14% body-weight depression from Days 3—28), while high-dose
females only differed significantly (p < 0.01) from controls for the first 14 days of treatment
(11% absolute body-weight depression only on Day 3) (see Table B.6). High-dose males
experienced significantly (p = 0.01) decreased food consumption for the first 3 weeks of
treatment, while females had significantly (p < 0.01) decreased food consumption the first week
of treatment (see Table B.7). High-dose females experienced decreased locomotor activity
(3/12 animals; see Table B.8) during the beginning of the treatment period. Hematology
revealed that all dosed male groups had significantly (p = 0.05) slightly decreased (2—3%) mean
cell hemoglobin concentration (MCHC) after 28 days of treatment, but there was no decrease
observed after the 14-day recovery period (see Table B.9). WBC counts in males of the
high-dose group were significantly higher (p = 0.05) compared with control only after the
recovery period and not after the 28-day treatment period. Because only the control and the
high-dose groups were examined after recovery, a dose response could not be evaluated. Effects
on WBCs in treated females were not observed. High-dose females had significantly reduced
mean red blood cell counts (RBCs) and significantly increased mean cell volume (MCV)
compared with controls after recovery (p = 0.01; see Table B.9). The high-dose males had
decreased chloride (<2%) and increased cholinesterase activity (60%) and total bilirubin (29%),
but all three parameters returned to normal after the recovery period. The high-dose females had
elevated ALT (46% above control) and decreased glucose (15% below control) (see Table B.10).
High-dose male rats experienced significantly increased (p = 0.05) relative kidney, brain and
heart weight (see Table B.11), and increased incidence and severity of hyaline droplets and
eosinophilic bodies in the renal tubules at both 200 and 700 mg/kg-day (see Table B.12). Based
on observed kidney effects in male rats, a LOAEL of 200 mg/kg-day and a NOAEL of
60 mg/kg-day were identified.

Zhu et al. (1987)

In a single published study that was translated from Chinese for this review,
Zhu et al. (1987) conducted a series of studies on the acute, subchronic (90-day), and chronic
(6-month) oral toxicity of sulfolane in mice, white rats, and guinea pigs. Study authors also
conducted a teratogenicity test and several genotoxicity tests (Ames, bone marrow micronucleus
test, and sister chromatid exchange test). The studies are referred to as Zhu et al. (1987a) for the
subchronic test on white rats, Zhu et al. (1987b) for the subchronic test on guinea pigs, Zhu et al.
(1987¢) for the chronic, 6-month toxicity test on guinea pigs, Zhu et al. (1987d) for the
developmental toxicity test, and Zhu et al. (1987¢) (see Table 4A) for the genotoxicity tests. The
Zhu et al. (1987) study is considered a peer-reviewed study because it was reported in a Health
Consultation by ATSDR (2010a). The study authors did not state whether the experiment
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adhered to GLP guidelines and did not provide data tables in the translation. This report appears
to be an extended abstract of the original study with very little useful information for risk
assessment purposes. There is, for example, no clear indication of histopathological examination
of any tissues in any test described, save for the spleen and liver in the 6-month study. This lack
of results precludes assigning any effect levels at least to the 90-day test reports.

Zhu et al. (1987a)

Zhu et al. (1987a) conducted an oral toxicity study on 80 white rats (sex, age, strain not
specified) at doses of 0, 55.6, 167, or 500 mg/kg-day sulfolane (purity, vehicle not specified) for
90 days. Study authors did not specify the type (e.g., gavage, drinking water, diet) or frequency
of oral administration. It is unclear from the translated study report whether the dosing units
were reported as mg/kg food or mg/kg body weight; however, the review by ATSDR (2010a)
cites the units as mg/kg body weight per day. After 90 days, the study authors sacrificed animals
by femoral artery bleed and measured biochemical parameters, “organ index,” and pathology
with no mention of histopathology. The study authors did not delineate the specific biochemical
parameters examined, nor did they specify the meaning of “organ index.” Additionally, the
study authors did not provide data tables nor report the type of statistical procedures performed,
but they did provide p-values to indicate statistical significance.

In rats, no significant changes in biochemical parameters or pathology were reported in
the low- and mid-dose groups. However, the study authors reported significant changes in the
high-dose group (500 mg/kg-day) including changes in urine volume, increased gamma glutamyl
transferase activity in the urine, decreased serum alkaline phosphatase (ALP) activity, decreased
ICD (undefined in the study report, but likely serum isocitrate dehydrogenase), and decreased
thrombin. The study authors stated that other examined parameters did not exhibit statistically
significant changes.

Zhu et al. (1987b)

Zhu et al. (1987b) conducted an oral toxicity study on 80 guinea pigs total (sex, age,
group size, strain not clearly indicated) at doses of 0, 55.6, 167, or 500 mg/kg-day sulfolane
(purity, vehicle not specified) for 90 days (see description of doses in Zhu et al., 1987a). After
90 days, study authors sacrificed animals by femoral artery bleed and measured specific
biochemical parameters, “organ index,” and pathology with no mention of histopathology. The
study authors did not delineate the specific biochemical parameters examined, nor did they
specify the meaning of “organ index.” Additionally, the study authors did not report the type of
statistical procedures performed, but they did provide p-values to indicate statistical significance.
In guinea pigs, WBC counts were significantly (p < 0.05) decreased relative to controls values in
all dose groups, although no other indication of dose response is described or given.

Chronic Study

Zhu et al. (1987¢c)

Study authors conducted a 6-month, chronic toxicity study where guinea pigs
(20/sex/dose) were orally dosed with sulfolane (vehicle and purity not reported) at dose levels of
0,0.25, 2.5, 25, or 250 mg/kg-day. The translation of the study did not specify the type or
frequency of oral exposure (e.g., gavage, diet, drinking water). The study authors conducted
biochemical and pathological evaluations on a subset of animals during an interim sacrifice at
3 months and at the end of the study at 6 months. This information is the only experimental
design information provided in the translation. The translation did not state the specific
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biochemical parameters, organs examined, or whether the “pathology” mentioned was gross
pathology or histopathological. The study authors did not provide data tables; however, study
authors did provide some values for biochemical parameters and incidence of pathology in the
written narrative. The translated study did not mention any methods for statistical analysis. The
data from the interim sacrifice at 3 months is considered subchronic-duration data.

At the 3-month interim sacrifice, the study authors reported that ALT, AST, and marrow
cell number were lower than controls (see Table B.13). It is not clear from the study report
which values were statistically significant. Incidence for shrinkage of white pulp in the spleen in
the 0-, 0.25-, 2.5-, 25-, and 250-mg/kg-day groups were reported as 0/14, 0/14, 1/14, 2/14, and
6/14, respectively. The study authors did not present any statistical analysis on data for
incidence of white pulp shrinkage in the spleen. Shrinkage in this area may be related to
decreased cellularity, which may occur after exposure to agents that cause necrosis of
lymphocytes, T-lymphocytes in particular (Elmore, 2006). At 6 months, the study authors
reported that the “organ coefficient” of the male guinea pig liver was 40.2 and significantly
different from the control group, but the study authors did not specify the meaning of this term.
The study authors also reported a dose-response relationship in the increased incidence of fatty
degeneration of the liver. This fatty degeneration of the liver is given once in the report,
apparently as a total incidence for control and increasing exposures (0/25, 0/22, 2/26, 4/25, and
7/22), and then again as “significant degeneration” at 2.5 mg/kg-day (1/26), 25 mg/kg-day
(2/25), and 250 mg/kg-day (5/22). Likewise, shrinkage of splenic white pulp was noted in these
“significant” liver exposure groups: 2/26 at 2.5 mg/kg-day, 2/25 at 25 mg/kg-day, and 7/22 at
250 mg/kg-day (see Table B.13). Based on these reported histopathological results, a NOAEL of
0.25 mg/kg-day and a LOAEL of 2.5 mg/kg-day are designated.

Developmental Study

Zhu et al. (1987d)

Zhu et al. (1987d) conducted a developmental toxicity study where female Chinese
Kunming mice (number not reported) were orally administered sulfolane (purity not reported) in
distilled water vehicle at dose levels of 0, 93, 280, or 840 mg/kg-day on Gestational Days (GDs)
6—15. A positive control (N’,N-methylene-bis-2-amino-5-sulthydryl-1,3,4-thiadianole) and
negative control (distilled water) were also administered to pregnant mice. On GD 18, fetuses
were removed, and bodies, organs, and skeletons were examined for abnormalities. The study
authors provided no other experimental details or methods of statistical analysis. Study authors
reported that the incidence of skeletal abnormalities in the highest dose group (840 mg/kg-day)
was significantly higher (p < 0.01, statistical test not reported) than the negative control. Study
authors also stated that the number of fetal resorptions at the highest dose was greater than that
of the negative control (30.16% versus 13.53%, respectively), but statistical significance was not
specified. There were no skeletal abnormalities observed in pups in the 280-mg/kg-day group.
Data from the study indicate a maternal and developmental NOAEL of 280 mg/kg-day and
corresponding LOAEL of 840 mg/kg-day. Although study authors did not indicate whether GLP
was followed, the study is considered acceptable because both skeletal and visceral observations
of the pups were made, and abnormalities in pups were detected after treatment with sulfolane.

Reproductive Study

Ministry of Health and Welfare Japan (1999)

The Ministry of Health and Welfare Japan (1999) conducted a one-generation
reproductive/developmental toxicity screening test that was peer-reviewed by OECD (2004).
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The study report is written in Japanese, but it is summarized here based on secondary
information from OECD (2004). Additionally, the data tables in the Ministry of Health and
Welfare Japan study report are available in English. The study followed OECD 421 guidelines
and was conducted under GLP standards. Study authors administered sulfolane (purity
unreported) in water by gavage to 10-week-old Crj:CD(S-D) rats (12/sex/group) at doses of 0,
60, 200, or 700 mg/kg-day for 41—50 days. The dosing period extended from 14 days before
mating to Lactation Day 3. Males and females were cohoused at a ratio of 1:1 for 14 days until
proof of copulation. Clinical observations for general appearance were conducted twice per day
for the parental generation and once per day for pups. During the mating period, body weight
and food consumption were measured twice per week and then once per week in females during
the gestation and lactation period. Estrous cycle was monitored daily until successful copulation.
Study authors recorded the following parameters: number of successful copulated pairs,
copulation index, paring days until copulation, number of pregnant females, fertility index,
number of corpora lutea, number of implantation sites, implantation index, number of living
pregnant females, number of pregnant females with parturition, gestation length, number of
pregnant females with live pups on Day 0, gestation index, number of pregnant females with live
pups on Day 4, delivery index, number of pups alive on Day 0 of lactation, live birth index, sex
ratio, number of pups alive on Day 4 of lactation, viability index, and body weight of live pups
(on Days 0 and 4). At necropsy, study authors collected organ weights in the parental generation
for testes, epididymides, and ovaries. Microscopic examinations of these organs were conducted
for animals in the high-dose group only. Pups were examined macroscopically but apparently
did not include a detailed organ or skeletal examination.

One high-dose male and one high-dose female died during the treatment period.
High-dose animals of both sexes experienced statistically significantly decreased body-weight
gain and food consumption during premating; body-weight gain in high-dose males was
significantly (p < 0.01) decreased throughout the duration of the study (see Tables B.14 and
B.15). Study authors also reported soiled fur, diarrhea, and soft stool in males at the
700-mg/kg-day dose group. In females of the 700-mg/kg-day dose group, study authors
observed soiled fur during premating and increased relative ovary weight at necropsy (see
Table B.16). Females dosed with 700 mg/kg-day had fewer estrous cycles (see Table B.17).
The high-dose female group also experienced significantly decreased (p < 0.01) birth index, live
birth index, and number of pups (on Lactation Days 1 and 4, data shown for LD-4 only; see
Table B.18). The number of stillbirths was also significantly increased (p < 0.01) in this group.
Four dams from this group experienced total litter loss during lactation. Furthermore, the
females dosed with 200 mg/kg-day had significantly (p < 0.05) decreased delivery and birth
indices (see Table B.18). Mean pup weight was significantly decreased on Lactation Day 0 and
4 in the 700-mg/kg-day group (p < 0.01) (see Table B.19). Mean litter weights were
significantly decreased (p < 0.05) compared to control at >200 mg/kg-day. At necropsy, study
authors did not observe external anomalies in any of the treated pups. A NOAEL of
60 mg/kg-day for reproductive and developmental toxicity based on decreased delivery and birth
indexes was identified. The LOAEL was 200 mg/kg-day.

Limitations of the study report include lack of individual body weight, food consumption,
uterine weight, and ovarian follicle counts data. Female estrous cycles were counted for 14 days
prior to mating, but authors did not report measures of cycle length. Although male rats were
examined for reproductive organ atrophy and sperm count, sperm motility and morphology were
not measured by study authors.
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Carcinogenicity Studies
No human or animal studies pertaining to carcinogenicity of sulfolane via the oral
exposure route were identified in the literature.

Inhalation Exposures

The effects of inhalation exposure of animals to sulfolane have been evaluated in one
subchronic study testing multiple species (i.e., Andersen et al., 1977). No chronic-duration,
developmental, reproductive, or carcinogenicity studies via inhalation exposures have been
identified in the literature.

Subchronic Study

Andersen et al. (1977)

In a published, peer-reviewed study, Andersen et al. (1977) conducted a series of tests
investigating the subchronic inhalation toxicity of sulfolane to rats, guinea pigs, dogs, and
squirrel monkeys. For the subchronic studies, both discontinuous repeated and
continual-exposure regimens were implemented by study authors. The methods and results for
each exposure group, species, and dosing regimens were not clearly reported. For the sake of
clarity, the study is divided into eight separate summaries (Andersen et al., 1977a—h) based on
species and exposure regimen (repeated versus continual). The citation and associated
experimental design for the subchronic studies are summarized in Table 3. Particle
measurements given in the report, “a mean particle size between 1—4 microns in diameter” are
sufficient to validate the study by indicating that the material could be breathed into the
respiratory tract. This information is, however, not sufficient to perform more formal dosimetry
that requires a measurement of mass median aerodynamic diameter (MMAD) and the variability,
the sigma g, about that MMAD; therefore, formal dosimetry conversion to HEC for respiratory
and extrarespiratory effects is not conducted for this study. Exposure concentrations are duration
adjusted from intermittent exposure to continuous exposure 24 hours/day, 7 days/week
(CONC,g; = CONCipygy [1n mg/m’] x [Hours per Day Exposed + 24] x [Days Exposed + Total
Study Days]).

Table 3. Study Design and Citations for Andersen et al. (1977)
Subchronic-Duration Inhalation Studies

Citation Species and Exposure Regimen

Andersen et al., 1977a | Rat, repeated exposure, 8 hr/d, 5 d/wk

Andersen et al., 1977b | Rat, continual exposure, 23 hr/d, 7 d/wk

Andersen et al., 1977c¢ | Guinea pig, repeated exposure, 8 hr/d, 5 d/wk

Andersen et al., 1977d | Guinea pig, continual exposure, 23 hr/d, 7 d/wk

Andersen et al., 1977¢ | Dog, repeated exposure, 8 hr/d, 5 d/wk

Andersen et al., 1977f | Dog, continual exposure, 23 hr/d, 7 d/wk

Andersen et al., 1977g | Monkey, repeated exposure, 8 hr/d, 5 d/wk

Andersen et al., 1977h | Monkey, continual exposure, 23 hr/d, 7 d/wk
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For the various exposure regimens, study authors concluded that 20 mg/m® (19.2 mg/m’
adjusted for continuous exposure) was the no-effect level for the four species of animals tested
(i.e., rats, guinea pigs, dogs, and squirrel monkeys). Thus, the results from all species are
mutually supportive. However, for this review, a NOAEL and LOAEL are established for each
species and exposure regimen.

Andersen et al. (1977a)

Andersen et al. (1977a) exposed eight male and seven female Sprague-Dawley rats via
whole-body inhalation exposure to a concentration of 495 + 75 mg/m’ (mean + standard
deviation) aerosolized sulfolane-W (sulfolane plus 3% water to prevent freezing, purity
unreported) for 8 hours/day, 5 days/week, for 27 exposure days over a total study duration of
37 days. It is unclear from the study report whether a separate, untreated control group was
tested. Study authors indicate changes “compared with controls” in the text; however, the use of
an untreated control group was not stated in the experimental design. Adjusted daily
concentration was calculated for a total study duration of 37 days (includes weekends) over
24 hours/day, 7 days/week is 120 mg/m’. Test concentrations within chambers were determined
by chromatographic analysis at 6-hour intervals. Rats were housed in Rochester-type chambers
with sulfolane reservoirs, and input lines were wrapped in heat tape and maintained above room
temperature to prevent freezing. Airflow through the chambers was maintained at 1 m*/min.
Dry chow (unreported brand) and water were provided ad libitum. Authors did not report if the
study was conducted according to GLP standards.

Authors determined body weights, total and differential leukocyte counts, hemoglobin
concentrations, and hematocrit levels prior to and following exposure. The timepoint of
postexposure sampling for the repeat-dose study is not clearly stated in the study report.
Additional analyses performed after exposure included creatinine and urea nitrogen levels,
cholesterol, lactate dehydrogenase (LDH), AST, ALT, and ALP activity. Rats were observed at
unreported intervals for clinical signs of toxicity and abnormal behavior. Authors collected
24-hour urine samples and recorded pH, protein, sugar, ketone bodies, and occult blood.
Histopathological analysis was performed on tissues from the lung, bronchus, heart, kidney, bile
duct, liver, spleen, stomach, intestine, pancreas, cerebellum, esophagus, thyroid, trachea, lymph
node, bladder, and aorta of an unreported number of animals. Authors used Student’s ¢-test to
compare preexposure and postexposure levels (p < 0.05).

Andersen et al. (1977a) observed no mortalities or significant differences in hematology
or body weight between preexposure and postexposure levels. A small, nonsignificant decrease
in WBC count in sulfolane-treated rats versus control was reported; however, specific values
were not reported. Authors observed chronic lung inflammation in all animals but provided no
information regarding severity. Study authors reported chronic liver inflammation in 1/5 males
and 3/3 females; however, they did not address the inconsistencies between the number of
animals reported in each dose group (n = 8 males, 7 females) and the number of animals
examined for pathology (n = 5 males, 3 females). Authors concluded that sulfolane vapor is not
toxic to rats under these experimental conditions. However, based on chronic lung and liver
inflammation observed in rats at the only concentration tested, a LOAEL of 120 mg/m’ is
established.
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Andersen et al. (1977b)

Andersen et al. (1977b) administered sulfolane by whole-body inhalation exposure to
Sprague-Dawley rats at concentrations of 2.8 + 1.4 mg/m’ for 90 days (n = 15 males),
4.0 + 1.0 mg/m’ for 110 days (n = 15 males), or 20 + 6.7 mg/m’ for 95 days (n = 8 males,
7 females) for 23 hours/day, 7 days/week. Adjusted daily concentrations calculated for
continuous exposure over 24 hours/day, 7 days/week are 2.7, 3.8, and 19.2 mg/m’. No control
group was examined for this study. The test substance used, the method of test concentration
determination, and animal husbandry are as reported in Andersen et al. (1977a). Authors did not
report if this study was conducted in compliance with GLP standards.

Animals were weighed and blood drawn for analysis prior to exposure, after 30 exposure
days, after 60 exposure days, and “at the end of exposure.” The exact time interval for
postexposure examination is unclear. Authors examined all endpoints reported in Andersen et al.
(1977a) and used Student’s #-test to compare preexposure and postexposure data.

Andersen et al. (1977b) reported no mortalities or significant changes in hematology,
biochemistry, or body weight between preexposure and postexposure observations. One rat (sex
not reported) at the 19.2 mg/m® concentration was observed to have a small circumscribed
peripheral liver lesion, and 2/7 females at the same exposure had slightly elevated AST, ALT,
and LDH activity levels. Authors reported that the liver lesion was not considered to be related
to sulfolane exposure, and the dose-related nature of the clinical chemistry observations was
unclear. A NOAEL of 19.2 mg/m’ is established.

Andersen et al. (1977c¢)

Andersen et al. (1977¢) also exposed 8 male and 7 female Hartley-derived guinea pigs to
a concentration of 495 + 75 mg/m’ sulfolane by whole-body inhalation exposure for 8 hours/day,
5 days/week, for 27 exposure days. The test chemical used is described in Andersen et al.
(1977a). Adjusted daily concentration calculated for a total study duration of 37 days (includes
weekends) and 24-hour treatment is 120 mg/m>. It is unclear if an untreated control group was
used in this study. Determinations of test concentrations within chambers and husbandry are as
described in Andersen et al. (1977a).

Study authors weighed animals and examined hematology prior to exposure. Total and
differential leukocyte counts, hemoglobin concentrations, and hematocrit were determined and
reevaluated after exposure (exact time interval for postexposure examination is unclear).
Endpoints examined are those reported in Andersen et al. (1977a).

Andersen et al. (1977¢) reported no significant differences in preexposure and
postexposure body weight, hematology, or biochemistry. Preexposure and postexposure WBC,
hematocrit, and hemoglobin counts are reported in Table B.20. Although a control group is
reported in this table, authors do not mention an untreated group, and it is unclear what this
“control” group represents. Authors reported that some degree of chronic lung inflammation
(incidence and severity unreported) was observed in all animals. Authors concluded that
sulfolane vapor is not toxic to guinea pigs under these experimental conditions. However, based
on lung inflammation in guinea pigs, a LOAEL of 120 mg/m’ is established. The LOAEL
represents the only dose tested in this experiment.
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Andersen et al. (1977d)

Andersen et al. (1977d) exposed Hartley-derived guinea pigs via whole-body inhalation
to sulfolane at concentrations of 2.8 + 1.4 mg/m’ for 90 days (n = 15 males), 4.0 + 1.0 mg/m’ for
110 days (n = 15 males), 20 + 6.7 mg/m’ for 95 days (n = 8 males, 7 females), 159 + 68 mg/m’
for 85 days (n = 24 males, 24 females), or 200 + 48 mg/m’ for 90 days (n = 15 males,

15 females) exposure for 23 hours/day, 7 days/week. The test chemical used is described in
Andersen et al. (1977a). Adjusted daily concentrations calculated for continuous exposure over
24 hours/day, 7 days/week are 2.7, 3.8, 19.2, 152, and 192 mg/m3 , respectively. It is unclear if
an untreated control group was used in this study. Some data tables within the study report
indicate a control group, but study authors do not explicitly mention this group in the methods
section. Determination of test concentrations within chambers and husbandry are as described in
Andersen et al. (1977a).

Study authors weighed animals and drew blood for analysis prior to exposure, after
30 exposure days, after 60 exposure days, and “following exposure” (Andersen et al., 1977d).
The exact time interval of postexposure examination is unclear. Guinea pigs (exact number
unreported) in the 152-mg/m’ exposure-group were also bled from the toe at 10-day intervals.
Authors report that in the 192-mg/m’ exposure group, eight males and two females were bled
after 20 exposure-days and that five males and five females were removed at 30 and
60 exposure-days for examination of body weight, hematology, biochemistry, and necropsy.
Tissues from half of these animals were histopathologically examined. Authors examined all
endpoints reported previously (Andersen et al., 1977a) and used Student’s #-test to compare
preexposure and postexposure data.

Authors reported no mortalities, signs of clinical toxicity, or changes in body weight,
hematology, biochemistry, or treatment-related pathology at exposures <152 mg/m’. In the
19.2-mg/m’ exposure group, study authors observed pale livers that they did not consider related
to sulfolane treatment, but they did not provide details regarding incidence or severity of the
effect.

Authors reported significantly decreased WBC count in the highest exposure group
(192 mg/m®) compared with preexposure levels on Days 20, 30, and 90—but not Day 60 (see
Table B.21). However, the data table provided by study authors includes an untreated control
group that is not mentioned in their explanation of methods, and it is unclear what this “control”
group represents. The WBC count data are not amenable to BMD modeling because the number
of animals in each exposure group was not clearly stated. No significant changes in body weight
or enzyme activity levels were observed at the 192 mg/m’ level, although slight, nonsignificant
increases in plasma AST and ALT activities were observed at 30 and 60 days. No significant
changes in hematocrit or hemoglobin counts were observed at any postexposure sampling period
at the 152- or 192-mg/m’ groups. Chronic pleuritis was observed in all 10 guinea pigs in the
192-mg/m’ group necropsied at 30 days. Authors reported fatty vacuolization in 4/5 guinea pig
livers at 30 days, 6/7 at 60 days, and 4/5 at 90 days; however, the inconsistencies between the
number of animals reported to be necropsied previously in the study (0 at 30 days, 5 of each sex
at 60 and 90 days) and those reported to be observed (5 at 30 days, 7 at 60 days, and 5 at
90 days) were not addressed. Based on chronic pleuritis, decreased WBC counts, and fatty
vacuolation in liver of guinea pigs, a NOAEL of 152 mg/m’ is established, with a corresponding
LOAEL of 192 mg/m’.
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Andersen et al. (1977e)

Andersen et al. (1977¢) also exposed two male beagle dogs to a concentration of
495 + 75 mg/m’ sulfolane by whole-body inhalation exposure for 8 hours/day, 5 days/week, for
27 exposure days. The test chemical used is described in Andersen et al. (1977a). The adjusted
daily concentration calculated for a total study duration of 37 days (includes weekends) and
24 hours/day, 7 days/week is 120 mg/m’. No untreated control group was used in this study.
Determination of test concentrations within chambers and husbandry are as described previously
(Andersen et al., 1977a).

Parameters examined in Andersen et al. (1977e) are as described in Andersen et al.
(1977a) with the exception that urine samples were not collected. Authors observed no
significant changes in body weight, hematology, biochemistry, or pathology. Chronic lung
inflammation was observed in both animals (severity not reported). A LOAEL of 120 mg/m’ is
established based on chronic lung inflammation.

Andersen et al. (1977f)

The subchronic inhalation study (Andersen et al., 1977f) is selected as the principal
study for derivation of the subchronic RfC and screening chronic RfC. Andersen et al.
(1977f) exposed male beagle dogs to concentrations of 2.8 + 1.4 mg/m’ sulfolane for 90 days
(n=1),4.0+ 1.0 mg/m’ for 110 days (n = 1), 20 + 6.7 mg/m’ for 95 days (n = 2), or
200 + 48 mg/m’ for 90 days (1 = 4) by whole-body inhalation exposure for 23 hours/day,

7 days/week. Adjusted daily concentrations calculated for continuous treatment over

24 hours/day, 7 days/week are 2.7, 3.8, 19.2, and 192 mg/m’, respectively. The test chemical
used is described in Andersen et al. (1977a). No untreated control group was used in this study.
Determination of test concentrations within chambers and husbandry methods are described
previously (Andersen et al., 1977a).

Authors examined parameters previously detailed in Andersen et al. (1977a) with the
exception that urine samples were not collected. Authors observed no mortalities, signs of
clinical toxicity, changes in body weight, hematology, biochemistry, or pathology for the three
low-exposure levels (<19.2 mg/m’).

At the 192 mg/m’ exposure-level, authors reported intermittent convulsions (incidence
and severity not reported) and frequent displays of fiercely aggressive behavior both toward
other dogs and their handlers. During periods of convulsive activity, authors noted episodic,
slow, and labored breathing. Authors sacrificed one dog on Exposure Day 11 after the animal
experienced many severe generalized motor seizures. Another dog was sacrificed on Exposure
Day 29 after becoming so aggressive as to be considered a danger to the handlers. A third dog
was removed from the testing chamber after 13 exposure days due to dangerously aggressive
behavior. After a 29-day recuperative period, the dog was returned to the testing chamber but
died 7 days later (Exposure Day 49) during a violent convulsion. The fourth dog was removed
from the chamber on Exposure Day 27 (specific reason not given), allowed to recuperate for
3 days, and survived the full 90 days. Gross pathologic evaluation showed that three of four
dogs had pneumonia, and in two of these cases, histologic examination revealed chronically
inflamed and hemorrhagic lungs. Authors concluded that these effects were probably due to a
combination of pulmonary and nervous system toxicity. Clinical chemistry measurements taken
at Day 60 revealed grossly elevated plasma AST, ALT, and LDH levels in one dog (360, 111,
and 96 IU/L, respectively; study authors did not report values for an untreated control).
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No effects were observed at the 19.2 mg/m® exposure level, while animals at the
next-highest dose exhibited frank effects such as severe motor seizures, convulsions, and death.
Based on information in the study, a FEL of 192 mg/m’ and a NOAEL of 19.2 mg/m’ are
identified. The NOAEL is used as the POD for derivation of the subchronic and screening
chronic p-RfC.

Andersen et al. (1977g)

Andersen et al. (1977g) also exposed nine male squirrel monkeys (Saimiri sciureus) to a
concentration of 495 + 75 mg/m’ sulfolane by whole-body inhalation exposure for 8 hours/day,
5 days/week, for 27 exposure days. The test chemical used is described in Andersen et al.
(1977a). Adjusted daily concentration calculated for a total study duration of 37 days (includes
weekends) and continuous exposure 24 hours/day, 7 days/week is 120 mg/m’. No untreated
control group was used in this study. Determinations of test concentrations within chambers and
husbandry are described previously (Andersen et al., 1977a).

Parameters examined by Andersen et al. (1977g) are as described previously
(Andersen et al., 1977a) with the exception that urine samples were not collected. Three animals
died, one each on Days 7, 9, and 15. Five others were sacrificed in extremis between Days 9 and
17. Authors noted blood tinged fluid around the eyes (incidence and severity not reported).
Pathology revealed pale livers and hearts (incidence and severity not reported), and authors
reported 5/6 monkeys had fatty metamorphosis of the liver. Authors also reported a slight,
statistically nonsignificant decrease in WBC count and some degree of chronic lung
inflammation in all animals (severity not reported). Based on mortality observed at the only
concentration tested, an FEL of 120 mg/m’ is established.

Andersen et al. (1977h)

Andersen et al. (1977h) exposed male squirrel monkeys (Saimiri sciureus) to
concentrations of 2.8 + 1.4 mg/m’ sulfolane for 90 days (n =9), 4.0 = 1.0 mg/m’ for 110 days
(n=09), 20 + 6.7 mg/m’ for 95 days (n = 6), or 200 + 48 mg/m’ for 90 days (n = 2) by
whole-body inhalation exposure for 23 hours/day, 7 days/week. The test chemical used is
described in Andersen et al. (1977a). The adjusted daily concentrations calculated for
continuous exposure over 24 hours/day, 7 days/week are 2.7, 3.8, 19.2, and 192 mg/mS,
respectively. No untreated control group was used in this study. Determinations of test
concentrations within chambers and husbandry are as described in Andersen et al. (1977a).

Authors examined parameters detailed in Andersen et al. (1977a) with the exception that
urine samples were not collected. Authors observed no mortalities, signs of clinical toxicity,
changes in body weight, hematology, biochemistry, or pathology for the three low-exposure
levels (<19.2 mg/m®). At the 192 mg/m’ exposure level, one animal died on Day 3, and the other
was sacrificed in a moribund state on Day 4. Authors reported that both animals were heavily
infested with parasites and that this could have contributed to their susceptibility. Authors also
noted that the monkey sacrificed on Day 4 had chronic pleuritis. No other information was
provided. In this exposure regimen, a FEL (death) of 192 mg/m’ and a NOAEL of 19.2 mg/m’
are identified.
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OTHER DATA (SHORT-TERM TESTS, OTHER EXAMINATIONS)

The database of other experiments on sulfolane includes genotoxicity, effects on
thermoregulation, toxicokinetics, and neurotoxicity. The genotoxicity studies are summarized in
Table 4A while other studies are summarized in Table 4B.
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Table 4A. Summary of Sulfolane Genotoxicity
Results”
Dose/ Without With
Endpoint Test System Concentration® | Activation | Activation Comments References
Genotoxicity studies in prokaryotic organisms
Reverse mutation S. typhimurium strains 0-52,000 - - No precipitation at any Ministry of Health and Welfare
TA98, TA100, TA1535, pg/plate concentration with or without S9 Japan (1996Db) as reported in
TA1537, TA1538 OECD (2004); Shell Oil
E. coli WP2, WP2uvrA Company (1982) ; Phillips
Petroleum Co. (1994);
Zhu et al. (1987¢)
SOS repair induction | ND
Genotoxicity studies in nonmammalian eukaryotic organisms
Mutation S. cerevisiae 0—5 mg/mL - - | Shell Oil Company (1982)
Recombination ND
induction
Chromosomal ND
aberration
Chromosomal ND
malsegregation
Mitotic arrest ND
Genotoxicity studies in mammalian cells—in vitro
Mutation Mouse lymphoma L5178Y | 0—1000 pg/mL + + Considered positive by study Phillips Petroleum Co. (1994);
TK cells authors but no dose-response also reported in OECD (2004),
observed however OECD cites study as
“Phillips Petroleum Co. (1982)”
Chromosomal CHL/IU 0,0.3, 0.6, or - - No structural aberrations/polyploidy | Ministry of Health and Welfare
aberrations 1.2 mg/mL induced in continuous (24 or 48 hr) |Japan (1996¢) as reported in
or short-term (6 hr) treatment OECD (2004)
Chromosomal Rat liver, RL4 cells 0—1000 pg/mL - NA Shell Oil Company (1982)
aberrations
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Table 4A. Summary of Sulfolane Genotoxicity
Results”
Dose/ Without With
Endpoint Test System Concentration® | Activation | Activation Comments References
Sister chromatid Chinese hamster ovary cells | 0—-6400 pg/mL - - Growth inhibition at 6400 pg/mL Phillips Petroleum Co. (1994)
exchange (SCE)
Sister chromatid Human peripheral 0,0.01,0.1, 1, - NR Growth inhibition at 10 mg/mL Zhu et al. (1987¢)
exchange (SCE) lymphocytes 10 mg/mL
DNA damage ND
DNA adducts ND
Genotoxicity studies in mammals—in vivo
Mouse bone marrow | 7-wk-old mouse (strain, sex |62.5, 125, 250, - Zhu et al. (1987¢)
micronucleus test not specified); orally 500,
administered sulfolane 1000 mg/kg
Chromosomal ND
aberrations
Sister chromatid ND
exchange (SCE)
DNA damage ND
DNA adducts ND
Mouse biochemical |ND
or visible specific
locus test
Dominant lethal ND

Genotoxicity studies in subcellular systems

DNA binding

ND

“Lowest effective dose for positive results, highest dose tested for negative results.
b+ = positive, — = negative, NA = not applicable, ND = no data, NR = not reported.
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Table 4B. Other Studies

Test

Materials and Methods

Results

Conclusions

References

Carcinogenicity other
than oral/inhalation

ND

Short-term studies

ND

Metabolism/ Male Wistar rat, female rabbit | One major metabolite identified Sulfolane is excreted mainly through urine Roberts and Warwick
toxicokinetics (species unspecified); 100 mg in | (3-hydroxysulfone); metabolite after i.p. injection. (1961)
2 mL water i.p. injection. comprised 85% of urinary radioactivity.

Metabolism/ Rat, 500 and 1000 mg/kg i.v. Sulfolane was excreted unchanged in Sulfolane was rapidly distributed in rat after | Andersen et al. (1976)
toxicokinetics urine; percentage of dose excreted i.v. administration.

unchanged in the urine was >50%

between Days 0 and 2 at 1000 mg/kg;

plasma half-life was 3.5-5 hr.
Metabolism/ 12 Sprague-Dawley (S-D) rat, | Major absorption site was small Sulfolane is rapidly and completely absorbed | Zhu et al. (1988)
toxicokinetics 0.2 mL [*H]-sulfolane intestine, half life for absorption is and distributed throughout the body;

(95.3% radiochemical purity,
1.733 mCi/mg specific
radioactivity) injected into
ligated sections of GI tract.

55 S-D rat, oral dose
(40uCi/100g bodyweight),
blood and organs weighed and
measured for distribution.
Pregnant S-D rat (number
unspecified) killed 2 hr after
administration and examined for
distribution to embryo.

3 Male S-D rat, biliary tract
plunging tubes collected bile
every 10 min within 72 hr after
oral dose of [*H]-sulfolane.

5 male S-D rat, oral doses, urine
and feces collected every

10 min for 72 hr.

0.15 hr; Tyax (time to maximum plasma
concentration) is 1.16 hr; [*H]-sulfolane
present in every organ with peak levels
at 1 hr, decreasing thereafter; at the
peak, levels highest in liver, followed
by the kidney and lung; elimination half
life of [*H]-sulfolane was longest in
brain tissue (31.22 + 4.68 d); blood
concentration in embryos mirrored
pregnant dams, while the placenta had a
higher concentration; biliary excretion
only 3% of administrated dose after

72 hr; excretion in urine and feces
accounted for 31 and 15% of
administered dose, respectively; kinetic
constant for sulfolane is 4.47 hr .

excretion occurs mainly through the urine,
with some excretion through the feces.
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Table 4B. Other Studies
Test Materials and Methods Results Conclusions References
Mode of action/ ND
mechanistic
Immunotoxicity ND
Neurotoxicity Male S-D-derived rat, Hartley | Hunched posture, increased auditory Authors concluded that sulfolane has an Andersen et al. (1976)
derived guinea pig, New sensitivity, hyperreactivity, and rapid excitatory effect on the central nervous
Zealand white rabbit, and Swiss | respiration in rats and mice; at lethal system following acute administration.
albino mouse; doses doses, all species experienced
administered i.v., orally, i.p, and | clonic-tonic convulsions; LDs, values
s.c. (exact doses not provided). |determined for i.v. administration were
LDs, values calculated from approximately half the value of those
mortality after 1-wk for i.p., oral, and subcutaneous
observation. administrations for all species.
Neurotoxicity Male S-D rat; single i.p. No effect of sulfolane at 35°C; at lower | Authors concluded that “hypometabolic and | Gordon et al. (1984)
injection of either saline or 200, |ambient temperature, hypothermia and |hypothermic efficacy of sulfolane is
400, or 800 mg/kg-bw; body hypometabolism were induced by dependent on ambient temperature.”
temperature and metabolic rate | sulfolane in the rat.
were recorded at ambient
temperatures of 15°C, 25°C, or
35°C.
Neurotoxicity Male S-D rat; single i.p. Sulfolane reduced metabolic rate and Authors concluded sulfolane toxicity is Gordon et al. (1985)

injection of either saline or

800 mg/kg; metabolic rate, tail
skin temperature, colonic (deep
body) temperature, and
preferred body temperature
were recorded at ambient
temperatures of 15°C or 25°C.

colonic temperature at both ambient
temperatures tested; preferred ambient
temperature and tail skin temperature
unaffected by treatment.

greater at increased ambient temperatures.
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Table 4B. Other Studies
Test Materials and Methods Results Conclusions References
Neurotoxicity Male Long-Evans hooded rat; | Hypothermia at doses >400 mg/kg-bw | Authors concluded that increasing ambient Ruppert and Dyer
single i.p. injection of either at 20.8°C; hypothermia attenuated at temperature attenuates hypothermia in (1985)
saline or 200, 400, or 32.3°C; at both temperatures, motor sulfolane-treated rats, but sulfolane-induced
800 mg/kg-bw; body activity decreased at doses hypoactivity was still evident when tested at
temperature and motor activity | >400 mg/kg-bw. both the higher and lower ambient
were measured at ambient temperatures.
temperatures of 20.8°C or
32.3°C.
Neurotoxicity Male Long-Evans hooded rat; | No clinical changes in behavior; Authors concluded that acute administration | Dyer et al. (1986)
single i.p. injection of either dose-dependent increase in latency of | of sulfolane produced clear alterations of
saline or 200, 400, or visual evoked potentials (statistically visual system function and hypothermia.
800 mg/kg-bw sulfolane; visual |significant at >400 mg/kg-bw); However, when hypothermia was attenuated
evoked potentials (VEP) were | dose-dependent hypothermia. by increasing ambient temperature, VEP
measured by latencies diminished, indicating that latencies
surgically-implanted electrodes. were likely secondary to sulfolane-induced
hypothermia.
Neurotoxicity Male CD-1 mouse; single i.p. Sulfolane-treated mice had significantly | Authors concluded that sulfolane-treated Gordon et al. (1986)

injection of saline or 200, 400,
600, or 800 mg/kg sulfolane in
volume of 0.3 mL/100 g bw;
Experiment 1 measured
preferred ambient temperature
immediately following
injection; Experiment 2
measured metabolic rate and
colonic temperature at ambient
temperatures of 20°C, 30°C, or
35°C immediately following
injection.

lower metabolic rate and body
temperature at lower ambient
temperatures (<30°C). Mice exhibited
behavioral preference for lower ambient
temperature after treatment with
sulfolane. Percent mortality after a
LDs, dose of sulfolane increased with
increasing ambient temperature.

mice exhibited both autonomic and
behavioral decrease in body temperature in
order to reduce toxic effects of sulfolane.
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Table 4B. Other Studies
Test Materials and Methods Results Conclusions References
Neurotoxicity Male Long-Evans hooded rat; | AG seizures occurred in half of the Doses of 800 mg/kg sensitized typically Burdette and Dyer
single i.p. injection of saline or | high-dose animals in first two resistant rats to AG seizures and increased (1986)
200, 400, or 800 mg/kg; experiments; sulfolane-induced severity and duration of PTZ seizures; the
Experiment 1 measured hypothermia showed a protective effect |data suggest that sulfolane treatment does not
presence of audiogenic (AG) and reduced AG seizure characteristics; |significantly affect the hippocampus.
seizures and potentiation of doses of 800 mg/kg increased PTZ
pentylenetetrazol (PTZ) seizure severity and at 400 and
seizures; second and third 800 mg/kg, seizure duration was
experiments measured effect of |significantly increased; AD seizure
body temperature on seizure activity was not affected significantly
occurrence using 400- and 800- | by treatment.
mg/kg groups (Experiment 2)
and the 800-mg/kg group
(Experiment 3).
Neurotoxicity Male New Zealand White No statistically significant Study authors concluded that sulfolane did Mohler and Gordon
rabbit; single injection of 100, |thermoregulatory effects upon direct not directly act on the thermoregulatory (1989)
300, or 1000 pg sulfolane ina  |injection into POAH; however, neurons of the CNS since no changes in
3-uL volume of saline directly |significant hyperthermia observed at temperature were observed when injected
into preoptic/anterior 60—120 min postdosing upon injection |directly into the POAH. This finding
hypothalamic (POAH) area via |into the ICV at 3000 pg. contrasts previous findings of systemic (i.p.)
stereotaxically implanted injection of sulfolane where hypothermia was
cannula; single injection of 300, induced.
100, or 3000 pg in a 3-uL
volume of saline directly into
intracerebroventricular (ICV)
area; POAH temperature, ear
temperature, and metabolic rate
were measured.
ND = not data.
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Tests Evaluating Carcinogenicity, Genotoxicity, and/or Mutagenicity

The genotoxicity of sulfolane has been evaluated in bacterial and eukaryotic in vitro
systems and has yielded predominantly negative results. In bacterial cells, sulfolane was
negative for inducing reverse mutations in S. typhimurium strains TA98, TA100, TA1535,
TA1537, TA1538, and E. coli strains WP2 and WP2uvrA at concentrations up to
52,000 pg/plate, with or without metabolic activation (£S9). Study authors reported that no test
compound precipitation or cytotoxicity occurred at concentrations up to 52,000 pg/plate. The
only positive result for genotoxicity was reported in an unpublished mouse lymphoma assay by
Phillips Petroleum Co. (1994) where study authors exposed L5178Y cells (T/K") to sulfolane at
concentrations of 0, 60, 90, 135, 202, 301, 449, 670, or 1000 pg/mL; however, OECD (2004)
noted that there was no dose response observed, and the survival percentage was not affected by
increasing doses. Therefore, OECD considered the positive result as an incorrect interpretation
by Phillips Petroleum Co. (1994). Sulfolane was negative for inducing mutations in a
nonmammalian eukaryotic test system (S. cerevisiae) at concentrations up to 5 mg/mL (£S9) and
negative for inducing chromosomal aberrations in CHL/IU and rat liver RL4 cells. Sulfolane did
not induce sister chromatid exchange in Chinese hamster ovary cells at concentrations up to
6400 pg/mL, or in human peripheral lymphocytes at 10 mg/ml.

Carcinogenicity Studies
No human or animal studies pertaining to the carcinogenicity of sulfolane via the oral
exposure route were identified in the literature.

Other Toxicity Studies (Exposures Other Than Oral or Inhalation)
Information is not available in this regard.

Short-term Studies
Information is not available in this regard.

Metabolism/Toxicokinetic Studies

Zhu et al. (1988), Roberts and Warwick (1961), and Andersen et al. (1976) provide
information on the toxicokinetics and metabolism of sulfolane. Data indicate that sulfolane is
rapidly and completely absorbed and distributed throughout the body when dosed orally, i.p., or
1.v., and excretion occurs mainly through the urine. Further information is provided in Table 4B.

Mode of Action/Mechanistic
Information is not available in this regard.

Immunotoxicity
Information is not available in this regard.

Neurotoxicity

Sulfolane has been shown to elicit changes in thermoregulation of experimental animals
Gordon et al. (1984), Ruppert and Dyer (1985), Mohler and Gordon (1989), Dyer et al. (1986),
Gordon et al. (1986). Overall, the study authors observed that sulfolane-treated rodents
demonstrated increased survivability at lower ambient temperatures. The various studies are
presented in Table 4B.
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Tables 5 and 6 present a summary of noncancer reference and cancer values, respectively. IRIS data are indicated in the table, if

available.
Table 5. Summary of Noncancer Reference Values for Sulfolane (CASRN 126-33-0)
p-Reference POD
Toxicity Type (units) | Species/Sex Critical Effect Value Method | POD | UFc Principal Study

Subchronic p-RfD Rat/F Decreased total and differential |1 x 107 NOAEL |29 300 Huntingdon Life
(mg/kg-d) WBC counts (lymphocytes, Sciences (2001)

basophils, monocytes, and LUCs)
Chronic p-RfD Rat/F Decreased total and differential |1 x 107 NOAEL 2.9 3000  |Huntingdon Life
(mg/kg-d) WBC counts (lymphocytes, Sciences (2001)

basophils, monocytes, and LUCs)
Subchronic p-RfC Dog/M Chronically inflamed and 2x 107 NOAEL 19.2 1000  |Andersen et al.
(mg/m”) hemorrhagic lungs; neurological (1977%)

effects
Screening chronic p-RfC |Dog/M Chronically inflamed and 2x107 NOAEL 19.2 10,000 |Andersen et al.
(mg/m”) hemorrhagic lungs; neurological (19771%)

effects

Table 6. Summary of Cancer Values for Sulfolane (CASRN 126-33-0)
Toxicity Type Species/Sex Tumor Type Cancer Value Principal Study

p-OSF None None None None
p-IUR None None None None
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DERIVATION OF ORAL REFERENCE DOSES

There are five subchronic-duration studies, one chronic-duration study, one
developmental study and one reproductive study available involving oral exposures to sulfolane
(see Table 2). The most acceptable study to use for deriving an oral reference value is a GLP
compliant, peer-reviewed study (Huntingdon Life Sciences, 2001) that identified reduced WBC
counts in female rats exposed to sulfolane in drinking water for 13 weeks. Although alternative
studies are available (i.e., Ministry of Health and Welfare Japan, 1996a; Zhu et al., 1987), these
reports are originally published in a foreign language (Japanese and Chinese, respectively), and
the available translations do not contain detailed documentation of experimental methods and
study design. The 28-day repeated dose study performed by the Ministry of Health and Welfare
Japan (1996a) was reviewed and translated by OECD (2004), but OECD did not provide
husbandry data and did not explicitly list the pathology parameters examined. In the translation
of the Zhu et al. (1987) paper, information is not provided on the type or frequency of oral
exposure, strain of animals used, specific biochemical parameters examined, specific organs
examined, type of pathology examined, or methods for statistical analysis. It is unknown
whether Zhu et al. (1987) followed GLP guidelines. The methods in the Huntingdon Life
Sciences study are well documented, and the study adheres to GLP guidelines. Additionally, the
study authors conducted the drinking water study at a lower dose range and examined a wider
array of endpoints than the other available studies, and thus, the study was able to detect more
sensitive effects of sulfolane. The subchronic-duration study by Huntingdon Life Sciences
(2001) is, therefore, selected to derive the subchronic and chronic p-RfDs.

Sulfolane exposure of rats via the drinking water for 13 weeks showed kidneys and WBC
as targets of toxicity. The kidney effects in males (hyaline droplets in cortical tubules and
increased incidence of cortical tubule basophilia) fit two of the three criteria to be considered
related to male rat-specific alpha,,globulin nephropathy (as cited in U.S. EPA, 1991). Kidney
effects specific to male rats involving alpha,,globulin are generally thought to be not applicable
to humans since humans do not possess alpha,,globulin. However, because the
immunohistochemical staining of kidney sections for alpha,,globulin was not performed in the
Huntingdon Life Sciences (2001) study, the presence of alpha,,globulin is not confirmed and the
human relevance of this effect cannot be discounted. However, the male rat kidney effects occur
at higher doses and are less sensitive than the WBC effects observed in the Huntingdon Life
Sciences (2001) study. Therefore, reduced WBC counts in female rats were chosen as the
critical effect.

Derivation of Subchronic Provisional RfD (Subchronic p-RfD)

The study by Huntingdon Life Sciences (2001) is selected as the principal study for
derivation of the subchronic p-RfD. The critical endpoint is decreased total and differential
WBC count (lymphocytes, basophils, monocytes, and LUCs) in female rats. The study was
independently peer reviewed by three scientific experts in the summer of 2011, and this peer
review supported the study conclusions.” The study was performed according to GLP guidelines
and otherwise meets the standards of study design and performance, with numbers of animals,
examination of potential toxicity endpoints, and presentation of information. Details are
provided in the “Review of Potentially Relevant Data” section.

Peer-review report available upon request.
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BMD modeling of total WBC count in female rats was attempted using the available
continuous models (polynomial, power, Hill, linear) in EPA’s BMD software (Version 2.1.2)
consistent with EPA’s BMD EPA technical guidance (U.S. EPA, 2000). A benchmark response
(BMR) of one standard deviation change from the control mean was selected in the absence of a
biological rationale for using an alternative BMR. The BMD analysis resulted in significant lack
of fit (goodness-of-fit p < 0.10) for all continuous models employing nonconstant (modeled)
variance (see Table C.1). The homogeneity variance p-value of less than <0.1 indicates that
nonconstant variance is the appropriate variance model (and therefore it is inappropriate to
assume constant variance for these data).

Because these data were not amenable to BMD modeling, a NOAEL/LOAEL approach
was employed to identify the point of departure (POD). The leukocyte data indicate a
consistently observed effect, and identify a NOAEL of 2.9 mg/kg-day in females, and thus can
be established as a POD for deriving the oral subchronic and chronic RfDs. The LOAEL for this
same effect in females is 10.6 mg/kg-day.

No dosimetric adjustments are made because sulfolane was administered continuously
via drinking water, and the study authors calculated average daily dose based on body weight
and drinking water consumption data in the principal study.

The subchronic p-RfD for sulfolane, based on a NOAEL of 2.9 mg/kg-day in female rats,
is derived as follows:

Subchronic p-RfD = NOAEL + UF
2.9 mg/kg-day + 300
= 1 x 1072 mg/kg-day

32 Sulfolane



FINAL
1-30-2012

Table 7 summarizes the uncertainty factors (UFs) for the subchronic p-RfD of sulfolane.

Table 7. Uncertainty Factors for Subchronic p-RfD of Sulfolane

UF | Value Justification Notes

UF, 10 A UF, of 10 is applied for interspecies extrapolation to account for
potential toxicokinetic and toxicodynamic differences between rats
and humans.

UFp 3 A UFp of 3 is applied because there is an acceptable developmental | The developmental
study in mice (Zhu et al., 1987d), but there is only a screening-level |study in mice was
one-generation reproduction study in rats (Ministry of Health and conducted soundly and
Welfare Japan, 1999) via the oral route. identified teratogenic

effects and is, therefore,
considered a valid
study.

UFy 10 A UFy of 10 is applied for intraspecies differences to account for
potentially susceptible individuals in the absence of information on
the variability of response to humans.

UF, 1 A UF_ of 1 is applied for using a POD based on a NOAEL.

UFg 1 A UFg of 1 is applied because a subchronic study was utilized.

UF¢ 300

<3000

Table 8 shows the confidence descriptors for the subchronic RfD.

Table 8. Confidence Descriptors for the Subchronic p-RfD for Sulfolane

Confidence Categories | Designation® Discussion

Confidence in study H Confidence in the key study is high. The Huntingdon Life Sciences
(2001) study was independently peer reviewed, and was conducted
in compliance with GLP.

Confidence in database M The database includes subchronic toxicity studies in two species
(rat and guinea pig), two chronic toxicity studies (in mice and
guinea pigs), one developmental study in mice but no 2-generation
reproductive developmental toxicity studies.

Confidence in subchronic M The overall confidence in the subchronic p-RfD value is medium.

p-RfD°

°L = low; M = medium; H = high.

"The overall confidence cannot be greater than lowest entry in table.
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Derivation of a Chronic Provisional RfD (Chronic p-RfD)

The peer-reviewed study by Huntingdon Life Sciences (2001) is selected as the principal
study for derivation of the chronic p-RfD. For the same reasons listed above in the subchronic
p-RfD discussion, the study by Huntingdon Life Sciences (2001) meets standards of study design
and performance. Details are provided in the “Review of Potentially Relevant Data” section.

The chronic p-RfD for sulfolane, based on a NOAEL of 2.9 mg/kg-day in female rats, is
derived as follows:

Chronic p-RfD = NOAEL + UF
2.9 mg/kg-day + 3000
1 x 10~ mg/kg-day

Table 9 summarizes the UFs for the chronic p-RfD of sulfolane. Table 10 shows the
confidence descriptors for the chronic p-RfD.

Table 9. Uncertainty Factors for the Chronic p-RfD of Sulfolane

UF | Value Justification Notes

UF4 10 A UF, of 10 is applied for interspecies extrapolation to account for
potential toxicokinetic and toxicodynamic differences between rats
and humans.

UFp 3 A UFp of 3 is applied because there is an acceptable developmental | The developmental
study in mice (Zhu et al., 1987d) but only a screening-level study in mice was
one-generation reproduction study in rats (Ministry of Health and conducted soundly and
Welfare Japan, 1999) via the oral route. identified teratogenic

effects and is, therefore,
considered a valid
study.

UFy 10 A UFy of 10 is applied for intraspecies differences to account for
potentially susceptible individuals in the absence of information on
the variability of response to humans.

UF, 1 A UF; of 1 is applied for using a POD based on a NOAEL.
UFg 10 A UFg of 10 is applied because a subchronic study is utilized.
UF¢ 3000

<3000
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Table 10. Confidence Descriptors for Chronic p-RfD for Sulfolane
Confidence Categories | Designation® Discussion

Confidence in study H The HLS study is GLP compliant, peer reviewed, and met the
standards for an acceptable study

Confidence in database M There is an acceptable developmental study but not a
two-generational reproductive study

Conﬁc%ence in subchronic M The overall confidence descriptor is medium.

p-RfD

°L = Low, M = Medium, H = High.
"The overall confidence cannot be greater than lowest entry in table.

DERIVATION OF INHALATION REFERENCE CONCENTRATIONS
Derivation of Subchronic Provisional RfC (Subchronic p-RfC)

The study by Andersen et al. (1977f) is selected as the principal study for the derivation
of the subchronic p-RfC. The critical endpoint is chronically inflamed and hemorrhagic lungs
and neurological effects in male beagle dogs. The study was conducted before GLP guidelines
were instituted. Details of the study are provided in the “Review of Potentially Relevant Data”
section. The other inhalation studies performed by Andersen et al. (1977a—e,g,h) in several
different animal species did not provide more sensitive effects or had improper animal
husbandry. A rat study (Andersen et al., 1977b) had the same NOAEL but did not identify a
LOAEL. The data are not amenable to benchmark dose modeling. The Andersen et al. (1977f)
study provides the lowest POD for developing a subchronic p-RfC, and that POD is protective of
all effects seen in all species in all exposure regimens examined in Andersen et al (1977a—h).

The POD in this study is an unadjusted NOAEL of 20 mg/m” as reported by the study
authors. Dosimetric adjustments were performed for continuous exposure duration. Conversion
to HEC is not performed for the respiratory effects due to inadequate information (no MMAD
determination) on aerosol particle size. Conversion to HEC is not performed for extrarespiratory
(neurologic) effects due to inadequate chemical-specific information about partition coefficients
between blood and air.

NOAELAp; = NOAEL x (Hours per Day Dosed + 24) x (Days Dosed + Total Study Days)
20 mg/m® x (23 + 24) x (95 Days Dosed + 95 Total Study Days)

20 x 0.958

= 19.2 mg/m’

Subchronic p-RfC NOAELap; +~ UF
19.2 mg/m® + 1000

2 x 102 mg/m’
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Table 11 summarizes the UFs for the subchronic p-RfC of sulfolane.

Table 11. Uncertainty Factors for Subchronic p-RfC of Sulfolane

UF | Value Justification Notes

UF, 10 A UF, of 10 is applied for interspecies extrapolation to account for | Dosimetric conversion
potential toxicokinetic and toxicodynamic differences between dogs | is not performed due to
and humans. missing aerosol size

information.

UFp 10 A UFp of 10 is applied because there are no acceptable
two-generation reproduction studies or developmental studies via the
inhalation route.

UFy 10 A UFy of 10 is applied for intraspecies differences to account for
potentially susceptible individuals in the absence of information on
the variability of response to humans.

UF,. 1 A UF of 1 is applied because a NOAEL is used.

UFg 1 A UFg of 1 is applied because a subchronic study is utilized.

UF¢ 1000

<3000

The confidence of the subchronic p-RfC for sulfolane is low as explained in Table 12
below.

Table 12. Confidence Descriptors for Subchronic p-RfC for Sulfolane

Confidence Categories| Designation®

Discussion

Confidence in study L The study by Andersen et al. (1977a—h) does not provide particle
size information for subchronic studies, and the methods are not
clearly reported.

Confidence in database L The database for subchronic inhalation exposure includes the single

study by Andersen et al. (1977a—h).

Confidence in subchronic |L

p-RfD"

The overall confidence descriptor is low.

°L = Low, M = Medium, H = High.
"The overall confidence cannot be greater than lowest entry in table.

Derivation of Chronic Provisional RfC (Chronic p-RfC)

No chronic p-RfC can be derived for the following reason: the composite UF for the

chronic p-RfC is >3000. Therefore, the value is relegated to a screening-level value, and
discussion for the derivation of a screening chronic p-RfC is available in Appendix A.
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CANCER WEIGHT-OF-EVIDENCE DESCRIPTOR
Table 13 identifies the cancer weight-of-evidence (WOE) descriptor for sulfolane.

Table 13. Cancer WOE Descriptor for Sulfolane

Route of Entry
(Oral, Inhalation,
Possible WOE Descriptor | Designation or Both) Comments

“Carcinogenic to Humans” | Not selected NA

“Likely to Be Carcinogenic | Not selected NA
to Humans”

“Suggestive Evidence of | Not selected NA
Carcinogenic Potential”

“Inadequate Information |Selected Both No carcinogenicity studies on human
to Assess Carcinogenic or animal exposure to sulfolane via
Potential” the oral or inhalation route are

available in the literature.

“Not Likely to Be Not selected NA
Carcinogenic to Humans”

NA = Not Applicable.

MODE-OF-ACTION DISCUSSION

The Guidelines for Carcinogen Risk Assessment (U.S. EPA, 2005) define mode of action
as “a sequence of key events and processes starting with interaction of an agent with a cell,
proceeding through operational and anatomical changes, and resulting in cancer formation”
(p. 1-10). Examples of possible modes of carcinogenic action for a given chemical include
“mutagenicity, mitogenesis, inhibition of cell death, cytotoxicity with reparative cell
proliferation, and immunologic suppression” (p. 1—10). Based on the available literature,
sulfolane is not genotoxic. Because there are no available studies on the carcinogenicity of
sulfolane, the mode-of-action discussion is precluded.

DERIVATION OF PROVISIONAL CANCER POTENCY VALUES
Derivation of Provisional Oral Slope Factor (p-OSF)

There are insufficient data to assess the carcinogenic potential of sulfolane via the oral
route; therefore, derivation of a p-OSF is precluded.

Derivation of Provisional Inhalation Unit Risk (p-IUR)
There are insufficient data to assess the carcinogenic potential of sulfolane via the
inhalation route; therefore, derivation of a p-IUR is precluded.
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APPENDIX A. PROVISIONAL SCREENING VALUES

For the reasons noted in the main document, it is inappropriate to derive a provisional
chronic p-RfC for sulfolane. However, information is available which, although insufficient to
support derivation of a provisional toxicity value, under current guidelines, may be of limited use
to risk assessors. In such cases, the Superfund Health Risk Technical Support Center
summarizes available information in a supplemental and develops a screening value.

Appendices receive the same level of internal and external scientific peer review as the main
document to ensure their appropriateness within the limitations detailed in the document. Users
of screening toxicity values in a supplement to a PPRTV assessment should understand that there
is considerably more uncertainty associated with the derivation of a supplement screening
toxicity value than for a value presented in the body of the assessment. Questions or concerns
about the appropriate use of screening values should be directed to the Superfund Heath Risk
Technical Support Center.

DERIVATION OF SCREENING PROVISIONAL INHALATION REFERENCE
CONCENTRATION
Derivation of Screening Chronic Provisional RfC (Screening Chronic p-RfC)

Similar to the subchronic p-RfC, the study by Andersen et al. (1977f) is selected as the
principal study for the derivation of the screening chronic p-RfC. The critical endpoint is
chronically inflamed and hemorrhagic lungs and neurological effects in male beagle dogs. The
POD in the Andersen et al. (1977f) study is an unadjusted NOAEL of 20 mg/m’ as reported by
the study authors. Dosimetric adjustments were performed for continuous exposure duration.
Conversion to HEC is not performed due to inadequate information on aerosol particle size (no
information was given to determine the MMAD).

NOAELAp; = NOAEL x (Hours per Day Dosed + 24) x (Days Dosed + Total Study Days)
= 20 mg/m’ x (23 + 24) x (95 Days Dosed + 95 Total Study Days)
= 20x0.958
= 19.2 mg/m’

Screening Chronic p-RfC = NOAELap; ~ UF
19.2 mg/m’® + 10,000
= 2x10"° mg/m’

Table A.1 summarizes the UFs for the screening chronic p-RfC of sulfolane. The
composite UF of 10,000 relegates this to a screening value. Confidence in the screening value is
by definition, low.
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Table A.1. Uncertainty Factors for Screening Chronic p-RfC of Sulfolane
UF | Value Justification Notes
UF4 10 A UF, of 10 is applied for interspecies extrapolation to account for | Dosimetric conversion
potential toxicokinetic and toxicodynamic differences between dogs |is not performed due
and humans. to missing aerosol size
information.
UFp 10 A UFp of 10 is applied because there are no acceptable
two-generation reproduction studies or developmental studies via the
inhalation route, and there is no indication of any other relevant
studies that may be relevant for database UF.
UFy 10 A UFy of 10 is applied for intraspecies differences to account for
potentially susceptible individuals in the absence of information on
the variability of response to humans.
UF, 1 A UF of 1 is applied because a NOAEL was used.
UFg 10 A UFg of 10 is applied because a subchronic study is utilized and
extrapolated for a chronic exposure duration.
UFc 10,000
<3000
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Table B.1. Mean Body Weight and Survival of Male and Female CD Rats After Exposure to
Sulfolane for 13 Weeks in Drinking Water®

Parameter Exposure Group, mg/L (Average Daily Dose, mg/kg-d)"
Male 0 25(2.1) 100 (8.8) 400 (35.0) 1600 (131.7)
No. of animals 10 10 10 10 10
Body Week 0 192+9.6 196 £6.5(102) | 188 +9.5(98) 190+ 7.8 (99) 193 +12.8 (101)
weight™ () [k 1 251+10.7 | 253+£8.7(101) | 247+ 11.9 (98) | 250+ 11.9 (100) | 243 =16.5 (97)
Week 2 306+ 13.2 313+ 10.3 (102) |305+11.8 (100)| 310+ 18.1(101) | 302 +20.8 (99)
Week 3 348 £17.7 3574+10.1 (103) | 348 £15.0 (100) | 350 +23.3 (101) | 347 £26.6 (100)
Week 4 385+ 18.7 3954+ 13.5(103)| 383+19.2(99) | 388 +31.6(101) | 385+29.5(100)
Week 5 418 £21.7 427 +11.1 (102) | 412 +£24.3 (99) | 412+322(99) | 416+34.0 (100)
Week 6 437 +23.1 453 +£14.3 (104) 437 +£29.0 (100) | 435+34.3 (100) | 441 +36.7 (101)
Week 7 457 +25.8 467 +14.6 (102) 457 £34.5 (100) | 455+35.0 (100) | 464 +38.3 (102)
Week 8 478 +26.1 490 +17.3 (103) | 478 £34.1 (100) | 475+£37.9(99) | 488+39.2(102)
Week 9 498 £28.5 514 4+16.9 (103) | 497 £38.8 (100) | 494 +£42.2(99) | 509+42.1(102)
Week 10 515+30.4 529 4+20.7 (103)| 511 +459(99) | 511+41.9(99) | 525+43.7(102)
Week 11 524 +£31.5 538 £22.8 (103)|522 £43.8 (100) | 523 +45.8 (100) | 541 +44.7 (103)
Week 12 541+34.9 558 £27.5(103) | 540 £ 49.6 (100) | 541 +48.6 (100) | 558 £47.9 (103)
Week 13 538 +32.2 553 +£26.4 (103)|539£47.9 (100) | 536 +48.7 (100) | 556 +51.0 (103)
Body weight | Week 0—13 346 +37.4 357 +26.1 (103)|351 £48.2 (101)| 346+43.7(100) | 363 +£43.0(105)
gain (g)
Survival® 10/10 (100) 10/10 (100) 10/10 (100) 10/10 (100) 10/10 (100)
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Table B.1. Mean Body Weight and Survival of Male and Female CD Rats After Exposure to
Sulfolane for 13 Weeks in Drinking Water”

Parameter Exposure Group, mg/L (Average Daily Dose, mg/kg-d)”
Female 0 25(2.9) 100 (10.6) 400 (42.0) 1600 (191.1)
No. of animals 10 10 10 10 10
Body weight | Week 0 163 £10.8 160 +10.4 (98) | 159+7.5(98) 160 £ 5.3 (98) 158£11.2 (97)
@) Week 1 187 +£14.3 185+14.2(99) | 185+8.7(99) 187 + 6.7 (100) 178 £13.0 (95)
Week 2 208 +14.4 210+ 14.5(101)| 208 +9.5(100) | 210+ 8.8 (101) 200 £ 16.5 (96)
Week 3 226+ 15.6 227 +15.5(100) | 222 £12.4(98) | 225+10.1 (100) | 216+ 18.7 (96)
Week 4 238 £ 16.1 245+ 15.1(103) | 235+ 14.6 (99) | 237+12.7(100) | 228 +18.0(96)
Week 5 248+ 154 257 +£20.1 (104) (248 £ 14.0 (100) | 251 +£12.5(101) | 237 +18.0(96)
Week 6 254+ 17.6 266 = 18.5 (105) | 254 £15.0 (100) | 261 £13.4(103) | 246 +£20.5(97)
Week 7 262 4+19.2 274 +£18.3 (105)| 259 £ 15.8(99) | 268 +15.6 (102) | 250+22.0(95)
Week 8 267+ 18.5 281 £19.3(105)| 262 +£17.8(98) | 271 +16.0 (101) | 259+19.4 (97)
Week 9 272 +18.9 290 £22.6 (107) [275+16.3 (101) | 284+£17.5(104) | 265+20.8 (97)
Week 10 279+ 16.5 297 +£24.3 (106) 278 £ 16.1 (100) | 291 £17.6 (104) | 272+22.2(97)
Week 11 284 +18.0 300 +23.3 (106) | 280+ 18.0(99) | 292+20.2(103) | 276+23.3(97)
Week 12 287+ 18.0 304 +£22.3(106)| 282 +£19.5(98) | 295+ 18.1 (103) | 279+20.9 (97)
Week 13 283 +19.8 303 £26.0 (107)|282+17.1 (100)| 292+19.9(103) | 276+22.2(98)
Body weight | Week 0—13 120 £ 12.1 143 +£19.4° 123 +12.4(103)| 132+£23.3(110) 118 £16.3 (98)
gain (g) (119)
Survival 10/10 (100) 10/10 (100) 10/10 (100) 10/10 (100) 10/10 (100)
"Huntingdon Life Sciences (2001).
®Average daily doses (mg/kg-day) were calculated by study authors.
“Weights expressed as mean = SD (% of control).
dSurvival expressed as number surviving/total number (% survival).
“Significantly different from control (p < 0.05); test was not reported.
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Table B.2. Mean Food Conversion Efficiency in Male and Female CD Rats After Exposure to

Sulfolane for 13 Weeks in Drinking Water”

Parameter Exposure Group, mg/L (Average Daily Dose, mg/kg-d)"
Male 0 25 (2.1) 100 (8.8) 400 (35.0) 1600 (131.7)
No. of animals 10 10 10 10 10
Food efficiency” Week 1 28.5 27.3 29.2 29.0 26.2
Week 2 23.6 26.1 26.2 26.8 27.3
Week 3 18.9 19.0 19.6 18.2 21.2
Week 4 18.1 17.8 17.1 17.9 18.2
Week 5 15.8 14..6 14.1 11.7 15.7
Week 6 9.3 11.7 11.9 11.1 12.4
Week 7 9.9 7.0 10.1 9.9 10.7
Week 8 10.2 10.8 10.3 10.1 11.6
Week 9 9.8 11.2 9.6 9.3 10.1
Week 10 8.3 7.1 6.9 8.4 7.6
Week 11 4.7 4.8 5.8 5.9 8.1
Week 12 8.0 9.0 8.8 8.8 7.9
Week 13 ND ND ND ND ND
Overall Week 1-13 12.9 12.9 13.4 12.9 13.6
Female 0 2529 100 (10.6) 400 (42.0) 1600 (191.1)
No. of animals 10 10 10 10 10
Food efficiency” Week 1 16.8 17.7 18.9 19.6 14.8
Week 2 14.8 17.0 16.7 16.3 16.0
Week 3 12.5 11.6 10.3 10.5 11.1
Week 4 9.0 12.3 8.7 8.7 8.2
Week 5 6.9 7.7 8.8 9.6 6.5
Week 6 3.9 6.6 4.4 6.8 6.6
Week 7 5.0 5.2 3.2 5.4 33
Week 8 4.0 4.9 2.4 2.1 5.6
Week 9 4.4 5.9 9.7 8.9 4.7
Week 10 4.9 5.1 1.9 4.9 4.9
Week 11 3.9 1.9 1.4 0.7 1.9
Week 12 2.6 34 1.3 2.1 2.2
Week 13 NE NE 0.2 NE NE
Body weight gain (g) | Week 1-13 6.7 7.6 6.8 7.3 6.5

*Huntingdon Life Sciences (2001).
bAverage daily doses (mg/kg-day) were calculated by study authors.

‘Food conversion efficiency expressed as mean (%) and calculated as overall body-weight gain divided by total food

consumed.

ND = not examined; body-weight loss or stasis, NE = not examined

42

Sulfolane




FINAL
1-30-2012

Table B.3. Selected Hematology Data for Rats Exposed to Sulfolane for 13 Weeks in Drinking

Water”
Parameter Exposure Group, mg/L (Average Daily Dose, mg/kg-d)"
Male 0 25(2.1) 100 (8.8) 400 (35.0) 1600 (131.7)
No. of animals 9 10 10 9 9
MCV (fL)° 54.6 £ 0.89 53.8+1.60 (99) 533+1.41(98) | 54.4+1.84(100) | 54.7+1.58 (100)
WBC (x 10°/L) 11.60+£2.719 | 11.61 £2.078 (100) | 10.90 + 1.534 (94) | 9.47 +2.071 (82) | 11.34+2.074 (98)
Lymphocyte (x 10°/L) 9.65+2.430 9.77+1.758 (101) | 8.73 £1.267 (90) | 7.90+1.764 (82) | 9.67 + 1.919 (100)
Basophil (x 10%/L) 0.02 +£0.007 0.02 £ 0.009 (100) | 0.02 £ 0.005 (100) | 0.01 £ 0.007¢ (0.5) | 0.01 = 0.007% (0.5)
Monocyte (x 10°/L) 0.36+0.145 0.36+0.104 (100) |0.38+0.119 (106) | 0.27 +0.134 (75) | 0.25+0.071 (69)
LUC (x 10°/L) 0.22+0.127 0.14+0.042 (64) | 0.16+0.048 (73) | 0.12 £ 0.050° (55) | 0.14 + 0.039" (64)
PT (sec) 13.4+0.80 14.0 + 1.32 (104) 13.3+0.53(99) | 13.4+ 127 (100) | 14.3 +0.40° (107)
APTT (sec) 17.8 £2.24 18.2+3.17 (102) 16.8+2.34(94) | 17.8+£2.28(100) | 16.9+2.25(95)
Female 0 25(2.9) 100 (10.6) 400 (42.0) 1600 (191.1)
No. of Animals 10 10 9 9 10
MCV (fL) 55.4+1.39 55.1+£1.76 (99) 542+1.19(98) | 55.2+1.25(100) | 56.7 + 1.39¢ (102)
WBC (x 10°/L) 7.97+2213 7.63£2.653(96) | 5.41 +1.392°(69) | 5.53 £ 1.756° (69) | 4.54 £ 1.019° (57)
Lymphocyte (x 10°/L) 6.98 £ 2.146 6.36 £2.452 (91) | 4.39+1.308° (63) | 4.63 + 1.564° (66) | 3.73 £ 0.941°(53)
Basophil (x 10°/L) 0.01 £ 0.006 0.01 £ 0.006 (100) | 0.00 = 0.005*(0) | 0.00=0.007*(0) | 0.00 = 0.004° (0)
Monocyte (x 10°/L) 0.22 + 0.080 0.23£0.119 (105) | 0.13 £0.053% (59) | 0.13 £ 0.040% (59) | 0.10 = 0.040° (45)
LUC (x 10°/L) 0.11+0.040 0.11+0.056 (100) | 0.06 =+ 0.023% (55) | 0.06 = 0.026° (55) | 0.04 £ 0.019° (36)
PT (sec) 13.8+£0.97 14.1+0.84 (102) | 13.8+0.85(100) | 14.1£0.52 (102) | 14.0+0.94 (101)
APTT (sec) 17.4£5.21 14.8 £ 1.65 (85) 154+2.02(89) | 14.7+1.33(84) | 142+2.61°(82)
"Huntingdon Life Sciences (2001).
bAverage daily doses (mg/kg-day) were calculated by study authors.
“Expressed as group mean + SD (% of controls).
ISignificantly different from control (p < 0.05); Williams’ test or Shirley’s test.
“Significantly different from control (p < 0.01); Williams” test.
APTT = activated partial thromboplastin time PT = partial thromboplastin time.
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Table B.4. Selected Clinical Chemistry Data for Rats Exposed to Sulfolane for 13 Weeks in

Drinking Water”
Parameter Exposure Group mg/L (Average Daily Dose, mg/kg-d)"
Male 0 25(2.1) 100 (8.8) 400 (35.0) 1600 (131.7)
No. of animals 10 10 10 10 10
ALT (U/L)* 49+73 43+9.1(88) | 45+11.9(92) 43 +£9.5 (88) 38 +7.79(78)
AST (U/L) 100 £ 55.1 77+9.5(77) | 83+21.1(83) | 82+30.1(82) | 68+ 10.0°(68)
Creatinine (pmol/L) 49+3.5 48 £3.0 (98) 49 +£2.9 (100) 51+£2.1(104) | 53 +£1.8°(108)
Sodium (mmol/L) 141+1.1 140 +£ 1.3 (99) | 141£0.9(100) | 140 +0.9°(99) | 138 = 5.1°(98)
Total protein (g/L) 68 +£2.3 69+2.1(101) | 68+2.5(100) 67+£2.4(99) 67+2.2(99)
Female 0 25(2.9) 100 (10.6) 400 (42.0) 1600 (191.1)
No. of animals 10 10 10 10 10
ALT (U/L) 48 £37.5 54+343 (113)| 43+109(90) | 43+14.8(90) | 36+6.1(75)
AST (U/L) 81+289 97+61.2(120)| 85+22.7(105) | 76 +18.4(94) | 72+16.2(89)
Creatinine (umol/L) 52+3.1 54+55(104) | 56+6.9(108) | 55+£6.2(106) | 53+£4.5(102)
Sodium (mmol/L) 141+1.0 140 £ 0.6 (99) | 139£0.9°(99) | 140 +0.8°(99) | 140 = 0.8° (99)
Total protein (g/L) 75+3.9 75+2.8(100) | 75+5.0(100) | 72+£2.6(196) | 73+3.0(97)
"Huntingdon Life Sciences (2001).
®Average daily doses (mg/kg-day) were calculated by study authors.
“Expressed as group mean + SD (% of controls).
ISignificantly different from control (p < 0.05); Williams’ test or Shirley’s test.
“Significantly different from control (p < 0.01); Williams’ test or Shirley’s test.
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Table B.5. Selected Histopathological Data in the Kidney for Rats Exposed to Sulfolane
for 13 Weeks in Drinking Water”
Parameter Exposure Group mg/L (Average Daily Dose, mg/kg-d)"
Male 0 25 (2.1) 100 (8.8) 400 (35.0) | 1600 (131.7)
Cortical tubular basophilia® 3/10 (30) 4/10 (40) 3/10 (30) 3/10 (30) 7/10 (70)
Cortical tubules with hyaline 4/10 (40) 2/10 (20) 4/10 (40) 9/10 (90) 9/10 (90)
droplets
Granular casts—medulla 0/10 (0) 0/10 (0) 0/10 (0) 0/10 (0) 2/10 (20)
Cortical scarring 1/10 (1) 0/10 (0) 0/10 (0) 1/10 (10) 1/10 (10)
Medullary cyst(s) 3/10 (30) 0/10 (0) 0/10 (0) 0/10 (0) 0/10 (0)
Interstitial nephritis 1/10 (10) 0/10 (0) 2/10 (20) 0/10 (0) 1/10 (10)
Mineralizations, 0/10 (0) 0/10 (0) 0/10 (0) 0/10 (0) 0/10 (0)
corticomedullary
Hyaline tubular casts 0/10 (0) 1/10 (10) 0/10 (0) 0/10 (0) 1/10 (10)
Hydronephrosis 0/10 (0) 0/10 (0) 0/10 (0) 1/10 (10) 2/10 (20)
Hyperplasia, papillary epithelium | 0/10 (0) 0/10 (0) 0/10 (0) 1/10 (10) 1/10 (10)
Cortical cyst(s) 0/10 (0) 1/10 (10) 1/10 (10) 1/10 (10) 0/10 (0)
Papilla—dilated ducts 0/10 (0) 1/10 (10) 0/10 (0) 0/10 (0) 0/10 (0)
Female 0 25 (2.9) 100 (10.6) 400 (42.0) | 1600 (191.1)
Cortical tubular basophilia 0/10 (0) 1/10 (10) 0/10 (0) 0/10 (0) 1/10 (10)
Cortical tubules with hyaline 0/10 (0) 0/10 (0) 0/10 (0) 0/10 (0) 0/10 (0)
droplets
Granular casts—medulla 0/10 (0) 0/10 (0) 0/10 (0) 0/10 (0) 0/10 (0)
Cortical scarring 0/10 (0) 1/10 (10) 2/10 (20) 1/10 (10) 1/10 (10)
Medullary cyst(s) 0/10 (0) 0/10 (0) 0/10 (0) 0/10 (0) 0/10 (0)
Interstitial nephritis 0/10 (0) 0/10 (0) 0/10 (0) 1/10 (10) 1/10 (10)
Mineralizations, 1/10 (10) 0/10 (0) 1/10 (10) 0/10 (0) 3/10 (30)
corticomedullary
Hyaline tubular casts 0/10 (0) 1/10 (10) 0/10 (0) 0/10 (0) 0/10 (0)
Hydronephrosis 0/10 (0) 0/10 (0) 0/10 (0) 1/10 (10) 0/10 (0)
Hyperplasia, papillary epithelium | 0/10 (0) 0/10 (0) 0/10 (0) 0/10 (0) 0/10 (0)
Cortical cyst(s) 0/10 (0) 0/10 (0) 0/10 (0) 0/10 (0) 0/10 (0)
Papilla—dilated ducts 0/10 (0) 0/10 (0) 0/10 (0) 0/10 (0) 0/10 (0)

"Huntingdon Life Sciences (2001).

®Average daily doses (mg/kg-day) were calculated by study authors.
“Results presented no. of animals with lesion/no. of animals tested (% incidence).
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Table B.6. Mean Body Weight and Survival of Male and Female Sprague-Dawley Rats
After Oral Exposure to Sulfolane for 28 Days”

Exposure Group, mg/kg-d

Parameter 0 60 200 700
Males—treatment period
No. of animals 12 6 6 12
Body ~|Day | 15143 151 +3 (100) 151 =4 (100) 151 + 3 (100)
Zgight Day 3 165 + 4 165 + 4 (100) 166 + 6 (101) 146 + 5° (88)
Day 7 203 +7 200 + 5 (99) 199 + 5 (98) 177 + 6° (87)
Day 10 228+ 10 225 +7(99) 222 +5(97) 198 + 6° (87)
Day 14 263+ 13 260 + 10 (99) 255+ 6 (97) 226 + 7° (86)
Day 17 288 + 17 284+ 11(99) 278 + 8 (97) 247 + 9° (86)
Day 21 319 +21 312 + 12 (98) 307 + 8 (96) 276 + 12°(87)
Day 24 340 + 23 330 + 14 (97) 324+ 10 (95) 292 + 13°(86)
Day 28 365 +27 351+ 17 (96) 348 + 7 (95) 317 £ 15°(87)
Gain 1-28 214 +25 200 + 16 (93) 197 7 (92) 166 + 15° (78)
Survival® 12/12 (100) 6/6 (100) 6/6 (100) 12/12 (100)
Males—recovery period
Body Day 28 371+29 NE NE 341 +15°(92)
zgightb Day 31 390 + 31 NE NE 345 = 15° (88)
Day 35 413 +35 NE NE 371 + 174 (90)
Day 28 430 + 38 NE NE 386 + 19% (90)
Day 42 446 + 44 NE NE 406 +22 (91)
Gain 2842 75+ 15 NE NE 92 + 13 (123)
Survival® 12/12 (100) NE NE 12/12 (100)
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Table B.6. Mean Body Weight and Survival of Male and Female Sprague-Dawley Rats
After Oral Exposure to Sulfolane for 28 Days”

Parameter Exposure Group, mg/kg-d

Females—treatment period

Body Day 1 134+ 4 134 + 4 (100) 135+5(101) 134 + 4 (100)

weight’ (¢) Day 3 142+5 143 £7 (101) 140 + 7 (99) 127 + 5° (89)
Day 7 159+6 160+ 6 (101) 157 £7 (99) 146 £ 6° (92)
Day 10 167 +8 169 £7 (101) 169 £9 (101) 157 + 8% (94)
Day 14 180 + 11 180 + 6 (100) 181 + 11 (101) 169 + 8¢ (94)
Day 17 190 £ 12 190 + 7 (100) 191 £ 13 (101) 178 + 8 (94)
Day 21 199 +£13 200+9 (101) 202 + 14 (102) 189 +9 (95)
Day 24 206 £ 15 203 +9 (99) 208 + 15 (101) 195 + 10 (95)
Day 28 215+ 16 213+£9(99) 217 £ 18 (101) 205+ 10 (95)
Gain 1-28 81+14 79 £ 6 (93) 82+ 15 (101) 72 +10 (89)

Survival® 12/12 (100) 6/6 (100) 6/6 (100) 12/12 (100)

Females—recovery period

Body Day 28 214+23 NE NE 207 + 13 (97)

weight’(g) Day 31 219 +25 NE NE 222 + 14 (101)
Day 35 226 £ 26 NE NE 233 £17(103)
Day 28 233 +£32 NE NE 239 +£20(103)
Day 42 239 +£34 NE NE 246 +22 (103)
Gain 28—42 25+ 12 NE NE 40 + 11 (160)

Survival® 12/12 (100) NE NE 12/12 (100)

*Ministry of Health and Welfare Japan (1996a).

"Weights expressed as mean = SD (% of control).

Survival expressed as number surviving/total number (% survival).
%Significantly different from control (p = 0.05); test was not reported.
‘Significantly different from control (p = 0.01); test was not reported.

NE = not examined.
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Table B.7. Mean Food Consumption Data of Male and Female Sprague-Dawley Rats After
Oral Exposure to Sulfolane for 28 Days”

Exposure Group (mg/kg-d)

Parameter 0 60 200 700
Males—treatment period
No. of cages 12 6 6 12
Food Week 1 25+1 25 +3 (100) 25 +2 (100) 18 £3°(72)
Egs“mptionb Week 2 2943 29 + 3 (100) 29 + 2 (100) 244 2°(83)
Week 3 302 302 (100) 31+1(103) 27 £2°(90)
Week 4 32+4 32 +2(100) 33+2(103) 303 (94)
Males—recovery period
No. of cages 6 0 0 6
Food Week 0 33+5 NE NE 30+3 (91)
E;’)ns“mpﬁon Week 1 34+ 4 NE NE 34+2 (100)
Week 2 35+5 NE NE 35+2(100)
Females—treatment period
No. of cages 12 6 6 12
Food Week 1 19+1 19 =1 (100) 19 +2 (100) 12 £3°(63)
Eg)nsumpﬁon Week 2 1942 20+ 1 (105) 20+ 2 (105) 19+ 1 (100)
Week 3 212 21 +2(100) 22 + 3 (105) 20+ 1 (95)
Week 4 21£2 19 =2 (90) 21 43 (100) 21 +2(100)
Females—recovery period
No. of cages 6 0 0 6
Food Week 0 21+2 NE NE 21 +2(100)
Eg)ns“mpﬁon Week 1 2142 NE NE 26+ 1°(124)
Week 2 22+4 NE NE 23 +£3(105)
*Ministry of Health and Welfare Japan (1996a).
°Food consumption expressed as mean + SD (% of control).
“Significantly different from control (p = 0.01); test was not reported.
NE = not examined.
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Table B.8. Incidences of Clinical Signs in Female Sprague-Dawley Rats After Oral
Exposure to Sulfolane for 28 Days”

Exposure Group (mg/kg-d)

Weight 0 60 200 700
Treatment period
No. of animals 12 6 6 12
Decreased locomotor 0 0 0 3
activity®
Recovery period
No. of animals 6 0 0 6
Decreased locomotor 0 NE NE 0
activity
*Ministry of Health and Welfare Japan (1996a).
PParameter expressed as number of animals affected.
NE = not examined.
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Table B.9. Selected Hematological Parameters of Male and Female Sprague-Dawley Rats
After Oral Exposure to Sulfolane for 28 Days”

Exposure Group (mg/kg-d)

Parameter 0 60 200 700
Males—after treatment
No. of animals 12 6 6 12
RBCs (10*/uL)" 765 + 32 763 +43 (100) 763 £ 29 (100) 772 +£22(101)
MCV (fL) 59+3 60 £3 (102) 59 +£2(100) 61+2(103)
MCHC (%) 34.6+0.8 33.8+0.4°(98) 33.5+0.24(97) 33.6+0.4%(97)
WBCs (10°/uL) 60+ 16 58+19 (97) 58+ 13 (97) 64 +7(107)
Males—after recovery period
No. of animals 6 0 0 6
RBCs (10*/uL) 784 + 58 NE NE 800 +49 (102)
MCV (fL) 58+2 NE NE 58 £2 (100)
MCHC (%) 343+0.5 NE NE 34.5+0.8 (101)
WBCs (10°/uL) 76 +£19 NE NE 104 +£22°(137)
Females—after treatment
No. of animals 12 6 6 12
RBCs (10*/uL) 773 +£21 778 £ 32 (101) 752 +£23(97) 778 +£42 (101)
MCV (fL) 57+2 57 +2(100) 57 +1(100) 58 +1(102)
MCHC (%) 344+04 34.9+0.4(101) 34.4+ 0.7 (100) 33.9+0.6 (99)
WBCs (10°/uL) 49 +£12 41 £ 12 (84) 38+ 12 (78) 36 £ 15 (73)
Females—after recovery period
No. of animals 6 0 0 6
RBCs (10%/uL) 817+ 16 NE NE 781 +21%(96)
MCV (fL) 55«1 NE NE 57 +19(104)
MCHC (%) 34.6+£0.7 NE NE 34.5+0.3 (100)
WBCs (10°/uL) 49 + 14 NE NE 69 +£22 (141)

*Ministry of Health and Welfare Japan (1996a) .

PParameters expressed as mean + SD (% of control).

‘Significantly different from control (p = 0.05); test was not reported.
dSigniﬁcantly different from control (p = 0.01); test was not reported.

RBCs =red blood cells; MCV = mean corpuscular volume; MCHC = mean cell hemoglobin concentration;
WBCs = white blood cells; NE = not examined.
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Table B.10. Selected Clinical Chemistry Parameters of Male and Female Sprague-Dawley
Rats After Oral Exposure to Sulfolane for 28 Days”

Exposure Group (mg/kg-d)

Parameter 0 60 200 700
Males—after treatment
No. of animals 6 6 6 6
Alanine aminotransferase 28+5 28 +£ 6 (100) 27 + 3 (96) 33£5°(118)
(ALT; IU/L)°
Total protein (g/dL) 6.33+0.22 6.12+0.12 (97) 6.07 £ 0.13° (96) 6.35+0.13 (100)
Thromboglobulin (mg/dL) 80 + 25 71+13 (89) 86 + 17 (108) 110+ 32 (138)
Glucose (mg/dL) 134+ 11 142 £ 24 (106) 138 £9 (103) 130 £ 18 (97)
Total bilirubin (mg/dL) 0.35+0.05 0.35 +0.05 (100) 0.40£0.05 (114) 0.45 +0.039(129)
ChE (IU/L) 25+9 20 £+ 6 (80) 26+ 4 (104) 40 £+ 12° (160)
CIl (mEq/L) 104+0 104 + 1 (100) 104 + 1 (100) 102 + 14 (98)
Creatinine (mg/dL) 0.51+0.07 0.47 £ 0.06 (92) 0.50 + 0.05 (98) 0.49 £ 0.04 (96)
Males—after recovery period
No. of animals 6 0 0 6
Alanine aminotransferase 316 NE NE 36 £9(116)
(ALT; IU/L)
Total protein (g/dL) 6.29+0.34 NE NE 6.09+0.14 (97)
Thromboglobulin (mg/dL) 90 + 32 NE NE 63 £ 16 (70)
Glucose (mg/dL) 157 £12 NE NE 143 £8°(91)
Total bilirubin (mg/dL) 0.28 £0.02 NE NE 0.30+0.05 (107)
ChE (IU/L) 51+£22 NE NE 45 +23 (88)
Cl (mEq/L) 103 £2 NE NE 103 £1 (100)
Creatinine (mg/dL) 0.63 +0.03 NE NE 0.57 + 0.04° (90)
Females—after treatment
No. of animals 6 6 6 6
Alanine aminotransferase 24+ 5 24 + 4 (100) 23 £ 4 (96) 35+ 6% (146)
(ALT; IU/L)
Total protein (g/dL) 6.26+0.36 6.49 +£0.26 (104) 6.41£0.16 (102) 6.36+0.15 (102)
Thromboglobulin (mg/dL) 26 +4 38+ 12 (146) 44 + 12° (169) 32+ 12 (123)
Glucose (mg/dL) 130+ 15 117 £ 13 (90) 124 + 10 (95) 110 +4° (85)
Total bilirubin (mg/dL) 0.21+£0.01 0.22 +0.02 (105) 0.22 £ 0.2 (105) 0.24+0.03 (114)
ChE (IU/L) 304 £175 296 £ 106 (97) 281 + 60 (92) 294 + 41 (97)
CIl (mEqg/L) 106 £ 1 106 =1 (100) 106 + 2 (100) 106 £ 1 (100)
Creatinine (mg/dL) 0.54 +0.05 0.55 +0.04 (102) 0.53 £ 0.02 (98) 0.53 £0.04 (98)
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Table B.10. Selected Clinical Chemistry Parameters of Male and Female Sprague-Dawley

Rats After Oral Exposure to Sulfolane for 28 Days”

Exposure Group (mg/kg-d)

Parameter 0 60 200 700
Females—after recovery period
No. of animals 6 0 0 6
Alanine aminotransferase 27+6 NE NE 2946 (107)
(ALT; IU/L)
Total protein (g/dL) 6.60 +0.29 NE NE 6.62 +0.12 (100)
Thromboglobulin (mg/dL) 46 £ 15 NE NE 61 +19 (133)
Glucose (mg/dL) 139+ 13 NE NE 125 +£10 (90)
Total bilirubin (mg/dL) 0.29 + 0.05 NE NE 0.28 +0.02 (97)
ChE (IU/L) 292 + 89 NE NE 263 +47 (90)
CIl (mEq/L) 105+2 NE NE 105+ 1 (100)
Creatinine (mg/dL) 0.65+0.10 NE NE 0.61 £ 0.05 (94)

*Ministry of Health and Welfare Japan (1996a).
PParameters expressed as mean + SD (% of control).

“Significantly different from control (p = 0.05); test was not reported.
dSigniﬁcantly different from control (p = 0.01); test was not reported.

ChE = cholinesterase, Cl = chlorine, NE = not examined.
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Table B.11. Selected Organ Weights of Male and Female Rats After Oral Exposure to

Sulfolane for 28 Days”
Exposure Group (mg/kg-d)
Parameter 0 60 200 700

Males—after treatment

No. of animals 6 6 6 6

Weight” | Abs. spleen 0.68 = 0.05 0.62+0.07 (91) 0.62+0.02 (91) 0.58 £ 0.10 (85)
Rel. spleen 0.21£0.02 0.20 £ 0.02 (95) 0.20£0.01 (95) 0.20 £ 0.03 (95)
Abs. liver 9.77+0.72 9.70 £ 0.88 (99) 9.76 £ 0.37 (100) 9.23 £0.65 (94)
Rel. liver 3.04+£0.22 3.05+0.15 (100) 3.11+0.10 (102) 3.22+0.15 (1006)
Abs. brain 1.99+0.10 2.03+£0.07 (102) 2.00+0.08 (101) 1.95+0.04 (98)
Rel. brain 0.62 +0.03 0.64 £ 0.03 (103) 0.64 £ 0.03 (103) 0.68 = 0.05° (110)
Abs. kidney 2.47+0.22 2.53+£0.14 (102) 2.48 £ 0.11 (100) 2.70£0.30 (109)
Rel. kidney 0.77 £ 0.04 0.80 £ 0.05 (104) 0.79 £ 0.05 (103) 0.94 + 0.06° (122)
Abs. heart 1.10£0.11 1.11+0.13 (101) 1.09 £ 0.05 (99) 1.10£0.09 (100)
Rel. heart 0.34+£0.03 0.35+0.03 (103) 0.35+0.01 (103) 0.39£0.03% (115)

Males—after recovery period

No. of animals 6 0 0 6

Weight Abs. spleen 0.77+0.15 NE NE 0.68 = 0.09 (88)
Rel. spleen 0.19+0.03 NE NE 0.18 £ 0.02 (95)
Abs. liver 11.98 +1.62 NE NE 10.56 = 0.49 (88)
Rel. liver 2.96+0.23 NE NE 2.86£0.11 (97)
Abs. brain 2.08 +0.09 NE NE 2.00 + 0.06 (96)
Rel. brain 0.52 £ 0.04 NE NE 0.54 £ 0.04 (104)
Abs. kidney 2.69+£0.21 NE NE 2.60 +0.27 (97)
Rel. kidney 0.67 £ 0.05 NE NE 0.71 £ 0.08 (106)
Abs. heart 1.28£0.12 NE NE 1.25+0.11 (98)
Rel. heart 0.32+£0.02 NE NE 0.34+0.03 (106)
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Table B.11. Selected Organ Weights of Male and Female Rats After Oral Exposure to

Sulfolane for 28 Days”
Exposure Group (mg/kg-d)
Parameter 0 60 200 700

Females—after treatment

Sample size 6 6 6 6

Weight | Abs. spleen 0.48 +0.06 0.43 +0.05 (90) 0.44 +£0.08 (92) 0.37 £ 0.03° (77)
Rel. spleen 0.24 £ 0.03 0.22+0.03 (92) 0.23 +£0.05 (96) 0.20£0.01 (83)
Abs. liver 5.95+0.32 5.81+£0.31(98) 6.29 £ 0.96 (1006) 5.64£0.38 (95)
Rel. liver 3.00£0.18 2.97+0.08 (99) 3.19+0.27 (1006) 3.01 £0.15 (100)
Abs. brain 1.82+£0.05 1.87+£0.04 (103) 1.83+£0.03 (101) 1.81£0.05 (99)
Rel. brain 0.92 £ 0.05 0.96 £ 0.06 (104) 0.94 £ 0.07 (102) 0.97 + 0.05 (105)
Abs. kidney 1.61+£0.11 1.58 £ 0.12 (98) 1.63+£0.12 (101) 1.60 +0.13 (99)
Rel. kidney 0.82+0.07 0.81+0.07 (99) 0.83+£0.03 (101) 0.85+0.07 (104)
Abs. heart 0.77 £0.03 0.74 £ 0.04 (96) 0.76 £ 0.07 (99) 0.73 £0.06 (95)
Rel. heart 0.39+0.02 0.38+0.03 (97) 0.39+0.02 (100) 0.39+0.02 (100)

Females—after recovery period

Sample size 6 0 0 6

Weight Abs. spleen 0.44 + 0.06 NE NE 0.53 £0.05° (120)
Rel. spleen 0.20+0.02 NE NE 0.24 £ 0.02° (120)
Abs. liver 6.00 £ 0.84 NE NE 6.69 +0.60 (112)
Rel. liver 2.74+0.15 NE NE 2.98 +0.09 (109)
Abs. brain 1.84+0.09 NE NE 1.85+0.05 (101)
Rel. brain 0.85+0.08 NE NE 0.83 £0.06 (98)
Abs. kidney 1.58+0.23 NE NE 1.58 £ 0.08 (100)
Rel. kidney 0.72 £0.05 NE NE 0.71 £0.04 (99)
Abs. heart 0.79 +0.09 NE NE 0.84 £ 0.06 (106)
Rel. heart 0.36£0.02 NE NE 0.38+0.03 (106)

*Ministry of Health and Welfare Japan (1996a).

°Absolute weights expressed as mean + SD (% of control); relative weights expressed as percentage of body weight.
“Significantly different from control (p = 0.05); test was not reported.

9Significantly different from control (p = 0.01); test was not reported.

NE = not examined.
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Table B.12. Incidence of Selected Histopathological Findings in the Kidneys of Male and
Female Sprague-Dawley Rats After Oral Exposure to Sulfolane for 28 Days”

Exposure Group (mg/kg-d)

Parameter Grade” 0 60 200 700
Males—after treatment
No. of animals 6 6 6 6
Hyaline droplets in prox. + 1 0 5 1
tubule epithelium
++ 0 0 1 4
H 0 0 0 1
Total incidence 1 0 6 6
Eosinophilic bodies in N 0 0 54 4°
proximal tubule
Tubular basophilic change n 2 1 2 5
Focul tubular dilatation 1 1 0 0
with or without hyaline +
casts
Distal tubular dilatation + 0 0 1 1
Males—after recovery period
No. of animals 6 0 0 6
Hyaline droplets in prox. + 1 NE NE 3
tubule epithelium - 0 NE NE 0
+++ 0 NE NE 0
Total incidence 1 NE NE 3
Eosinophilic bodies in NE NE
. + 1 0
proximal tubule
Tubular basophilic change + 4 NE NE 5
Focul tubular dilatation NE NE
with or without hyaline + 0 0
casts
Distal tubular dilatation + 0 NE NE 0
Females—after treatment
No. of animals 6 6 6 6
Tubular basophilic change + 2 NE NE 1
Fibrotic focus + 0 NE NE 1
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Table B.12. Incidence of Selected Histopathological Findings in the Kidneys of Male and
Female Sprague-Dawley Rats After Oral Exposure to Sulfolane for 28 Days”

Exposure Group (mg/kg-d)

Parameter Grade” 0 60 200 700
Females—after recovery
No. of animals + 6 NE NE 6
Tubular basophilic change + NE NE NE NE
Fibrotic focus + NE NE NE NE
*Ministry of Health and Welfare Japan (1996a).
"Severity grades: + = slight, ++ = moderate, +++ = marked.
“Significantly different from control (p = 0.05); test was not reported.
dSigniﬁcantly different from control (p = 0.01); test was not reported.
NE = not examined.
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Table B.13. Clinical Chemistry and Pathology Data of Guinea Pigs Orally Exposed to
Sulfolane for 3 or 6 Months”
Exposure Group (mg/kg-d)

Parameter 0 0.25 2.5 25 250
At 3 months
ALT (IU/100mL)"° 59.4 ND ND 40.8 45.8
AST (IU/100mL) 106 ND ND ND 71
Marrow cell count 16.43 ND 10.99 12.25 10.56
(x 10%/mm?*)
Spleen—dispersion 0/14 0/14 1/14 2/14 6/14
of white pulp®
At 6 months
Spleen—dispersion 0/25 0/22 2/26 2/25 7/22
of white pulp®
Liver fatty 0/25 0/22 2/26 4/25 7/22
degeneration®
Liver-significant 0/25 0/22 1/26 2/25 5/22
fatty degeneration

*Zhu et al. (1987c¢).

"Data are assumed to be group mean. No standard deviation or standard error was provided.
‘Data are provided as incidence (No. of animals with effect/No. of animals in test group).
*More severe fatty degeneration than noted in the line above.

ND = no data
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Table B.14. Mean Body Weight and Survival of Male and Female Rats After Oral Exposure
to Sulfolane for 41-50 Days”

Exposure Group (mg/kg-d)

Parameter 0 60 200 700
Male
Sample size 12 12 12 12 (Days 1—4; 11
thereafter)

Weight” (g) | Day 1 367.2+6.7 366.6 £ 5.8 (100) 367.1£6.2 (100) 366.8 £5.5 (100)
Day 4 382.0+10.5 379.7+£7.0 (99) 372.3 £ 8.9Y(97) 322.5+9.8°(84)
Day 8 393.5+11.7 391.8 £ 8.4 (100) 386.5+10.1 (98) 322.0 +18.6° (82)
Day 11 403.5+ 14.1 403.0 + 13.0 (100) 399.6 £ 13.1 (99) 341.6 + 14.6° (85)
Day 15 4193+ 15.7 416.8 +16.6 (99) 417.5 + 14.1 (100) 370.5 + 14.1° (88)
Day 18 4283 +16.9 4273 +16.4 (100) 420.5+11.5(98) 373.1 £ 14.6° (87)
Day 22 4459+ 154 442.4+16.1 (99) 439.0 +£12.9 (98) 399.7 £+ 18.2° (90)
Day 25 4523+ 18.2 453.2+£17.7 (100) 450.2 £ 13.6 (100) 411.7+21.8°(91)
Day 29 469.9 £ 19.7 473.3+£23.7(101) 467.5+13.6 (99) 426.8 +20.6° (91)
Day 32 4745 +21.0 474.5 +22.2 (100) 473.2 +£15.1 (100) 4329 +21.1°(91)
Day 36 479.8 £23.3 479.0 +20.6 (100) 479.6 + 15.4 (100) 436.4 +20.4° (91)
Day 39 486.4 +23.7 485.7 +24.9 (100) 485.9 + 14.3 (100) 440.1 +20.1° (90)
Day 43 493.1+£25.6 492.2 +26.7 (100) 494.2 +12.1 (100) 442.8 +19.7° (90)
Day 46 495.9+242 496.5 +27.1 (100) 496.7 £13.9 (100) 448.2 + 17.8° (90)
Day 49 500.9 £ 25.6 503.3 £ 25.8 (100) 501.7 £ 13.2 (100) 449.4 +21.9° (90)

Survival® 12/12 12/12 12/12 11/12

Female

Sample size (except 12 12 12 12

where indicated)

Weight (g) |Day 1 2183 £6.5 218.3 £6.1 (100) 218.8 £ 6.0 (100) 218.6 £ 5.8 (100)
Day 4 218.4+6.5 216.1£7.9 (99) 213.3+£6.8 (98) 195.1 + 6.6° (89)
Day 8 2242 +9.0 219.8+7.1 (98) 217.9+7.4(97) 201.3 £ 6.8°(90)
Day 11 229.4+6.5 225.1 £ 8.6 (98) 222.8+7.9 (97) 216.3 +£9.1° (94)
Day 15 2343+7.9 231.0+10.9 (99) 230.7 £ 8.7 (98) 226.7+£11.2.(97)
Day 18 250.0 (n=2) 253.5(m=2)(101) | 2433+11.7(n=4) 258.0 (n =5) (103)

7
Day 22 NR NR NR 258.0 (n=2)
Day 25 NR NR NR 2725 (m=2)
Day 29 NR NR NR 270.0(n=1)
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Table B.14. Mean Body Weight and Survival of Male and Female Rats After Oral Exposure
to Sulfolane for 41-50 Days®

Parameter Exposure Group (mg/kg-d)
Female 0 60 200 700
Pregnancy and Lactation Weights
Sample size 11 12 10 10
Pregnancy |Day 0 240.4+9.9 236.8+11.9 (99) 236.9 £ 8.9 (99) 235.5+£23.1 (98)
Day 7 272.8 8.1 269.2 + 14.0 (99) 267.8+£9.7 (98) 262.8 £16.0 (96)
Day 14 3059+ 11.6 300.3 +16.1 (98) 295.0 + 12.2 (96) 291.9£15.1 (95)
Day 21 388.8 +18.0 383.1 £22.1(99) 375.5+14.4 (97) 369.1 £29.8 (95)
Lactation |Day 0 2741+ 143 269.9 £ 17.7 (98) 265.0+9.2 (97) 269.4 + 8.9 (98)
Day 4 292.9+17.2 290.3+19.2 (99) 284.3 +£16.5 (97) 2722+ 127 (n=5)
93)
Survival 12/12 12/12 12/12 11/12

*Ministry of Health and Welfare Japan (1999).

bWeights expressed as mean £ SD (% of control).
‘Survival expressed as number surviving/total number (% survival); % is calculated.

dSigniﬁcantly different from control (p < 0.05); test was not reported.
“Significantly different from control (p < 0.01); test was not reported.

NR = not reported.
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Table B.15. Food Consumption of Male and Female Rats During Oral Exposure to
Sulfolane for 41-50 Days”

Exposure Group (mg/kg-d)
Parameter 0 60 200 700
Male
No. of animals 12 12 12 12 (Days 1—4; 11
thereafter)

Consumption® |Day 3 269+1.9 27.1+ 1.3 (101) 24.0 +2.3%(89) 13.1 +2.8% (49)

(g/day) Day 6 27.6+1.8 28.9 + 1.7 (105) 26.9+ 1.4 (97) 12.4 +4.9% (45)
Day 10 27.6+2.2 28.9+2.3 (105) 28.1+2.0(102) 28.1+£2.2(102)
Day 13 27.7+£1.6 28.1+1.4(101) 28.0+2.0 (101) 27.2+1.9 (98)
Day 31 252+1.6 25.7+1.8(102) 26.1 +1.4(104) 26.3+£2.5(104)
Day 34 255+1.5 26.7+ 2.7 (105) 26.8+ 1.8 (105) 26.4+2.2 (104)
Day 38 253=+1.1 26.2+2.4(104) 25.5+£2.0(101) 26.0+ 1.8 (103)
Day 41 255+1.2 26.7 +3.5 (105) 25.6£2.0 (100) 24.9+£2.1(98)
Day 45 253432 27.6£3.1(109) 25.3+2.2(100) 24.8+2.4(98)
Day 48 245+1.6 274 +£3.1°(112) 23.6 £2.1(96) 24.0£3.1(98)

Female

No. of animals (except 12 12 12 12

where indicated)

Consumption® |Day 3 163+1.7 15.0+2.0 (92) 14.7 + 1.7 (90) 9.1 +1.14(56)

(g/day) Day 6 18.0+ 1.4 17.5+2.2 (97) 17.4+2.0 (97) 10.4 % 2.4% (58)
Day 10 18.8+1.4 18.7+2.2 (99) 19.0£2.6 (101) 20.7+ 1.7 (110)
Day 13 179+£23 17.8£2.3(99) 18.6 +2.1 (104) 19.5+3.3(109)

Pregnancy and Lactation

No. of animals 11 12 10 10

Pregnancy Day 2 21.0+1.7 20.9 £ 3.1 (100) 21.0+2.1 (100) 18.7+2.2 (89)
Day 9 23.0+1.8 22.9+ 1.8 (100) 22.9+2.0 (100) 21.2+1.1(92)
Day 16 22.5+0.9 22.3+2.3(99) 21.4+ 1.7 (95) 22.6+2.2 (100)
Day 21 202+2.6 19.4 £2.2 (96) 20.3 + 1.4 (100) 21.5+£2.7 (106)

Lactation Day 4 303+5.1 30.2 4.1 (100) 29.8£4.9 (98) 18.4+9.8%(61)

*Ministry of Health and Welfare Japan (1999).

Consumption expressed as mean g/day = SD (% of control).
‘Significantly different from control (p < 0.05); test was not reported.
dSigniﬁcantly different from control (p < 0.01); test was not reported.
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Table B.16. Ovary Weight of Female Rats After Oral Exposure to Sulfolane for 41-50 Days”

Exposure Group (mg/kg-d)
Weight 0 60 200 700
Sample size 12 12 12 12
Final Body Weight (g) 289.0+21.3 290.3 +19.2 (100) 284.0 £ 15.0 (98) 268.3 +14.2°(93)
Ovaries (mg) 94.79 £ 11.71 95.51£11.57(101) | 98.39+10.42(104) | 108.63 £17.99 (115)
Ovaries (mg %) 32.90 +4.36 33.04 +4.62 (100) 34.66 +3.33 (105) 40.45 £ 5.92% (123)

*Ministry of Health and Welfare Japan (1999).

bWeights expressed as mean £ SD (% of control).

“Significantly different from control (p < 0.05); test was not reported.
%Significantly different from control (p < 0.01); test was not reported.

Table B.17. Selected Reproductive Parameters of Female Rats After Oral Exposure to
Sulfolane for 41-50 Days”

Exposure Group (mg/kg-d)

Parameter 0 60 200 700
Number of females 12 12 12 12
Number of estrous 3.5+0.5 3.3+£0.5094) 32+0.491) 2.2+0.9°(63)
cases before mating
(14 d)°
Number of pregnant 11 12 10 10
females
Fertility index” 91.7 100.0 83.3 90.9
Number of pregnant 11 12 10 10
females with live pups
Number of males 12 12 12 11
Number of males with 12 12 12 10
successful copulation
Copulation index® 100.0 100.0 100.0 91.7

*Ministry of Health and Welfare Japan (1999).

"Presented as mean + SD (% of control).

‘Express as %; calculated using the equation: (number of females with successful copulation/number if females) x 100.
Expressed as %; calculated using the equation: (number of males with successful copulation/number of males) x 100.
“Significantly different from control (p < 0.01); test was not reported.
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Table B.18.

Selected Pup Observations of Female Rats Exposed to Sulfolane for

41-50 Days”

Exposure Group (mg/kg-d)

Parameter 0 60 200 700
Number of dams 11 12 10 10
Birth index” 96.3+6.5 95.8 + 4.8 (99) 90.5+ 5.17(94) 71.6 + 26.28 (74)
Dead pups on 03+0.5 0.2+0.4(67) 0.2+0.4(67) 3.6 +4.48 (1200)
Lactation Day 0
Delivery index® 98.1+4.5 96.9 £ 4.0 (99) 91.8+4.1(94) 94.0 £ 6.7 (96)
Live birth index* 98.1+3.3 98.8+£2.8 (101) 98.7+2.8 (101) 75.9 £26.28(77)
Live pups on 14.8+1.8 15.0+£ 1.9 (101) 13.7+1.3(93) 4.0 +5.6%(27)
Lactation Day 4
Viability index® 99.5+1.8 100.0 £ 0.0 (101) 97.3+£3.5(98) 29.2 +40.4% (29)

*Ministry of Health and Welfare Japan (1999).

°(Number of live pups born/number of implantation scars) x 100.
‘(Number of pups born/number of implantation scars) x 100 (%).
4(Number of live pups born/number of pups born) x 100.

‘(Number of live pups on day 4/number of live pups born) x 100.

fSigniﬁcantly different from control (p < 0.05); test was not reported.
£Significantly different from control (p < 0.01); test was not reported.

Table B.19. Body Weights of Pups Born to Female Rats Exposed to Sulfolane for

41-50 Days®
Exposure Group (mg/kg-day)
Parameter 0 60 200 700
Number of dams 11 12 10 10
(except where
indicated otherwise)
Mean pup | Lactational 6.41 £0.33 6.03 £ 0.35 (94) 6.05 + 0.35 (94) 5.16 £ 0.51% (80)
weight” Day 0
Lactational 9.57+0.81 9.41 £0.99 (98) 9.43+1.13(99) |5.96+ 1.52%(n=15) (62)
Day 4
Litter Lactational 9527+ 11.58 89.83 + 7.64 (94) 85.11 £5.60° (89) 59.22 +27.00% (62)
weight Day 0
Lactational | 141.07 £ 16.51 139.77 + 10.53 (99) | 128.00 +8.19°(91) | 48.94 +46.11% (n=5)
Day 4 (35)

*Ministry of Health and Welfare Japan (1999).

bWeights expressed as mean £+ SD (% of control).

‘Significantly different from control (p < 0.05); test was not reported.
dSigniﬁcantly different from control (p < 0.01); test was not reported.
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Table B.20. Hematological Parameters of Male and Female Hartley-Derived Guinea Pigs
After Inhalation Exposure to Sulfolane for 27 Days®

Exposure Group, mg/m’ (Adjusted Daily Concentration, mg/m)"
Parameter* 0° 495 (120)
Number of animals® DNP 15
White blood cell Preexposure ND 59+0.5
count (10*/mL) Postexposure (~30 d) 58+0.8 4903
Hematocrit count Preexposure ND 46+0.4
(% by volume) Postexposure (~30 d) 39+4.8 48405
Hemoglobin count Preexposure ND 13.9+0.1
(/100 mL) Postexposure (~30 d) 124+1.5 15.2+0.1

?Andersen et al. (1977¢).

°Concentration is adjusted for continuous exposure 24 hours/day, 7 days/week.

“Values expressed as mean + SE (% of control); % is calculated; male and female data were not reported separately.

“Though data for a “control” group is reported in Table 3 of the study, a control group is not mentioned in the
methods explanation; it is unclear what this “control” group represents.

“Sample sizes reflect those at the origin of study; hematological data were taken from 9—15 subjects.

DNP = data not provided by study authors.
ND = not determined.
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Table B.21. Hematological Parameters of Male and Female Hartley-Derived Guinea Pigs
After Inhalation Exposure to Sulfolane for 85-110 Days”

Exposure Group, mg/m3 (Adjusted Daily Concentration, mg/m:’)b

Parameter® 0° 282.7) | 40(3.8) | 20019.2) | 159 (152) 200 (192)
Exposure duration (d) DNP 90 110 95 85 90
Number of animals® DNP DNP DNP DNP 15 15
White blood | Preexposure ND DNP DNP DNP | 6.8+0.3(NA) | 5.9+0.6 (NA)
Efg;;‘gt Exposure Day 20 ND DNP DNP DNP ND 3.140.4 (NA)E
Exposure Day 30 | 5.8+0.8 | DNP DNP DNP | 6.9+0.2(119) | 3.8+ 0.4 (66)¢
Exposure Day 60 | 4.6+0.8 | DNP DNP DNP | 6.7+0.3(146) | 5.2+0.3 (113)
Exposure Day 90’ | 6.2+ 1.1 | DNP DNP DNP | 6.8+0.3(110) | 4.4+0.2¢(71)
Hematocrit | Preexposure ND DNP DNP DNP 46+ 0.3 (NA) | 44+0.4 (NA)
f&u{)‘; Exposure Day 20 ND DNP DNP DNP ND 49 + 0.9 (NA)
volume)  |Exposure Day30 | 39+4.8 | DNP DNP DNP | 46+03(118) | 51+0.4(131)
Exposure Day 60 | 46+0.5 | DNP DNP DNP | 47+0.3(102) | 47+ 0.6 (102)
Exposure Day 90 | 46+0.8 | DNP DNP DNP | 46+6.3(100) | 47+ 1.1 (102)
Hemoglobin | Preexposure ND DNP DNP DNP 16.0£0.1 (NA) [ 14.4+ 0.1 (NA)
Eg/lilgo mL) |ExposureDay20 | ND DNP DNP DNP ND 14.9 4 0.2 (NA)
Exposure Day 30 |12.4+1.5| DNP DNP DNP | 16.8+0.1 (135)|15.5+ 0.2 (125)
Exposure Day 60 | 14.6+0.2| DNP DNP DNP |16.9+0.1 (116)|15.1 % 0.1 (103)
Exposure Day 90 |14.8+0.2| DNP DNP DNP |16.6+0.1(112)| 14.6+0.2 (99)

*Andersen et al. (1977d).
°Concentration is adjusted for continuous exposure 24 hours/day, 7 days/week.
“Values expressed as mean + SE (% of control); % is calculated; male and female data were not reported separately.
“Though data for a “control” group are reported in Table 3 of the study, a control group is not mentioned in the
methods explanation; it is unclear what this “control” group represents.
“Sample sizes reflect those at the origin of study; hematological data were taken from 9—15 subjects at each dose

level.

‘Except for the 159 mg/m’ exposure-level, which only lasted for a duration of 85 days; observations were made at
85 days for this group.
£Significantly different from control (p < 0.05); Student’s ¢-test.

DNP = data not provided by study authors.

ND = no data.

NA = not applicable.
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A benchmark dose (BMD) analysis of the male renal effects (hyaline droplet) was not
attempted because the dose response was nonmonotonic, and statistical analysis performed for
this review indicates that incidence of hyaline droplet in cortical tubules at the highest dose was
not statistically significantly different from control by Fisher’s exact test (4/10 vs. 9/10,

p =0.0573). Finally, the endpoint based on leukocyte findings is more sensitive than the kidney

effects.

BMD modeling of total WBC count in female rats was attempted using the available
continuous models (polynomial, power, Hill, linear) in EPA’s BMD software (Version 2.1.2)
consistent with EPA’s BMD technical guidance (U.S. EPA, 2000). A benchmark response
(BMR) of one standard deviation change from the control mean is selected in the absence of a
biological rationale for using an alternative BMR. The BMD analysis resulted in significant lack
of fit (goodness-of-fit p < 0.10) for all continuous models employing nonconstant (modeled)
variance (see Table C.1). The homogeneity variance p-value of less than <0.1 indicates that
nonconstant variance is the appropriate variance model (and therefore it is inappropriate to
assume constant variance for these data). Because all nonconstant variance models exhibited
poor global fit to the data, a BMDL is not used as the POD.

Table C.1. Model Predictions for Total White Blood Cell Counts in Female Rats Exposed to
Sulfolane in Drinking Water for 13 Weeks”
Homogeneity | Goodness- | AIC for
Variance of-Fit Fitted | BMD;sp | BMDL;sp
Model p-Value p-Value® | Model |(mg/kg-d) | (mg/kg-d) Conclusions
Hill 0.036 0.027 112.41 9.26 —999.00 Invalid BMDL
(nonconstant p-score 4 <0.1
variance)
Linear 0.036 0.008 115.30 190.43 131.06 Lowest AIC
(nonconstant p-score 4 <0.1
variance)
Polynomial |0.036 0.008 115.30 190.43 131.06 Lowest AIC
(nonconstant p-score 4 < 0.1
variance) Maximum order beta =0
B2=0
B3=0
B4=0
Power 0.036 0.008 115.30 190.43 131.06 Lowest AIC
(nonconstant p-score 4 <0.1
variance) hit bound (power = 1)

*Huntingdon Life Sciences (2001).
"Values <0.10 fail to meet conventional goodness-of-fit criteria.
AIC = Akaike’s Information Criteria; BMD = benchmark dose; BMDL = lower confidence limit (95%) on the
benchmark dose.
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There are three laboratory animal studies that have been used by various parties to derive toxicological
reference values for sulfolane. Zhu et al. (1987) was a six-page report published in a Chinese journal
entitled Huaxi yike daxue xuebao, (Journal of West China University of Medical Sciences). In this study, a
series of experiments were performed. Acute, subchronic (90-day), and chronic (6-month) toxicity testing
was performed via the oral route of exposure in mice, white rats, and guinea pigs. Zhu et al. (1987) also
performed a developmental toxicity study in mice and several genotoxicity tests. Huntingdon Life Sciences
(2001) was a GLP-compliant study in which sulfolane was administered to CD rats (10/sex/group) in
drinking water at concentrations of 0, 25, 100, 400, or 1600 mg/L for 13 weeks. All animals were examined
for individual signs of general health, body weights, food and water consumption, ophthalmoscopy,
functional observation battery, hematology, blood chemistry, organ weights, macropathology, and
hisopathology. The Ministry of Health and Welfare Japan (MHWJ, 1999) was a 50-day oral gavage study
in Crj:CD(S-D) rats as summarized in Organization for Economic Co-operation and Development ([OECD]
2004). These studies are evaluated below in the context of evaluating existing Reference Doses (RfDs)
and similar toxicological reference criteria and deriving the alternative scientifically defensible RfDs from
the scientific literature.

Summary of Alternative Scientifically Defensible Reference Doses

ARCADIS, U.S., Inc. (ARCADIS) scientifically evaluated the existing RfDs and equivalent toxicological
reference values and found that all existing values had issues that did not allow ARCADIS to endorse any
of them. Accordingly, ARCADIS derived chronic and subchronic RfDs in accordance with the best
available science and United States Environmental Protection Agency (USEPA) guidance for evaluation of
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primary toxicology studies and the derivation of RfDs. The alternative scientifically defensible RfDs are as
follows:

Chronic RfD 0.01 mg/kg-day
Subchronic RfD 0.1 mg/kg-day

According to the USEPA, a chronic RfD is: “An estimate (with uncertainty spanning perhaps an order of
magnitude) of a daily oral exposure for a chronic duration (up to a lifetime) to the human population
(including sensitive subgroups) that is likely to be without an appreciable risk of deleterious effects during
a lifetime. It can be derived from a NOAEL, lowest observed adverse effects level (LOAEL), or benchmark
dose, with uncertainty factors generally applied to reflect limitations of the data used. Generally used in
EPA's noncancer health assessments” (USEPA 2011).

Similarly, according to USEPA, a subchronic RfD is: “An estimate (with uncertainty spanning perhaps an
order of magnitude) of a daily oral exposure for a subchronic duration (up to 10% of average lifespan) to
the human population (including sensitive subgroups) that is likely to be without an appreciable risk of
deleterious effects during a lifetime. It can be derived from a NOAEL, LOAEL, or benchmark dose, with
uncertainty factors generally applied to reflect limitations of the data used. Generally used in EPA's
noncancer health assessments” (USEPA, 2011).

Accordingly, a subchronic RfD is applicable for human health risk assessments involving exposure
durations of up to 7 years, which is 10% of an average human lifetime of 70 years. A chronic RfD is
applicable for risk assessments involving exposures that exceed 7 years in duration.

USEPA and certain regulatory agencies derive RfDs, not the Agency for Toxic Substances and Disease
Registry (ATSDR). Instead, ATSDR derived “public health action levels” for sulfolane using similar
procedures as USEPA uses to derive RfDs. The difference between USEPA and ATSDR actions is that
USEPA RfDs and State regulatory agency RfDs are toxicological reference values that have regulatory
standing and must be used to assess human health risks when performing site specific risk assessments.
ATSDR'’s public action levels no not have regulatory standing as noted in ATSDR documents.

“The public health action level is a non-regulatory level set to identify if human exposure to that water
needs to be evaluated further (a/k/a, a screening level). If exposure is occurring, then consideration should
be given to reducing that exposure.” (ATSDR 2010)

“The public health action level is a non-regulatory level set to identify whether human exposure needs
further evaluation.” (ATSDR 2011)
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“A public health action level is a recommended, but not required (i.e., non-regulatory), level above which a
public health intervention might be needed. Public health interventions are actions taken to reduce further
chemical exposure, such as switching to another drinking water source. An action level can be used as a
screening tool, because water concentrations of a chemical (contaminant) below that amount do not pose
a public health concern.” (ADHSS 2012)

“The ATSDR action level is a screening level, and not a clear line between safe and unsafe. It is used as a
first step to identify potential contaminants of public health importance for further detailed evaluation, and
is therefore set approximately 1,000 times lower than levels that caused health effects in animals.
(ADHSS 2012)

The evaluation of existing RfDs, ATSDR toxicological reference values, and the derivation of the
alternative scientifically defensible RfDs are described below.

Brief Summary of Existing Screening Values for Sulfolane

Three animal studies are available for consideration in deriving toxicological screening values for
sulfolane. Huntingdon Life Sciences (HLS 2001) was a fully documented 90-day oral drinking water study
in CD rats that was performed in accordance with Good Laboratory Practices (GLP) with detailed
information on each animal. Ministry of Health and Welfare Japan (MHWJ 1999) was a 50-day oral
gavage study in Crj:CD(S-D) rats as summarized in OECD (2004). Zhu, et al. (1987) was a 180-day
unspecified oral study in unspecified guinea pigs. The results of Zhu, et al. (1987) were published in
Chinese in a non peer-reviewed journal with little documentation.

The Canadian Council of Ministers of the Environment (CCME 2006) rejected the Zhu, et al. (1987) study
on the basis of study quality and derived a screening value of 0.01 mg/kg-day based on the NOAEL for
decreases in white blood cells in rats in the HLS (2001) study, which was 2.9 mg/kg/day, as the Point of
Departure. CCME (2006) used a composite Uncertainty Factor of 300 (i.e., Interspecies-10; intraspecies-
10; 3 to account for possible teratogenic response at very high doses, subchronic to chronic exposures,
and an adequate, but not extensive dataset).

Despite issues of quality, the ATSDR chose the Zhu, et al. (1987) study in its Health Consultation for
sulfolane as the critical study because it gave a lower Point of Departure than the HLS (2001) study
(ATSDR 2011). The ATSDR (2011) derived a screening value of 0.002 mg/kg-day. The Point of Departure
was 1.5 mg/kg-day based on benchmark dose modeling of shrinkage of spleen white pulp in guinea pigs
as the critical endpoint. The ATSDR (2011) used a composite Uncertainty Factor of 1,000 (i.e.,
Interspecies-10; intraspecies-10; subchronic-chronic exposure duration-10). Note that the ATSDR (2010)
concluded that the Zhu, et al. (1987) six-month duration study (180 day) was a longer term duration study
that required no subchronic to chronic uncertainty factor, but in 2011, the ATSDR decided, instead, that
this 180-day duration study was a subchronic duration study that required a subchronic to chronic
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uncertainty factor. This decision does not conform to ATSDR’s definition of subchronic animal studies,
which are studies performed in animals for 30-90 days (ATSDR 2005).

In an update to its March 9, 2011 toxicity factor documentation for sulfolane, the Texas Commission on
Environmental Quality (TCEQ 2011a) reviewed screening values presented by ToxStrategies, Inc.
(ToxStrategies) and URS Corporation (URS) in a September 6, 2011 document and adopted a screening
value of 0.01 mg/kg-day based on a Point of Departure defined as the lower confidence limit on the
benchmark dose (BMDL) of 16.1 mg/kg-day based on decreases in white blood cell counts in rats in HLS
(2001). The Point of Departure of 16.1 mg/kg-day in rats was first converted to a Human Equivalent Dose
(HED) of 3.9 mg/kg-day per USEPA (2011) and TCEQ (2011b). TCEQ (2011a) then used a composite
Uncertainty Factor of 300 (i.e., Intraspecies- 10; subchronic to chronic exposures-10; database
uncertainty- 3).

In its Provisional Peer-Reviewed Toxicity Values for Sulfolane (CASRN 126-33-0), USEPA (2012a)
rejected the Zhu, et al (1987) study on the basis of study quality and derived a Provisional Peer-Reviewed
Toxicity Value (PPRTV) of 0.001 mg/kg-day based on the NOAEL for decreases in white blood cells in
rats in HLS (2001), which was 2.9 mg/kg/day. They used a composite Uncertainty Factor of 3,000 (i.e.,
Interspecies-10; intraspecies-10; subchronic to chronic exposures-10; database uncertainty- 3). EPA
(2012a) did not use benchmark dose modeling or calculate a HED.
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Scientific Critique of Existing Screening Values for Sulfolane

ARCADIS reviewed the existing screening values for sulfolane and determine which value was the most
scientifically defensible. ARCADIS finds that the Zhu, et al. (1987) study fails to meet the criteria for an
acceptable study established by USEPA, other governmental and nongovernmental bodies, and the
Federal Information Quality Act (IQA).

Zhu et al. (1987) was a six-page report published in a Chinese journal entitled Huaxi yike daxue xuebao,
(Journal of West China University of Medical Sciences). This journal no longer exists and was subsumed
in 2000 by the Journal of Sichuan University (Medical Science Edition). According to OriProbe Information
Sciences (2012), the main object of this journal was to present medical and health work performed by
students and teachers of the university. There is no evidence on the University’s website that this journal
is peer-reviewed. Regardless of its peer review status, the report presents an abstract level report of a
study with no supporting details.

For instance, the source and purity of the test compound and the analysis of the dosing media were not
revealed. The source and strain of animals was not presented. The mode of dosing was not presented,
such as drinking water, diet or gavage. It is presumed by ATSDR that the doses were given by gavage,
but this most critical of information is not presented in the document. Body weights and water and food
consumption were not reported, and no methods for any tests were identified. Most importantly, no
individual animal data were presented, and no statistical tests were performed on the white blood cell
critical endpoints.

The Zhu et al. (1987) study clearly did not meet the criteria set forth by the USEPA for study selection
when deriving RfDs. USEPA’s (1994) Criteria For Assessing The Quality Of Individual Laboratory Animal
Toxicity Studies provides criteria that define the minimum information that must be reported in a study
chosen as a critical study for a RfD.

In addition, the Zhu, et al (1987) study does not adhere to the standards of the IQA(Public Law 106-554;
H.R. 5658), which requires the Office of Management and Budget (OMB) to issue federal agency-wide
guidelines that “provide policy and procedural guidance to Federal agencies for ensuring and maximizing
the quality, objectivity, utility, and integrity of information (including statistical information) disseminated by
Federal agencies” (Federal Register, Vol. 67, No. 38, February 22, 2002). OMB issued guidelines
directing federal agencies, among other things, to: “Issue guidelines ensuring and maximizing the quality,
objectivity, utility, and integrity of information (including statistical information) disseminated by the agency,

In response, the USEPA developed Guidelines for Ensuring and Maximizing the Quality, Objectivity,
Utility, and Integrity of Information Disseminated by the Environmental Protection Agency (EPA 2002b). In
these guidelines, the USEPA expresses a preference for peer-reviewed scientific information as the basis
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for human health risk assessment, but the USEPA concedes that not all information available for decision
making is peer-reviewed. In that case, the USEPA states that the data must be performed in accordance
with an accepted test protocols and Good Laboratory Practices (GLP) so that USEPA scientists can
ensure that the study was properly conducted. Zhu, et al. (1987) was not peer reviewed, was not
performed in accordance with a standard test guideline, was not performed GLP, nor does it contain
sufficient detailed information for any reviewer to ensure that the data are valid.

In 2003, the USEPA also issued A Summary of General Assessment Factors for Evaluating the Quality of
Scientific and Technical Information (USEPA 2003). This document also clearly demonstrates that the
USEPA does not rely on studies that have insufficient information for independent review and validation.

Accordingly, the ATSDR (2011) screening criterion cannot be considered to be scientifically defensible,
because it is based on the inadequately documented study by Zhu, et al. (1987), which does not conform
to USEPA regulations and the IQA. In addition, the USEPA rejected the Zhu, et al. (1987) study as a
critical study when deriving PPRTVs (USEPA 2012a).

The screening criteria derived by CCME (2006), TCEQ (2011a) and USEPA (2012a) are all based on the
HLS (2001) study. The HLS (2001) study was performed in accordance with GLP criteria. In addition, the
HLS (2001) report was a thorough and comprehensive 600 page report with a detailed protocol, a
certificate of analysis of the test article, a formulation chemistry report, individual animal signs, body
weights, food consumption, and water consumption, individual animal values for ophthalmoscopy,
functional observation battery, hematology, blood chemistry, organ weights, macropathology observations
and hisopathology observations. The USEPA also sanctioned a peer review of the HLS study, using an
independent panel. The screening criteria derived from the HLS (2001) study, thus, deserve due
consideration. ARCADIS finds, however, that the values from all three sources (CCME (2006), TCEQ
(2011a) and EPA (2012a)), have scientific limitations that do not allow any one of the values to be
endorsed.

The CCME (2006) value was based on a simple NOAEL and does not take full advantage of the
benchmark dose modeling approach now favored in the United States for derivation of toxicological
reference values for human health risk assessment (USEPA 2000).

The TCEQ (2011a) value was based on a value derived by ToxStrategies (2010) with an error corrected in
the standard deviation of the white blood cell counts in the female highest dose group. ARCADIS
performed benchmark dose modeling and confirmed that the corrected BMDL from the linear model for
this endpoint is, indeed, 16.1 mg/kg-day and not 15.1 mg/kg-day as initially stated by ToxStrategies
(2010). ToxStrategies (2010) found acceptable and identical model fits for four models (i.e., Exponential
M2, exponential M4, linear and power) and chose the results of the linear model, stating that this model
was simpler than the other models, citing a USEPA precedent for reliance on the most “parsimonious”
model.
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ATDSR (2011), however, criticized this decision and stated that when logarithmic dose transformation is
performed, the linear and exponential models are equally “parsimonious.” ATSDR (2011) further stated:
“When the BMDLs are within a factor of three, the lowest AIC [Akaike's Information Criterion] is chosen.
Or, if multiple values have the same AIC, then an average is recommended (USEPA 2000).” ARCADIS
confirmed that the USEPA’s guidance (USEPA 2000) does state that it is recommended that the average
of BMDL values be taken when multiple models adequately fit the experimental data and multiple BMDLs
are within a factor of 3. On the other hand, USEPA (2000) further states that for models “that have met the
default statistical criteria for adequacy and visually fit the data, any of them theoretically could be used for
determining the BMDL.” Thus, ToxStrategies (2010) was not deviating from USEPA (2000) guidance by
choosing the linear model over the exponential models. However, the recommendation in USEPA’s (2000)
guidance is that BMDLs from multiple models with adequate fits can be averaged. Furthermore, a more
recent presentation from USEPA stated that BMDLs can be averaged in such circumstances, which
indicates that EPA is not explictly requiring an averaging approach.

ARCADIS notes that ATSDR (2011) has made several errors when it stated in Tables B-4, B-5, B-6, and
B-7 that a particular model was the “best fitting model.” In fact, all of the listed models have adequate fits
to the experimental data, and in most cases the model fits are identical. For instance, the white blood cell
data using historical controls provided BMDLs ranging from 5.54 to 16.12 mg/kg-day, and all five models
(exponential M2, exponential M4, linear, power and polynomial) gave identical homogeneity variance p-
values, goodness of fit p-values, and AIC values. Further, even though all four models met the scaled
residual criterion of absolute value <2, the scaled residuals for the linear, power, and polynomial models
showed a slightly better fit to the data than the two exponential models (M2 and M4).

ToxStrategies (2010) based its screening value on the white blood cell decrements as a critical endpoint.
ARCADIS confirmed that benchmark dose modeling of decrements in lymphocytes yields slightly higher
BMDLs. ARCADIS verified the white blood cell benchmark dose modeling of ToxStrategies (2011),
specifically, the female rat BMDL values for the white blood cell decrements using the historical control
variance are 8.78, 5.55, 16.12 and 16.12 mg/kg-day, for each of 4 BMD model types, with an average
BMDL of 11.64 mg/kg-day. All models are acceptable fits to the experimental data, and the AIC values for
the four models are identical. Thus, the USEPA’s default averaging approach is appropriate for setting a
Point of Departure.

The female rat BMDL values for the lymphocyte decrements using the historical control variance are 7.94,
4.37, 15.95, 15.95 and 15.95 mg/kg-day, for each of 5 BMD model types, with an average BMDL of 12.03
mg/kg-day. All five models (including the polynomial model) are acceptable fits to the experimental data.
The AIC values for the five models are 102.5, 102.5, 102.6, 102.6, and 102.6. According to USEPA’s
Benchmark Dose Software manual (EPA 2012b), one model is preferred over another only if “the AIC
value is substantially smaller for one model.” Clearly, 102.5 is not “substantially smaller” than 102.6, so
these AICs are virtually identical. Thus, USEPA’s default averaging approach is appropriate for setting a
Point of Departure. To summarize, the four model average Point of Departure based on white blood cell
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decrements is 11.64 mg/kg-day and the five model average Point of Departure based on lymphocyte
decrements is 12.03 mg/kg-day.

The USEPA (2012a) value was based on a simple NOAEL and does not take full advantage of the
benchmark dose modeling approach now favored in the United States (USEPA 2000) for derivation of
toxicological reference values for human health risk assessment. The USEPA (2012a) performed some
initial benchmark dose modeling without log transforming the data as did ToxStrategies (2011) and
ATSDR (2011). Without log transforming the data, acceptable model fits were not attained. This outcome
was already reported by others, and it is unclear why the USEPA presented the unsuccessful benchmark
dose modeling efforts and then did not proceed to log transform the data as did others.

ARCADIS investigated the scientific appropriateness of log transforming data during benchmark dose
modeling. Log transformation of the data is explicitly allowed by USEPA guidance (USEPA 1995; 2000;
2012a,b,c). For instance, USEPA (1995) states: “...it may be necessary to transform continuous data in
some cases so that they better satisfy the assumptions of a normal distribution. A log-transform is often
used for this purpose.” Similarly, when discussing acceptable adjustments to the data in the Benchmark
Dose (BMD) Methodology Software Tutorial, USEPA (2012c) states: “In certain cases, the typical models
for a standard study design cannot be used with the observed data as, for example, when the data are not
monotonic, or when the response rises abruptly after some lower doses that give only the background
response. In these cases, adjustments to the data (e.g., a log-transformation of dose) or the model (e.g.,
adjustments for unrelated deaths) may be necessary.”

More importantly, the USEPA itself has log transformed data sets when performing benchmark dose
modeling. In the IRIS profile for benzene for instance, USEPA (2012d) states: “Most of the data were
supralinear (i.e., the magnitude of the reductions in lymphocyte count decreased with increasing unit
dose), and it was necessary to transform the dose data according to the formula d’ = In(d+1) in order to fit
the available models.” This regulatory precedent for log dose transformation concerns a data set that
matches the data set for sulfolane. In both cases, the critical effect was decreased white blood cell counts,
and in both cases simple log transformation of the raw data provided acceptable model fits.

In addition, ARCADIS reviewed the USEPA'’s database of Provisional Peer-Reviewed Toxicity Values
(PPRTVs) and found that USEPA has derived a total of 44 chronic oral RfDs and 33 chronic reference
concentrations. Of the 77 total noncancer toxicity values, 26 are based on benchmark dose modeled

values (~33%) with 9 of the 26 (35%) based on a lognormal transformation of the dose-response data
from the critical study.

Lastly, log dose transformation is performed in peer-reviewed scientific studies in which reference doses
and reference concentrations were derived by benchmark dose modeling of data of critical effects (TERA
2005; Budtz-Jorgensen et al., 2000; Grandjean et al. 1997; Suwazono et al. 2006, 2011; Gaylor et al.
1998; Clewell et al. 2003).
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Derivation of Alternative Reference Doses

Based on the above logic, a scientifically defensible approach to deriving chronic and subchronic RfDs for
sulfolane is as follows:

1. Based on a quality assessment, the HLS (2001) is defined as the critical study (USEPA, 1994, 20023,
2002b, 2003, 2012a; Klimisch et al. 1997).

2. The HLS (2001) data are subjected to benchmark dose modeling to define the BMDL o per USEPA
guidance (USEPA, 1995, 2000, 2002, 2012a,b).

3. Benchmark dose modeling is performed using log transformed doses per USEPA guidance (USEPA,
1995, 2000, 2012a,b,c;) and in accordance with USEPA’s RfC for benzene (USEPA, 2012d). The
appropriateness of log transformation of doses is supported by peer-reviewed literature citations (TERA,
2005; Budtz-Jorgensen et al. 2000; Grandjean et al., 1997; Suwazono et al., 2006, 2011; Gaylor et al.,
1998; Clewell et al., 2003).

4. Benchmark dose modeling is performed using historical control variances per USEPA guidance
(USEPA 1994; 2000 2012b).

5. White blood cell reduction is defined as the critical endpoint instead of lymphocyte reduction because
benchmark dose modeling of white blood cell data results in slightly lower BMDLs. USEPA (2012a), TCEQ
(2011a), and CCME (2006) all based their screening criteria on decreases in white blood cells in rats as
reported by HLS (2001).

6. Because the exponential M2, exponential M4, linear, and power models all provide acceptable fits to
the experimental data and because no model has a “substantially lower” AIC value, EPA’s default
approach of averaging the BMDLs and designating the four model average BMDL as the Point of
Departure is used (EPA 2000).

7. The four model average BMDL is 11.64 mg/kg-day for white blood cells (12.03 mg/kg-day for
lymphocytes). Thus, the Point of Departure is defined as 11.64 mg/kg-day.

8. The chronic RfD is derived from the Point of Departure using a standard composite Uncertainty Factor
of 1,000 (Interspecies-10; intraspecies-10; subchronic to chronic exposures-10).

The interspecies UF of 10 is a standard UF unless one converts the animal dose to a Human Equivalent
Dose (HED). In that case, the HED conversion is considered by EPA to comprise the pharmacokinetic
portion of the interspecies UF, and only the pharmacodynamic portion of that UF is used (1-3). In this
case, the standard UF of 10 is used to be consistent with the approaches taken by EPA (2012a), ATSDR
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(2011), and CCME (2006). If the HED were calculated and then the maximum pharmacodynamic UF of 3
applied, the total effect would be to reduce the chronic RfD from 0.012 to 0.01 and the subchronic RfD
from 0.12 to 0.1 mg/kg-day. TCEQ (2011a) used an interspecies UF of 1 after converting the animal dose
to an HED.

The intraspecies UF of 10 is a standard UF used by USEPA (2012a), ATSDR (2011), CCME (2006) and
TCEQ (2011a).

The subchronic to chronic UF of 10 is a standard UF used by USEPA (2012a), ATSDR (2011), CCME
(2006) and TCEQ (2011a).

Because the database is adequate for setting RfDs, a database uncertainty factor of 1 was used.

The composite UF of 1,000 is the same composite UF as used by ATSDR (2011). It is higher than the
composite UFs of TCEQ (2011a) and CCME (2006), which were both 300. Lastly, is it slightly lower than
the composite UF used by USEPA (2012a). Thus, the composite UF is within the range of UFs used by
others.

9. The subchronic RfD is derived from the Point of Departure using a standard composite Uncertainty
Factor of 100 (Interspecies-10; intraspecies-10). The subchronic RfD is 0.12 mg/kg-day, rounded to 0.1
mg/kg-day. The UFs are as noted above with the omission of the subchronic to chronic UF, which is
unnecessary for subchronic exposures.

10. The chronic RfD is 0.012 mg/kg-day, rounded to 0.01 mg/kg-day._

11. The chronic RfD is virtually identical to the TCEQ (2011a) value (0.013 mg/kg-day) and the CCME
(2006) value (0.010 mg/kg-day), although the values are derived using different approaches.
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Drinking Water Guidance Value for Sulfolane

A health-based Drinking Water Guidance Value of 0.04 mg/L (40 ug/L) is established for
sulfolane, based on lifetime exposure. Occasional short-term exceedances above this value are
not considered to be of concern. For more significant, long-term exceedances that cannot be
addressed through treatment, it is suggested that a plan be developed and implemented to
address these situations.

Health Canada can develop a Drinking Water Guidance Value (DWGV) at the request of a
federal department, a province or a territory. This DWGYV has been established for the Alberta
Department of Environment and Sustainable Resource Development. It is based on limited
scientific information available at the time of the request, and not on a thorough research of all
existing studies.

DWGVs are not subject to a review as thorough as the Guidelines for Canadian Drinking Water
Quality, which undergo internal peer review and public consultation before being approved by
the Federal-Provincial-Territorial Committees on Drinking Water and on Health and the
Environment. DWGVs apply to water intended for human consumption, and do not replace or
supersede existing guidelines or regulations in place.

Background Information

Identity, use and sources

Sulfolane (C4HgSO,; CAS 126-33-0) is a solvent used for gas treating in a variety of industrial
processes. It is known under a variety of synonyms and trade names, including bondelane A,
2,3,4,5-tetrahydrothiophene-1,1-dioxide, and tetramethylene sulfone. It has a molecular weight
of 120.17 g/mol, a density of 1.276 g-cm™ at 15°C, an aqueous solubility of 1,266,000 mg/L at
20°C, a log Kow of -0.4, a vapour pressure at 20°C of 1.33 x 10-3 kPa, and a Henry’s law
constant of 4.6 x 10° atm-m*mol™. Sulfolane is poorly adsorbed to soil, has a high aqueous
solubility, low volatility and is highly mobile in the subsurface. Under typical groundwater
conditions, sulfolane degradation may be slow or non-existent. However, under conditions of
typical surface water, sulfolane degradation is relatively rapid, with complete removal occurring
after 5 to 11 weeks (CCME, 2006).

Exposure
The total worldwide production of sulfolane is estimated at between 18,000 and 36,000 tons per

year. Reports on the presence of anthropogenic sulfolane in the North American environment are
limited to data collected in the vicinity of gas processing facilities in Alaska (U.S.) and in
Western Canada; the maximum measured sulfolane concentrations in groundwater were

800 mg/L in shallow till and 88 mg/L in bedrock (CCME, 2006). Testing of 28 monitoring wells
at a North Pole refinery reported sulfolane concentrations ranging from 21 to 6,520 pg/L
(Arcadis U.S. Inc., 2013). Sulfolane concentrations in private wells near the refinery ranged
from 40 to 415 pg/L (Barr Engineering Company, 2013).
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Multi-route exposure assessment

To assess the overall exposure of sulfolane in drinking water, the relative contribution of each
exposure route was assessed through a multi-route exposure assessment approach (Krishnan and
Carrier, 2008). Both the dermal and inhalation routes of exposure during bathing or showering
are considered significant if they contribute to at least 10% of the drinking water consumption
level. On the basis of the estimated skin permeability coefficients and the air to water
concentration values, it was found that dermal and inhalation exposures through showering or
bathing were not significant.

Kinetics

Sulfolane is well absorbed through the oral route but not through human skin. Sulfolane rapidly
distributes throughout the body and is removed from plasma with a half-life of 3.5 to 5.0 hours in
test animals. When 100 mg of sulfolane was administered intraperitoneal to rats, 85% of the
sulfolane was excreted in urine as a metabolite, 3-hydroxy sulfolane, in the first 24 hours
(ATSDR, 2010).

Toxicological Information

No studies were identified on the effects of oral or inhalation exposures of sulfolane in humans.
No carcinogenicity studies of animals orally exposed to sulfolane have been identified and there is
no evidence to suggest that sulfolane is genotoxic (CCME, 2006; ATSDR, 2010; NCEA, 2012).
In animals, studies have found decreased total white blood cell (WBC) count as well as kidney
and spleen effects. These studies are described below.

In a single published study that was translated to English from Chinese, Zhu et al. (1987)
conducted a series of studies on the acute, subchronic (90-day) and chronic (6-month) oral
toxicity of sulfolane in mice, white rats, and guinea pigs (studies summarized below). Study
authors also conducted a developmental study (discussed below) and several negative
genotoxicity tests (Ames, bone marrow micronucleus test, and sister chromatid exchange test).
The study authors did not state whether the experiment adhered to GLP guidelines and data
tables were not provided in the translation. This report appears to be an extended abstract of the
original study and its use is limited for risk assessment purposes. For example, there is no clear
indication of histopathological examination of any tissues in any test described, except for the
spleen and liver in the 6-month study. Exposure type (e.g., gavage, drinking water, diet) and
frequency of oral administration were not reported. The study authors did not delineate the
specific biochemical parameters examined, nor did they specify the meaning of “liver
biochemical index.” Further, statistical testing is poorly reported. However, since studies on
sulfolane toxicity are limited, and based on the fact that this study was used by ATSDR as a key
study it is summarized below.

Subchronic toxicity

Huntingdon Life Sciences (HLS, 2001): A good laboratory practice (GLP)-certified subchronic
(90 day) drinking water study for sulfolane in CD rats was conducted. Although this study was
funded by industry and it is not publicly available, ATSDR obtained the data and extensive
summaries are available in several independent reports (CCME. 2006; ATSDR, 2010; NCEA,
2012). Rats (10/sex/group) were exposed to concentrations of 0, 25, 100, 400 or 1600 mg
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sulfolane/L drinking water ad libitum (estimated daily doses of 2.1, 8.8, 35 and 132 mg/kg bw
per day in male rats and 2.9, 10.6, 42 and 191 mg/kg bw per day in female rats). A thorough
examination of effects included: food and water consumption, bodyweight, organ weights,
functional observations (e.g., reflexes, grooming, motor activity), hematological evaluations,
blood chemistry, gross pathology and histopathological examination of: adrenals, brain, femur,
heart, ileum, kidneys, liver, lungs, mammary area, spinal cord, stomach, thyroid and uterus.

The exposure was described as well tolerated, and the study authors identified two primary
effects of concern. First, male renal toxicity involving inhibition of a-2p-globulin that is
probably not relevant to humans for purposes of risk assessment (Dellarco and Baetcke, 2005).
Secondly, the most relevant effect considered to be treatment-related by the HLS study authors
was a decrease in lymphocyte, monocyte and large unstained cell counts, as well as a
concomitant decrease in total leukocyte or WBC counts in female rats administered 100, 400 or
1600 mg/L (10.6, 42 and 191 mg/kg bw per day). Males did not experience similar decreases in
these cell counts. Although there was no assay of functional manifestation of the white cell
decreases such as compromised immune function, the decreases in WBC counts seen in female
rats were broad (seen in several cell types), statistically significant and dose related.
Additionally, there was a statistically significant decrease in the spleen weights at the high dose,
which supports the immune suppression effect; this effect was reported in other studies of
sulfolane exposures (albeit at higher exposures) in a different rat strain (Crj:CD[S-D]) and other
species (guinea pigs; Zhu et al., 1987). A lowest observed adverse effect level (LOAEL) of 10.6
mg/kg bw per day and a no observed adverse effect level (NOAEL) of 2.9 mg/kg bw per day
were identified in female rats, based on statistically significant decreases in total WBCs,
lymphocyte, monocyte and basophil counts.

Ministry of Health and Welfare Japan (1996): In a GLP-compliant, peer-reviewed study,
sulfolane was administered by gavage to 5-week old male and female Crj:CD(S-D) rats at dose
levels of 0, 60, 200, or 700 mg/kg bw per day for 28 days. While written in Japanese, the study
was reviewed and reported by the Organisation for Economic Cooperation and Development
(OECD, 2004). There were 6 animals/sex in the 60 and 200 mg/kg bw per day groups and 12
animals/sex for the groups dosed at 0 and 700 mg/kg bw per day. After 28 days of treatment, 6
animals in the control and 6 in the 700 mg/kg bw per day groups were observed for a 14-day
recovery period. The exact methods, animal husbandry, and statistical procedures performed by
the Ministry of Health and Welfare Japan were not reported by the OECD.

There were no deaths in the control or treatment groups. Males in the 700 mg/kg bw per day
group experienced significantly (p < 0.01) lower absolute body weight compared with controls
throughout treatment (12—14% bodyweight depression from days 3—28), while high-dose
females only showed significant differences (p < 0.01) from controls for the first 14 days of
treatment (11% absolute body-weight depression only on day 3). High-dose males experienced
significant (p = 0.01) decreased food consumption for the first 3 weeks of treatment, while
females had significant (p < 0.01) decreased food consumption the first week of treatment. High-
dose females experienced decreased locomotor activity (3/12 animals) during the beginning of
the treatment period. Hematology revealed that all dosed male groups had significant (p = 0.05)
slightly decreased (2—3%) mean cell hemoglobin concentration after 28 days of treatment, but
there was no decrease observed after the 14-day recovery period. Males of the high-dose group
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had significant (p = 0.05) higher WBC counts compared with control only after the recovery
period and not after the 28-day treatment period. Because only the control and the high-dose
groups were examined after recovery, a dose-response relationship could not be evaluated.
Effects on WBCs in treated females were not observed. High-dose females had significant
reduced mean red blood cell counts and significant increased mean cell volume compared with
controls after recovery (p = 0.01). The high-dose females had elevated ALT (46% above control)
and decreased glucose (15% below control). High-dose male rats experienced significant
increased (p = 0.05) relative kidney, brain and heart weight, and increased incidence and severity
of hyaline droplets and eosinophilic bodies in the renal tubules at both 200 and 700 mg/kg bw
per day. Based on observed kidney effects in male rats, a LOAEL of 200 mg/kg bw per day and
a NOAEL of 60 mg/kg bw per day were identified, however as noted above, this effect is likely
related to a-2p-globulin and likely not relevant for human risk assessment.

Subchronic study (Zhu et al., 1987): 80 white rats and 80 guinea pigs (sex, age, strain not
specified) where given 0, 55.6, 167, or 500 mg/kg-day sulfolane for 90 days, after which the
animals were sacrificed. In guinea pigs, WBC counts were significantly (p < 0.05) decreased
relative to controls values in all dose groups, although no other indication of dose response was
described or given. In rats, no significant changes in biochemical parameters or pathology were
reported in the low- and mid-dose groups. However, the study authors reported significant
changes in the high-dose group (500 mg/kg bw per day) including changes in urine volume,
increased gamma glutamyl transferase activity in the urine, decreased serum alkaline
phosphatase activity, decreased ICD (undefined in the study report) and decreased thrombin. The
study authors stated that other examined parameters did not exhibit statistically significant
changes. The authors concluded that sulfolane affects the blood system, liver and kidneys and
that guinea pigs are more sensitive than rats.

Subchronic/chronic toxicity

Zhu et al. (1987): Guinea pigs (20/sex/dose) were orally dosed with sulfolane at dose levels of 0,
0.25, 2.5, 25, or 250 mg/kg bw per day for 6 months. Biochemical and pathological evaluations
were conducted on a subset of animals during an interim sacrifice at 3 months (subchronic) and
at the end of the study at 6 months (chronic). The translation did not state the specific
biochemical parameters, organs examined, or whether the pathology mentioned was gross
pathology or histopathological. At the 3-month interim sacrifice, levels of ALT, AST and
marrow cell number were lower than controls but statistical significance was not reported.
Incidence of shrinkage of white pulp in the spleen in the 0, 0.25, 2.5, 25, and 250 mg/kg bw per
day groups were reported as 0/14, 0/14, 1/14, 2/14 and 6/14, respectively (no statistical analysis
reported). At 6 months, a “liver biochemical index” for male guinea pig was 40.2 and
significantly different from the control group, but this term was undefined. A dose-response
relationship in the increased incidence of fatty deposits in the liver was reported as 0/25, 0/22,
2/26, 4/25, and 7/22 and then again as changes in fatty liver deposits at 2.5 mg/kg bw per day
(1/26), 25 mg/kg bw per day (2/25) and 250 mg/kg bw per day (5/22). Likewise, shrinkage of
splenic white pulp was reported: 2/26 at 2.5 mg/kg bw per day, 2/25 at 25 mg/kg bw per day, and
7/22 at 250 mg/kg-day. Based on these reported histopathological results, a no-effect of

0.25 mg/kg bw per day and a chronic threshold of 2.5 mg/kg bw per day were reported.
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Reproduction and Development

Zhu et al. (1987): female Chinese Kunming mice (number not reported) were orally administered
sulfolane in distilled water at dose levels of 0, 93, 280, or 840 mg/kg bw per day on gestational
days (GDs) 6—15. A positive control (N’,N-methylene-bis-2-amino-5-sulfhydryl-1,3,4-
thiadianole) and negative control (distilled water) were also administered to pregnant mice. On
GD 18, fetuses were removed and examined for abnormalities. The study authors provided no
other experimental details or methods of statistical analysis. In the highest dose group

(840 mg/kg bw per day) the incidence of skeletal abnormalities was significantly higher

(p < 0.01) than the negative control and the number of fetal resorptions increased compared to
negative control (30.16% versus 13.53%, respectively), but statistical significance was not
specified. No skeletal abnormalities were observed in pups in the 280 mg/kg bw per day group.
Data from the study indicate a developmental NOAEL of 280 mg/kg bw per day and
corresponding LOAEL of 840 mg/kg bw per day. Although study authors did not indicate
whether GLP was followed, the study is considered acceptable because both skeletal and visceral
observations of the pups were made and abnormalities in pups were detected after treatment with
sulfolane.

The Ministry of Health and Welfare Japan (1999): This Japanese one-generation reproductive/
developmental toxicity screening test was peer-reviewed by OECD (2004), who also provided an
English summary and data tables. The study followed OECD 421 guidelines and was conducted
under GLP standards. Study authors administered sulfolane in water by gavage to 10-week-old
Crj:CD(S-D) rats (12/sex/group) at doses of 0, 60, 200, or 700 mg/kg bw per day for 4150 days.
The dosing period extended from 14 days before mating to lactation day 3. Study authors
recorded the following parameters: number of successful copulated pairs, copulation index,
paring days until copulation, number of pregnant females, fertility index, number of corpora
lutea, number of implantation sites, implantation index, number of living pregnant females,
number of pregnant females with parturition, gestation length, number of pregnant females with
live pups on Day 0, gestation index, number of pregnant females with live pups on Day 4,
delivery index, number of pups alive on Day 0 of lactation, live birth index, sex ratio, number of
pups alive on Day 4 of lactation, viability index and body weight of live pups (on Days 0 and 4).
At necropsy, study authors collected organ weights in the parental generation for testes,
epididymides, and ovaries. Microscopic examinations of these organs were conducted for
animals in the high-dose group only. Pups were examined macroscopically but did not include a
detailed organ or skeletal examination. In females of the 700 mg/kg bw per day dose group,
fewer estrous cycles, a significant (p < 0.01) increase in stillbirths, increased relative ovary
weight at necropsy and a significant (p < 0.01) decrease in birth index, live birth index, and
number of pups were reported. Females dosed with 200 mg/kg bw per day had a significant

(p < 0.05) decrease in delivery and birth indices. Mean pup weight was significantly decreased
on lactation day 0 and 4 in the 700 mg/kg bw per day group (p < 0.01). Mean litter weights were
significantly decreased (p < 0.05) compared to control at >200 mg/kg bw per day. No external
anomalies were observed in any of the treated pups at necropsy. Based on decreased delivery and
birth indexes, a NOAEL of 60 mg/kg bw per day an a LOAEL of 200 mg/kg bw per day were
identified for reproductive and developmental toxicity.



Drinking Water Guidance Value for Sulfolane Health Canada
March 17, 2014

Treatment Technology

There is limited information available in the literature for the removal of sulfolane from water
supplies. Available bench-scale and pilot-scale data reported that filtration with granular
activated carbon was effective in reducing sulfolane at the residential scale and in small systems.

Municipal Scale

Based on the information and testing for residential scale systems described below, municipal
scale treatment of sulfolane is expected to be achievable using granular activated carbon (GAC)
technology. Following the studies conducted by the Barr Engineering Company (2013) described
below, the Drinking Water Program within the Alaska Department of Environmental
Conservation (DEC) has granted approval to operate GAC sulfolane treatment systems at two
Public Water Systems (Alaska Department of Environmental Conservation, 2014).

Residential Scale
The Barr Engineering Company (2013) conducted a number of studies on sulfolane, as
described below.

Screening-level testing of residential treatment technologies was conducted at a contaminated
site in North Pole, Alaska to evaluate: potassium permanganate; calcium hypochlorite; ultraviolet
radiation (UV oxidation); hydrogen peroxide (H20,); H,O,+ UV oxidation; and activated carbon
adsorption. Results indicated that activated carbon adsorption showed the most promise for a
potential point-of-entry (POE) residential system and that H,O, + UV oxidation showed limited
removal capacity.

Follow-up feasibility studies were conducted at bench-scale for advanced oxidation processes
(AOPs) using H,0O, + ozone and H,O, + UV oxidation and at both bench- and pilot-scale for
activated carbon. They found that AOPs using H,O, + ozone and H,0, + UV oxidation,
regardless of configuration or combinations of technologies, were not effective at removing
sulfolane in drinking water (less than 40% reduction). The bench-scale study for carbon
adsorption was conducted using feed water supplied via a 500-gallon tank, containing sulfolane
concentrations ranging from 310 to 350 pg/L (average of 320 ug/L); TOC concentrations
ranging from 2 to 3 mg/L; iron concentrations below 50 pg/L; manganese concentrations of
approximately 1 pg/L; alkalinity of approximately 200 mg/L as CaCOg; pH values between 7
and 8; and water temperature was maintained between 4 and 7°C. Samples were collected at the
influent and effluent sampling points of each of 3 columns (in parallel) every 60 minutes for the
150 hour-duration of the test. An Empty Bed Contact Time (EBCT) of 4 min resulted in a time to
breakthrough 66 hours for the first column, at a loading rate of 0.3 gpm (approximately 7,000
gallons/ft® of activated carbon). The bench-scale data showed that carbon adsorption was very
effective for the treatment of sulfolane in drinking water, achieving at least 97% removal prior to
breakthrough.

Pilot testing was undertaken to ensure that the treatment design was adequate for use at full
residential scale on a variety of water sources to the clean-up level of 14 ug/L established by the
Alaska Department of Environmental Conservation (DEC). Both accelerated and in-home pilot
testing were undertaken in the study. The accelerated pilot test trials were conducted on a full-
scale POE treatment system design of two primary 2.5-cubic-foot GAC vessels operating in
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series at a loading rate of 3 gpm through one vessel (equivalent to two vessels in parallel at 6
gpm) using two different flow regimes. The first trial consisted of a constant flow with no
downtime, while the second trial used a “50:50” flow scenario (20 min on and 20 min off for 16
hours, followed by eight hours of completely off)

In the first trial (constant flow), the influent concentration varied between 156 and 235 ug/L and
the first detectable level of sulfolane in the first vessel effluent was seen after treatment of

10,739 gallons. In the second trial (50:50 flow scenario), the influent sulfolane concentration
varied from 231 to 290 pg/L and the first detectable level of sulfolane in the first vessel effluent
was seen after treatment of 11,794 gallons. The sulfolane concentration in the first vessel effluent
showed minimal increase following breakthrough as the trial continued. The testing results of the
accelerated pilot testing confirmed successful sulfolane removal through a POE treatment system
with GAC, achieving sulfolane concentrations below the reporting limit of 10 pg/L or the
detection limit of 3.1 pg/L prior to breakthrough.

In-home pilot testing was also undertaken at five selected residences using one or two 2.5-cubic-
foot GAC vessels for the purposes of evaluating sulfolane breakthrough. The test homes were
selected to include both higher and lower sulfolane concentrations and to provide a range of
anticipated water qualities for the residences where installation of the full-scale systems was
planned. Average concentrations of sulfolane varied between 36.3 and 403 pg/L. Weekly
sampling included measurement of the water usage rate, collection of sulfolane samples from the
feed to and effluent from the first GAC vessels. Measurements of iron, manganese, TOC,
oxidation-reduction potential (ORP) and fecal coliforms were conducted weekly. The study
included two types of POE treatment systems: (1) a two-vessel design consisting of first and
second vessels plumbed in series followed by a third vessel for redundancy, which was installed
at 3 locations and tested between November 2010 and November 2011; and (2) a single-vessel
design consisting of a first vessel followed by a second vessel for redundancy, which was
installed at 2 locations and tested between November 2010 and June 2011. All sulfolane
concentrations were below10 pg/L prior to breakthrough in the first vessel and there was no
detection of sulfolane in any of the subsequent (redundant) vessels.

Further to this in-home pilot study, the Water Quality Association (WQA) certified the single
unit (simplex) 2.5-cubic-foot GAC vessel as capable of treating sulfolane to levels below

10 pg/L at a flow rate of 3 gpm. The certification treatment conditions are as follows: 25,000
gallons of water at an influent sulfolane concentration of 55 pg/L; 14,900 gallons at an influent
sulfolane concentration of 155 pg/L; and 10,000 gallons at an influent sulfolane concentration of
350 ug/L. As such, any water with greater than 350 ug/L of sulfolane will require either
remediation prior to treatment or pilot testing of other designs to ensure that they are capable of
removing higher concentrations of sulfolane.

The report (Barr Engineering Company, 2013) concluded that the majority of homes where the
POE treatment would be used have sulfolane concentrations below 100 pg/L, thus a standard
2.5-cubic-foot residential GAC vessel could last much longer than three months in those cases. It
also found that the scale of the required GAC equipment provides sufficient capacity and
redundancy for a residential setting.
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Classification and Rationale

Currently, there are no epidemiological studies or other data that support the carcinogenicity of
sulfolane in humans and no evidence of genotoxicity. The most acceptable study to use for
deriving an oral reference value is a GLP compliant, peer-reviewed study (HLS, 2001) that
identified statistically significant decreases in the total WBC and lymphocyte counts in female
rats exposed to sulfolane in drinking water for 13 weeks. Although alternative studies are
available (i.e., Zhu et al., 1987; Ministry of Health and Welfare Japan, 1996), they were
originally published in a foreign language and the available translations do not contain detailed
documentation of experimental methods and study design. By comparison, the HLS (2001) study
authors conducted the drinking water study at a lower dose range and examined a wide array of
endpoints.

Calculation of Health Canada’s Drinking Water Guidance Value (DWGV)

The benchmark dose (BMD) approach is an alternative to the NOAEL/LOAEL approach that has
been used for many years and by many international agencies (including the U.S. EPA and
OECD) in dose-response assessment. The BMD approach is preferred in this assessment because
of the recognized limitations in the NOAEL/LOAEL approach, and the key advantages BMD
offers over the NOAEL approach, including using all experimental data (which reflects the dose-
response relationship to a greater degree and is less dependent on study size), being independent
of predefined dose levels and spacing of dose levels, and allowing the calculation of the
magnitude of any effect within the observable range.

BMD modeling of total WBC and lymphocyte counts using historical and concurrent control
HLS (2001) datasets from female rats resulted in the lowest BMDL;sp of 4.12 mg/kg bw per day
(ATSDR, 2011) this value is used as our point of departure.

DI = BMDL;sp
UF

= 4.12 mg/kg bw per day
1000

= 0.00412 mg/kg bw per day

where:
TDI

tolerable daily intake; the concentration of a chemical that is not expected

to pose a risk to human health resulting from daily exposure over a lifetime;

BMDL;sp = For continuous datasets, the benchmark response was set to 1 standard deviation
in order to obtain a benchmark dose 95% lower confidence limits (BMDLsp)
value of 4.12 mg/kg bw per day for sulfolane which is comparable to a BMDL g
(10 % additional risk) for dichotomous datasets; and

UF = uncertainty factor of 1000 is selected as follows: x10 for interspecies variability,

%10 for intraspecies variability and x10 for database deficiencies (including use of

a subchronic study and lack of appropriate toxicity and epidemiological studies.
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Based on the above TDI, a drinking water guidance value (DWGV) is calculated as follows:

DWGV = TDI x BW x AF
wC
= 0.00412 mg/kg bw per day x 70 kg x 0.2
15L

= 0.04 mg/L (rounded)
where:
BW = body weight; the mean body weight estimated for an adult Canadian is 70 kg;
AF = allocation factor; the proportion of exposure to sulfolane from drinking

water, as opposed to other environmental media (i.e., food, air, soil,
consumer products). 20% is used as a "floor value” when drinking water is not a
major source of exposure (Krishnan and Carrier, 2013);

WC = water consumption; the estimated daily volume of tap water consumed by
anadultis 1.5 L.

A DWGYV of 0.04 mg/L (40 pg/L) for sulfolane is recommended by Health Canada.
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Appendix - International Considerations

There are no regulatory limits for sulfolane in drinking water. The Agency for Toxic Substances
and Disease Registry (ATSDR) did perform a Health Consultation on sulfolane for the Alaska
Department of Health and Social Services. The ATSDR recommended an oral exposure limit of
70 pg/L (ATSDR, 2011). This limit was based on a provisional health guidance value of

0.002 mg/kg/day resulting from a 1.5 mg/kg bw per day BMDL (dispersion of spleen’s white
pulp in guinea pigs after subchronic oral exposure (Zhu et al., 1987)) and an uncertainty factor of
1000 (x10 for interspecies variation, x10 for intraspecies variability and x10 for using a
subchronic study). The ATSDR document was criticized by peer reviewers for the use of the Zhu
et. al. (1987) study as the basis for their provisional health value.

The U.S. EPA Superfund Technical Support Center recently released a provisional chronic RfD
value for sulfolane of 0.001 mg/kg bw per day based on a NOAEL of 2.9 mg/kg bw per day
(reduced WBC counts in female rats; HLS, 2001) and a 3000-fold composite uncertainty factor
(% 10 interspecies variation, x10 intraspecies variation, x10 for using a subchronic study and x3
for developmental uncertainty; U.S. EPA, 2012).

The CCME developed a source guidance value for groundwater for sulfolane of 0.09 mg/L. A
TDI of 0.0097 mg/kg bw per day was based on a NOAEL of 2.9 mg/kg bw per day (reduced
WBC counts in female rats (HLS, 2001)) and an uncertainty factor of 300 (x10 for interspecies
variation, x10 intraspecies variation and x3 for adequate but not extensive dataset and
subchronic extrapolation; CCME, 2006). The British Columbia Ministry of Water, Land and Air
protection also developed an ambient water quality guideline for sulfolane that is the same as
CCME’s (British Columbia, 2003).

10
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September 8, 2014

Jacqueline Patterson

Toxicology Excellence for Risk Assessment
2300 Montana Avenue, Suite 409
Cincinnati, OH 45211

Subject: Comments related to the independent peer review of sulfolane reference doses
Dear Ms. Patterson:

It is our understanding that Toxicology Excellence for Risk Assessment (TERA), on
behalf of the Alaska Department of Conservation (ADEC), has convened an independent
peer review of the established reference doses (RfDs) for sulfolane and, that as a part of
the peer review process, members of the public and scientific community can submit
written comments on technical issues for consideration by the panel. ToxStrategies
appreciates this opportunity to submit technical comments for consideration by your
panel of experts. We will have scientists present both in person, as well as joining via
conference call to answer any questions that panel members may have about our analyses
and comments.

ToxStrategies scientists have been working to understand the toxicology of sulfolane and
implications for risk assessment since the late 2009 timeframe. In 2010, ToxStrategies,
working in conjunction with Dr. David Gaylor, developed a scientifically robust
reference dose (RfD) for sulfolane based on a state-of-the-science dose-response
modeling approach and robust data inputs (ToxStrategies, 2010). Our work ultimately
underwent a rigorous scientific peer review and was published in the Journal of Applied
Toxicology (Thompson et al., 2013; accepted for publication in June 2012 and published
online in August 2012).

We have shared early summaries of our analysis (ToxStrategies, 2010), along with all of
the underlying data and modeling runs, with all interested parties (i.e., ADEC, ATSDR,
EPA, TCEQ) as they’ve each proceeded with their own independent processes for
developing RfDs. In accordance with the charge questions posed to the panel, we believe
that there are a number of key points to take note of concerning the state of the science
and the various analyses that have been conducted, including the most recent assessment
of the various benchmark dose modeling analyses undertaken by Gradient Corporation on
behalf of ADEC (Gradient, 2014). We offer a number of key points for consideration by
the panel in our attached comments. Importantly, based on critical review of the Gradient
assessment, we have identified a mistake that will impact their conclusions with respect
to acceptability of the various models based on the BMD/BMDL ratios. On the whole,



the benchmark dose model verification exercise conducted by Gradient is thorough and
consistent with the most recent USEPA BMD practices. However, an apparent error in
estimating the BMD/BMDL ratios leads to a substantially different conclusion
concerning whether or not all viable model fits have BMD/BMDL ratios <5.0. This is
described in detail in our comments (attached) and should be carefully reviewed by the
peer reviewers. Dr. David Gaylor, an internationally-recognized expert on BMD
modeling and contributor to some of the USEPA Benchmark Dose Modeling Guidance,
was asked to independently review the Gradient (2014) report and has confirmed the
mistake in the Gradient assessment and offers his own independent thoughts on selection
of a POD. His technical comments have been submitted to TERA and have also been
included as an attachment to our comments for convenience for the panel.

Sincerely,

ok

Laurie A. Haws, PhD, DABT
Principal Health Scientist

/
7%

Chad Thompson, PhD
Managing Health Scientist
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Comments Offered by ToxStrategies, Inc.
Key Points to Consider as a Part of the Independent Peer Review of Established Reference
Doses (RfDs) for Sulfolane

University of Alaska, Fairbanks
September 16-17, 2014

1.0 Zhu et al. (1987) Has Severe Limitations and Should Not Be Used
as the Basis for the Sulfolane RfD

USEPA’s decision to reject data from the Zhu et al. (1987) study for purposes of developing
an RfD is justified. As appropriately characterized by ADEC’s contractor (Gradient) in their
report issued on August 15, 2014 (Gradient, 2014), numerous investigators have noted
substantial deficiencies in the Zhu et al. (1987) study (Arcadis et al.,, 2012; ATSDR, 2010
and 2011; CCME, 2006; Health Canada, 2014; Magee, 2012; USEPA 2012a; Haney, 2011;
Thompson et al., 2013; ToxStrategies, 2010). Overall, there is so little detail about the
materials, methods and compliance with accepted research standards for conducting in
vivo toxicity studies that the quality and accuracy of the results in the Zhu et al. (1987)
study is difficult to judge. Examples of some of the specific deficiencies noted in our review
of Zhu et al. (1987) are outlined in Attachment A. As a result of these limitations/
deficiencies, data from the Zhu et al. (1987) publication should not be used as a basis for
the sulfolane RfD, especially given the availability of another high quality study (i.e.,
subchronic GLP drinking water study conducted by Huntingdon Life Sciences (HLS) (HLS,
2001)).

2.0. Benchmark Dose Modeling is Preferred Over a NOAEL/LOAEL
Approach

Because of the limitations of the traditional NOAEL/LOAEL approach (described in more detail
in Attachment B), USEPA and others involved in dose-response modeling have articulated a
strong preference for dose-response data to be modeled whenever feasible as opposed to simply
default NOAEL/LOAEL approaches (USEPA, 2000, 2002, and 2012b; EFSA, 2009; Zhao et al.,
2010; Davis et al., 2011).

Several groups of investigators have independently demonstrated that the dose-response data
from the HLS (2001) study is amenable to BMD modeling (ToxStrategies, 2010; ATSDR, 2011;
Thompson et al., 2013; Gradient, 2014) and several regulatory agencies have adopted RfDs
based on BMD modeling of the HLS (2001) data (Haney et al., 2011; Health Canada, 2014).



3.0 Log Transformation of Dose was Necessary, Appropriate and
Consistent With USEPA Guidance

The USEPA BMD guidelines (2000, 2012b) indicate that transformation of dose can help
improve model fits to data. Specifically, USEPA (2012b) states that:

“Whenever none of the available models provides an adequate fit to the
data...adjustments to the data (e.g., a log-transformation of dose or adjustments for
unrelated deaths) may be necessary.”

Several groups have demonstrated that, while no models provided adequate fits based on initial
modeling where dose was modeled on an arithmetic scale, log transformation of dose did in fact
yield good model fits when applied to the HLS data for white blood cell (WBC) and lymphocyte
counts (ToxStrategies, 2010; ATSDR, 2011; Thompson et al., 2013; Gradient, 2014).

4.0 The USEPA IRIS Assessment for Benzene Supports the Use of Log-
Dose Transformation and Provides an Important Precedent

USEPA has undertaken one noteworthy IRIS assessment in which log transformation of dose
was employed when modeling a continuous endpoint — the noncancer risk assessment of benzene
(USEPA, 2002). The endpoint modeled in the USEPA IRIS benzene assessment was blood
lymphocyte counts in human workers exposed to benzene. Initial BMD modeling of the
lymphocyte data resulted in models with poor fits. After log transformation of dose, suitable
model fits were obtained.

The endpoint (lymphocyte count) and modeling approach (log transformation of dose) are highly
relevant to the sulfolane data set. Specifically, log transformation of dose was necessary to find
suitable BMD model fits for blood lymphocyte and white blood cell (WBC) counts in rats.

In the IRIS assessment of benzene, the USEPA selected the linear model because it was the most
parsimonious of the models that fit the lymphocyte data.

Given the similarities in the endpoints and data issues, the USEPA IRIS assessment for benzene

establishes an important precedent for how to model the HLS (2001) dataset for sulfolane.

5.0 Use of Historical Control Data is Beneficial and Consistent With
USEPA Guidance

The USEPA BMD guidance (2000, 2012b) indicates that use of historical variation data for
continuous endpoints can be used if available. USEPA (2012b):



“...in the absence of any other idea of what level of response to consider adverse, a
change in the mean equal to one control SD from the control mean can be used; if
warranted by statistical and biological considerations, a lower or higher increment of the
control SD might be used. The control SD can be computed including historical control
data, but the control mean should be from data concurrent with the treatments being
considered.”

Using historical blood count data has the advantage of providing a more representative estimate
of variability in a given parameter due to a much larger sample size (USEPA, 2000). Given the
concerns about the biological relevance of the effects on blood cell counts (HLS, 2001), it was
deemed preferable to utilize more robust historical control data in the derivation of the BMD/L
values. As such, historical control hematology data were obtained for 393 female CD Sprague—
Dawley rats of 16-21 weeks of age from HLS and is provided in Attachment C. These
historical data are ideal because they represent the same species, strain, sex, and age group of
animals from the same time period as those in the HLS (2001) study of sulfolane. Moreover,
because these data are from the HLS laboratory, the total WBC and lymphocyte counts were
most likely obtained using the same collection and analytical techniques as used in the HLS
sulfolane study.

One final point is that there is no clear basis for averaging BMDL values based on modeling with
concurrent and historical controls as done by Gradient (2014). One should decide either to model
with concurrent or historical control data.

6.0 Allometric Scaling Reduces Uncertainty When Extrapolating Across
Species

In the absence of physiologically based pharmacokinetic (PBPK) models or evidence of species-
specific toxicokinetic differences for a chemical, it is the typical and preferred USEPA practice
to employ allometric scaling, specifically bodyweight”* scaling (USEPA, 2011). This
interspecies adjustment (i.e., allometric scaling) was done in Thompson et al. (2013). It should
be recognized that this adjustment effectively reduced the POD for sulfolane by 4-fold in rats.
This adjustment is slightly greater than (i.e., more conservative) the typical default 3-fold
pharmacokinetic interspecies adjustment accounted for in the default interspecies UF of 10 that
is applied in some screening level risk assessments (USEPA, 2002). Thus, while Table 2 (pg 10)
in the ADEC Background document (ADEC, 2014) lists the composite uncertainty factor (UF)
from Thompson et al. (2013) as 300-fold, the total adjustment to the POD, including the
application of allometric scaling to scale pharmacokinetics across species, was approximately
1200-fold. As such, the total adjustment applied by Thompson et al. (2013) is exceeded only by
USEPA’s 3,000-fold UF.

7.0 Mistake in Gradient’s BMD/BMDL Ratio Analysis

On the whole, the benchmark dose model verification exercise conducted by Gradient is
thorough and consistent with the most recent USEPA BMD practices. However, an apparent



error in estimating the BMD/BMDL ratios leads to a substantially different conclusion
concerning whether or not all viable model fits have BMD/BMDL ratios <5.0 and this calls into
question the POD recommended by Gradient in Tables 4.1 and 4.2 of their report (Gradient,
2014). Specifically, on page 12 of the Gradient report it is stated that smaller BMD/BMDL
ratios indicate stronger confidence in the BMDL estimates It is further noted that “In order to
assess the uncertainty from the BMD/BMDL estimates, USEPA applies a default ratio of >5.0”,
meaning that models should generally have a ratio less than five. In Tables 3.1 to 3.12, Gradient
reports the BMD/BMDL ratio for all of the various modeling scenarios. Gradient concludes that
all viable models had ratios <5.0—indicating “the BMD modeling results are sufficient to be
used for selecting a POD.”

However, we have determined that all of the reported ratios in Tables 3.1 to 3.12 are based on
the BMD and BMDL values in log space, (i.e., before the doses are converted back to arithmetic
doses). Importantly, the ratio cutoff of 5.0 should be determined in arithmetic space. The
hypothetical example below shows that a BMD/BMDL ratio in log space that is <5.0 can be
equivalent to a ratio of 800 once the doses are converted back into arithmetic space (Table 1). A
BMD/BMDL ratio of 800 in arithmetic space would not indicate confidence in the modeling.

Table 1. Hypothetical Example Demonstrates That BMD/BMDL Ratios Differ in Log and
Arithmetic Space

BMD BMDL Ratio Notes
log 8.1 1.63 4.97 (still<5.0)
arithmetic 3293 4.1 803

Dr. David Gaylor was asked to independently review the Gradient (2014) report and confirmed
the conclusions reached by ToxStrategies regarding the mistake made by Gradient and
implications in terms of identifying acceptable models (See Attachment D)

8.0 The BMD/BMDL Ratio in Arithmetic Space Supports Linear Model

Given the above, the BMD/BMDL ratios in Tables 3.1 to 3.12 in the Gradient report are not
informative for decision-making regarding the acceptability of the various models. Instead, the
BMD and BMDL ratios for each modeling scenario should be converted from log space to
arithmetic space before computing a BMD/BMDL ratio. Table 2 below shows the BMD/BMDL
ratios in arithmetic space for WBC and lymphocyte counts using both concurrent and historical
control data. Among the individual models yielding acceptable fits, the linear model is the only
model with a ratio <5.0 in all cases. Among the exponential models, the BMD/BMDL ratio for
the M4 model ranges from 6.94 to >10. Given that the BMD and BMDL differ by up to an order
of magnitude, the M4 model should be removed from further consideration. The ratio for M2 is
<5.0 only for WBC with concurrent control data; however, the AIC for the M2 model is greater
than the AIC for the linear model and, as such, the linear model would be selected over M2
according to the criteria used by Gradient. Additionally, the linear model is the more
parsimonious of the two models (i.e., linear vs. M2). In short, based on the analyses in Table 2



(and criteria outlined by Gradient, see Section 7 above), only the linear models are sufficient for
POD selection. This is true for both WBC and lymphocytes— regardless of whether one uses
concurrent or historical control data.

Table 2. BMD/BMDL Ratios in Arithmetic Space*

Endpoint Dose Control Model | AIC BMD | BMDL | Ratio

WBC count Ln(dose+1) | Concurrent | Linear | 109.06 | 51.23 | 12.66 4.05

Exp M4 | 109.17 | 32.96 | 4.75 6.94

Exp M2 | 109.17 | 32.96 | 6.99 4.72

Endpoint Dose Control Model | AIC BMD | BMDL | Ratio

WBC count Ln(dose+1) | Historical | Linear 111.579 | 73.13 | 16.12 4.54

ExpM4 | 111.582 | 48.88 | 5.54 8.82

ExpM2 | 111.582 | 48.88 | 8.78 5.57

Endpoint Dose Control Model | AIC BMD | BMDL | Ratio

Lymphocyte count | Ln(dose+1) | Concurrent | Linear | 101.65 | 65.48 | 14.45 4.53

Exp M4 | 101.55 | 3947 | 4.12 9.58

Exp M2 | 101.55 | 3947 | 7.26 5.44

Endpoint Dose Control Model | AIC BMD | BMDL | Ratio

Lymphocyte count | Ln(dose+1) | Historical | Linear | 102.60 | 75.51 | 15.89 4.75

ExpM4 | 10246 | 46.43 | 4.38 10.60

Exp M2 | 102.46 | 4643 | 7.96 5.83

*Adapted from Gradient Tables 3.2, 3.4, 3.6, 3.8, and 3.13

Another line of evidence supporting selection of linear models for sulfolane is the scaled
residuals. Scaled residuals provide a measure of the difference between observed responses in a
dataset and the predicted responses in a mathematical model. The scaled residual of most interest
for BMD modeling is the residual of the predicted and observed response nearest the predicted
BMD. As was shown in the Gradient report, the scaled residual values for the linear models were
slightly better (i.e., lower in absolute value) than for the exponential model in all cases. This
indicates that the linear models were better at predicting response near the benchmark response
(i.e., 1 SD from control mean).

9.0 BMDL Selection

Based on the above considerations, we believe that the most scientifically defensible BMDL is
16 mg/kg/day. This BMDL reflects use of the more robust historical data for blood cell
variability in the control group and application of the linear model to datasets for both WBCs and
lymphocytes. Since modeling of WBC count and lymphocytes provided nearly identical results,
the BMDL of 16 mg/kg/day effectively represents a BMDL value based on WBC count and
lymphocytes. This is a scientifically defensible approach given that there is no clear biological
rationale for selecting one endpoint (WBC or lymphocytes) over the other, especially since they
are essentially measures of the same effect given that lymphocytes account for approximately
80% of WBCs in rats (Faas et al., 2005; Thompson et al., 1986). Relying on both endpoints is
essentially akin to developing RfDs based on co-critical studies as the USEPA has proposed in
several recent IRIS assessments. For example, in a recent formaldehyde draft assessment, three
RfC values derived from three studies measuring related (but not identical) effects (reduction in
spirometric parameters, asthma prevalence, and atopy) were considered co-critical (USEPA,
2011). The USEPA then averaged these three values together, “The RfC is taken as the average



of the RfCs from the three cocritical studies (See Section 6.2.1.2)”. Notably, because the WBC
and lymphocyte BMDL values were ~16 mg/kg/day, these would result in similar ‘co-critical’
RfD values. Although the WBC and lymphocyte data derive from a single study, averaging the
BMDLs (or the RfDs) is, in principal, consistent with de facto EPA practices. We use the latter
terminology because we are unaware of any specific USEPA guidance on co-critical toxicity
values. For example, this terminology is not discussed in USEPA’s 4 Review of the Reference
Dose and Reference Concentration Processes (USEPA, 2002).

Given the overall similarity in fits of the linear and M2 models, one could consider averaging the
BMDL values for the two models together. However, according to USEPA scientists (Davis et
al., 2011):

“The model with the smallest AIC would be considered the model that most
parsimoniously fits the data, and its BMDL would serve as the POD. The current
technical guidance to use the smallest AIC, even when the differences are very small....
When multiple models return the exact same AIC, their BMDLs can be averaged to
obtain the POD.”[bolding emphasis added]

Overall, applying BMD/BMDL ratio and AIC criteria, the linear models are the most suitable for
POD selection. Despite the above recommendation noted by Davis and his EPA coauthors
(Davis et al., 2011), some analysts may prefer to average models with very similar AIC values
and with BMD/BMDL ratios below or close to 5.0. Attachment E contains BMDL values based
on averaging linear and M2 models.

10.0 Relevance of Changes in Blood Cell Counts

The HLS (2001) study authors questioned the relevance of the blood cell count findings.
Specifically, the original study authors stated:

“There was no evidence of any chronic inflammatory change or of comprised immune

function in females, or any effect upon bone marrow, thymus or spleen that would
account for the reduced numbers of these leucocytes. The toxicological significance of
this change is therefore unclear.”

The HLS (2001) study authors further stated that the trend for effects on blood cells “did not
follow a strong trend with dosage” (HLS, 2001).

It should be noted that similar effects on blood cell counts in humans were also considered of
questionable relevance in a USEPA IRIS Assessment for benzene. In the USEPA assessment of
benzene (USEPA, 2001), the decrease in lymphocytes in humans were characterized as follow:

“...the endpoint is not very serious in and of itself. Decreased ALC [absolute [ymphocyte
count] is a very sensitive sentinel effect that can be measured in the blood, but it is not a
frank effect, and there is no evidence that it is related to any functional impairment at
levels of decrement near the BMR.”



In short, USEPA considered the decrease in lymphocytes in humans exposed to benzene as a
“not very serious effect”. Unlike benzene, sulfolane is not genotoxic and there is no evidence
that it is carcinogenic. The fact that it is questionable as to whether these effects on blood cell
counts is even adverse should be taken into consideration in the course of decision making when
establishing the RfD. In other words, when relying on expert judgment in the course of selecting
BMDL modeling results and uncertainty factors, it is imperative that one not compound
conservatism for an effect that may not even be adverse.

11.0 Uncertainty Factors and Total Adjustments Inherent in the Seven
Publically Available RfDs

Application of UFs is not prescriptive but rather requires expert judgment. This is underscored
by Table 3 below, which indicates that all seven of the publically available RfD or TDI values
based on the HLS (2001) data accounted for uncertainty in a different manner. Some risk
assessors split 3- or 10-fold UF values into two different UF categories (e.g., CCME). Notably,
the USEPA reduced the default database UF from 10 to 3. Most risk assessors applied a full 10-
fold subchronic UF because the HLS (2001) study was a 90-day subchronic study. There was
divergence in the extrapolation across species. Several groups applied the default 10-fold
interspecies UF, whereas two groups employed a more refined modeling approach by applying
allometric scaling. Among the groups that applied allometric scaling, Thompson et al. (2013)
also applied a 3-fold interspecies UF to account for potential species differences in
pharmacodynamics. While consistent with typical USEPA practices for noncancer endpoints
(SEPA, 2011), such an UF is not entirely necessary, as data indicate that allometric scaling
generally accounts for cross species differences in toxicity (which is comprised of both
pharmacokinetics and pharmacodynamics). In fact, the USEPA only uses allometric scaling
(without additional interspecies UFs) when extrapolating cancer endpoints across species. The
Texas Commission for Environmental Quality (TCEQ) uses a harmonized approach whereby no
additional interspecies UFs are applied to either cancer or noncancer endpoints when allometric
scaling is conducted and, as noted above, this was subject to a robust peer-review by an
independent panel of experts convened by TERA (TERA, 2011; TCEQ, 2012).



Table 3. Uncertainty Factors and Total Adjustments Inherent in the Seven Publically Available RfDs

Adjustment

resulting

from BW" | UF UF UF UF UF RfD or | Total
Study BMDL | NOAEL | scaling (inter) (intra) (subchron) | (DB) (composite) | TDI Adj*
Thompson
et al.
(2013) 16 NA 4 3 3 10 3 300 0.01 1200
TCEQ
(2011) 16.1 NA 4 1 10 10 3 300 0.013 1200
Magee
(2012) 11.64 NA No 10 10 10 1 1000 0.01 1000

10 10

HC (2014) | 4.12 NA No 10 10 (partial) (partial) | 1000 0.004 1000
USEPA
(2012a) NA 2.9 No 10 10 10 3 3000 0.001 3000
CCME 3
(2006) NA 2.9 No 10 10 3 (partial) (partial) | 300 0.0097 300

"Includes allometric scaling where applicable and UFs




As shown in Table 3 above, Thompson et al. (2013) applied a 3-fold UF for intraspecies
variability. This decision was based on consideration of several factors. First, the effect on blood
cells was only observed in female rats. The only adverse effect in male rats was a species and
gender-specific effect in the kidney (hydrocarbon nephropathy) that is not relevant to humans.
This means that the blood cell count data used for RfD derivation was derived from a potentially
sensitive subpopulation (i.e., females). No other toxicity was reported in the HLS (2001) study.
Second, the reduction in blood cell counts was considered to be of questionable significance by
the HLS study authors (HLS, 2001). Lymphopenia, for example, can occur for a variety of
reasons—most typically in response to increased levels of circulating glucocorticoids caused by
stress (endogenous glucocorticoid release) or treatment with exogenous glucocorticoids. A mild
stress reaction secondary to exposures to sulfolane may explain the lymphopenia. One could
even speculate that the taste or smell of sulfolane in drinking water could have been enough to
trigger a stress response. Importantly, the changes were relatively small and not accompanied by
adverse effects in any lymphoid organs (both spleen weights and histology were unaffected by
treatment). Notably, the USEPA has characterized reduction in blood cells in humans exposed to
benzene as “not very serious” (USEPA, 2002).

As indicated in the far column in Table 3 (“Total Adj” column), Thompson et al. (2013)
effectively applied a 1200-fold adjustment to the POD (based on allometric scaling and the
composite UF applied). Notably, such a 1200-fold adjustment to the POD exceeds the composite
UFs applied by all but one of the other groups of risk assessors that have developed PODs for
sulfolane, including those that relied on a NOAEL approach. For example, CCME (2006) and
ATSDR (2010) applied composite UFs of 300 and 100, respectively (ADEC, 2014). It is clear
that the total adjustment (1200-fold) applied in Thompson et al. (2013) is second only to the
large 3000-fold adjustment applied by USEPA (2012a) based on their NOAEL approach. Thus,
Thompson et al. (2013) applied considerable adjustments in the derivation of the RfD.
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Examples of Some of the Specific Deficiencies in Zhu et al. (1987)

1)

2)

3)

4

The paper contains very limited information on materials and methods - It is impossible
to assess the validity of many results provided in the paper because information on how
the data was obtained is not provided. For example, mean bone marrow cell counts are
provided, but no method for this complex analysis with significant opportunity for
analytical variability is described. P-values are given, but information on the statistical
testing used is not provided. While some clinical laboratory and histopathology results
are reported, details about what tissues were collected and evaluated are not provided.
There is no description of the method of blood.

It is unclear if the testing was performed under conditions that approximated current GLP
guidelines - No information is provided about the supplier of test animals, their strain
and how they were housed and fed. The health status of the animals is not reported.
Information on the test article - supplier, grade, purity etc. - is not provided, nor do
they identify how the animals were dosed (e.g., gavage, drinking water, feed).
Symptoms of toxicity for the acute toxicity test are provided, but the time at which they
appeared is not.

A number of clinical laboratory results are cited as being different from controls without
any substantiation of biological significance and in some cases, no statistical testing
results - Throughout the descriptions of the 90-day and 6-month toxicity tests,
differences for serum enzyme activities and hematology results are cited. However, no
data is provided for the 90-day studies, and only a few select results are provided from
the 6-month study. This makes it impossible to determine the true biological
significance of any of the reported clinical laboratory results.

Specific Issues for the 90-day Oral Toxicity Test Results:

a) The alkaline phosphatase (ALP) activity is reported to have declined in the low- and
mid-dose group guinea pigs. It is not clear from the p-values provided if this is in one
sex or if male and female data were combined. Serum ALP decreases in many
animals, including guinea pigs, as they mature (White and Lang, 1989). Since we do
not have access to the data, it is not possible to evaluate why this change was
statistically significant in only two dose groups. It is quite possible that ALP was
decreasing in controls and all dose groups at slightly different rates that simply
showed up as a statistically significant - but biologically insignificant - change in
two groups.

b) Total leukocyte count (“white blood cell”) declined but it is unclear in which dose
groups. The total leukocyte count was reported to decline in all the dose groups of
guinea pigs - but again from the single p-values given for each dose it also appears
that male and female were combined. This is not routine practice in the analysis of
any safety study data whether it is clinical laboratory data, organ weights, or other
results to report male and female data combined. We do not have numerical results
or differential leukocyte counts to evaluate the biological significance of a decrease
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in mean total leukocyte count, which makes these results unsuitable for any further
use.

c) Histopathology was apparently performed, but no results were given. Given the
results reported from the interim (3 months) histopathology reported in the 6-
month study this is very significant lapse in the scientific validity of this publication.
Do we assume that nothing was found? This would have significant implications for
the interpretation of the results for the spleen and liver histopathology results in the
six-month study in guinea pigs.

d) The authors’ conclusions that the tests point to sulfolane “influences” on the blood
system, liver and kidney are completely unsubstantiated. The only potential liver
enzyme result cited was a decreased ALP activity in guinea pigs and rats, but the
most likely explanation for this is random variation among the groups during a time
when ALP activity is declining due to maturation. Urine volume and urine GGT
activity were reported as being high in the high-dose rats, but it is unclear how urine
was collected for volume calculations and whether drinking water contamination
(which is common) might have occurred. Collection of urine for enzymatic analysis
has to be done differently than for routine urinalysis and urine GGT activity has to
be standardized against either urine volume or creatinine (Ragan et al,, 1989). Itis
not clear if this was done in this study and so the urine volume and GGT results
cannot be used to substantiate the presence of renal toxicity. Problems with
substantiating the biological significance of the hematology results were discussed
above. “Thrombin” is said to have declined, but it is not clear if this means that
thrombin protein was quantified (unlikely) or that thrombin time was measured.
Thrombin time is a coagulation function test and a decreased time is an indication of
enhanced coagulation function and not a deficit.

5) Specific Issues for the Guinea Pig 6-month Toxicity Test Results:

a) At both 3 and 6 months, serum enzymes ALT (formerly called GPT) and/or AST
(formerly called GOT) were reported to be low compared to controls. Group mean
results for both enzymes are reported for higher dose groups along with a control
mean value. An F-statistic from a statistical test that is not described and p-value
are provided to demonstrate statistical significance. Slight differences in mean
serum enzyme results that are statistically significant occur routinely in safety
assessment studies but are not necessarily biologically significant (Carakostas,
1992). Low serum enzyme results have an equivocal biological meaning. They can
sometimes be seen when hepatic metabolic activity is altered, but most times
decreases are small and biologically insignificant. However, it is not clear in the Zhu
study whether the treatment groups are really low or if the control group results are
higher than normal in this study. No laboratory specific reference ranges are
provided for guinea pigs and so the only default ranges we can use are from the
literature. Reference ranges for guinea pig ALT and AST from the textbook The
Clinical Chemistry of Laboratory Animals, edited by Loeb and Quimby (1989), are
shown below.
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b)

d)

Males Females
(mean + 2SD) (mean + 2SD)
ALT (GPT) |31.1-58.1 24.5-53.1
AST (GOT) | 29.2-67.2 31.5-59.5

There is no interpretation of the serum enzyme results in the Zhu paper, only an
indication that they are statistically different from controls. However, compared to
the reference ranges, the treatment group guinea pig results are all in approximately
the middle of the reference range while the control group results are at or slightly
above the upper limit of the range. Biologically, all the reported ALT and AST
results in the Zhu study would be considered not significant.

There are two additional issues related to the serum enzyme results. First, in the
guinea pig neither ALT nor AST are liver specific enzymes (White and Lang, 1989).
Therefore, changes in the serum activity of these two enzymes cannot automatically
be assumed to indicate a change in liver homeostasis. Second, it appears that Zhu et
al. have again combined male and female data for statistical analysis since only one
mean value and one F-statistic is given for each enzyme result. This is not standard
practice in the evaluation of data from safety assessment studies. Reference ranges
for ALT and AST are similar for male and female rats, but are not identical.

The meaning of bone marrow cell counts is unclear given the lack of detail about
methodology and lack of concurrent peripheral blood total and differential leukocyte
counts. There are numerous methodological and hematological issues with the
bone marrow cell count data provided:

i) There are no collection methods, processing methods or counting methods cited,
and the source of the bone marrow collected was also not provided. Absence of
this information does not allow assessment for determining whether
methodological errors might have affected results. Bone marrow cell counts are
not a typical or standardized toxicity assessment tool and so detailed methods
should have been provided.

ii) There is no information given for how skilled or experienced the authors were in
conducting this analysis. Marrow cell counting methods cited in the literature
involve significant manipulation of cells and are subject to wide degrees of
variation in results due to the process of flushing hematopoietic cells from the
bone, processing the marrow for counting, calibrating the counting equipment
and conducting the counts. No information on quality control or historical cell-
count ranges for guinea pig bone marrow cell counts in the author’s laboratory
was provided.

iii) Only means of the bone marrow cell counts for each dose group were provided.

There is no data on the variation present among the treatment groups and no
information on control guinea pig marrow cell counts from control groups in
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other studies so that the context of the results can be understood. It is entirely
possible that individual results from guinea pigs across all the groups over-lap to
a very great degree given the closeness in mean results compared to the size of
the means.

iv) Clinically, bone marrow findings are not evaluated without concurrent
peripheral blood hematology results and none were provided in the paper.
Without peripheral blood counts, a reason for a change in marrow cell counts
cannot be determined.

v) Bone marrow cell counts from the 3-month interim sacrifice were reported, but
bone marrow cell counts were either not performed or results were not
reported at the end of the study. It seems very unusual for such a complex
evaluation to be performed only at an interim period in a 6-month safety study.
This is very unfortunate since time-course data might have allowed some
evaluation of biological significance.

vi) The accuracy of the marrow cell counting methodology and the biological
meaning and significance of the bone marrow cell count results cannot be
determined from the information provided in the paper. Therefore, use of these
results to model risk is inappropriate. The accuracy and biological relevance of
any model based on these results is equally unknown.

The incidence results of microscopic lesions in the spleen and liver may be valid but
must be interpreted in light of the overall problems with the lack of information about
the conduct of this study. An apparent increasing incidence of lesions in the spleen
(translation likely means a reduced number of lymphocytes in the white pulp) and
fatty change in the liver in a dose-related pattern was reported. However, the
incidence at lower dose levels was one or two animals from the entire group. Itis
not clear how often these changes have been reported from control groups in this
laboratory in the past (historical incidence). It is also not clear if the low incidences
observed in the 2.5 and 25 mg/kg groups were confirmed via a “blinded” evaluation
of the spleen and liver slides or if they were confirmed via a peer review. Given the
importance of the microscopic pathology information in the outcome of modeling
and regulatory reviews for sulfolane, it seems prudent to ensure that these results
are accurate. Andersen et al. (1977) reported fatty degeneration in guinea pigs
exposed by inhalation to sulfolane at 200 mg/m?3 5 days per week for 13 weeks, but
not at several exposure concentrations at 159 mg/m3 and lower. A 159 mg/m3
exposure via inhalation is roughly equivalent to a dose of 192 mg/kg/day in a rat. A
similar conversion for guinea pigs result in a somewhat lower dose, but nonetheless
quite a bit higher than the 0.25 mg/kg/day NOAEL reported by Zhu et al. in guinea
pigs dosed orally. This suggests that the small incidence rates of fatty change at the
2.5 and 25 mg/kg/day doses in the Zhu guinea pig study should be viewed with
some degree of skepticism, or at least caution, about their biological significance
given the issues raised about this study.
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Examples of Limitations of the NOAEL/LOAEL Approach

The LOAEL/NOAEL approach has several limitations including: (a) the LOAEL/NOAEL values
are limited to the doses tested; (b) the LOAEL/NOAEL does not appropriately reflect study size;
(c) the LOAEL/NOAEL cannot be directly compared across studies and endpoints based on a
common response level (e.g., 10% increased risk; and (d) the approach can inappropriately
reward poorer studies with less statistical power to detect effects (ToxStrategies, 2010;
Thompson et al., (2013). In contrast, BMD modeling is the preferred method for dose-response
modeling because it takes into account the shape of the dose-response curve, the confidence
limits reflect the size of the study and it allows comparison of comparable results across studies
and endpoints at any response level (e.g., 10% increased risk) (Crump, 1984; Leisenring and
Ryan, 1992; Allen et al., 1998; Gaylor et al., 1998; USEPA, 2000; Davis et al., 2011).
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Attachment C

Historical Control Hematology Data for the Huntingdon Life Sciences (HLS)
Laboratory?

I Note — data provided in Attachment C is that for the applicable strain of rats used in the HLS
study (i.e., “Crl:CD (SD)IGS BR”, which is the same as “IGS CD” noted in historical control
database report) and applicable HLS laboratory where both the in-life portion of the study
and all hematology analyses were conducted (“Eye”; abbreviated “ERC”); additionally,
animals in sulfolane were received at 4 weeks of age + 2 weeks acclimation + 13 weeks on
test = 19 weeks at termination. In summary, applicable historical control data is that for
female IGS CD rats, 16-21 weeks of age, from the ERC facility.
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Parameter

MCV

WBC

Neutrophils

sex

12.
16.
29.
42.
54.
80.
105.

12.
16.
29.
42.
54.
80.
105.

12.
16.
29.
42.
54.
80.
105.

12.
16.
29.
42.
54.
80.
105.

12.
16.
29.
42.
54.
80.
105.

12.
16.
29.
42.
54.
80.

105

age
A= 12,
4- 16.
4- 21.
4- 34.
4- 47.
4- 61.
4- 87.
4-113.
4= 12,
4- 16.
4- 21.
4- 34.
4- 47.
4- 61.
4- 87.
4-113.
A= 12,
4- 16.
4- 21.
4- 34.
4- 47.
4- 61.
4- 87.
4-113.
4= 12,
4- 16.
4- 21.
4- 34.
4- 47.
4- 61.
4- 87.
4-113.
A= 12,
4- 16.
4- 21.
4- 34.
4- 47.
4- 61.
4- 87.
4-113.
4= 12,
4- 16.
4- 21.
4- 34.
4- 47.
4- 61.
4- 87.
.4-113.
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Table 2.2 (cont.)

Rats (IGS CD) - ERC

578
156
387
194

60
60
39

581
142
393
190

53
58
19

582
166
387
194

60
120
77

586
142
393
190

52
106
44

582
166
387
194

60
120
77

586
142
393
190

52
106
44

Haematology
1%

51.7 54.
49.4 51.
48.7 50.
47.9 49,
50.0 50.
47.6 48.
46.8 48.
50.1 50.
52.3 53.
50.1 52.
50.6 51.
51.5 52.
54.8 54.
53.0 53.
50.1 51.
54.7 54.
6.26 8.
5.87 7
7.41 8
6.93 8
7.02 7
6.30 6
5.01 6
5.88 6
5.40 6
4.00 5
4.16 5
4.14 5
4.56 4
4.70 4
3.10 3
3.51 3
0.60 0
0.67 0
0.58 0
0.68 0
1.49 1
0.71 0
0.82 0
0.91 1
0.36 0
0.40 0
0.34 0
0.39 0
0.67 0
0.42 0
0.55 0
0.96 1

21
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.14
.42
.03
.02
.70
.51
.30

.20
.65
.13
.04
.56
.73
.71
.75

.80
.87
.81
.95
.49
.90
.97
.24

.56
.54
.47
.46
.67
.63
.73
.05

5

58.
55.
53.
52.
51.
52.
53.
54.

56.
55.
54.
54.
56.
55.
56.
57.

12.
13.
12.
11.
11

10
11
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0
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44
01
17
02

.24
.70
.86
.42

.21
.26
.56
.58
.28
.80
.14
.76

.58
.62
.46
.50
77
.50
.95
.31

.00
.18
.83
.89
.99
.17
.56
.05

9

62.
60.
56.
56.
55.
55.
57.
58.

60.
59.
58.
58.
57.
59.
60.
67.

18.
22.
17.
15.
12.
13.
15.
17.

15.
19.
13.
12

10.
12.
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76
09
68
15
49
88
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42
75
54

.31
.21
.21

99

.17
.63
.17
.86
.12
.85
.32
.16

.27
.78
.96
.07
.17
.86
.88
.34

9

65.
62.
57.
57.
55.
57.
58.
64.

61.
60.
60.
61.
57.
60.
63.
67.

22.
35
21.
21
12.
21.
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18.
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16
13

15.
13.
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.21

01

.20

49
56
12
01

80
08

.27
.32
.21
.76

42
45

.35
.43
.88
.90
.12
.13
.58
.02

.41
.98
.05
.95
.17
.32
.68
.61

mean

58.
55.
53.
52.
52.
52.
52.
54.

56.
55.
54.
55.

56

55.
56.
58.

12.
13.
12.
11.

10

10

10.
11.

08
35
35
44
60
35
98
98

86
77
84
05
.28
69
30
14

734
649
528
180

.892
.859
.255
.294

450
433

.872

7.890
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NP OO

.528
.909
.507
.208

.774
.454
.625
.608
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.328
.035
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.558
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.580
.613
.953
.183
.936
.110
.438
.554

.946
.049
.958
.923
.784
.874
.334
.939

L2625
.6502
.8551
.3571
.1064
.4785
.8647
.5808

L7967
.1049
.6261
.0984
.0475
.3285
L1414
L2456

.1445
L7792
.8798
.5981
.4828
.5390
.5254
.2019

.8118
.0816
.4912
.5449
.1841
.3538
.9426
.3695


Chad Thompson


Chad Thompson


Chad Thompson



Table 2.2 (cont.)

Rats (IGS CD) - ERC

Haematology

Parameter sex age n 1% 5% 50% 95% 99% mean s.d.
Lymphocytes M 8.4- 12.3 582 5.13 6.32 9.99 15.19 18.19 10.234 2.6705
12.4- 16.3 166 4.86 5.43 10.09 16.08 20.11 10.344 3.0690
16.4- 21.3 387 5.73 6.62 9.90 14.52 16.17 10.091 2.3716
29.4- 34.3 194 4.98 6.08 8.62 12.29 18.00 8.729 2.0598
42.4- 47.3 9 4.92 4.92 7.73 8.64 8.64 6.940 1.6021
54.4- 61.3 60 4.50 4.97 7.03 10.28 16.79 7.370 1.9664
80.4- 87.3 120 3.51 4.56 6.81 10.39 12.15 6.987 1.6817
105.4-113.3 77 3.42 3.72 6.09 9.46 10.93 6.229 1.6384
F 8.4- 12.3 586 4.39 5.19 8.52 13.06 14.70 8.712 2.3379
12.4- 16.3 142 2.99 4.64 8.68 13.50 18.65 8.900 2.8937
16.4- 21.3 393 3.43 4.14 7.19 11.22 14.45 7.368 2.2895
29.4- 34.3 190 3.19 3.85 6.10 10.05 11.82 6.314 1.8193
42.4- 47.3 6 3.07 3.07 3.95 5.86 5.86 4.082 1.0108
54.4- 61.3 52 3.10 3.33 4.94 6.74 6.82 5.028 1.0081
80.4- 87.3 106 1.95 2.24 3.90 6.69 9.90 4.126 1.3321
105.4-113.3 44 1.57 1.98 3.69 6.31 7.21 3.914 1.1612
Eosinophils M 8.4- 12.3 582 0.03 0.05 0.11 0.25 0.35 0.126 0.0630
12.4- 16.3 166 0.03 0.06 0.16 0.35 0.64 0.180 0.0987
16.4- 21.3 387 0.05 0.09 0.17 0.30 0.42 0.178 0.0742
29.4- 34.3 194 0.08 0.11 0.20 0.34 0.53 0.211 0.0819
42.4- 47.3 9 0.16 0.16 0.26 0.37 0.37 0.252 0.0657
54.4- 61.3 60 0.08 0.10 0.19 0.31 0.45 0.188 0.0688
80.4- 87.3 120 0.05 0.07 0.17 0.32 0.81 0.183 0.0980
105.4-113.3 77 0.02 0.06 0.15 0.43 0.51 0.165 0.0950
F 8.4- 12.3 586 0.05 0.06 0.12 0.28 0.38 0.141 0.0678
12.4- 16.3 142 0.04 0.06 0.17 0.38 0.62 0.184 0.0984
16.4- 21.3 393 0.05 0.07 0.13 0.26 0.38 0.145 0.0637
29.4- 34.3 190 0.04 0.07 0.13 0.29 0.35 0.147 0.0655
42.4- 47.3 6 0.10 0.10 0.13 0.17 0.17 0.130 0.0253
54.4- 61.3 52 0.05 0.08 0.12 0.21 0.25 0.136 0.0495
80.4- 87.3 106 0.05 0.06 0.11 0.28 0.42 0.132 0.0646
105.4-113.3 44 0.02 0.02 0.10 0.26 2.31 0.159 0.3353
Basophils M 8.4- 12.3 582 0.00 0.00 0.03 0.08 0.10 0.036 0.0229
12.4- 16.3 166 0.00 0.00 0.03 0.09 0.11 0.039 0.0241
16.4- 21.3 387 0.00 0.01 0.03 0.09 0.10 0.035 0.0228
29.4- 34.3 194 0.00 0.00 0.02 0.05 0.10 0.027 0.0178
42.4- 47.3 9 0.01 0.01 0.03 0.04 0.04 0.027 0.0100
54.4- 61.3 60 0.00 0.00 0.01 0.10 0.10 0.020 0.0238
80.4- 87.3 120 0.01 0.01 0.02 0.05 0.10 0.025 0.0151
105.4-113.3 77 0.00 0.01 0.02 0.05 0.12 0.026 0.0169
F 8.4- 12.3 586 0.00 0.00 0.02 0.06 0.08 0.026 0.0171
12.4- 16.3 142 0.00 0.00 0.03 0.07 0.11 0.029 0.0203
16.4- 21.3 393 0.00 0.00 0.02 0.04 0.06 0.018 0.0139
29.4- 34.3 190 0.00 0.00 0.01 0.04 0.06 0.015 0.0135
42.4- 47.3 6 0.00 0.00 0.01 0.02 0.02 0.010 0.0089
54.4- 61.3 52 0.00 0.00 0.01 0.02 0.03 0.008 0.0083
80.4- 87.3 106 0.00 0.00 0.01 0.03 0.06 0.012 0.0091
105.4-113.3 44 0.00 0.00 0.01 0.03 0.03 0.013 0.0076
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Comments Offered by Dr. David Gaylor on the Gradient (2014) Report
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David W. Gaylor, Ph.D.
453 County Rd. 212
Eureka Springs, AR 72631

Prepared by: David W. Gaylor, Ph.D.

Comments on Gradient Report, “Review and Verification of Existing Sulfolane
Dose-Response Assessments”, dated August 15, 2014.

General Comments

As listed in Table 3.13 in the Gradient Report, the Linear, Power, and Polynomial models
generally reverted to the linear form. Hence, this family of models only provided one
unique dose-response model.

The Gradient Report provides a comprehensive review of published animal studies that
investigate biological effects in animals exposed orally to sulfolane.

Specific Comments

Table 2.2 in the Gradient Report lists the dose-response data used to calculate benchmark
doses (BMD’s) for various biological effects observed in animals exposed orally to
sulfolane. Table 3.13 provides a summary of BMD’s calculated.

Gradient implies on page 12 of their Report that U.S. EPA’s approach was followed in
using the results listed in Table 13.3 to calculate a Point of Departure (PoD). EPA’s in its
BMDS Wizard indicates that BMD/BMDL ratios exceeding a factor of 5 indicate
imprecise estimates of effects and should not be used for determining the PoD. However,
Gradient did not follow the EPA’s BMDS Wizard approach and used all of the results in
Table 3.13 to set a PoD including several results where the BMD/BMDL ratio exceeded
5, e.g., for white blood count with concurrent controls for exponential model 4,
BMD/BMDL =32.96/4.75 = 6.94.

Hence, applying the EPA approach for using only results where the BMD/BMDL ratio is
less than 5 restricts the results for the white blood count with concurrent controls to the
linear model with a BMDL = 12.66 mg/kg-day and the exponential model 2 with a
BMDL = 6.99 mg/kg-day. According to the EPA’s approach, since these two BMDLs
are within a factor of 3 they are considered sufficiently close and the model with the best
goodness-of-fit, lowest Akaike Information Criteria (AIC), is selected (in this case the
linear model with the BMDL = 12.66). Recall that this model is linear for the
transformed dose, In(dose +1).
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For the white blood count with historical controls only the linear model satisfies the
criterion of the BMD/BMDL less than 5, giving a BMDL = 16.12 mg/kg-day.

For lymphocytes with concurrent controls only the linear model satisfies the criterion of
the BMD/BMDL less than 5, giving a BMDL = 14.45 mg/kg-day.

For lymphocytes with historical controls only the linear model satisfies the criterion of
the BMD/BMDL less than 5, giving a BMDL = 15.89 mg/kg-day.

Since these four BMDL’s listed above are within a factor of 3, they are not considered
divergent (see Section 4, page 12 of the Gradient Report). According to the U.S. EPA
BMD Analysis Framework, Figure 3.1, the BMDL selected for the PoD is based on the
qualifying model with the lowest AIC. For the four qualifying BMDL estimates listed
above, the linear model with concurrent controls for lymphocytes with a BMDL=14.45
mg/kg-day has the lowest AIC (see Table 3.13). Hence, the recommended PoD= 14.45
mg/kg-day, as opposed to the PoD = 6mg/kg-day suggested in the Gradient Report
which failed to disregard imprecise results where the BMD/BMDL exceeded a

factor of 5.

Page 2

D-3



Attachment E

BMDL and Associated RfD Values Based on the Average of Linear and M2 Models
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Table E.1: BMDLs Based on Average of Linear & M2 Models

Endpoint Dose Control Model AIC BMD | BMDL | Ratio
WBC count Ln(dose+1) | Concurrent | Linear 109.06 | 51.23 | 12.66 4.05
Exp M4 109.17 13296 | 4.75 6.94
Exp M2 109.17 ] 32.96 | 6.99 4.72
Average:Linear&M?2 | -- -- 9.8 NA
Endpoint Dose Control Model AIC BMD | BMDL | Ratio
WBC count Ln(dose+1) | Historical | Linear 111.579 | 73.13 | 16.12 4.54
Exp M4 111.582 | 48.88 | 5.54 8.82
Exp M2 111.582 | 48.88 | 8.78 5.57
Average:Linear&M?2 | -- -- 12.5 NA
Endpoint Dose Control Model AIC BMD | BMDL | Ratio
Lymphocyte count | Ln(dose+1) | Concurrent | Linear 101.65 | 65.48 | 14.45 4.53
Exp M4 101.55 3947 | 4.12 9.58
Exp M2 101.55 3947 | 7.26 5.44
Average:Linear&M?2 | -- -- 10.9 NA
Endpoint Dose Control Model AIC BMD | BMDL | Ratio
Lymphocyte count | Ln(dose+1) | Historical | Linear 102.60 | 75.51 | 15.89 4.75
Exp M4 102.46 | 46.43 | 4.38 10.60
Exp M2 102.46 | 46.43 | 7.96 5.83
Average:Linear&M?2 | -- -- 11.9 NA
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Gradient did not follow the EPA’s BMDS Wizard approach and used all of the results in
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5, e.g., for white blood count with concurrent controls for exponential model 4,
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Hence, applying the EPA approach for using only results where the BMD/BMDL ratio is
less than 5 restricts the results for the white blood count with concurrent controls to the
linear model with a BMDL = 12.66 mg/kg-day and the exponential model 2 with a
BMDL = 6.99 mg/kg-day. According to the EPA’s approach, since these two BMDLs
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goodness-of-fit, lowest Akaike Information Criteria (AIC), is selected (in this case the
linear model with the BMDL = 12.66). Recall that this model is linear for the
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For the white blood count with historical controls only the linear model satisfies the
criterion of the BMD/BMDL less than 5, giving a BMDL = 16.12 mg/kg-day.

For lymphocytes with concurrent controls only the linear model satisfies the criterion of
the BMD/BMDL less than 5, giving a BMDL = 14.45 mg/kg-day.

For lymphocytes with historical controls only the linear model satisfies the criterion of
the BMD/BMDL less than 5, giving a BMDL = 15.89 mg/kg-day.

Since these four BMDL’s listed above are within a factor of 3, they are not considered
divergent (see Section 4, page 12 of the Gradient Report). According to the U.S. EPA
BMD Analysis Framework, Figure 3.1, the BMDL selected for the PoD is based on the
qualifying model with the lowest AIC. For the four qualifying BMDL estimates listed
above, the linear model with concurrent controls for lymphocytes with a BMDL=14.45
mg/kg-day has the lowest AIC (see Table 3.13). Hence, the recommended PoD= 14.45
mg/kg-day, as opposed to the PoD = 6mg/kg-day suggested in the Gradient Report
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reference dose

reasonable maximum exposure
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SSA skin surface area available for contact
SSA, skin surface area available for contact with water
sulfolane tetrahydrothiophene-1,1-dioxide
SVOC semivolatile organic compound

SWI Shannon and Wilson, Inc.

t time

tevent event duration

Tevent lag time per event (hours/event)

TEF toxicity equivalence factor

uUCL upper confidence limit

USEPA United States Environmental Protection Agency
VF volatilization factor

VFgw volatilization factor (groundwater)
VFi volatilization factor (soil)

VOC volatile organic compound

WWTP wastewater treatment plant

pg/cm3 micrograms per cubic centimeter
pg/dL micrograms per deciliter

Mg/l micrograms per liter

pg/m3 micrograms per cubic meter

°C degrees Celsius

> greater than
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Flint Hills North Pole Refinery
North Pole, Alaska

1. Introduction

On behalf of Flint Hills Resources Alaska, LLC (FHRA), ARCADIS U.S., Inc. (ARCADIS) prepared this
Revised Draft Final Human Health Risk Assessment (Revised Draft Final HHRA) for the Flint Hills North
Pole Refinery located in North Pole, Alaska (site). This HHRA follows the approaches described in the
Second Revision Work Plan to Conduct a Human Health Risk Assessment at the Flint Hills North Pole
Refinery (RAWP; ARCADIS 2011a). As described in the RAWP (ARCADIS 2011a), FHRA proposed
submittal of a RAWP for the site in a project schedule submitted to the Alaska Department of Environmental
Conservation (ADEC) on August 2, 2011. FHRA purchased the site from Williams Alaska Petroleum, Inc. in
2004. The HHRA was conducted to answer the question: “Could concentrations of site-related constituents
in soil and groundwater pose adverse health effects to current and future site users and potential receptors
located offsite, downgradient of the site?” An HHRA uses a conservative (health-protective) approach to
answer that question.

No HHRAs or ecological risk assessments have been previously conducted at the site. ARCADIS submitted
an ecological conceptual site model (CSM) to the ADEC on June 10, 2011. The purpose of the ecological
CSM was to establish whether environmental constituents related to site operations that are present at
the site, or that have migrated offsite, will come in contact with ecological receptors. The CSM stated that
tetrahydrothiophene-1,1-dioxide (sulfolane) is degraded in surface water in the presence of nutrients and
oxygen and does not biomagnify in aquatic food chains. Furthermore, the CSM did not identify any
complete exposure pathways for ecological receptors and concluded that no further evaluation is
warranted. Therefore, evaluation of potential ecological receptors at the site is beyond the scope of this
Revised Draft Final HHRA.

Pore-water samples were collected during the 2012 field season following the approach described in the
Draft Site Characterization Work Plan Addendum (Addendum; ARCADIS 2011b) to address a risk
assessment data gap identified by the ADEC. The methods for installation of some of the pore-water
piezometers needed to be revised because the surface-water body was frozen and true pore-water samples
could not be collected. The frozen surface-water body suggests that groundwater/surface water interaction
was limited. Therefore, the piezometer samples were likely more representative of groundwater. Because
sulfolane degrades more rapidly in the presence of nutrients and oxygen that would be present in the
surface water (Alaska Department of Health and Social Services [ADHSS] 2010), and given the limited
groundwater-surface water interchange adjacent to a frozen surface-water body, the groundwater collected
adjacent to two of the three surface-water bodies in 2012 likely overestimates the surface water
concentrations at those locations. The results from the pore-water evaluation do not change the conclusions
from the ecological CSM.

This Revised Draft Final HHRA follows protocols presented in the Risk Assessment Procedures Manual
(ADEC 2000) that are adopted into regulation in 18 Alaska Administrative Code (AAC) 75. The primary

g:\common\data\projects\koch\north pole\hhra\may 2012 draft\fhra_npr_ revised draft final hhra 20120523.doc



Revised Draft Final Human
@ ARCAD|S Health Risk Assessment

Flint Hills North Pole Refinery
North Pole, Alaska

ADEC references for this Revised Draft Final HHRA include the Draft Risk Assessment Procedures Manual
(ADEC 2010a and ADEC 2011c), Cleanup Levels Guidance (ADEC 2008a), Cumulative Risk Guidance
(ADEC 2008b) and 18 AAC 75 Qil and Other Hazardous Substances Pollution Control Guidance (ADEC
2008c). Other references used include Risk Assessment Guidance for Superfund (RAGS) (United States
Environmental Protection Agency [USEPA] 1989, 1991, 2001, 2004a and 2009a), Draft Guidance for
Evaluating the Vapor Intrusion to Indoor Air Pathway from Groundwater and Soils (USEPA 2002a), Vapor
Intrusion Pathway: A Practical Guide (Interstate Technology Regulatory Council [ITRC] 2007a), and
Vapor Intrusion Pathway: Investigative Approaches for Typical Scenarios (ITRC 2007b).

This Revised Draft Final HHRA follows the methodologies, approaches and assumptions of the RAWP
(ARCADIS 2011a) and the ADEC approval of the RAWP (ADEC 2011d) to assess risks and hazards to
receptors that are potentially exposed to constituents detected in environmental media at the site. In
addition, this Revised Draft Final HHRA was developed based on information discussed during a comment
resolution meeting held on January 20, 2012 and attended by the ADEC, Oasis/SPB Consulting, FHRA and
ARCADIS regarding the Draft HHRA (ARCADIS 2011d) and subsequent follow-up conversations held on
January 18 (Technical Project Team meeting), March 9, March 16, May 8, May 10, and May 16, 2012.

For this Revised Draft Final HHRA, potential exposures to constituents detected in two distinct geographical
areas were evaluated, both on and offsite. The onsite evaluation identified potential exposures to petroleum
hydrocarbon constituents and other constituents associated with refinery operations, including metals and
tetrahydrothiophene-1,1-dioxide (sulfolane). The offsite evaluation was conducted for the area north-
northwest and downgradient of the site, where only dissolved sulfolane in groundwater is currently identified
as a constituent of potential concern (COPC).

It is acknowledged that in 18 AAC 75.990(115), the ADEC defines the term “site” as an “area that is
contaminated, including areas contaminated by the migration of hazardous substances from a source area,
regardless of property ownership.” For this Revised Draft Final HHRA, the term “onsite” is the area that is
located within the property boundary of the Flint Hills North Pole Refinery, and the term “offsite” is the area
located off the property in the downgradient north-northwest direction and is based on the approximate
extent of the dissolved-phase sulfolane plume detected at concentrations above laboratory reporting limits
(approximately 10 micrograms per liter [ug/L]). Figure 2-1 shows the extent of the onsite area and the
approximate extent of the offsite area.

This Revised Draft Final HHRA also presents potential site-specific alternative cleanup levels (ACLs) for
COPC:s that contribute to the majority of the risk or hazard (also referred to as risk/hazard driving COPCs),
as appropriate, including benzene, naphthalene, 1,3,5-trimethylbenzene and xylenes in onsite groundwater.
A representative range of potential ACLs for the primary risk/hazard driving COPC, sulfolane, was
developed based on a range of toxicity criteria and exposure assumptions. ACLs will likely be used to
support a feasibility study evaluation of remediation alternatives for the site.
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Both current and historical data were evaluated for applicability and usability in the HHRA. Risk assessment
data gaps were identified during preparation of the Site Characterization and First Quarter 2011
Groundwater Monitoring Report (Barr Engineering Company [Barr] 2011). These data gaps were filled
during the 2011 and 2012 field seasons following the approaches described in the Addendum (ARCADIS
2011b). The data collected during the 2011 and 2012 field seasons were assessed for inclusion into this
Revised Draft Final HHRA. Shannon and Wilson, Inc. (SWI) completed the primary historical data collection
events in 2000, 2002, 2009 and 2010 (SWI 2002 and 2010).

Estimated hazards and risks are presented based on two primary scenarios:

1. “Provisional peer reviewed toxicity value (PPRTV) Scenario,” using toxicity criteria for sulfolane based
on the January 2012 USEPA report, along with exposure assumptions approved by ADEC (Section 3).

2. “ARCADIS Comparative Scenario,” using the toxicity criteria for sulfolane selected by ARCADIS after its
literature review and data evaluations, with the ADEC-approved exposure assumptions (Section 4). In
the Uncertainty Assessment of Section 4, also presented is an evaluation of risk using the ARCADIS
toxicity criteria for sulfolane, with the exposure assumptions selected by ARCADIS based on its

literature review and data evaluations (the “ARCADIS Scenario”).

Except as explained above, the same site data, exposure assumptions, methodologies and approaches
were used to estimate risk and hazards for all scenarios.

The remaining sections of this Revised Draft Final HHRA are organized as follows:

e Section 2 describes site features and summarizes environmental investigations performed at the site.

e Section 3 presents a risk characterization for the PPRTV scenario including subsections on exposure
assessment, CSMs, data evaluation, quantification of exposure, toxicity assessment, risk estimates and
uncertainties associated with the risk characterization.

e Section 4 presents a risk characterization for the ARCADIS Comparative Scenario including subsections
on exposure assessment, CSMs, data evaluation, quantification of exposure, toxicity assessment, risk
estimates and uncertainties associated with the risk characterization.

e ACLs are discussed in Section 5.

e Section 6 presents a complete list of the references cited in this Revised Draft Final HHRA.
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2. Site Properties

This section presents an overview of site features and summarizes environmental investigations
performed at the site. The site description is based on a review of historical records, maps and publicly
available information; observations made during site visits; and data obtained during historical site
investigations.

2.1 Site Location

The site is located on 240 acres just outside the city limits of North Pole, Alaska (the city). The city is
located approximately 13 miles southeast of Fairbanks, Alaska, within Fairbanks North Star Borough
(Figure 1-1).

2.2 Site Description

Three crude oil processing units and one sulfolane extraction unit are located in the southern portion of
the site, making up the process area. Tank farms are located in the central portion of the site. Truck-
loading racks are located immediately north of the tank farms and a railcar-loading rack is located west of
the tank farms. Previously, a truck-loading rack was located between the railcar-loading rack and the tank
farms, near the intersection of Distribution Street and West Diesel. Wastewater treatment lagoons,
storage areas and two flooded gravel pits (the north and south gravel pits) are located in the western
portion of the site. Rail lines and access roads are located in the northernmost portion of the site. An
electrical generating facility (power plant) operated by Golden Valley Electric Association is located along
the southern site boundary and is partially surrounded by the site. The power plant burns heavy aromatic
gas oil (diesel 4) produced at the site. The property south of the site and the power plant is occupied by
the Petro Star, Inc. Refinery. The Site Layout is presented on Figure 2-1.

North of the site are residential properties and the city’s wastewater treatment plant (WWTP). The North
Pole High School is located immediately north and west of the WWTP and residential properties. An
undeveloped parcel, owned by the Alaska Department of Natural Resources, lies between the site and
the WWTP. The Tanana River is located to the west, flowing in a northwesterly direction toward
Fairbanks. East of the site is property that is residential or undeveloped, the Old Richardson Highway, the
Alaska Railroad right-of-way and Chena Slough (known locally as Badger Slough).

2.3 Geology and Hydrogeology
This section summarizes geology and hydrogeology of the site based on information presented in

previous site investigations and in the Site Characterization and First Quarter 2011 Groundwater
Monitoring Report (Barr 2011).
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2.3.1 Geology

The site and the area surrounding North Pole is located on the Tanana River Floodplain. The Beaver
Springs Creek (also known as Thirtymile Slough) is located east of the site, with the shortest distance
away at approximately 300 feet from the northeast corner of the site. The geology of the area is
dominated by a thick sequence of unconsolidated alluvial deposits up to 600 feet thick. Discontinuous
layers of silt, fine sandy silt and silty fine sand with occasional peat lenses have been encountered in the
upper 10 feet of the unconsolidated sequence. Alluvial sand and gravel characterized as sandy gravels
and gravelly sands, with occasional discontinuous lenses of sand, silt and organic deposits, are present
below the silty layers. A ground-penetrating radar survey indicated the presence of silty layers in the
shallow subsurface in onsite areas that were not identified through traditional drilling means. Onsite,
these layers would likely influence the migration of constituents in the vadose and shallow saturated
zones and may also influence onsite cleanup efforts. Data gathered during the planned soil investigation
(described in the Site Characterization and First Quarter 2011 Groundwater Monitoring Report [Barr 2011])
were expected to provide additional information concerning the presence and potential influence of these
layers. The results of the 2011 site characterization activities were reported in the Revised Site
Characterization Report (Barr 2012). Soil borings installed in 2011 confirmed silty deposits in the vadose
zone that were consistent with observations from previous investigations, including the 2010 ground
penetrating radar study.

Permafrost has generally been identified using data from monitoring wells and private well installation
logs. Top-of-permafrost depths ranged from 6 to greater than 150 feet below ground surface (bgs) in the
study area. Residential well logs indicate that the bottom of the permafrost ranges from 14 to 245 feet bgs
and that the thickness of the permafrost layer ranges from 5 to 232 feet. Moving northwest from the site, it
appears that the top of the permafrost layer becomes shallower. The upper surface of the permafrost
layer appears to be deepest near the site and also near Chena Slough. A “valley” in the upper surface of
the permafrost layer appears to extend northwest from the site along Old Richardson Highway and the
Alaska Railroad. Permafrost depth is likely to influence migration of sulfolane offsite. Additional data
collection to further refine the understanding of the depth to and the location of permafrost is ongoing.

2.3.2 Hydrogeology

The site and the surrounding North Pole area are located on a relatively flat-lying alluvial plain that is
situated between the Tanana River and Chena Slough. The site is located on the Tanana River Floodplain.
Reference values of hydraulic conductivities of the aquifer materials range from 8 to 2,400 feet per day.
Hydraulic conductivity estimates based on grain size range from 1 to 1,600 feet per day. Aquifer testing at
the site in 2009 indicated a hydraulic conductivity of approximately 130 feet per day for wells screened in
the upper 15 feet of the aquifer. This value was considered to be biased low because it was calculated
with an aquifer thickness that did not account for the presence of permafrost. The geometric mean of
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results from single-well pump testing conducted in 2011 indicated a hydraulic conductivity of 200 feet per
day. Aquifer testing of the city’s new water supply wells (installed in 2010) indicated a hydraulic
conductivity ranging from approximately 700 to 1,100 feet per day based on pumping of wells screened
from approximately 120 to 150 feet below the water table. The water table in the area is approximately 15
feet bgs and is usually present within the alluvial sand and gravel, and occasionally in the silty deposits.
The water table decreases in elevation from southeast to northwest, mimicking the gradually decreasing
elevation of the ground surface. Based on limited data, the water table has fluctuated vertically up to 4
feet since 2007. Seasonal lows typically occur any time from late March through May, with seasonal highs
occurring in July or August.

Groundwater flow directions are primarily controlled by discharge from the Tanana River to the aquifer
and from the aquifer to the Chena River and the Chena Slough. Variations in river stage are believed to
be the primary cause of variations in flow direction. The flow direction trends to the north-northwest in the
winter and spring and more northerly in the summer and fall.

2.4 Land Use and Beneficial Water Use

An active petroleum refinery is located onsite. Specifically, three crude oil processing units and
associated utility and effluent buildings, maintenance and administrative buildings, warehouse, laboratory,
chemical injection room and sulfolane extraction unit, three lagoons, north and south gravel pits,
hazardous waste storage area, and multiple aboveground storage tanks (ASTs) occupy the site. The site
is located within a fenced, guarded facility. The primary historical and current use of the site is
commercial/industrial, which is not expected to change in the foreseeable future. FHRA does not have
plans to redevelop the site.

Currently, no potable wells are present onsite and groundwater would only be used for onsite fire
suppression purposes. The city supplies potable water to the site.

Offsite, downgradient to the north of the site is a mixed residential and commercial area. Currently, offsite
residents and commercial workers located immediately north of the site obtain drinking water from the city’s
new water supply wells. Residents and commercial workers located outside the city water service area but
within or near the dissolved sulfolane plume have been provided alternative water supplies (including
treatment systems, bulk water tanks or continued supplies of bottled water) to eliminate potential ingestion
of groundwater impacted with sulfolane. Bulk water tanks have also been provided to residents for irrigation
of home gardens.
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2.5 Current Site Remediation

FHRA is implementing the interim corrective actions described in the Interim Removal Action Plan (Barr
2010a) to optimize the existing groundwater pump and treat remediation system to aggressively address
light nonaqueous phase liquid (LNAPL) and impacted groundwater onsite. Operation of the remediation
system currently involves groundwater recovery from five recovery wells.

Installation and startup of the sand filters and a granular activated carbon (GAC) treatment system was
completed during the second quarter 2011 and active operation was initiated on June 9, 2011. The sand
filters and GAC filters were installed to treat dissolved-phase sulfolane concentrations in extracted
groundwater.

FHRA continues to remove LNAPL from recovery and monitoring wells through active LNAPL pumping
systems, passive LNAPL recovery measures and periodic manual removal. The recovered LNAPL is
recycled within a refinery process unit.

2.6 Data from Previous Investigations

This section describes sources of analytical data that were used in the HHRA. Historical on- and offsite
soil, groundwater and surface-water data are available. Additional soil and groundwater data were
collected during the 2011 field season. Some surface-water (i.e., pore space) data were collected offsite
during the 2012 field season. Installation methods for two of the three offsite locations needed to be
revised because the adjacent surface water was frozen. As noted in Section 1, the groundwater collected
adjacent to two of the three surface-water bodies in 2012 was likely not representative of the interface
between groundwater and surface water and may overestimate the actual pore-water concentrations at
those locations.

This Revised Draft Final HHRA evaluates data with complete Level Il data packages received from the
analytical laboratory through February 2012. SWI maintains the site database, which is built on a
Microsoft® Access platform, and performs data validation consistent with ADEC requirements.

2.6.1 Soil Data

Historical soil data are summarized in the Site Characterization and First Quarter 2011 Groundwater
Monitoring Report (Barr 2011). Historically, soil analytical data have been collected primarily at depths
exceeding 2 feet bgs and include analyses for: gasoline range organics (GRO); diesel range organics
(DRO); residual range organics (RRO); benzene, toluene, ethylbenzene and total xylenes (BTEX);
polynuclear aromatic hydrocarbons (PAHSs); volatile organic compounds (VOCs); semivolatile organic
compounds (SVOCs); metals; and sulfolane (Barr 2011).
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During the 2011 field season, surface soil samples were collected onsite and analyzed for historically
detected constituents and additional COPCs. As discussed in Section 3.1.2.4 identified soil data gaps were
filled during the 2011 field season following the approaches described in the Addendum (ARCADIS 2011b).
The soil data collected during this sampling event were assessed for inclusion into this Revised Draft Final
HHRA. Due to an inadvertent error, samples collected from the 2011 COPC soil borings were not submitted
for analysis to determine concentrations of propylene glycol and isopropanol; instead, they were analyzed
for the other COPCs identified in the RAWP.

Soil samples collected in 2010 for sulfolane analysis were validated by a third party, and final sulfolane
concentrations identified by the validators were incorporated into the data set used for the HHRA. Based on
the Level IV validation, it was determined that soil sample O-2 (7.5-9) should be considered unusable due to
the very low internal standard area count and the high levels of petroleum hydrocarbon interference with all
four sulfolane mass ions in the sample. This sample was not included in the Exposure Point Concentration
(EPC) calculations. Validated data used in this Revised Draft Final HHRA were described in the Revised
Site Characterization Report (Barr 2012) that was submitted to ADEC in March 2012.

2.6.2 Groundwater Data

Groundwater data have been collected onsite from 1987 to present and offsite from 2009 to present.
Groundwater monitoring data collected during the most recent reporting period (fourth quarter 2011) are
generally consistent with data collected during previous reporting periods (ARCADIS 2011c) and are
summarized below:

¢ Dissolved-phase benzene concentrations up to 7,470 ug/L were detected during the fourth quarter 2011
in the sample collected from monitoring well MW-116.

¢ Dissolved-phase toluene concentrations up to 6,080 pg/L were detected during the fourth quarter 2011
in the sample collected from monitoring well MW-135.

¢ Dissolved-phase ethylbenzene concentrations up to 586 ug/L were detected during the fourth quarter
2011 in the sample collected from monitoring well MW-135.

¢ Dissolved-phase total xylenes concentrations up to 4,334 ug/L were detected during the fourth quarter
2011 in the sample collected from monitoring well MW-116.

¢ Sulfolane concentrations continue to be detected in both samples collected from onsite groundwater

monitoring wells at concentrations up to 10,400 ug/L and in samples collected from offsite groundwater
monitoring wells and residential wells at concentrations up to 443 pg/L.
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Groundwater samples were collected for COPC analyses during the third and fourth quarter 2011
groundwater monitoring events. The full list of COPCs was not analyzed in third quarter 2011 samples
because the complete COPC list (Table 3-2a) was not yet finalized. The complete COPC analytical suite
was analyzed during fourth quarter 2011, with the exception of isopropanol and propylene glycol. These two
COPCs will be analyzed during the first quarter 2012 groundwater monitoring event.

2.6.3 Surface-Water Data

As reported in the Site Characterization and First Quarter 2011 Groundwater Monitoring Report (Barr
2011), on August 11, 2010, surface-water samples were collected from the onsite north and south gravel
pits and on October 10, 2010 from offsite Chena Slough, which runs parallel to Badger Road. The
samples were analyzed for sulfolane. The laboratory reported that sulfolane was not detected above its
limit of quantitation (LOQ) of 10 pg/L in either of the gravel pit samples or above the LOQ of 10.2 pg/L in
the surface-water sample collected from Chena Slough.

FHRA conducted a pore-water investigation in 2012 to better characterize sulfolane concentrations in the
groundwater/surface-water interface and the potential for surface-water sulfolane impacts. The planned
approaches are described in the Addendum (ARCADIS 2011b). Some of the samples were collected when
the adjacent surface-water body was frozen; therefore, the degree of connectivity with surface water, if
any, could not be established. Because two of the collected samples likely reflect higher sulfolane
concentrations than would be expected in true pore-water samples (because of limited surface-water to
groundwater interchange), and because pore-water samples will generally reflect higher sulfolane
concentrations than would be encountered by actual recreational users of the surface-water bodies due to
degradation of sulfolane in surface water, the collected data are included in this Revised Draft Final HHRA.

The three offsite samples collected in March 2012 to assess surface-water risks were analyzed for
sulfolane. The results are as follows: Pore-5 at <6.2 pg/L, Pore-4 at 28.7 ug/L and Pore-3 at 156 pg/L.
Pore-5 was a true pore-water sample, but Pore-3 and Pore-4 were piezometer samples of groundwater that
may not be representative of true pore water, because the adjacent surface-water body was frozen. The
maximum detected concentration of sulfolane from these samples was used to assess potential recreational
user exposures to sulfolane in surface water.
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3. Provisional Peer Reviewed Toxicity Value Scenario
3.1 Exposure Assessment

ARCADIS conducted an HHRA to evaluate the potential for human health risk from exposure to site-
related constituents, following protocols presented in the June 8, 2000 ADEC Risk Assessment Procedures
Manual that are adopted into regulation in 18 AAC 75. The primary ADEC references for this Revised Draft
Final HHRA include the Draft Risk Assessment Procedures Manual (ADEC 2010a and 2011d), Cleanup
Levels Guidance (ADEC 2008a), Cumulative Risk Guidance (ADEC 2008b), and 18 AAC 75 Qil and Other
Hazardous Substances Pollution Control guidance (ADEC 2008c). Other references used include RAGS
(USEPA 1989, 1991, 2001, 2004a and 2009a), Draft Guidance for Evaluating the Vapor Intrusion to Indoor
Air Pathway from Groundwater and Soils (USEPA 2002a), Vapor Intrusion Pathway: A Practical Guide
(ITRC 2007a) and Vapor Intrusion Pathway: Investigative Approaches for Typical Scenarios (ITRC 2007b).

3.1.1 Human Health Conceptual Site Models

Two preliminary human health CSMs (one onsite CSM and one offsite CSM) were prepared and submitted
to the ADEC with the Site Characterization Work Plan (Barr 2010b). After this submittal, a substantial
amount of additional site assessment data was collected and in April 2011 the updated CSMs were
submitted to the ADEC to reflect the enhanced understanding of site conditions. In the RAWP submitted to
ADEC in December 2011 (ARCADIS 2011a), the CSMs were further refined to better reflect existing site
conditions. The updated CSMs were developed following the Human Health Conceptual Site Model Graphic
and Scoping Forms and the Policy Guidance on Developing Conceptual Site Models (ADEC 2010b and
2010c, respectively). Due to the significant difference in COPC occurrence onsite (petroleum hydrocarbon
constituents and sulfolane) versus offsite (sulfolane only), two human health CSM graphic forms (Figures 3-
1 and 3-2) were prepared and updated to more clearly portray and distinguish potential exposure pathways
for possible on- and offsite receptors.

This section describes the CSMs submitted to the ADEC in December 2011 and revisions to the offsite
CSM based on ADEC comments discussed during the meeting held on January 24, 2012. Human health
CSMs for on- and offsite locations are presented on Figures 3-1 and 3-2, respectively, and are discussed
in the following subsections.

3.1.1.1 Potential Sources
During site operations, various materials associated with the crude oil refining process have been released
in operating areas of the site, including the crude oil processing units, extraction unit, loading racks,

wastewater lagoons, sumps and drain systems. In addition, spills and/or leaks to surface soil from ASTs,
pumps and associated piping during routine operations constitute potential sources of petroleum
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constituents at the site. Petroleum hydrocarbons have also been detected in historical groundwater
samples collected from onsite monitoring wells.

Onsite impacted environmental media may include surface (0 to 2 feet bgs) and subsurface (to a depth of
15 feet bgs, the maximum depth at which human exposure is likely to occur) soil, groundwater, indoor
and outdoor air, surface water, sediment and biota. Offsite impacted media may include groundwater,
surface water, sediment, wild food (such as fish) and homegrown produce.

3.1.1.2 Potential Fate and Transport Mechanisms

As described in Section 3.1.1, the primary sources of COPCs are spills and releases to soil and
groundwater during facility operations. COPCs may be retained in site soils or subject to constituent fate
and transport mechanisms at the site. Fate and transport mechanisms may include soil sorption;
biodegradation; wind erosion and transport; migration to groundwater; advective/dispersive transport in
groundwater, on or offsite; and volatilization into soil gas, outdoor air or indoor air.

Potential current and future onsite receptors may be directly exposed to COPCs in surface and subsurface
soil via incidental ingestion, dermal contact and inhalation of dust particles in air. In addition, COPCs
adhered onto dust particles may migrate from exposed surface or subsurface soil to outdoor air and be
breathed by potential offsite receptors. When bound to surface soils, compounds sorbed to soil particles
may be subject to wind erosion and windblown transport in outdoor air. Due to the nature of the site, the
majority of operational areas are covered with asphalt pavement or gravel. However, exposed and
unpaved areas do exist at the site. Therefore, although limited, windborne particulate transport is possible
at the site, and this potential pathway was evaluated during the HHRA.

COPCs may leach from soil to groundwater by percolation or may have been directly released to
groundwater. Based on groundwater samples collected from onsite wells, sulfolane is the only COPC that is
known to have migrated offsite. Potential direct-contact exposures to COPCs in groundwater (e.g., tapwater
ingestion and inhalation of volatiles in water) are not expected to occur for current and future onsite
commercial/industrial workers because onsite groundwater is only used for industrial purposes (e.g., fire
suppression). However, current and future onsite outdoor commercial/industrial receptors may be exposed
to COPCs in groundwater by dermal contact while extinguishing fires, if they occur. In addition, due to the
relatively shallow average depth to groundwater onsite (historically from 8 to 10 feet bgs), current and future
onsite construction/trench workers may be exposed by incidental ingestion of and dermal contact with
COPCs in groundwater that has pooled in excavated trenches.

The city provides municipal water for drinking and other potable uses at the site. Current onsite receptors

consume drinking water from a municipal source and are expected to consume drinking water from this
source in the future. Current and future offsite receptors may be exposed to sulfolane in groundwater that
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has migrated from the site to wells used for tapwater. In addition, groundwater may be used offsite to irrigate
homegrown produce. Sulfolane in groundwater may be taken up by homegrown produce and consumed by
offsite residents.

Onsite surface water consists of water that is stored in two lagoons and two gravel pits. Runoff and erosion
from soil to surface water may be transport mechanisms. Groundwater from the site flows offsite in a north-
northwesterly direction and groundwater is recharged by surface water from the Tanana River. COPCs in
groundwater may eventually flow to offsite surface-water bodies and to sediment, which may be contacted
by offsite recreational users. Pore-water data were collected to evaluate the potential for exposure at the
groundwater/surface-water interface. Some of the samples used for this HHRA were collected when the
adjacent surface-water body was frozen; therefore, the degree of connectivity with the surface water, if
any, could not be established.

For this HHRA, potential ingestion of sulfolane in surface water by adult and child recreational users while
swimming is considered a potentially complete exposure pathway offsite. The collected pore-water
samples likely reflect higher sulfolane concentrations than would be expected in true pore-water samples
because of limited surface water to groundwater interchange during frozen conditions. Pore-water samples
will generally reflect higher sulfolane concentrations than would be encountered by actual recreational users
of the surface water bodies because sulfolane degrades more rapidly in the presence of nutrients and
oxygen that would be present in the surface water (ADHSS 2010). Accordingly, the data used in the
surface-water evaluation in this Revised Draft Final HHRA provide a health-protective assessment of risk to
swimmers.

Volatilization is another fate and transport mechanism at the site for lighter petroleum hydrocarbon
compounds and other VOCs. VOCs may volatilize from subsurface soil into soil gas, with eventual
diffusion and/or advection into outdoor air and/or indoor air in onsite buildings. VOCs may also leach from
soil to groundwater, where dissolved-phase VOCs may be transported downgradient both on and offsite.
VOCs may volatilize from shallow exposed groundwater in excavations directly into outdoor air. VOCs
may volatilize from groundwater into soil gas, with eventual diffusion and/or advection into outdoor air
and/or indoor air of on- and/or offsite buildings. VOCs may also be subject to degradation by
microorganisms in subsurface soils and groundwater. Heavier petroleum hydrocarbon compounds, such
as PAHSs, adsorb to solids and do not tend to volatilize. As such, these compounds generally tend to
remain in place, where they are subject to aerobic biodegradation by microorganisms. Sulfolane is not
expected to volatilize under the conditions observed at the site, as discussed in Section 3.1.1.4.
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3.1.1.3 Potential Receptors

Potential human receptors were identified based on current and reasonably foreseeable future land use
at the site. A review of current and future land use identified the following potential human receptors at
the site.

e Current and future onsite indoor commercial/industrial workers were considered to be
individuals from 18 to 65 years old. It was assumed that these receptors perform commercial and/or
industrial work activities (e.g., office work, laboratory analyses, shipping or warehouse inventory
management) indoors onsite, under current or future (redeveloped) land use scenarios. Potential
exposures to COPCs in soil are considered to be insignificant for onsite indoor commercial/industrial
workers. These potential receptors may be exposed to COPCs in indoor air during a standard 40-
hour work week for 25 years, for 250 days per year. Potential inhalation of outdoor air is insignificant.
Inhalation of VOCs in indoor air was evaluated following USEPA (2009a) RAGS Part F.

e Current and future onsite outdoor commercial/industrial workers were considered to be
individuals from 18 to 65 years old. These receptors were assumed to perform commercial and/or
industrial work activities (e.g., maintenance work for ASTs or associated piping) outdoors at the site
under current or future (redeveloped) land use scenarios. These individuals may occasionally use site
groundwater for industrial purposes (e.g., fire suppression). Direct-contact exposures with
groundwater are considered insignificant because fires are rare onsite and the exposure period is
expected to be short. This exposure pathway was not quantitatively evaluated. These potential
receptors may be exposed to COPCs in site media during a standard 40-hour work week for 25
years, for 250 days per year. Following ADEC (2010a) guidance, it was assumed that onsite outdoor
workers with an average body weight (BW) of 70 kilograms (kg) are exposed to 100 milligrams per
day (mg/day) COPCs in surface soil and that 100 percent of the fraction ingested (FI) is from onsite
surface soil.

FHRA requires all onsite workers to wear long-sleeved shirts, long pants and shoes. Thus, the adult
commercial/industrial worker outdoor receptor was assumed to wear a long-sleeved shirt, long pants
and shoes, which limits the exposed skin surface to the head and hands. The recommended USEPA
(2011a) skin surface area (SSA) exposed to impacted soil for the adult commercial/industrial worker
outdoor receptor is 2,230 square centimeters (cmz), which is the average of the adult male and adult
female mean values for head and hands. The USEPA (2004a) recommended weighted soil-to-skin
adherence factor (AF) for a commercial/industrial adult worker of 0.2 milligram per square centimeter
(mg/cm?) based on the 50" percentile weighted AF for utility workers (i.e., the activity determined to
represent a high-end contact activity) was used. Potential inhalation of indoor air was considered
insignificant for the outdoor commercial/industrial worker. Inhalation of volatile COPCs and dust in
outdoor air was evaluated following USEPA (2009a) RAGS Part F.
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e Current and future onsite construction/trench workers were considered to be individuals from 18
to 65 years old. These receptors were assumed to perform short-term maintenance and emergency
repair activities on underground utilities or facility piping at the site. These receptors may be exposed
to COPCs in surface and/or subsurface soil during the work day while performing the maintenance
and/or repair task. Because the depth to groundwater at the site generally ranges from 8 to 10 feet
bgs, construction/trench workers may be exposed to COPCs in groundwater that has pooled in a
trench during performance of the maintenance and/or repair task. It was assumed that the same
worker will provide maintenance and/or repair tasks.

Potential construction/trench worker receptors were assumed to be exposed to COPCs in onsite soil
(down to a depth of 15 feet bgs) and groundwater for 1 hour each day of a standard 5-day work week,
for 125 days, for 1 year. This exposure frequency (EF) is a modification from that proposed in the
RAWP (250 days per year). This deviation is justified because most of the utilities at the site are
located aboveground and trenching activities typically do not occur during 6 months of each year,
when the ground is frozen. It is assumed that soil may be accessible for trenching activities (i.e., not
frozen) for 6 months per year.

Construction/trench workers with an average BW of 70 kg are assumed to be exposed to 330 mg/day
(USEPA 2002b) of COPCs in surface and subsurface soil, and 100 percent of the Fl is assumed to be
from surface and subsurface soil. It was assumed that onsite construction/trench workers incidentally
ingest 0.0037 liter per day (L/day) of groundwater pooled in a trench. This rate is based on the mean
ingestion rate for wading/splashing presented in the USEPA (2011a) Exposure Factors Handbook
(EFH) Table 3-93 (3.7 milliliters per hour * 1 hour per day). This consumption rate is likely to
overestimate actual exposure, because dewatering usually occurs at excavation sites where water has
pooled in trenches.

FHRA requires all onsite workers to wear long-sleeved shirts, long pants and shoes. Therefore, the
onsite adult construction worker receptor was assumed to wear a long-sleeved shirt, long pants and
shoes, and the exposed SSA was limited to the head and hands. The USEPA (2011a) recommended
SSA exposed to impacted soil for the adult construction worker receptor is 2,230 cm®. The USEPA
(2002b) recommended weighted soil-to-skin AF for a construction worker of 0.3 mg/cm?-day was
used. Inhalation of volatile COPCs and dust in outdoor air were evaluated following USEPA (2009a)
RAGS Part F.

e Current and future onsite visitors and trespassers. Occasional visitors or trespassers may also be
present onsite. However, the site does not and is not expected to attract trespassers because of the
character and location of the site (i.e., an industrial setting with controlled access). Moreover, it is
anticipated that a trespasser’s exposure at the site would be very infrequent. Onsite visitors are
typically adults with limited access across the site. Children rarely visit the site. Thus, potential direct-
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contact exposures to COPCs in soil and groundwater by current and future onsite trespassers and
visitors are insignificant. Potential inhalation of outdoor air is also insignificant. However, assuming the
adult visitor is located in an onsite building, inhalation of volatile COPCs in indoor air by this potential
receptor was evaluated following USEPA (2009a) RAGS Part F. Current and future onsite adult visitors
(18 to 65 years of age) are assumed to be exposed to COPCs in indoor air for 2 hours per day, 12
days per year for 30 years.

e Current and future offsite residents were evaluated as infants (0 to 1 year of age), children (0 to 6
years of age) and adults (18 to 65 years of age). HHRAs do not typically focus on infant exposures as
a separate receptor group, but infants are included here because the Agency for Toxic Substances
and Disease Registry (ATSDR 2011) and the State of Alaska Department of Health and Social
Services (ADHSS 2012) have addressed infants as a separate receptor group in their Health
Consultations. There is evidence that sulfolane does not present a significant risk for developmental
effects and it is not mutagenic, mitigating infant-specific exposure concerns. Resident receptors were
assumed to be located downgradient of the site and may be exposed to sulfolane in groundwater that
has migrated from the site. No other COPCs associated with site operations are known to be present
in offsite groundwater. These potential offsite receptors may ingest sulfolane in groundwater as
tapwater. In addition, it was assumed that these potential receptors consume homegrown produce,
which may have taken up sulfolane from groundwater. It was assumed that potential resident
receptors may be exposed to sulfolane in tapwater for a 1-, 6- and 30-year duration for infants,
children and adults, respectively, for 350 days per year.

Current and future offsite adult, child and infant residents may also inhale dust from the site.
Inhalation of dust in outdoor air by these potential receptors was evaluated following USEPA (2009a)
RAGS Part F.

Following ADEC (2010a) guidance, it was assumed that 70 kg adult residents consume 2 L/day of
tapwater. Following USEPA (1989) guidance, it was assumed that 15 kg child residents consume 1
L/day of tapwater. Infants were assumed to weigh an average of 6.75 kg (the average of the age-
group specific mean values from 0 to 1 year) and to consume 1.05 L/day (the time-weighted average of
the per capita age-group-specific 95™ percentile values from 0 to 1 year) of tapwater based on USEPA
(2011a) guidance. The groundwater ingestion exposure parameters for infants likely overestimate
potential exposure, because it was assumed that they do not breastfeed and do not consume formula
made with distilled water (a typical pediatric guideline for the first several months of life).

Fractions of homegrown fruit and vegetables ingested, water-to-produce bioconcentration factors and

ingestion rates for offsite adult and child residents for the PPRTV scenario are discussed in Section
3.1.3.1.6.
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e Current and future offsite indoor and outdoor commercial/industrial workers were considered
to be individuals from 18 to 65 years old. It was assumed that these potential receptors perform
commercial and/or industrial work activities indoors or outdoors at offsite locations under current or
future land use scenarios during a standard 40-hour work week for 25 years, for 250 days per year.
These receptors may ingest sulfolane in groundwater as tapwater. Following ADEC (2010a)
guidance, it was assumed that 70 kg offsite adult commercial/industrial workers consume 2 L/day of
tapwater. In addition, they may inhale dust that may have been released onsite via wind erosion.
Potential exposures to COPCs in dust were considered to be insignificant for offsite indoor
commercial/industrial workers. Inhalation of dust in outdoor air by outdoor commercial/industrial
workers was evaluated following USEPA (2009a) RAGS Part F.

e Current and future offsite recreational users. Sulfolane may potentially migrate offsite via
groundwater to surface water and to sediment in downgradient surface-water bodies. Access to
downgradient, offsite surface-water bodies is minimal due to surrounding industrial land use and
hazardous physical conditions, and direct contact with surface water and sediment by human
receptors is limited. Regardless, for this HHRA, ingestion of surface water by offsite adult and child
recreational users while swimming is considered a potentially complete exposure pathway.
Recreational user exposure assumptions for the PPRTV scenario are discussed in Section 3.1.3.3.

e Current and future offsite construction/trench workers were considered to be individuals from 18
to 65 years old. These receptors were assumed to perform short-term maintenance and emergency
repair activities on underground utilities at offsite properties. These potential receptors may be
exposed to sulfolane in groundwater that has pooled in a trench during performance of the
maintenance and/or repair task. It was assumed that offsite construction/trench workers incidentally
ingest 0.0037 L/day of groundwater pooled in a trench. This rate is based on the mean ingestion rate
for wading/splashing presented in the USEPA (2011a) EFH Table 3-93 (3.7 milliliters per hour * 1 hour
per day). This consumption rate overestimates actual consumption, because dewatering usually occurs
at excavation sites where water has pooled in trenches. It was conservatively assumed that the same
worker performs multiple maintenance and/or repair tasks. These potential receptors (70 kg for
adults) may be exposed to sulfolane in groundwater for 1 hour each day of a standard 5-day work
week, for 125 days per year, for 1 year.

3.1.1.4 Exposure Pathway Evaluation
Potential exposure pathways selected for quantitative evaluation are shown in the on- and offsite human
health CSMs. An exposure pathway was retained for further evaluation if it was considered potentially

complete. Each of the following components must be present in order for an exposure pathway to be
considered complete (USEPA 1989):
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e Source and/or constituent release mechanism
¢ Retention or transport medium

e Receptor at a point of potential exposure

e Exposure route at the exposure point.

Complete exposure pathways were evaluated for identified COPCs. Only potential ingestion exposures
were quantitatively assessed for sulfolane. Dermal contact and inhalation exposure routes are not
significant for sulfolane. The ATSDR (2010 and 2011) Health Consultations support these conclusions.
Animal studies have shown that sulfolane is not readily absorbed through human skin because of its low
permeability (Brown et al. 1966) and is not expected to pose a significant risk via an inhalation exposure
route due to its low volatility (Andersen et al. 1977). Brown et al. (1966) studied the skin and eye irritant
and skin sensitizing properties of acute exposures to sulfolane on two animal species. This study
concluded that sulfolane did not irritate or sensitize the skins of guinea pigs or rabbits and, undiluted, was
only very mildly irritating on the eyes of rabbits.

Andersen et al. (1977) conducted acute and subacute investigations of the inhalation toxicity of sulfolane
on four animal species including monkey, dog, guinea pig and rat. A no-observed-effect level for sulfolane
of 20 mg/m3 was reported, and the authors concluded that airborne concentrations of sulfolane as high as
those investigated are unlikely to be encountered on any but an emergency basis. Andersen et al. (1977)
reported that sulfolane has a relatively low vapor pressure (approximately 0.13 millimeter of mercury at 32
degrees Celsius [°C]) and only unusual conditions would produce an extensive release of aerosolized
sulfolane. Andersen et al. (1977) further noted that if sulfolane is handled at room temperature in an area
with proper ventilation, it should not be regarded as posing an unusual hazard.

Potentially complete and significant exposure pathways were identified for the following receptors, with
the exception that dermal and inhalation exposures to sulfolane are incomplete (as noted above):

* Onsite indoor commercial/industrial worker (current and future):
— Inhalation of volatile COPC vapors in indoor air from groundwater.
* Onsite outdoor commercial/industrial worker (current and future):
— Ingestion of, dermal contact with and inhalation (particulates) of COPCs in surface soil.
— Dermal contact with COPCs in groundwater while extinguishing fires was qualitatively evaluated.

— Inhalation of volatile COPC vapors in outdoor air volatilized from surface and subsurface soil and
groundwater.
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* Onsite construction/trench worker (current and future):

— Ingestion of, dermal contact with and inhalation (particulates) of COPCs in surface and subsurface
soil.

— Inhalation of volatile COPC vapors in trench air from surface and subsurface soil and groundwater.

— Ingestion of and dermal contact with COPCs in groundwater in excavation trenches.

Onsite adult visitor (current and future):

— Inhalation of volatile COPC vapors in indoor air from groundwater.

* Offsite adult, child and infant residents (current and future):

— Ingestion of sulfolane in groundwater (i.e., tapwater).

— Ingestion of homegrown produce irrigated with sulfolane-impacted groundwater.

— Inhalation of fugitive windborne dust from onsite COPCs in surface soil.

Offsite indoor and outdoor commercial/industrial worker (current and future):
— Ingestion of sulfolane in groundwater (i.e., tapwater).

— Inhalation of fugitive windborne dust from onsite COPCs in surface soil (outdoor worker only).

Offsite construction/trench worker (current and future):

— Ingestion of sulfolane in groundwater (i.e., in excavation trenches).

Offsite adult and child recreational users (current and future):

— Ingestion of sulfolane in surface water (i.e., pore water).
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3.1.2 Data Evaluation, Constituent of Potential Concern Selection and Identification of Data Gaps

The proposed methods for data evaluation, identification of data gaps, selection of COPCs and proposed
sampling to address data gaps are discussed below. Both maximum and 95% upper confidence limit (95%
UCL) on the mean constituent concentrations for groundwater were evaluated.

3.1.2.1 Data Evaluation

The available data that were used include analytical results from soil investigations conducted at the site
since 2001. Data from four sets of soil samples were evaluated, including samples collected in March and
May 2001, July 2004, October 2010 and October 2011. One soil sample collected in 2010 (O-2 [7.5-9]) was
determined to be unusable in a Level four data validation, so this sample was not included in EPC
calculations.

Groundwater and surface-water data collected during the last 2 years were also included. SWI provided
the soil and groundwater analytical data used in the HHRA in an electronic format. Initially, the data were
separated into individual datasets by environmental media, including: onsite groundwater, offsite
(downgradient) groundwater, onsite surface soil (0 to 2 feet bgs) and onsite subsurface soil (2 to 15 feet
bgs).

The quality of the data is acceptable for risk assessment use. Parameters evaluated in the data quality
assessment include spatial and vertical coverage and representativeness of sampling locations, analytical
methods and reporting limits used by the laboratories, and data qualifiers applied during data validation.
The HHRA relies on validated data supplied by SWI as presented in the Revised Site Characterization
Report (Barr 2012). Data collected for this evaluation were collected per ADEC-approved sampling and
analysis plans. Consideration was given to the recently developed standard procedure for analyzing
sulfolane in groundwater (isotope dilution) and the historical variability between analytical results. The
data relied upon in this risk assessment met the following criteria for data usability for risk assessment as
recommended in ADEC (2010a) guidance:

e Analytical data sufficient for adequate site characterization were available.
e Data were collected consistent with ADEC and USEPA guidance.
e Sampling and analytical procedures gave accurate constituent-specific concentrations.

e Level two data validation was performed on analytical laboratory data used for this evaluation.
Validation reports for the 2011 soil and groundwater data, and for the 2012 pore-water data prepared
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by SWI, were included in the Revised Site Characterization Report (Barr 2012). Level four data
validation was performed on the 2010 sulfolane in soil analyses.

e Method detection limits and sample quantitation limits were below screening criteria.

¢ Qualified data were used in the risk assessment; potential bias from qualified data and how it might
result in an over or under estimation of risk is discussed in Section 3.5.

¢ Rejected data were not used for risk assessment purposes.

e For a given well, if all samples were reported as non-detects, then the lowest detection limit
associated with any sampling event at that well was used to represent the well.

e If a well had both detected concentrations and reported non-detects for a given COPC, then the non-
detect was represented by a value equal to one-half the detection limit associated with that COPC in
that sampling event.

Offsite groundwater has been sampled at monitoring wells and private residential wells. At the request of
ADEC, the off-site area was delineated into smaller exposure units (EUs) for the purposes of the 95%
UCL evaluation. Accordingly, ARCADIS developed three separate exposure units (e.g., Exposure Unit 1
[EU-1], Exposure Unit 2 [EU-2] and Exposure Unit 3 [EU-3]) for statistical evaluation. These EUs were
based on estimated sulfolane isocontour lines developed from fourth quarter 2011 groundwater sampling
data, and generally reflect spatially contiguous areas that represent certain ranges of concentration and
portions of the sulfolane plume in groundwater. Some data points outside of the concentration range are
present within each of the defined EUs and are the result of data collected from well screens of varying
depths. These data points were included in the analysis, because it is reasonable to assume that any
hypothetical exposures to water from drinking water wells within any given unit may also include
exposures to groundwater generated at varying depths. The EUs are bounded by the concentration
contours of greater than (>) 100 ug/L, >25 pg/L and detectable sulfolane (Figure 3-3). These contour
intervals were selected and drawn using the combined offsite well data set and are based on best
professional judgment. Guidance presented in the Data Quality Assessment: Statistical Methods for
Practitioners (USEPA 2006a) was considered during selection of the off-site groundwater dataset(s). The
data from wells within a given EU were used to estimate the 95% UCL on the mean concentration as a
health-protective and representative EPC. ProUCL version 4.1 (USEPA 2011b) was used to derive the
95% UCL on the mean of the constituent concentrations.

The utility of the soil and groundwater analytical data identified in the SWI (2000 and 2001) contaminant

characterization studies conducted for the site was evaluated for the HHRA. The characterization study
conducted at the site in 2001 was performed to collect additional soil and groundwater data to address data
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gaps from the site investigation conducted in 2000. In general, for both media, the analytical methods used
included those for GRO, DRO, RRO, BTEX, selected metals, VOCs, SVOCs and sulfolane (for groundwater

only).

3.1.2.2 Constituents of Potential Concern

COPCs have been identified from a list of potential constituents of interest (COls), such as those that were
likely used or spilled at the site. COPCs for each dataset were carried through the HHRA process.

Preliminary lists of COIls and COPCs in soil and groundwater at the site were presented in the Site
Characterization and First Quarter 2011 Groundwater Monitoring Report (Barr 2011). The lists were revised in
the Addendum (ARCADIS 2011b) based on the ADEC (2011a) Comment Matrix on the site characterization
report. The lists of preliminary COls and COPCs were also presented in the RAWP (ARCADIS 2011a).

As noted in the RAWP (ARCADIS 2011a), the list of COls was developed according to the following
process:

1. FHRA compiled a list of spills based on staff interviews, refinery records and a review of spill records
retained by the ADEC.

2. The list of spills was refined by eliminating:

a. Spills less than 10 gallons.
b. Spills that were reportedly contained.
c. Spills that were remediated and had confirmation sampling.

For many spills on the list, the material spilled was specific to one ingredient (e.g., propylene glycol) or was a
material with obvious and limited ingredients (e.g., kerosene). However, the individual ingredients (e.g., oily
water) of the other materials reportedly spilled were not provided. Refinery specialists such as chemists,
wastewater experts and production leads were consulted to apply operational knowledge of the refinery to
determine the ingredients that made up this set of materials. By this process, the list of spills was then
distilled down to the “ingredients” or the primary constituents that make up the material spilled. This
ingredient list was also compared to constituents that had been included in laboratory analyses of facility
wastewater. The resulting ingredient list was then used to make up a list of COls for the site. The COl list
also included constituents that were analyzed during previous site characterization studies, regardless of
whether they were detected above the practical quantitation limit (PQL). The list of COls for the site is shown
in Table 3-1. Constituents in the ingredient list that were analyzed for but not detected were not removed
from this list. If a constituent was previously detected at the site and/or was included in the ingredient list, it
was considered a COI.
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Table 3-1 indicates if a constituent was previously analyzed in soil or groundwater samples collected at the
site. Table 3-1 also indicates if a constituent was included in the ingredient list; the last four columns of the
table summarize whether toxicity data are available from the USEPA'’s Integrated Risk Information System
([IRIS]; USEPA 2012a).

For this Revised Draft Final HHRA, maximum detected concentrations and/or the laboratory reporting limits
of COls in soil and groundwater are compared with ADEC screening levels corresponding to a 1 x 10°°
target excess lifetime cancer risk (ELCR) and 0.1 target hazard quotient (HQ), as shown in Table 3-2a. COI
soil concentrations were compared with ADEC screening levels protective of potential migration to
groundwater based on a zone with less than 40 inches of annual precipitation, direct-contact exposures and
outdoor inhalation (ADEC 2008a [Table B-1 of 18 AAC 75, Method Two]). If ADEC soil screening levels
were unavailable, then COI concentrations in soil were compared with USEPA Regional Screening Levels
([RSLs]; USEPA 2011c), adjusted to a target ELCR of 1 x 10° (if necessary) and a HQ equal to 0.1, for the
applicable exposure pathway. Soil screening levels for GRO, DRO and RRO were from ADEC (2008a)
Table B-2 Method Two. COI groundwater concentrations were compared with ADEC groundwater
screening levels (ADEC 2008a; Table C). If ADEC groundwater screening levels were unavailable, then COI
concentrations were compared with USEPA RSLs (USEPA 2011c) based on tapwater ingestion.

The higher of either the maximum COI concentration detected above the laboratory reporting limit or
maximum detection limit was compared with the selected ADEC screening levels. The selected soll
screening levels were based on the lesser of the migration to groundwater, 1/10 the direct contact or 1/10 the
outdoor air screening levels. COls with concentrations exceeding the selected soil screening level were
identified as COPCs. Table 3-2a lists the COPCs identified in soil and groundwater based on ADEC (2010a)
COPC selection guidance applied to the COls identified in Table 3-1.

The preliminary COPCs identified at the site, as presented in Table 3-2a, are COls that were detected in site
media and exceeded ADEC screening levels. COls not detected in site media but that had practical
quantitation limits exceeding ADEC screening levels and COls identified by the refinery as ingredients that
could have been released are also considered COPCs. Arsenic was eliminated as a COPC in groundwater
based on published background concentrations for the area of the site (U.S. Geological Survey 2001).
However, it was retained as a COPC in soil in the RAWP (ARCADIS 2011a). An evaluation of the 2011
arsenic in soil data was presented in the Revised Site Characterization Report (Barr 2012). Based on this
evaluation, it is likely that the presence of detectable arsenic in soil samples collected at the site is
attributable to background concentrations. No other metal COls were eliminated from the list of COPCs
based on background concentrations. In accordance with ADEC (2010a) guidance, Table 3-2a has been
provided to the ADEC in Microsoft® Excel format.

Table 3-2b summarizes COPCs by environmental media.
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3.1.2.3 Data Gaps

Based on a review of the preliminary human health CSMs and available analytical data for environmental
samples collected at the site, and discussions held during the June 24, 2011 Risk Assessment Scoping
Meeting, four potential risk assessment data gaps were indicated:

e Limited surface soil data were available for the evaluation of potential risks and hazards to onsite
human receptors.

¢ Onsite containment of COPCs other than sulfolane must be supported.
e Possible connection between groundwater at the site and surface water must be determined.
¢ No soil gas data were available to evaluate onsite vapor intrusion concerns.

3.1.2.4 Sampling Plans to Address Data Gaps

Sampling plans for additional data collection are described in the Addendum (ARCADIS 2011b). With
respect to risk assessment data gaps identified in Section 3.1.2.3, the following field activities have been
conducted:

¢ Onsite soil assessment activities, to characterize soil impacts and provide data for risk assessment
activities. The soil data collected in 2011 adequately characterized the nature and extent of surface and
subsurface impacts for the purposes of this HHRA evaluation. Additional sampling is planned for 2012
to complete characterization for the purposes of a remediation feasibility study. The 2011 soil data were
validated and included in this evaluation.

e Additional groundwater sampling, during the third and fourth quarters 2011, confirmed that no other
COPCs (except sulfolane) have migrated offsite.

A pore-water investigation was conducted to better characterize sulfolane concentrations in the
groundwater/surface-water interface and the potential for surface-water sulfolane impacts. The March 2012
samples were collected when the adjacent surface-water body was frozen; therefore, the degree of
connectivity with surface water, if any, could not be established. Therefore, the piezometer samples were
likely more representative of groundwater. Because sulfolane degrades more rapidly in the presence of
nutrients and oxygen that would be present in the surface water (ADHSS 2010), the groundwater collected
adjacent to two of the three surface-water bodies in 2012 likely overestimates surface water concentrations
at those locations. The data presented in this Revised Draft Final HHRA provide a health-protective estimate
of risk to swimmers.
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Soil gas data were not collected to evaluate potential vapor intrusion concerns. Instead, onsite groundwater
data were used to evaluate the vapor intrusion exposure pathway. All onsite groundwater analytical data
collected during the last 2 years (2009 through 2011) were used to predict indoor air concentrations of
volatile COPCs and to estimate risks and hazards to current and future onsite indoor commercial workers.
The maximum detected groundwater concentration for each COPC was used as the source term for
Johnson & Ettinger (J&E) groundwater-to-indoor air modeling (USEPA 2004b) in the maximum exposure
scenario. The 95% UCL concentration calculated from the average concentration in each onsite well was
used as the source term in the 95% UCL scenario.

3.1.3 Quantification of Exposure

The objective of the exposure assessment was to estimate the type and magnitude of potential receptor
exposure to COPCs. Results of the exposure assessment were then combined with constituent-specific
toxicity values in the toxicity assessment (see Section 3.2) to characterize potential risks (USEPA 1989).

3.1.3.1 Dose/Intake Equations

Exposures were quantified using standard exposure equations consistent with RAGS (USEPA 1989,
1991, 2004a and 2009a) for the potentially complete exposure pathways identified in Section 3.1.1.4.

The general algorithms presented below were used to estimate the lifetime average daily dose (LADD) for
carcinogenic compounds and the average daily dose (ADD) for noncarcinogenic COPCs for direct-contact
pathways (i.e., ingestion and dermal contact) by combining environmental media concentrations with the
receptor-specific exposure parameters that constitute “intake factors.” Both the ADD and the LADD are in
units of milligrams per kilogram per day (mg/kg-day) (USEPA 1989). For inhalation exposure pathways,
exposure was estimated as an average exposure concentration (AEC) for noncarcinogenic COPCs or
lifetime average exposure concentration (LAEC) for carcinogenic COPCs. Both the AEC and the LAEC are
in units of milligrams per cubic meter (mg/m>) (USEPA 2009a).

The dose equations and parameter descriptions used are provided in the following subsections.

3.1.3.1.1 Incidental Ingestion of Soil

The doses of COPCs associated with incidental ingestion of soil were calculated as follows:
EPCs*IRs *FI *EF *ED * CF

Dose = * RAF
BW * AT

g:\common\data\projects\koch\north pole\hhra\may 2012 draft\fhra_npr_ revised draft final hhra 20120523.doc 24



_ Revised Draft Final Human
@ ARCAD'S Health Risk Assessment

Flint Hills North Pole Refinery
North Pole, Alaska

Where:
Dose = ADD or LADD (mg/kg-day)
EPC, = EPC in soil (milligrams per kilogram [mg/kg])
IR = soil ingestion rate (milligrams soil per day)
FI = fraction ingested (unitless)
EF = exposure frequency (days per year)
ED = exposure duration (years)
CF = conversion factor (1x107 kilograms per milligram [kg/mg])
BW = body weight (kg)

AT = averaging time (days), for carcinogens is equal to 70 years * 365 days per year, and for
noncarcinogens is equal to ED * 365 days per year

RAF = relative absorption factor (unitless), assumed to equal 1

The USEPA (1989) defines Fl as a “pathway-specific” value that should be applied to consider constituent
location and population activity patterns. FI accounts for the fraction of the site covered with asphalt or
vegetation, which reduces potential exposure. Following the ADEC’s (2010a) guidance, an Fl of 1 was
assumed for the current and future onsite outdoor commercial/industrial worker and future onsite
construction/trench worker, despite the fact that much of the site is covered with asphalt and buildings.

3.1.3.1.2 Dermal Contact with Soil
Absorbed doses of constituents associated with dermal contact with soil were calculated as follows:

EPC, * SSA; * AF * FC * ABS; * EV *EF * ED * CF
Dose =

BW * AT

Where:
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Dose = ADD or LADD (mg/kg-day)

EPC; = EPC in soil (mg/kg)

SSA = SSA available for contact (cm2/event)

AF = soil-to-skin adherence factor (mg/cm*-event)
FC = fraction in contact with soil (unitless)

ABS4 = dermal absorption factor (unitless)

EV; = event frequency (soil) (events/day), assumed to be 1 per day unless otherwise noted
EF = exposure frequency (days/year)

ED = exposure duration (years)

CF = conversion factor (1x10° kg/mg)

BW = body weight (kg)

AT = averaging time (days), for carcinogens is equal to 70 years * 365 days per year, and for
noncarcinogens is equal to ED * 365 days per year

Constituent-specific dermal parameters, such as SSAs, AF and ABS, were provided from USEPA (2004a)
RAGS Part E. ABS, are presented in Table 3-13.

Similar to FI for the soil ingestion pathway, FC was added to the dermal contact equation to account for
the fraction of the site covered with asphalt or vegetation, which reduces potential exposure. Following
the ADEC’s (2010a) guidance, an FC of 1 was assumed for the current and future onsite
commercial/industrial worker and future onsite construction/trench worker.

3.1.3.1.3 Ingestion of Groundwater

The doses of COPCs associated with ingestion of groundwater were calculated as follows:

Dose = EPC. * IRy * EF * ED
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BW * AT

Where:

Dose = ADD or LADD (mg/kg-day)

EPC, = EPC in water (milligrams per liter [mg/L])

IRy, = water ingestion rate (liters water/day)

EF = exposure frequency (days/year)

ED = exposure duration (years)

BW = body weight (kg)

AT = averaging time (days), for carcinogens is equal to 70 years * 365 days per year, and for
noncarcinogens is equal to ED * 365 days per year

3.1.3.1.4 Dermal Contact with Groundwater

Absorbed doses of constituents associated with dermal contact with groundwater were calculated as
follows:

DAgent * SSA, * EV,, * EF *ED
Dose =

BW * AT

Where for organics (teyent <t™):

t

event

DAgyers =2*FA*K, *EPC,, *CF *\/E*rewanr*

o
b

Where for organics (teyen: >t*):
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‘ 1+38+382 |
(1+8B),
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(1+BY

FA*K,+EPC,, +CF+

event = + [ Tavent

Where for inorganics:
DAegvent = Ky * EPCy, * CF * tovent
Dose = ADD or LADD (mg/kg-day)
DAgvent = dose per event (mg/cmz-event)
SSA,, = SSA available for contact with water (cmZ/event)
EV,, = event frequency (water) (events/day), assumed to be 1 per day unless otherwise noted
EF = exposure frequency (days/year)
ED = exposure duration (years)
BW = body weight (kg)
t* = time to reach steady state (hours), equivalent to 2.4 X Teyent

AT = averaging time (days), for carcinogens is equal to 70 years * 365 days per year, and for
noncarcinogens is equal to ED * 365 days per year

FA = fraction absorbed (unitless)
= permeability coefficient (centimeter/hour)
EPC,, = EPC in water (mg/L)
CF = conversion factor (1x10'3 liters per cubic centimeter)
Tevent = lag time per event (hours/event)

B = permeability ratio (unitless)
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tevent = €vent duration (hours/event)
3.1.3.1.5 Inhalation of Outdoor or Indoor Air

Exposure concentrations associated with the inhalation of vapors or particulates in outdoor or indoor air
are calculated using USEPA (2009a) RAGS Part F methodology as follows:

AEC or EPC, *EF *ED *ET

LAEC =

AT
Where:

AEC or LAEC = average or lifetime exposure concentration in air (micrograms per cubic meter
[ug/m®])

EPC, = EPC in outdoor or indoor air (pg/m3)
EF = exposure frequency (days/year)

ED = exposure duration (years)

ET = exposure time (hours/day)

AT = averaging time (hours), for carcinogens is equal to 70 years * 365 days per year * 24 hours
per day, and for noncarcinogens AT is equal to ED (in years) * 365 days per year * 24 hours per
day

3.1.3.1.6 Ingestion of Homegrown Produce

Groundwater from the site may be used to irrigate locally grown crops, creating the potential for sulfolane to
be taken up into plants that are then consumed by humans. In the few studies that have been conducted on
the topic of uptake in plants, sulfolane has been demonstrated to be taken up into plants as the result of the
constituent’s high miscibility with water. Sulfolane is carried, along with water, through the roots, into the
xylem and ultimately into the leaves of the plants. When water is lost through the leaves due to
evapotranspiration, the sulfolane, due to its low volatility, tends to remain in the leaves where it may
accumulate. Based on this information, it is assumed that if sulfolane is taken up by plants, it would
predominantly be present in the leaves rather than in the roots or fruit.
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This assumption is corroborated by the Final Results of the North Pole Garden Sampling Project (ADEC
2011b), which demonstrated that concentrations in roots were substantially lower than those in the stems
and leaves. In the ADEC (2011b) study, which was led by ADHSS, 27 types of plant parts from multiple
gardens irrigated with sulfolane-containing groundwater were collected from July to September 2010.
Approximately one-half of the plant samples were reported as not detected, but 14 of the plant types tested
were confirmed to contain sulfolane, primarily in the leaves and stems. Using data from the Final Results of
the North Pole Garden Sampling Project (ADEC 2011b), the ADHSS evaluated the potential for risk to
consumers of vegetables irrigated with sulfolane-containing water and concluded that sulfolane levels in the
plants were low and not likely to cause any adverse health effects. However, because of the limited number
of gardens sampled and the fact that the data were collected during only one growing season, the results of
the investigation were considered preliminary and the exposure pathway was further evaluated in this
assessment.

Following USEPA (2005) guidance, bioaccumulation of sulfolane in locally grown crops was evaluated using
a biotransfer factor to estimate concentrations in plant tissues based on groundwater concentrations. There
are no accepted values developed for sulfolane, but there is evidence to suggest that the uptake of sulfolane
does not follow standard models based on partitioning coefficients (e.g., Kow); therefore, an appropriate
surrogate was not identified. Given the lack of constituent-specific information available in the literature, the
ADEC has requested the use of a factor of 1. Use of this value assumes that the concentration of sulfolane
in the edible portions of the plant tissues is equivalent to the concentration of sulfolane in groundwater.

After estimating the EPC, the doses of sulfolane associated with resident ingestion of homegrown fruits
and vegetables were calculated using the following equation:

EPC, * (IRPs + IRP,g) * FI * EF *ED * CF
Dose =

BW * AT

Where:
Dose = ADD (mg/kg-day)
EPC, = EPC in produce (mg/kg) = EPC,,* BCF
Where:
EPC, = EPC in water (mg/L)

BCF = water-to-produce bioconcentration factor (unitless)

g:\common\data\projects\koch\north pole\hhra\may 2012 draft\fhra_npr_ revised draft final hhra 20120523.doc

30



Revised Draft Final Human

@ ARCADlS Health Risk Assessment

Flint Hills North Pole Refinery
North Pole, Alaska

IRPs, = fruit ingestion rate (mg/day)

IRP,4 = vegetable ingestion rate (mg/day)

Fl = fraction ingested (unitless)

EF = exposure frequency (days/year)

ED = exposure duration (years)

CF = conversion factor (1x10° kg/mg)

BW = body weight (kg)

AT = for the noncarcinogen sulfolane is equal to ED * 365 days per year

The ADEC requested use of adult resident fruit and vegetable ingestion rates of 259,000 and 413,000
mg/day, respectively; child resident fruit and vegetable ingestion rates of 223,500 and 201,000 mg/day,
respectively; and infant resident fruit and vegetable ingestion rates of 155,250 and 109,350 mg/day,
respectively, based on 95" percentile per capita intakes presented in the USEPA (2011a) EFH Table 9-3.
The intakes rates presented in the EFH were multiplied by receptor-specific BW (for example, adult fruit
ingestion rate was calculated by 3.7 grams per kilogram per day * 70 kg * 1,000 milligrams per gram =
259,000 mg/day). These calculations translate into the assumption that infants will consume
approximately 6 ounces of fruits and 4 ounces of vegetables a day; children will consume approximately 8
ounces of fruits and 7 ounces of vegetables a day; and adults will consume approximately 9 ounces of
fruits and 15 ounces of vegetables a day. The risk assessment assumes that during their first year of life,
infants will ingest approximately 228 pounds of homegrown fruits and vegetables. For children and adults,
the assumption is approximately 342 and 548 pounds per year, respectively.

A fraction of 25 percent (i.e., an Fl equal to 0.25) consumption of homegrown fruits and vegetables, for
offsite residents is used in the exposure assessment. This represents a 3-month growing season.
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3.1.3.1.7 Ingestion of Surface Water

The doses of sulfolane associated with ingestion of surface water while swimming were calculated as
follows:

EPC, *ET *EF *ED * CRy,
Dose =

BW * AT

Where:

Dose = ADD (mg/kg-day)

EPC,, = EPC in water (mg/L)

ET = exposure time (hours per day)

EF = exposure frequency (days/year)

ED = exposure duration (years)

CR,, = contact rate of surface water (liters/hour)

BW = body weight (kg)

AT = for the noncarcinogen sulfolane is equal to ED * 365 days per year
For the PPRTV Scenario, as shown in Table 3-12, the offsite adult and child recreational user surface-
water ingestion rates of 0.071 and 0.12 liter/hour, respectively, were based on recommended upper
percentile values for swimmers presented in the USEPA (2011a) EFH Table 3-5 representing the
maximum ingestion rate for adults and the 97th percentile ingestion rate for children age 18 and under.
Adult and child (1 to 6 years of age) recreational users were assumed to swim for 30 and 6 years,
respectively, for 60 days per year for 1 hour per day.
3.1.3.2 Exposure Point Concentrations
Per ADEC (2010a) guidance, “the exposure point concentration is used to assess risk and should be

estimated using a 95% UCL on the mean of the contaminant concentrations.” The EPC represents the
average concentration of a COPC in an environmental medium that is potentially contacted by a receptor

g:\common\data\projects\koch\north pole\hhra\may 2012 draft\fhra_npr_ revised draft final hhra 20120523.doc 32



_ Revised Draft Final Human
@ ARCADlS Health Risk Assessment

Flint Hills North Pole Refinery
North Pole, Alaska

during the exposure period (USEPA 1989). The USEPA (1989) also recommends the use of the 95%
UCL as a conservative estimate of the EPC, because it represents the average concentration for which
we have 95 percent confidence that the true mean concentration has not been exceeded. Unless there is
site-specific evidence to the contrary, an individual receptor is assumed to be equally exposed to media
within all portions of the EU during the time of the risk assessment (USEPA 2002c). For this HHRA ADEC
has also requested evaluation of maximum COPC concentrations in groundwater as EPCs in the PPRTV
Scenario. Note that the ADEC Draft Risk Assessment Procedures Manual was updated during preparation
of this HHRA (ADEC 2011c). The updated manual includes guidance on the use of maximum groundwater
concentrations for EPCs.

EPCs are estimated separately for each medium. Consistent with USEPA (2006b, 2007) guidance, surface
soil, subsurface soil and groundwater EPCs were estimated using the 95% UCL of the mean for datasets
with at least eight samples and at least five detected values. For this HHRA, a “dataset” was considered the
aggregate of samples for one COPC, for one pathway, within a particular EU (onsite or offsite). Calculation
of a 95% UCL depends on the distribution of the dataset and variability in the data. To assess statistical
validity, data evaluation, distribution testing and 95% UCL calculations were performed using the USEPA’s
ProUCL version 4.1 (http://www.epa.gov/osp/hstl/tsc/software.htm) and according to the recommendations
provided in the associated technical documentation (USEPA 2006, 2007, 2011b). Analytical data used for
the HHRA are provided in Appendix A and ProUCL output files are included in Appendix B. For datasets
with fewer than eight samples or fewer than five detected values, the EPC was the maximum detected
concentration. Soil and groundwater datasets for most COPCs have more than eight samples each.

To combine data collected from monitoring wells and private residential wells, individual well means were
calculated. The following methods were used to normalize the groundwater data in a manner that provides
equal representation between wells with different numbers of observations:

e For a given well, if all samples were reported as non-detects, then the lowest detection limit associated
with any sampling event at that well was used to represent the well.

¢ If a well had both detected concentrations and reported non-detects for a given COPC, then any non-
detect was represented as one-half the detection limit associated with that sampling event for that
COPC.

With the individual well means calculated as described above, ProUCL was used to estimate the 95% UCL
of the mean of sulfolane across all wells in an EU (Figure 3-3). EU-1 represents approximate sulfolane
concentrations in groundwater of >100 pg/L, EU-2 where detected sulfolane concentrations range from >25
t0 99.9 ug/L, and EU-3 where sulfolane concentrations ranged from not detected above the laboratory
reporting limit to 24.9 pg/L. Given the sizable area of each EU, some results included in the data analyses
are different from others in each EU. For example, some non-detect results occur in EU-1 and EU-3. These
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values are primarily attributable to groundwater samples collected from variable screen depths. It is
reasonable to assume that groundwater extracted from a variety of screen lengths may be ingested by
potential receptors that might use groundwater as drinking water. Therefore, these data points were included
in the EPC calculations for each EU. Non-detect observations for the COPCs in soil and groundwater were
addressed using the methods described above.

In addition, per ADEC (2010a) guidance for duplicate samples, the highest detected value from the primary
and duplicate samples was used to represent that sample result. For any COPC, if the 95% UCL COPC of
the mean concentration exceeded the maximum detected concentration, then the maximum detected
concentration was the EPC. Summary statistics for the COPCs are presented in the risk characterization,
including detection frequency, number of samples, minimum and maximum detected concentrations, and
calculated 95% UCL concentrations.

EPCs were estimated separately for each medium. Tables 3-3 through 3-10 present area-wide summary
statistics and EPCs for COPCs as follows:

e Surface soil (0 to 2 feet bgs; see Table 3-3 for 95% UCL COPC concentrations)

e Subsurface soil (0 to 15 feet bgs; see Table 3-4a for maximum COPC concentrations and Table 3-4b
for 95% UCL COPC concentrations)

¢ Onsite groundwater (see Table 3-5a for maximum COPC concentrations and Table 3-5b for 95% UCL
COPC concentrations)

e Offsite groundwater in all wells (see Table 3-6 for maximum sulfolane concentration)
e Offsite groundwater in EU-1 (see Table 3-7 for 95% UCL sulfolane concentration)

e Offsite groundwater in EU-2 (see Table 3-8a for maximum sulfolane concentration and Table 3-8b for
95% UCL sulfolane concentration)

e Offsite groundwater in EU-3 (see Table 3-9a for maximum sulfolane concentration and Table 3-9b for
95% UCL sulfolane concentration)

e Offsite surface water (see Table 3-10 for maximum sulfolane concentration estimated from pore water).

Soil, groundwater, outdoor air, indoor air, homegrown produce and surface-water EPCs are further
discussed below.
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3.1.3.2.1 Soil Exposure Point Concentrations

Onsite receptors may potentially contact surface soil or a combination of surface and subsurface soil.
According to ADEC guidance 18 AAC 75.340(j)(2), “human exposure from ingestion, direct contact or
inhalation of a volatile substance must be attained in the surface soil and the subsurface soil to a depth of
at least 15 feet, unless an institutional control or site conditions prevent human exposure to the
subsurface” (ADEC 2008c). Currently and in the future, FHRA will have institutional controls in place (i.e.,
permits) that provide worker protection (i.e., appropriate personal protective equipment) in the event of
planned excavation of onsite soil. For this HHRA, two soil EPCs are calculated for each COPC. Surface
soil is considered to occur from 0 to 2 feet bgs (Table 3-3) and subsurface soil is considered to occur from
0 to 15 feet bgs (Tables 3-4a and 3-4b). EPCs for soil were calculated using the 95% UCL on the mean of
the dataset for surface soil exposures, or the maximum detected COPC concentrations for surface and
subsurface soil exposures (relevant to potential onsite construction/trench workers).

3.1.3.2.2 Surface Soil Exposure Point Concentrations

For this HHRA, it is presumed that onsite commercial/industrial workers may potentially contact surface
soil onsite that is not covered with pavement or vegetation. Therefore, surface soil EPCs were calculated
and used to evaluate potential exposure by onsite commercial/industrial workers, using analytical data
from the surface soil dataset in uncovered portions of the site (i.e., soil samples collected from ground
surface to 2 feet bgs). The 95% UCL of the mean concentrations of COPCs in surface soil collected from
0 to 2 feet bgs were used to evaluate:

¢ Direct-contact exposure pathways to onsite outdoor commercial/industrial workers

e Potential inhalation of fugitive windborne dust from onsite surface soil by onsite outdoor commercial/
industrial workers, offsite residents and offsite outdoor commercial/industrial workers.

3.1.3.2.3 Surface and Subsurface Soil Exposure Point Concentrations

The 95% UCL of the mean concentrations of surface soil collected from 0 to 2 feet bgs were used to
evaluate direct-contact exposure pathways to onsite outdoor commercial/industrial workers, and potential
inhalation of fugitive windborne dust from onsite soil by onsite and offsite outdoor commercial/industrial
workers. The onsite construction/trench worker may be directly exposed to surface and subsurface soll
during excavation activities. Therefore, EPCs for evaluating exposure by the onsite construction/trench
worker were generated using analytical data from the combined surface and subsurface soil dataset (i.e.,
soil samples collected from ground surface to as deep as 15 feet bgs). The maximum detected
concentrations in the combined surface and subsurface soil sample dataset were used to estimate
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surface and subsurface soil EPCs for direct-contact pathways for the onsite construction/trench worker
because that exposure may be localized rather than averaged over the entire site. In addition, in
accordance with ADEC guidance (2010a), surface and subsurface soil EPCs based on the 95% UCLs
were also used to evaluate potential exposures by the construction/trench worker.

3.1.3.2.4 Groundwater Exposure Point Concentrations

For COPCs in groundwater, COPC EPCs were distinguished for both on- and offsite potential exposures as
described in the following sections.

3.1.3.2.4.1 Onsite Groundwater Exposure Point Concentrations

Groundwater EPCs were used to estimate direct-contact exposure (i.e., dermal contact) by the onsite
outdoor worker and incidental ingestion and dermal contact by onsite construction/trench workers during
excavation activities. Groundwater COPC EPCs were estimated using the last 2 years of data (i.e., 2009
to 2011) collected from onsite groundwater monitoring wells. In addition to evaluating the potential
exposures to COPCs in groundwater over an EU using 95% UCL concentrations, the ADEC also
requested that groundwater EPCs be calculated using the maximum detected concentration during the
last 2 years of groundwater monitoring (see Tables 3-5a and 3-5b).

3.1.3.2.4.2 Offsite Groundwater Exposure Point Concentrations

Offsite sulfolane groundwater EPCs were used to estimate direct-contact exposure (i.e., incidental
ingestion) by offsite construction/trench workers during excavation activities and to estimate direct-contact
exposure (i.e., ingestion) by offsite residents and commercial/industrial receptors. In addition to evaluating
the potential exposures to sulfolane in groundwater using a 95% UCL concentration for each of the EUs
depicted on Figure 3-3, the ADEC also requested risk calculations using the maximum detected sulfolane
concentration during the last 2 years of groundwater monitoring (i.e., 2009 to 2011), applied to the entire
offsite area. EPCs were derived for each offsite EU identified on Figure 3-3 including:

e All offsite wells (Table 3-6), evaluated using the maximum offsite concentration as the EPC

e EU-1 (Table 3-7), evaluated using the 95% UCL concentration in offsite wells in EU-1 (the maximum
concentration located in EU-1 is the same as the off-site maximum concentration, as shown in Table
3-6)

e EU-2 (Table 3-8a for maximum concentrations and Table 3-8b for 95% UCL concentrations)

e EU-3 (Table 3-9a for maximum concentrations and Table 3-9b for 95% UCL concentrations).
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In summary, the maximum detected concentrations of sulfolane in offsite groundwater from EU-1, EU-2
and EU-3 were used to estimate risks and hazards for relevant receptors for the PPRTV Scenario. In
addition, for each EU, EPCs based on the 95% UCL were also used to estimate risks and hazards for
relevant receptors at each of the offsite groundwater offsite EUs (EU-1, EU-2 and EU-3), per USEPA (1989)
guidance, professional judgment, and the RAWP (ARCADIS 2011).

3.1.3.2.5 Outdoor Air Exposure Point Concentrations

In accordance with the USEPA (1989), exposure to constituents in outdoor air was evaluated as exposure
to fugitive dust emissions (for non-VOCs, from soil only) or volatile emissions (for VOCs, from soil or
groundwater). The USEPA (2002b) recommendations for media transfer factors to evaluate these
exposures are described below.

3.1.3.2.5.1 Estimating Outdoor Air Exposure Point Concentrations from Soil Concentrations

A particulate emission factor (PEF) for non-volatile COPCs was used to estimate EPCs in outdoor air
from soil. The industrial PEF (1.36 x 10° cubic meters per kilogram [m3/kg]) obtained from the
Supplemental Guidance for Developing Soil Screening Levels for Contaminated Sites (USEPA 2002b)
was used to estimate outdoor air EPCs of non-volatile COPCs for onsite outdoor commercial/industrial
workers and construction/trench workers potentially exposed to particulate emissions from soil.

A volatilization factor (VF) for VOCs was used to estimate EPCs of volatile COPCs in outdoor air from soil
(VFso1). Outdoor air EPCs were estimated for the onsite outdoor commercial/industrial worker and onsite
construction/trench worker using the EPC for the combined surface and subsurface soil dataset.
Constituent-specific VFs,; were obtained from the USEPA (2011c) RSL spreadsheets, where they exist,
to estimate outdoor air EPCs of volatile COPCs for onsite outdoor commercial/industrial workers and
construction/trench workers potentially exposed to volatile COPCs emanating from surface and
subsurface soil. For volatile COPCs not listed in the USEPA’s RSL table, VFs were derived according to
USEPA guidance (USEPA 2002b). Table 3-11 presents the VFsg; that were used to calculate VFsg; if
they were not available on the RSL spreadsheets.

The following equation was used to calculate outdoor air EPCs from soil EPCs using either a PEF or
VI:soil:

EPC;
EPC, =

Where:
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EPC, = EPC in air (mg/m°)
EPC; = EPC in soil (mg/kg)
PEF = particulate emission factor (m3/kg)

VF.i = volatilization factor (soil) (m®/kg)

3.1.3.2.5.2 Estimating Outdoor Air Exposure Point Concentrations from Groundwater Concentrations

Construction workers (i.e., trench workers) may also be exposed to VOCs released from shallow
groundwater that may pool in a trench and volatilize to trench air. Groundwater occurs as shallow as 8 feet
bgs in portions of the site. To estimate the potential concentrations of COPCs that could volatilize from
groundwater to trench air, volatilization factors (VFg,) obtained from the Virginia Department of
Environmental Quality (2012) were used to estimate trench air EPCs from groundwater. The trench air
EPCs were used to evaluate potential exposures by on and offsite construction/trench workers potentially
exposed to volatile COPCs emanating directly from shallow groundwater in an excavation trench. The
equation for using VF g, to calculate trench air EPCs from groundwater EPCs is as follows:

EPCa = EPng* VFgw
Where:
EPC, = EPC in trench air (mg/m°)

EPC,, = EPC in groundwater (mg/L) (as 95% UCL and as maximum EPC; see Section 3.1.3.2.4
for discussion about on and offsite groundwater EPCs)

VFg4, = volatilization factor (groundwater) (liter per cubic meter)

For onsite exposures, the trench air EPCs are presented in Table 3-5a (maximum EPC) and Table 3-5b

(95% UCL EPC).

As discussed in Section 3.1.1, onsite construction/trench workers may potentially be exposed to vapors
emanating from soil during trench excavation. Therefore, potential exposures to volatile EPCs in trench air
from both soil and shallow groundwater sources, as well as COPCs as fugitive dust from soil were estimated
for onsite construction/trench workers. For offsite construction/trench workers, sulfolane in trench air from
offsite groundwater is the only potential exposure onsite.
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3.1.3.2.6 Indoor Air Exposure Point Concentrations

The Draft Guidance for Evaluating the Vapor Intrusion to Indoor Air Pathway from Groundwater and Soils
(USEPA 2002a), Vapor Intrusion Pathway: A Practical Guide (ITRC 2007a) and Vapor Intrusion Pathway:
Investigative Approaches for Typical Scenarios (ITRC 2007b) were used to assess vapor intrusion. The
J&E model was used to estimate indoor air concentrations resulting from intrusion of vapors from sub-
slab soil gas into onsite buildings. The J&E model is a one-dimensional, screening-level model used to
evaluate subsurface vapor intrusion into buildings. It incorporates both convective and diffusive
mechanisms to estimate the transport of constituent vapors emanating from soil gas into indoor spaces
located directly above the source (J&E 1991, USEPA 2004b). When estimating the concentration of
COPC vapors in indoor air, the J&E model assumes the following:

e Constant, infinite source of constituents (e.g., in groundwater or soil gas)

e Steady-state diffusion through the unsaturated zone

e Convective and diffusive transport through the basement floor or slab

e Complete mixing within the building, estimated using an air exchange rate.

Due to the uncertainties associated with partitioning from soil to soil gas, ITRC (2007b) does not
recommend using soil data as a source of COPCs to evaluate potential vapor intrusion. Therefore, source
concentrations were estimated using the groundwater data as discussed in Section 2.6.2. Source
concentrations for the model consisted of the groundwater EPCs based on maximum detected COPC
concentrations in groundwater as well as the 95% UCL of the mean groundwater concentrations (see
Section 3.1.3.2.4). Site-specific parameters, such as soil type and average soil temperature, were used in
the J&E model where available. The top 3 to 5 feet of soil was assumed to be sand. Geotechnical data
show that this depth interval is silty sand. An average soil temperature of 5 °C was used. The remaining
parameter values, including constituent-specific parameter values, were estimated using the default
values provided by the USEPA (2004b) in the User's Guide for Evaluating Subsurface Vapor Intrusion
into Buildings and the associated model spreadsheets. Appendix C presents the results of the USEPA’s
J&E-based model to predict indoor air COPC concentrations from COPC concentrations in onsite
groundwater. For onsite exposures, the indoor air EPCs are presented in Table 3-5a (maximum EPC)
and Table 3-5b (95% UCL EPC).

3.1.3.2.7 Homegrown Produce Exposure Point Concentrations

Residents who consume homegrown produce that has been irrigated with offsite groundwater were
evaluated. Homegrown produce EPCs were calculated using bioconcentration factors (BCFs) applied to
offsite groundwater EPCs (Tables 3-6 through 3-9b). The Final Results of the North Pole Garden Sampling
Project (ADEC 2011b) showed that sulfolane was taken up into garden plants at concentrations below
adult risk-based screening criterion developed by the ADHSS. However, a BCF equal to 1 was used to
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predict uptake of sulfolane into both aboveground and belowground vegetables (as described in Section
3.1.3.1.6).

3.1.3.2.8 Surface-Water Exposure Point Concentrations

Recreational users who ingest surface water that has migrated from groundwater beneath the site were
evaluated. The maximum detected concentration of sulfolane collected during the 2012 field season from
adjacent to a frozen surface-water body was assumed to represent groundwater that has migrated offsite
to downgradient water bodies. Summary statistics and the surface-water EPC are presented in Table 3-
10.

3.1.3.3 Exposure Parameters

Exposure parameter values that were identified for each receptor at the site for the PPRTV scenario are
provided in Table 3-12. The exposure parameters were based primarily on those provided in ADEC
(2010a) and USEPA (1989, 1991, 1997a and 2004a) as well as other sources, as noted. These exposure
parameters meet or exceed the USEPA (1989) approach for estimating reasonable maximum exposure
(RME), which is the maximum exposure that is reasonably expected to occur in a population. Its intent is
to estimate a health-protective exposure case (i.e., well above the average case) that is still within the
range of possible exposures (USEPA 1989). Mathematically, the RME estimate for each exposure
pathway combines upper percentile values and assumptions with selected average values and
assumptions. The upper percentile assumptions tend to maximize estimates of exposure, such as
choosing a value near the high end of the concentration or intake range. Therefore, the RME estimates
tend to be at the high end of the exposure range, generally greater than the 90" percentile of the
population.

3.1.3.4 Assessment of Potential Lead Exposures

The potential hazard associated with lead exposure was evaluated by comparing the predicted blood-lead
concentrations to the Centers for Disease Control and Prevention (CDC) blood-lead threshold
concentration. The threshold lead concentration is 10 micrograms per deciliter (ug/dL) of whole blood
based on potentially adverse neurological effects in children (CDC 2011). A blood-lead concentration of
less than 10 ug/dL was deemed acceptable. The USEPA’s (2009b) Adult Lead Model (ALM) model, which
estimates the blood-lead levels of workers and the fetus of a pregnant worker, was used to evaluate the
potential onsite exposure to lead in groundwater for the receptors evaluated.
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3.2 Toxicity Assessment

The toxicity assessment identified toxicity values that relate exposure (dose) to potential risk or hazard for
each COPC. Toxicity values derived from dose-response data were combined with estimates of exposure
to characterize potential noncarcinogenic hazard and carcinogenic risk (see Section 3.3.2). Toxicity
profiles were provided for risk/hazard drivers and sulfolane. Selection of toxicity values followed the
hierarchies described below.

3.2.1  Noncarcinogenic Toxicity Values

Chronic and subchronic reference doses (RfDs) were used to evaluate potential adverse effects from
ingestion, dermal and inhalation (dust) exposures to noncarcinogenic COPCs. Chronic RfDs, which
correspond to 7 or more years of exposure, are specifically developed to be protective of long-term
exposures to a constituent with a considerable health-protective margin of safety, which is usually over
1000-fold. The USEPA (1989) defines the chronic RfD as “a daily exposure level for the human
population, including sensitive subpopulations, that is likely to be without an appreciable risk of
deleterious effects during a lifetime.”

The following sources were used to identify chronic toxicological reference values:
e USEPA (2012a) IRIS.

e USEPA PPRTVs, derived by the USEPA's Superfund Health Risk Technical Support Center for the
USEPA Superfund program. Current values were obtained directly from the USEPA.

e California Environmental Protection Agency (CalEPA) reference exposure levels from the California
Office of Health Hazard Environmental Assessment (OEHHA).

e ATSDR Minimal Risk Levels (MRLs) (ATSDR 2012) Chronic MRLs were used to evaluate chronic
exposure.

e USEPA (1997b) Health Effects Assessment Summary Tables (HEAST).

The USEPA (1989) defines exposures lasting between 2 weeks and 7 years as subchronic exposures. As
a result, the short-duration and intermittent nature of construction/trench worker and infant exposures
required consideration of subchronic toxicity values (subchronic RfDs) to estimate the potential for effects.
Subchronic RfDs are developed to be protective of subchronic exposures to constituents with a
conservative measure of safety (USEPA 1989). Subchronic RfDs for ingestion (oral) and inhalation (dust
and vapor) exposure were identified from the following sources, in the following order of priority:
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e USEPA PPRTVs. Current values were obtained directly from the USEPA.
e ATSDR MRLs (ATSDR 2012). Intermediate MRLs were used to evaluate subchronic exposure.
e USEPA (1997b) HEAST.

For the PPRTV Scenario, in addition to chronic RfDs, subchronic RfDs, if available, were used to evaluate
potential exposures to onsite construction/trench workers and offsite infants. If subchronic RfDs were
unavailable, then only chronic RfDs were used. For the PPRTV Scenario, chronic RfDs were used for
offsite children.

Current USEPA guidance recommends calculating a dermal RfD by multiplying the oral RfD by the
percent oral absorption efficiency (ABSGI). This recommendation requires one of the following:

e Acritical study upon which the toxicity value is based employed an administered dose (e.g., delivery
in diet or by gavage) in its design.

e A scientifically defensible database exists that demonstrates that the gastrointestinal absorption of
the constituent in question from a medium (e.g., water, feed) similar to the one employed in the
critical study is significantly less than 100 percent (e.g., less than 50 percent).

Values for ABSGI were obtained from RAGS (USEPA 2004a). Chronic and subchronic RfDs are
presented in Table 3-13.

3.2.2 Carcinogenic Toxicity Values

Oral cancer slope factors (CSFs) and inhalation unit risk (IUR) factors were used to evaluate potential
carcinogenic effects from ingestion, dermal and inhalation exposures to COPCs. CSFs quantitatively
describe the relationship between dose and response. A CSF represents the 95% UCL of the slope of the
dose-response curve and is derived using a low-dose extrapolation procedure that assumes linearity at
low doses. By applying a CSF to a particular exposure level of a potential carcinogen, the upper bound
lifetime probability of an individual developing cancer related to that exposure can be estimated.

CSFs have been developed for the oral and inhalation (dust particulates) exposure routes; IURs have
been developed for the inhalation exposure route. CSFs for oral and IURs for inhalation exposures were
identified from the following sources, in the following descending order of priority:

e USEPA (2012a) IRIS.

e USEPA PPRTVs. Current values were obtained directly from the USEPA.
e CalEPA (2012) OEHHA Toxicity Criteria Database.

e USEPA (1997b) HEAST.
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As is the case for noncarcinogenic toxicity, the USEPA has not developed dermal CSFs for use in risk
assessment. Dermal CSFs were calculated in a manner similar to that of noncarcinogenic RfDs for
dermal exposure by dividing the oral CSFs by the ABSGI AF (USEPA 2004a). CSFs are presented in
Table 3-13.

3.2.3 Sulfolane Toxicity Values

Toxicity values for sulfolane are not presented in IRIS (USEPA 2012a). However, a PPRTV chronic oral
RfD of 0.001 mg/kg-day and a PPRTV subchronic oral RfD of 0.01 mg/kg-day have been prepared for
sulfolane (USEPA 2012b).

The PPRTV Scenario risk assessment presents estimated hazards for potential sulfolane exposures
using the USEPA (2012b) PPRTV oral RfDs for sulfolane

3.2.4 Toxicity Equivalence Factors for Polynuclear Aromatic Hydrocarbons

As shown in Tables 3-2a and 3-2b, some carcinogenic PAHs have been identified as COPCs in soil.
Following ADEC (2010a) guidance, toxicity equivalence factors (TEFs) were used to assess risks to
carcinogenic PAHSs, including benzo(a)pyrene, benz(a)anthracene, benzo(b)fluoranthene,
benzo(k)fluoranthene, chrysene, dibenz(a,h)anthracene and indeno(1,2,3-c,d)pyrene). TEFs were applied
to EPCs of all carcinogenic PAHs in surface and subsurface soil to equivalent concentrations of
benzo(a)pyrene (USEPA 2011c) and total risk was derived for the carcinogenic PAH COPCs. The
assessment of potential exposures to other PAHSs also included PAHSs identified as COPCs in soil based
on analytical data collected during the 2011 field season.

3.3 Risk Characterization — Provisional Peer Reviewed Toxicity Value Scenario

This section presents the PPRTV Scenario and provides estimated ELCRs and hazard indices (HIs) for
potentially complete and significant exposure pathways identified in Section 3.1.1.4 for on- or offsite
potential receptors, based on the USEPA (2012a) PPRTV toxicity criteria for sulfolane and the exposure
parameters presented in Table 3-12.

3.3.1 Risk Characterization — PPRTV Scenario

The risk characterization integrates results of the data evaluation, exposure assessment and toxicity
assessment to evaluate potential risks associated with exposure to site COPCs. The basis for the risk
characterization is the quantitative evaluation of potential exposure by potential receptors to COPCs,
which consists of estimating carcinogenic risk and noncarcinogenic hazard. This quantitative evaluation of
risk and hazard generally provides a health-protective representation of the upper end (potentially highest
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exposures) for a receptor. The quantitative methods used to calculate noncarcinogenic hazard and
carcinogenic risk are presented below. Consistent with USEPA (1989) guidance, the potential for
carcinogenic and noncarcinogenic risks were evaluated separately.

3.3.1.1 Carcinogenic Risk

For potential carcinogens, risk was estimated as the incremental probability of an individual developing
cancer during a lifetime as a result of RME to a potential carcinogen and was calculated as follows:

ELCR=LADDi x CSFi

Where:

ELCR = excess lifetime cancer risk (unitless)

LADD:i = lifetime average daily dose for the i th constituent (mg/kg BW-day)

CSFi = cancer slope factor for the i th constituent (mg/kg BW-day)™
The CSF converts intake averaged over a lifetime of exposure to the incremental lifetime risk of an
individual developing cancer. This linear equation is only valid at low risk levels (i.e., below estimated
risks of one in 100) and is an upper-bound estimate based on the 95% UCL of the slope of the dose-
response curve. Therefore, the actual risk will be lower than the predicted risk. Potential risk was
assumed to be additive, and risks from different possible and probable carcinogens and pathways were
summed to evaluate the overall risk. Pathway-specific risks were calculated as the sum of risks from
potential carcinogenic COPCs within each exposure pathway, and the total ELCR for each receptor was

calculated by summing the risk estimates for the exposure pathways evaluated.

For inhalation of COPCs, the following equation from USEPA (2009a) RAGS Part F was used to assess
ELCRs:

ELCR=LAEC *IUR
Where:

ELCR = excess lifetime cancer risk (unitless)
LAEC = lifetime average exposure concentration (|Jg/m3)

IUR = inhalation unit risk (ug/m®)”
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Scientific notation was used to express potential carcinogenic risks. For example, a value of 1x10° is
equal to one in 1 million (or 0.000001). For individual constituents, the ADEC (2010a) compares risk
estimates to an acceptable cumulative ELCR of 1 x 10°. The acceptable cancer risk (or range of risks) is
the incremental risk attributed to the estimated upper-bound exposure (i.e., RME) to COPCs at the site.
This acceptable risk is, by definition, independent of risks associated with non-site-related constituent
exposures and other background cancer risks (USEPA 1989).) It is standard USEPA and ADEC practice,
however, to assess risks and hazards first with background constituents included and then discuss the
risks in the absence of the background impacts to inform the decision makers about the risks of site-
related constituents.

3.3.1.2 Noncarcinogenic Hazard
The HQ approach was used to characterize the overall potential for noncarcinogenic effects associated
with exposure to multiple constituents. This approach assumes that chronic and subchronic exposures to
multiple constituents are additive. For direct contact and inhalation of particulates exposures, the HQ was
calculated as follows:
HQ = ADD / RfD

Where:

HQ = hazard quotient (unitless)

ADD = average daily dose (mg/kg-day)

RfD = reference dose (mg/kg-day)”

For inhalation of volatile COPCs, the following equation from USEPA (2009a) RAGS Part F was used to
assess noncancer hazards:

HQ = AEC/RfC
Where:
HQ = hazard quotient (unitless)
AEC = average exposure concentration (micrograms per cubic centimeter [pg/cm3])

RfC = inhalation reference concentration (ug/cm®)”
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The HQ represents the comparison of exposure (dose) over a specified period of time to an RfD for a
similar time period. The estimates of exposure (dose) were calculated based on chronic or subchronic
exposures. If the HQ exceeds a value of 1, there is a possibility of adverse health effects. The magnitude
of the HQ is not a mathematical prediction of the severity or incidence of the effects, but rather indicates
that effects may occur. The likelihood of effects occurring at levels above an HQ=1 is based on the nature
of the effects used to set the RfD and the magnitude of the composite uncertainty factor used in the RfD
derivation. The constituent HQs were summed to calculate an HI for a pathway or site, and the USEPA
(1989) recommends that the total HI for the constituents and pathways assessed not exceed a value of 1.
An HI of less than 1 indicates that adverse health effects are not likely to occur from exposure to
assessed constituents. HQs or Hls of greater than 1 do not indicate that significant risks are present, but
rather that additional evaluation may be required to better define the level of risk.

According to the USEPA (1989), noncarcinogenic effects should be evaluated based on target organ(s) or
toxicity endpoints. The USEPA believes that the assumption of dose additivity is one of the major
limitations of the HI approach because it may overestimate the potential for health effects that most likely
will not occur if the COPCs affect different organs or act by different mechanisms of action. The USEPA
counters the potential for overestimation by specifying segregation of COPCs by effect and mechanism of
action, and derivation of separate Hls for each group (USEPA 1989). If the total HI exceeds a value of 1,
the specific substances will be evaluated so that only substances that affect similar target organs or
exhibit a similar mode of action (i.e., similar effects in the same target organs via the same mechanism)
are summed. Quantitative estimates of carcinogenic risk and noncarcinogenic hazard were presented for
each receptor.

3.3.1.3 Risk Characterization of Petroleum Hydrocarbon Compounds

In accordance with ADEC (2008b) Cumulative Risk Guidance, individual risks from exposure to GRO,
DRO and RRO were calculated using RfDs provided by ADEC (2010a). However, these risk calculations
were not included in cumulative risk estimates. Consistent with ADEC (2008b) Cumulative Risk Guidance,
cumulative risks for each receptor were estimated using indicator constituents, as discussed below.

In general, quantitative risk calculated from individual petroleum constituents is considered adequate to
account for risk in cumulative risk calculations from petroleum mixtures (ADEC 2008b). The key
constituents of petroleum products associated with risk (e.g., PAHs, BTEX, methyl tertiary butyl ether) are
included in the quantitative cumulative risk calculations and should adequately describe human health
risk from exposure to site media.
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3.3.2 Estimated Risks and Hazards for Provisional Peer Reviewed Toxicity Value Scenario

For each total estimated ELCR and HlI, the primary exposure pathway and contributing COPC(s) are
indicated, as appropriate. This section presents ELCRs and hazards for potential onsite receptors (Section
3.3.2.1) and potential offsite receptors (Section 3.3.2.2). For each potential receptor, ELCRs and/or Hls are
summarized based on possible exposure to maximum and/or 95% UCL-based EPC COPC concentrations.
Appendices D and E present complete risk calculations for ELCRs and Hls based on maximum and 95%
UCL COPC concentrations, respectively.

Summaries of the cumulative ELCRs and estimated Hls for the receptors evaluated under the PPRTV
Scenario are presented in the following tables:

e Tables 3-14 and 3-15 present the ELCR and HI summaries for on and offsite receptors using the
maximum detected on and offsite values and the 95% UCL on and offsite values, respectively.

e Tables 3-14, 3-16a and 3-17a present ELCR and HI summaries for potential on and offsite receptors
based on maximum COPC concentrations for all wells in each EU (including EU-1 because the
maximum for all offsite wells is located in this EU).

e Table 3-15 presents ELCR and HI summaries for potential on and offsite receptors at EU-1 based on
95% UCL EPCs.

e Table 3-16a presents ELCR and HI summaries for offsite receptors based on maximum COPC
concentrations at EU-2 wells.

e Table 3-17a presents ELCR and HI summaries for offsite receptors based on maximum COPC
concentrations at EU-3 wells.

The PPRTYV scenario risk assessments are presented in Appendix D (maximum concentrations) and
Appendix E (95% UCL EPCs). Appendix H provides toxicity profiles for the primary risk and hazard
drivers, including: arsenic, benzene, naphthalene, sulfolane, 1,3,5-trimethylbenzene and xylenes.

The total estimated ELCRs presented in Tables 3-14 through 3-17b include arsenic as a soil COPC
(arsenic was excluded as a COPC in groundwater). Based on an evaluation of arsenic in soil samples at
the site, the presence of arsenic is due to background concentrations. Detected concentrations of arsenic
in soil samples collected at the site are evaluated in the 2012 Revised Site Characterization Report (Barr
2012). This evaluation compared site arsenic concentrations to background studies collected in Alaska
and evaluated the spatial distribution of arsenic with respect to site operations and other COPCs. The
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results of the evaluation concluded that the presence of arsenic in soil does not appear to be associated
with refinery operations and is likely a result of background concentrations.

3.3.2.1 Estimated Risks and Hazards for Potential Onsite Receptors

Potential onsite receptors evaluated include current and future indoor and outdoor commercial workers,
construction/trench workers and adult visitors. The USEPA (2012b) chronic PPRTV oral RfD was used to
evaluate potential sulfolane exposures. The maximum onsite concentration of sulfolane in groundwater
detected above the laboratory reporting limit between 2009 and 2011 is 10.4 mg/L. Estimated risks and
hazards for the onsite receptors using maximum detected concentrations and 95% UCLs as EPCs are
summarized in Table 3-14 and Table 3-15, respectively.

3.3.2.1.1 Onsite Indoor Commercial/Industrial Workers

Table D-1 (Appendix D) presents the estimated ELCRs and Hls for indoor commercial/industrial workers,
based on exposures to maximum detected COPC concentrations in groundwater. Inhalation of VOCs in
indoor air from groundwater is the primary exposure pathway for these potential receptors (see Table 3-14).
The total estimated ELCR is 1 x 10° and the total estimated Hl is 0.2.

Table E-1 (Appendix E) presents the estimated ELCRs and Hls for indoor commercial/industrial workers,
based on exposures to 95% UCLs of detected COPC concentrations in groundwater. Inhalation of VOCs in
indoor air from groundwater is the primary exposure pathway for these potential receptors (see Table 3-15).
The total estimated ELCR is 1 x 10 and the total estimated Hl is 0.02.

3.3.2.1.2 Onsite Outdoor Commercial/Industrial Workers

Table D-2 (Appendix D) presents the estimated ELCRs and Hls for outdoor commercial/industrial workers,
assuming potential exposure to 95% UCLs of COPC concentrations in surface soil. Table D-2 also shows
estimated ELCRs and Hls based on direct-contact exposures, including ingestion of, dermal contact with
and inhalation of dust particles from surface soil. The total estimated ELCR is 5 x 10 and the total
estimated Hl is 0.05 (see Table 3-14). Soil ingestion contributes most to the total estimated ELCR and Hls.
Arsenic is the primary risk and hazard driver. Excluding the estimated arsenic ELCR and HI, which are likely
due to background, the total estimated ELCR is 2 x 107 and the total estimated Hl is 0.03 (see Table D-2).

3.3.2.1.3 Onsite Construction/Trench Workers
The USEPA (2012b) PPRTYV subchronic oral RfD for sulfolane was used to estimate potential construction/

trench worker hazards. Table 3-14 and Table D-3a (Appendix D) present the estimated ELCRs and Hls for
construction/trench workers based on potential exposures to maximum COPC concentrations in surface and

g:\common\data\projects\koch\north pole\hhra\may 2012 draft\fhra_npr_ revised draft final hhra 20120523.doc

48



_ Revised Draft Final Human
@ ARCADlS Health Risk Assessment

Flint Hills North Pole Refinery
North Pole, Alaska

subsurface soil, assuming direct-contact exposures including ingestion, dermal contact and inhalation of
dust particles. The total estimated ELCR associated with potential exposure to COPCs in soil is 1 x 10 and
the total estimated Hl is 0.3. The soil ingestion pathway contributes most to the total soil-related estimated
ELCR and HI. Excluding the estimated arsenic ELCR, which is likely based on background, the total
estimated ELCR is 3 x 107 and the total estimated Hl is 0.3.

Table 3-14 and Table D-3b (Appendix D) present ELCRs and Hls based on incidental ingestion of and
dermal contact with groundwater in an onsite excavation trench, and inhalation of VOCs within trench air
from groundwater based on maximum COPC concentrations in groundwater. The total estimated ELCR is 3
x 10™ and the total estimated HlI is 49. Inhalation of VOCs in the trench air is the exposure pathway that
contributes most to the cumulative ELCR and Hls. Benzene, naphthalene and ethylbenzene (as estimated
in trench air from groundwater) are the primary risk drivers for the total ELCR. Benzene, naphthalene,
xylenes and 1,3,5-trimethylbenzene are the risk drivers for the HI.

Table 3-15 and Table E-3a (Appendix E) present the estimated ELCRs and Hls for construction/trench
workers based on 95% UCL COPC concentrations and direct-contact exposures including ingestion of,
dermal contact with and inhalation of dust particles in surface and subsurface soil. The total soil-related
estimated ELCR is 3 x 107 and the total soil-related estimated Hl is 0.06. Soil ingestion contributes most to
the total estimated ELCR and Hls. Excluding the estimated arsenic ELCR and HI, which are likely based on
background, the total estimated ELCR is 2 x 10® and the total estimated Hl is 0.05.

Table 3-15 and Table E-3b (Appendix E) present ELCRs and Hls based on incidental ingestion of and
dermal contact with groundwater in an onsite excavation trench and inhalation of VOCs within trench air
from groundwater based on 95% UCL COPC concentrations. The total estimated ELCR is 3 x 10” and the
total estimated HI is 9. Inhalation of VOCs in the trench air contributes most to ELCR and Hls. Benzene is
the primary risk driver for ELCRs and benzene and naphthalene are the primary risk drivers for Hls.

3.3.2.1.4 Onsite Adult Visitors

Table 3-14 and Table D-4 (Appendix D) present the estimated ELCRs and Hls for adult visitors based on
maximum COPC concentrations in onsite groundwater. Inhalation of VOCs in indoor air from groundwater is
the primary exposure pathway for these potential receptors. The total estimated ELCR is 2 x 107 and the
total estimated HI is 0.002.

Table 3-15 and Table E-4 (Appendix E) present the estimated ELCRs and Hls for adult visitors based on
95% UCL COPC concentrations in onsite groundwater. Inhalation of VOCs in indoor air from groundwater is
the primary exposure pathway for these potential receptors. The total estimated ELCR is 1 x 10® and the
total estimated HI is 0.0004.
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3.3.2.2 Estimated Risks and Hazards for Potential Offsite Receptors

Potential offsite receptors evaluated include current and future residents; adults (chronic exposures),
children (chronic exposures) and infants (subchronic exposures); indoor and outdoor commercial workers
(chronic exposures); and construction/trench workers (subchronic exposures). The estimated risks and
hazards for offsite receptors using maximum detected concentrations and 95% UCLs as EPCs are
summarized in Table 3-14 and Table 3-15 , respectively.

3.3.2.2.1 Offsite Adult, Child and Infant Residents

Table 3-14 and Tables D-5a and D-6a (Appendix D) present the estimated ELCRs and Hls for offsite adult
and child residents, assuming potential exposure to 95% UCL COPC concentrations in ambient air from
onsite surface soil (based on 95% UCL concentrations) using the USEPA (2012b) chronic PPRTV oral RfD
for sulfolane. The total estimated ELCRs for adult and child residents are 4 x 10® and 9 x 10, respectively,
and the total estimated Hls are both 0.001. Excluding arsenic in soil and the estimated arsenic ELCRs and
His, which is likely due to background, the total estimated ELCRs for adult and child residents are 4 x 107
and 8 x 107, respectively, and the total estimated Hls are both 0.0009 (see Table D-5a [Appendix D] for
adult resident and Table D-6a for child resident). Table D-7a presents the estimated ELCR and HlI for offsite
infant residents, assuming potential exposure to 95% UCL COPC concentrations in ambient air from onsite
surface soil using the USEPA (2012b) subchronic PPRTV oral RfD for sulfolane. The total estimated ELCR
for infant residents is 1 x 10 and the total estimated Hl is 0.0007. Excluding the estimated arsenic ELCR
and HI, which is likely due to background, the total estimated ELCR for infant residents is 1 x 10 and the
total estimated HI is 0.0005.

Table 3-14 and Tables D-5b, D-6b and D-7b (Appendix D) show Hls based on ingestion of the maximum
detected concentration of sulfolane in groundwater (i.e., tapwater), applied across the entire offsite area
(which also includes EU-1 because the maximum value occurs in this EU), for adults (chronic exposures;
Table D-5b), children (chronic exposures; Table D-6b) and infants (subchronic exposures; Table D-7b),
respectively. Tables D-5¢, D-6¢ and D-7c¢ present the HIs associated with ingestion of homegrown produce
irrigated with sulfolane-impacted groundwater (maximum detected concentration) for adults (chronic
exposures; Table D-5c¢), children (chronic exposures; Table D-6¢) and infants (subchronic exposures; Table
D-7c¢), respectively. Tables D-11 and D-12 present the Hls associated with ingestion of surface water
(maximum detected concentration) for adults (chronic exposures; Table D-11) and children (chronic
exposures; Table D-12).

As shown in Table 3-14 and Tables D-5b, D-6b and D-7b (Appendix D), using the PPRTV oral RfDs for
sulfolane and the maximum concentration detected in offsite groundwater, the total estimated Hls
associated with ingestion of groundwater are 12 for adult residents (chronic exposure; Table D-5b), 28 for
child residents (chronic exposure; Table D-6b) and 7 for infant residents (subchronic exposure; Table D-7b),

g:\common\data\projects\koch\north pole\hhra\may 2012 draft\fhra_npr_ revised draft final hhra 20120523.doc

50



Revised Draft Final Human
@ ARCAD|S Health Risk Assessment

Flint Hills North Pole Refinery
North Pole, Alaska

respectively, based on ingestion of tapwater. Table 3-14 and Tables D-5c, D-6¢ and D-7c present the total
estimated Hls associated with ingestion of homegrown produce, including an HI of 0.8 for adult residents
(chronic exposure; Table D-5c¢), 2 for child residents (chronic exposure; Table D-6¢) and 0.3 for infant
residents (subchronic exposure; Table D-7c¢), respectively. These Hls are based on ingestion of
homegrown produce using the USEPA (2012b) PPRTYV oral RfDs for sulfolane, along with the maximum
detected offsite sulfolane concentration, a BCF of 1.0 and the 95" percentile per capita produce ingestion
rates. These exposure assumptions were used in all of the produce ingestion scenarios presented in this
paragraph. As shown in Table 3-14 and Tables D-11 and D-12 (Appendix D), using the PPRTV oral RfDs
for sulfolane and the maximum concentration EPC, the total estimated HIs associated with ingestion of
surface-water are 0.03 for adult residents (chronic exposure; Table D-11) and 0.2 for child residents (chronic
exposure; Table D-12). The surface-water Hls for this receptor group are the same for each EU (Table 3-15,
Table 3-16a and Table 3-17a).

Table 3-14 presents the cumulative Hls for this receptor group for all exposure pathways combined based
on maximum EPCs which are 13 for adult residents, 31 for child residents (chronic exposure), and 7 for
infant residents (subchronic exposure). Table 3-14 also presents the cumulative ELCRs for this receptor
group for all exposure pathways combined based on maximum EPCs which are 4 x 10™® for adult residents,
9 x 10 for child residents (chronic exposure), and 1x 10” for infant residents (subchronic exposure).

Table 3-15 and Tables E-5a, E-6a and E-7a (Appendix E) present the estimated ELCRs and Hls for adults,
children (chronic) and infant (subchronic) residents, respectively, based on inhalation of fugitive windborne
dust or vapors from onsite COPCs in surface soil, assuming 95% UCL COPC concentrations. As shown in
Table E-5a the total estimated ELCR is 4 x 10 and the total estimated HI is 0.001 for adult residents
(chronic exposure; Table E-5a). For a child resident (chronic exposure), the total estimated ELCR is 9 x 10
and the total estimated Hl is 0.001 (Table E-6a). The total estimated ELCR is 1 x 10 and the total
estimated Hl is 0.0007 for the infant resident (subchronic exposure; Table E-7a).

Assuming the 95% UCL concentration for sulfolane in EU-1, Table 3-15 and Tables E-5b, E-6b and E-7b in
Appendix E) show estimated HIs based on ingestion of 95% UCL sulfolane concentrations in groundwater
(i.e., tapwater) at EU-1 by resident receptors. Using the USEPA (2012b) PPRTV oral RfDs for sulfolane, the
estimated Hls associated with ingestion of water are 5 for the adult resident (chronic exposure; Table E-5b),
11 for child resident (chronic exposure; Table E-6b) and 3 for infant resident (subchronic exposure; Table E-
7b). Tables E-5c, E-6¢ and E-7c present the total estimated Hls associated with consumption of homegrown
produce irrigated with water containing sulfolane in EU-1. The Hls are 0.3 for adult residents (chronic
exposure), 0.9 for child residents (chronic exposure) and 0.1 for an infant resident (subchronic exposure),
using the USEPA (2012b) PPRTV oral RfDs for sulfolane, along with a BCF of 1.0, and the 95" percentile
per capita produce ingestion rates.
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Table 3-16a and Tables D-13a, D-13b, D-14a, D-14b, D-15a and D-15b (Appendix D) present Hls based on
ingestion of the maximum sulfolane concentration in groundwater (i.e., tapwater) within EU-2 for resident
receptors. Using the USEPA (2012b) PPRTV oral RfDs for sulfolane, the total estimated Hls associated with
ingesting tapwater containing maximum sulfolane concentrations in EU-2 are 4 for an adult resident (chronic
exposure; Table D-13a), 9 for a child resident (chronic exposure; Table D-14a) and 2 for an infant resident
(subchronic exposure; Table D-15a). In addition, Table 3-16a presents Hls associated with consumption of
homegrown produce irrigated with groundwater containing the maximum sulfolane concentrations at EU-
2. The estimated Hls for consumption of homegrown produce irrigated with water from EU-2 are 0.3 for an
adult resident (chronic exposure; Table D-13b), 0.8 for a child resident (chronic exposure; Table D-14b) and
0.1 for an infant resident (subchronic exposure; Table D-15b), using the USEPA (2012b) PPRTYV oral RfDs
for sulfolane, along with a BCF of 1.0, and the 95" percentile per capita produce ingestion rates.

Table 3-16b and Tables E-11a, E-12a and E-13a (Appendix E) present HIs based on ingestion of the 95%
UCL sulfolane concentration in groundwater (i.e., tapwater) within EU-2 for resident receptors. Using the
USEPA (2012b) PPRTV oral RfDs for sulfolane, the total estimated HIs associated with ingesting tapwater
containing sulfolane in EU-2 are 2 for an adult resident (chronic exposure; Table E-11a), 4 for a child
resident (chronic exposure; Table E-12a) and 0.9 for an infant resident (subchronic exposure; Table E-13a).
In addition, Table 3-16b and Tables E-11b, E-12b and E-13b (Appendix E) present HIs associated with
consumption of homegrown produce irrigated with sulfolane-impacted groundwater at EU-2. The total
estimated Hls for consumption of homegrown produce irrigated with water from EU-2 are 0.1 for an adult
resident (chronic exposure; Table E-11b), 0.3 for a child resident (chronic exposure; Table E-12b) and 0.04
for an infant resident (subchronic exposure; Table E-13b) respectively, using the USEPA (2012b) PPRTV
oral RfDs for sulfolane, along with a BCF of 1.0, and the 95" percentile per capita produce ingestion rates.

Table 3-17a and Tables D-19a, D-20a and D-21a (Appendix D) show the estimated HIs based on ingestion
of the maximum sulfolane concentration in groundwater (i.e., tapwater) within EU-3 by resident receptors.
Using the USEPA (2012b) PPRTYV oral RfDs for sulfolane, the estimated HIs associated with ingestion of
tapwater are 2 for an adult resident (chronic exposure; Table D-19a), 5 for a child resident (chronic
exposure; Table D-20a) and 1 for an infant resident (subchronic exposure; Table D-21a). In addition to a
drinking water scenario, Table 3-17a and Tables D-19b, D-20b and D-21b (Appendix D) present the Hls
associated with consumption of homegrown produce irrigated with the maximum detected sulfolane
concentration in groundwater in EU-3. The estimated Hls for consumption of homegrown produce are 0.1
for an adult resident (chronic exposure; Table D-19b), 0.4 for a child resident (chronic exposure; Table D-
20b) and 0.06 for an infant resident (subchronic exposure; Table D-21b), using the USEPA (2012b) PPRTV
oral RfDs for sulfolane, along with a BCF of 1.0, and the 95" percentile per capita produce ingestion rates.

Table 3-17b and Tables E-17a, E-18a and E-19a (Appendix E) show the estimated HIs based on ingestion

of the 95% UCL sulfolane concentration in groundwater (i.e., tapwater) within EU-3 by resident receptors.
Using the USEPA (2012b) PPRTYV oral RfDs for sulfolane, the estimated HIs associated with ingestion of
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tapwater are 0.3 for an adult resident (chronic exposure; Table E-17a), 0.7 for a child resident (chronic
exposure; Table E-18a) and 0.2 for an infant resident (subchronic exposure; Table E-19a). In addition to a
drinking water scenario, Table 3-17b and Tables E-17b, E-18b and E-19b (Appendix E) present the His
associated with ingestion consumption of homegrown produce irrigated with sulfolane-impacted
groundwater in EU-3. The estimated Hls for consumption of homegrown produce are 0.02 for an adult
resident (Table E-17b), 0.05 for a child resident (chronic exposure; Table E-18b) and 0.007 for an infant
resident (subchronic exposure; Table E-19b), using the USEPA (2012b) PPRTYV oral RfDs for sulfolane,
along with a BCF of 1.0, and the 95" percentile per capita produce ingestion rates.

3.3.2.2.2 Offsite Indoor Commercial Workers

Table 3-14 and Table D-8 (Appendix D) show the HI based on ingestion of groundwater (i.e., tapwater),
assuming the maximum offsite sulfolane concentration and the USEPA (2012b) PPRTV oral RfD for
sulfolane. The total estimated HI is 9 for offsite indoor commercial/industrial workers (chronic exposure)
based solely on ingestion of tapwater containing sulfolane (see Table D-8 [Appendix D]).

Table 3-15 and Table E-8 (Appendix E) show the HI based on ingestion of groundwater (i.e., tapwater),
assuming the 95% UCL offsite sulfolane concentration for EU-1 and the USEPA (2012b) PPRTV oral RfD
for sulfolane. The total estimated Hl is 3 for offsite indoor commercial/industrial workers (chronic exposure)
based solely on ingestion of tapwater containing sulfolane (see Table E-8 [Appendix E]).

At EU-2, two sulfolane groundwater EPCs were used to estimate potential hazards associated with
ingestion of groundwater by offsite indoor commercial/industrial workers (chronic exposure). Using the
maximum detected offsite sulfolane concentration at EU-2, the estimated Hl is 3 (Table 3-16a).
Comparatively, the HI based on the 95% UCL sulfolane concentration at EU-2 is 1. Both HIs were derived
using the USEPA (2012b) PPRTV oral RfD for sulfolane (see Table D-16 [Appendix D] for maximum EPC
and Table E-14 [Appendix E] for 95%UCL). Similarly, two sulfolane groundwater EPCs were used to
estimate potential hazards associated with ingestion by offsite indoor commercial/industrial workers (chronic
exposure) at EU-3. Table 3-17a shows the HI based on ingestion of groundwater (i.e., tapwater), assuming
the maximum offsite sulfolane concentration at EU-3 and Table 3-17b shows the corresponding HI based
the 95% UCL offsite sulfolane concentration at EU-3. Both HIs were derived using the USEPA (2012b)
PPRTYV oral RfD for sulfolane. Using the maximum detected sulfolane concentration at EU-3, the estimated
Hl is 2; the estimated HI is 0.2 for offsite indoor commercial/industrial workers (chronic exposure) based on
the 95% UCL groundwater concentration at EU-3 (see Table D-22 [Appendix D] and Table E-20 [Appendix
E], respectively).

3.3.2.2.3 Offsite Outdoor Commercial Workers
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Table 3-14 presents the estimated ELCRs and Hils for offsite outdoor commercial workers potentially
exposed via inhalation of dust particles from onsite surface soil (0 to 2 feet bgs), using 95% UCL COPC
concentrations in onsite surface soil. The total estimated ELCR is 2 x 10 and the total estimated Hl is
0.0006 (see Table D-9a [Appendix D]). Excluding the estimated arsenic concentrations in surface soil and
HI, which are likely attributable to background, the total estimated ELCR is 2 x 10® and the total estimated
Hl is 0.0006 (Table D-9a). Table 3-14 also shows the HI for this receptor assuming ingestion of groundwater
(i.e., tapwater) and assuming the maximum offsite sulfolane concentration. The estimated Hl is 9 for offsite
outdoor commercial/industrial workers, based on ingestion of tapwater (see Table D-9b [Appendix D]).

Table E-9a [Appendix E] shows ELCRs and Hls based on inhalation of fugitive windborne dust and vapors
from onsite COPCs in surface soil, based on 95% UCL COPC concentrations and the USEPA (2012b)
PPRTV oral RfD for sulfolane. It was assumed that the offsite outdoor commercial worker (chronic
exposure) is located at the site boundary; therefore, the estimated ELCRs and Hls calculated for onsite
commercial workers represent a health-protective estimate for an offsite commercial worker, based on
inhalation of dust and vapors from the site. As shown in Table E-9a [Appendix E], the total estimated ELCR
is 2 x 10® and the total estimated HI is 0.0006, based on inhalation of dust and vapors in ambient air (see
Table E-9a [Appendix E]).

Assuming the 95% UCL and USEPA (2012b) PPRTV oral RfD for sulfolane in EU-1, the total estimated HI
is 3 for offsite outdoor commercial/industrial workers (chronic exposure), based on ingestion of groundwater
(see Table 3-15 and Table E-9b [Appendix E]).

At EU-2, two sulfolane groundwater EPCs were used to estimate potential hazards associated with
ingestion of groundwater: the maximum detected concentration of sulfolane and the 95% UCL of the mean
sulfolane concentrations. Using the maximum detected concentration in groundwater at EU-2, the estimated
Hl is 3 for offsite outdoor commercial/industrial workers (chronic exposure) based on ingestion of
groundwater (see Table 3-16a and Table D-17 [Appendix D]). Using the 95% UCL sulfolane concentration,
the total estimated Hl is 1 for offsite outdoor commercial/industrial workers at EU-2, based on ingestion of
tapwater (chronic exposure; see Table 3-16b and Table E-15 [Appendix E]). Both hazard estimates used
the USEPA (2012b) PPRTYV oral RfD for sulfolane.

Similarly, at EU-3, the 95% UCL and maximum sulfolane groundwater concentrations were both evaluated
as distinct EPCs to estimate potential hazards associated with ingestion of groundwater by offsite
commercial/industrial workers. Using the maximum sulfolane concentration at EU-3, the estimated Hl is 2
(Table 3-17a and Table D-23 [Appendix D]). Using the 95% UCL sulfolane concentration, the estimated HI
is 0.2 for offsite outdoor commercial/industrial workers at EU-3 (see Table 3-17b and Table E-21 [Appendix
E]). Both hazard estimates are used the USEPA (2012b) PPRTYV oral RfD for sulfolane.

3.3.2.2.4 Offsite Construction/Trench Workers
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The estimated Hls for an offsite construction worker who is potentially exposed to maximum sulfolane
concentrations by incidental ingestion of sulfolane in offsite groundwater in excavation trenches is 0.0008
(see Table 3-14 and Table D-10 [Appendix D]). This exposure is subchronic and the Hl is derived
assuming the maximum offsite sulfolane concentration and using the USEPA (2012b) PPRTV subchronic
oral RfD for sulfolane. As discussed in Section 3.1.1.4, sulfolane is not considered to pose adverse health
effects due to inhalation and dermal contact exposures. The total estimated Hl is 0.0008 for offsite
construction workers, based on incidental ingestion of groundwater while working in trenches.

Tables 3-15, 3-16b and 3-17b show the His for potential exposures by the construction worker (subchronic
exposure) based on 95% UCL sulfolane concentrations for incidental ingestion of sulfolane in offsite
groundwater in excavation trenches in EU-1, EU-2 and EU-3, respectively. The estimated Hls for offsite
construction workers, which are based on the USEPA (2012b) PPRTV subchronic oral RfD for potential
groundwater ingestion exposures of groundwater while working in trenches, and 95%UCL sulfolane
concentrations, are 0.0003, 0.0001 and 0.00002 in EU-1, EU-2 and EU-3, respectively (see Tables E-10, E-
16 and E-22 [Appendix E] for the hazard calculations for this receptor in EU-1, EU-2 and EU-3,
respectively). Tables 3-16a and 3-17a show the corresponding Hls for this receptor group based on the
maximum sulfolane groundwater concentrations at EU-2 and EU-3, respectively. The estimated Hls for
offsite construction workers exposed to maximum groundwater concentrations at EU-2 and EU-3 are
0.0003 and 0.0001, respectively (see Tables D-18 and D-24 [Appendix D]).

3.3.2.2.5 Offsite Adult and Child Recreational Users

Table 3-14 and Tables D-11 and D-12 (Appendix D) show the estimated Hils for offsite adult and child (aged
1 to 6years) recreational users (i.e., swimmer who may be exposed by incidental, ingestion of sulfolane in
surface water), assuming the maximum offsite sulfolane concentration in pore water and the USEPA
(2012b) PPRTYV chronic oral RfD for sulfolane. The total estimated Hls are 0.03 and 0.2 for offsite adult
(chronic exposure) and child recreational users (chronic exposure), respectively.

3.3.3 Conclusions for Provisional Peer Reviewed Toxicity Value Scenario

Results of this Revised Draft Final HHRA indicate that the estimated ELCRs and Hls, based on maximum
onsite COPC concentrations, are at or below the ADEC- established acceptable ELCR of 1 x 10° for
current and future onsite indoor and outdoor commercial/industrial workers and adult site visitors, and below
the target HI of 1 for the PPRTV Scenario. The estimated ELCRs and Hls for current and future onsite
construction workers exceed the acceptable ELCR of 1 x 10® and target HI of 1 based on maximum COPC
concentrations; however, estimated ELCRs are below the acceptable ELCR based on 95% UCL COPC
concentrations.
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Table 3-14 presents the estimated ELCRs and Hls using maximum COPC concentrations in onsite
subsurface soil, maximum onsite COPC surface soil and groundwater concentrations, the single maximum
offsite groundwater concentration of sulfolane, and the USEPA (2012b) PPRTYV oral RfDs for sulfolane. The
estimated Hls are below the target HI of 1 for the onsite commercial/industrial worker, onsite
commercial/industrial outdoor worker, onsite visitor and offsite child recreator. The estimated HIs exceed the
target HI of 1 for onsite construction/trench workers, offsite residents, and offsite indoor and outdoor
commercial workers. The Hl is equal to 49 for onsite construction workers based on inhalation of volatile
COPC:s in trench air from groundwater. Benzene, naphthalene, xylenes and 1,3,5-trimethyl benzene are the
hazard drivers. For offsite adult, child and infant resident receptors, the Hls are equal to 13, 31, and 7,
respectively.

Similarly, the estimated total ELCRs for the potential onsite visitor (Table 3-14) are below the ADEC
acceptable ELCR of 1 x 10”°. The estimated total ELCRs for the onsite indoor and outdoor commercial
workers and onsite construction/trench workers do not exceed the ADEC acceptable ELCR. The total
estimated ELCRs are equal to 1 x 10" and 5 x 10°® for onsite indoor and outdoor commercial workers,
respectively. The estimated ELCR for the indoor commercial worker is based on inhalation of volatile
COPCs in indoor air. For the outdoor commercial worker, the estimated total ELCR is based on soil
ingestion including arsenic, which is likely present due to background concentrations. For onsite
construction/trench workers, the total estimated ELCR is equal to 3 x 10 for onsite construction/trench
workers, which is based primarily on inhalation of volatile COPCs in trench air from groundwater, with
benzene, naphthalene and ethylbenzene as the primary risk drivers.

Table 3-15 presents the estimated ELCRs and Hls using 95% UCL COPC concentrations in onsite soil and
in EU-1, and the USEPA (2012b) PPRTYV oral RfDs for sulfolane. Using the 95% UCL onsite COPC soil
concentrations, the 95% UCL onsite and EU-1 offsite sulfolane groundwater concentrations, and the
USEPA (2012b) PPRTYV oral RfDs for sulfolane, the estimated Hls for the receptors evaluated are below the
target HI of 1, with the exception of onsite construction/trench workers, offsite residents, and offsite indoor
and outdoor commercial workers. The HI is equal to 9 for onsite construction workers based on inhalation of
volatile COPCs in trench air from groundwater. Naphthalene and benzene are the hazard drivers. For offsite
residents, the estimated total Hls are equal to 5, 12 and 3 for offsite adult, child and infant residents,
respectively, with ingestion of sulfolane in tap water the primary hazard driving exposure pathway. For both
the offsite indoor commercial worker and the offsite outdoor commercial worker, the estimated Hl is 3,
based on ingestion of sulfolane in groundwater.

Similarly, the estimated total ELCRs for the potential receptors evaluated at EU-1 are at or below the ADEC
acceptable ELCR of 1 x 10, with the exception of onsite commercial/ industrial outdoor workers and onsite
construction/trench workers (Table 3-15). For the onsite commercial/ industrial outdoor worker, the total
estimated ELCR is equal to 5 x 10®. The total estimated ELCR is equal to 3 x 10” for onsite
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construction/trench workers, which is based on inhalation of volatile COPCs in trench air from groundwater
with benzene as the risk driver.

Table 3-16a presents the estimated ELCRs and Hls using the maximum COPC sulfolane concentrations in
EU-2. Under the PPRTYV Scenario using maximum COPC concentrations in EU-2, the HI for offsite
construction workers is below the target HI of 1. The estimated HIs exceed the target HI of 1 for offsite adult,
child (chronic exposure) and infant residents (subchronic exposure); and offsite indoor and outdoor
commercial workers. Ingestion of sulfolane in groundwater is the primary exposure pathway. Using the
maximum sulfolane concentration in EU-2, the HI for offsite construction workers is below the target HI of 1.

As shown in Table 3-16b, using the 95% UCL COPC sulfolane concentrations in EU-2, the estimated Hls
are either below or equal to the target HI of 1 for offsite infant resident, offsite indoor and outdoor
commercial/ industrial worker receptors, and offsite construction workers. The Hls exceed the target HI of 1
for offsite resident adult and child (chronic) receptors, with ingestion of tapwater containing sulfolane as the
primary hazard driver.

Table 3-17a presents the estimated ELCRs and Hls using the maximum sulfolane concentrations in EU-3.
Under the PPRTV Scenario, His exceed the target HI of 1 for offsite adult and child (chronic) residents and
for indoor and outdoor commercial/industrial workers. Ingestion of groundwater is the primary exposure
pathway. The HI for offsite construction workers is below the target HI of 1.

As shown in Table 3-17b, using the 95% UCL sulfolane concentrations in EU-3, the estimated Hls are below
the target HI of 1 for each of the potential offsite receptors.

3.4 Evaluation of Potential Exposures to Lead in Onsite Groundwater

The USEPA'’s (2009b) ALM was used to evaluate current and future onsite outdoor commercial/industrial
workers and construction/trench workers potentially exposed to lead in onsite groundwater. The maximum
concentration of lead detected above the laboratory reporting limit in onsite groundwater is 2.05 ug/L. The
USEPA's threshold lead concentration of 10 pg/dL of whole blood is based on potentially adverse
neurological effects in children (CDC 2011). The 95" percentile blood lead concentration (PbB) among
fetuses of onsite adult workers, assuming potential exposure to the maximum detected concentration in
onsite groundwater, was calculated using the ALM (USEPA 2009b). Using the groundwater ingestion
rates and exposure frequencies for current and future onsite outdoor commercial/industrial workers and
construction/trench workers presented in Table 3-12, the calculated probabilities that fetal PbBs are
greater than10 pg/dL are 0.005 and 0.002%, respectively. Thus, potential exposures to lead in
groundwater at the site are below the regulatory level of concern and are not expected to pose adverse
health effects to current and future onsite outdoor commercial/industrial workers and construction/trench
workers. The Calculations of Blood Lead Concentrations spreadsheet is provided in Appendix .
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Based on the results of the ALM (USEPA 2009b), the maximum detected concentration of lead in onsite
groundwater is not expected to pose adverse health effects to current and future onsite outdoor
commercial/industrial workers or construction/trench workers.

3.5 Uncertainty Assessment — PPRTV Scenario

Each exposure parameter value and toxicity value incorporated into the HHRA is associated with some
degree of uncertainty; these uncertainties may contribute to an overestimation or underestimation of risks
at the site (ADEC 2011c). Therefore, key uncertainties associated with each HHRA component (i.e., data
evaluation, COPC selection, toxicity assessment, exposure assessment and risk/hazard characterization)
were evaluated.

3.5.1 Data Evaluation

Soil and onsite groundwater samples were analyzed for a large suite of constituents from multiple samples
collected throughout the site over time. These samples were analyzed using accepted analytical
methodologies. It is unlikely that constituents were overlooked or underestimated by the analytical methods
employed. The laboratory method used for soil sulfolane analyses in 2010 and 2011 was not final at the
time, but the analytical results have been validated with an approved method.

The release-related constituents detected in soil (e.g., BTEX) were measured in more than 250 soil
samples, of which 88 were surface soil samples. The large data set provides high confidence in the 95%
UCL on the mean concentrations and in the representativeness of the use of this statistic for EPCs.

A large number of samples of key constituents detected at the site are available for use in the data
evaluation. For example, for sulfolane in offsite groundwater, more than 429 samples were grouped by
concentration ranges with each range having a high number of samples to represent that zone (i.e., 105
samples in the greater than 100 ug/L EU, 72 samples in the greater than 25 pg/L EU and 252 samples in the
EU with detections up to 25 ug/L). The number of samples increases the representativeness of the EPCs
based on these groupings of data and it is unlikely that the EPC based on the 95% UCL on the mean
concentration underestimates potential exposures to sulfolane given the number of samples. The maximum
detected concentration of sulfolane (443 ug/L) is 1.4 times higher than the next highest detection of
sulfolane in offsite wells and 3 times greater than the 95% UCL on the mean concentration for the greater
than 100 pg/L EU.

Data for onsite wells with multiple sampling rounds were averaged together and these temporal average well
concentrations were grouped to calculate 95% UCL concentrations on the mean. Each temporal average
concentration represents multiple sampling events and provides a reliable measure of constituent
concentrations in that well. Grouping the data by well to estimate EPCs reduced the number of samples
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upon which the statistical analysis could be based. Where too few wells were available to reliably estimate
95% UCL values, the highest temporal well average was used to represent the EPC, which is an
overestimate of potential exposure.

3.5.2 Constituent of Potential Concern Selection

COPCs were selected from a list of COls known or suspected to have been used at the site. The
approaches used to characterize the site were intended to identify the COPCs in environmental media
associated with current and historical site operations. Sampling events were sequentially conducted based
on the knowledge obtained from past sampling events. It is likely that these events identified the majority of
areas with residual COPCs. While it is possible that some substances may have been omitted, the
probability of those substances being important in driving risk is expected to be low. The suite of analyses
that was selected represents those constituents that would most likely result from site operations and are
therefore the most relevant and appropriate constituents for estimating risks and hazards. Note that
analyses of isopropanol and propylene glycol were inadvertently missed during recent groundwater
sampling events. Although the potential presence of these constituents is not expected to change the
outcome of the risk evaluation, these COPCs will be evaluated once data have been collected.

3.5.3 Toxicity Assessment

Dose-response values are sometimes based on limited toxicological data. For this reason, a margin of
safety is built into estimates of both carcinogenic and noncarcinogenic risk, and actual risks are lower than
those estimated. The two major areas of uncertainty introduced in the dose-response assessment are: (1)
animal to human extrapolation and (2) high to low dose extrapolation. These are discussed below.

Human dose-response values are often extrapolated, or estimated, using the results of animal studies.
Extrapolation from animals to humans introduces a great deal of uncertainty in the risk assessment because
in most instances, it is not known how differently a human may react to the constituent compared to the
animal species used to test the constituent. The procedures used to extrapolate from animals to humans
involve conservative assumptions and incorporate several uncertainty factors that overestimate the potential
adverse effects associated with a specific dose. As a result, overestimation of the potential for adverse
effects to humans is more likely than underestimation.

Predicting potential health effects from exposure to media containing COPCs requires the use of models to
extrapolate the observed health effects from the high doses used in laboratory studies to the anticipated
human health effects from low doses experienced in the environment. The models contain conservative
assumptions to account for the large degree of uncertainty associated with this extrapolation (especially for
potential carcinogenic effects) and therefore, tend to be more likely to overestimate than underestimate
potential risks.
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Oral RfDs for sulfolane have been derived using different approaches and laboratory studies. For the
PPRTYV Scenario, the USEPA (2012b) PPRTYV chronic oral RfD of 0.001 mg/kg-day and PPRTV subchronic
oral RfD of 0.01 mg/kg-day were used to derive Hls. In the ARCADIS Comparative Scenario, alternate
chronic and subchronic RfDs of 0.01 mg/kg-day and 0.1 mg/kg-day that were derived by ARCADIS from
scientific literature were used to derive Hls. As expected, with the alternate sulfolane oral RfD values, the
Hls decrease. The reasoning for the ARCADIS derivation is provided in Section 4 and Appendices H and K.

3.5.4 Exposure Assessment

According to USEPA (2001) guidance, screening-level estimates of exposure and risk calculations use
assumptions that maximize the estimate of risk to ensure that only those constituents that represent a de
minimis risk are eliminated from further consideration, and those that potentially pose an unacceptable risk
will be retained for consideration in subsequent steps of the risk assessment process. As requested by the
ADEC, maximum concentrations of COPCs were used as EPCs in the risk calculations for the potential
receptors evaluated for the PPRTV Scenario. More often, a conservative estimate of average concentrations
of constituents is used to represent EPCs (USEPA 1989, 2002c, 2006b, 2007). Potential receptors are more
likely to be exposed to a range of these concentrations represented by the average or 95% UCL
concentration.

Concentrations of VOCs in indoor air of current and future onsite commercial/industrial structures were
estimated using concentrations of VOCs in groundwater at the site. Due to the uncertainties associated
with partitioning from soil to soil gas, ITRC (2007b) does not recommend using soil data as a source of
COPCs to evaluate potential vapor intrusion. Thus, use of soil data to evaluate potential soil vapor
concerns is inappropriate. USEPA (2002a) and ITRC (2007a) recommendations concluded that there is
insufficient scientific support for this procedure. ITRC (2007a) notes “Scientific studies have failed to show
good correlation between soil and soil gas sampling and analysis on a consistent basis.” They conclude by
recommending that soil data should be used only as a secondary line of evidence and not as a primary line.
Overall, the scientific evidence indicates that use of soil data is not a reliable approach for identifying
potential vapor intrusion concerns.

Dermal contact with COPCs in groundwater by current and future onsite outdoor commercial/industrial
workers was considered an insignificant exposure pathway. Onsite use of groundwater beneath the site is
limited to infrequent fire extinguishing. Fires at the site are very rare and the period of exposure would likely
be relatively very short. Thus, exclusion of this potential exposure pathway would not significantly impact
ELCR and HI estimates for these possible onsite receptors.

For the offsite CSM, it was assumed that groundwater may be connected with surface water, and pore-

water data were collected to evaluate potentially complete exposure pathways for surface water. Pore-
water piezometer installation methods needed to be revised for two of the three offsite locations because the
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surface-water body was frozen and pore-water samples could not be collected. However, the groundwater
samples collected were able to be evaluated for human health risk. Because sulfolane degrades more
rapidly in the presence of nutrients and oxygen that would be present in the surface water (ADHSS 2010),
and given the limited groundwater-surface water interchange due to a frozen surface-water body, the
groundwater collected adjacent to two of the three surface-water bodies in 2012 likely overestimates the
surface water concentrations at those locations. Thus, the data used for the swimming scenario
overestimate human health risk.

Ingestion of offsite groundwater by current and future offsite residents was the primary exposure pathway for
these potential receptors and resulted in the relatively highest Hls, including for infants (0 to 1 year). The
ingestion rate used for this age group slightly exceeded that used for children (0 to 6 years). It was also
assumed that infants do not breastfeed and that their formula was made with tapwater instead of
pediatrician-recommended distilled water. Thus, it is highly likely that HI estimates for this receptor were
overestimated.

Only potential ingestion exposures were quantitatively assessed for sulfolane. This analysis suggests that
dermal contact and inhalation exposure routes are not significant for sulfolane, which is supported by
ATSDR (2010 and 2011) Health Consultations and animal studies (Brown et al. 1966, Andersen et al.
1977). Although these exposure routes were excluded, inclusion of them would likely not contribute
significantly to overall hazard estimates. As described in Section 3.1.1.4, dermal contact and inhalation
exposure routes are not significant for sulfolane. These assumptions are based on animal studies that
have shown that sulfolane is not readily absorbed through human skin because of its low permeability and
is not expected to pose a significant risk via an inhalation exposure route due to its low volatility. Ingestion
of sulfolane in impacted environmental media is the appropriate exposure route to assess potential
hazards to on and offsite receptors. Estimated hazards based on inhalation and dermal exposure routes
are insignificant relative to hazards estimated based on the ingestion exposure route.

The ingestion rates of homegrown fruit and vegetables for offsite residents are not known. In the PPRTV
Scenario, ingestion of fruit and vegetables by offsite residents was evaluated based on an assumed
consumption rate equivalent to 95% of the population. As is described in the Uncertainty Assessment in
Section 4, ARCADIS selected mean per capita ingestion rates.

Hls using the mean per capita ingestion rates would be approximately five times lower for the ingestion of
produce exposure pathway. For the PPRTV Scenario, a groundwater-to-produce BCF value of 1 was
assumed. Hls for the ingestion of homegrown produce pathway calculated using a BCF of 0.32 (the
derivation of which is described in Section 4.5.4) would be approximately three times lower than the His
calculated in the PPRTV Scenario. The cumulative impact of using both the mean per capita ingestion rates
(factor of approximately 2.8) and a BCF of 0.32 (factor of approximately 3.1) result in Hls that are
approximately nine times lower than the Hls calculated in the PPRTV Scenario. However, even using high
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end exposure and uptake assumptions for ingestion of homegrown produce, this is an insignificant
exposure pathway compared to ingestion of groundwater.

In the PPRTV Scenario, swimming was assumed to occur 60 days per year for 1 hour per day with surface-
water ingestion rates at the maximum ingestion rate for adults and the 97th percentile ingestion rate for
children age 18 and under. Hls based on an EF of 30 days per year for 0.5 hour per day at recommended
mean value ingestion rates (USEPA, 2011a), which are the exposure parameters selected by ARCADIS as
described in the Uncertainty Assessment in Section 4, would be approximately ten times (a factor of 9.7)
lower than those calculated for the PPRTV Scenario.

3.5.5 Risk/Hazard Characterization

Some His exceed the USEPA and the ADEC acceptable target HI equal to 1, particularly those estimated
for onsite construction/worker exposures to volatile COPCs in the air of a trench, which have been
modeled from groundwater concentrations. For this Revised Draft Final HHRA, endpoint-specific Hls were
not calculated and summing all HQs regardless of endpoint is a health-protective approach. The USEPA
acknowledges that adding all HQ or HI values may overestimate hazards, because the assumption of
additivity is likely appropriate only for those chemicals that exert their toxicity by the same mechanism
(USEPA 1989). Application of endpoint-specific His is expected to reduce total HI estimates.

The child scenario has been assessed in this section using the chronic oral reference dose, which is by
definition a daily dose that is protective for sensitive receptors for lifetime exposures. Many USEPA
programs such as the drinking water program use adult scenarios to protect both adults and children. For
instance, Federal drinking water standards are derived using adult receptors, and USEPA states that such
standards are protective for both adults and children. The use of the child exposure levels and body weights
coupled with a chronic reference dose in this section provides an additional margin of exposure, but it is
uncertain whether it provides additional public health protection. Appendices H and K provide additional
information on sulfolane’s toxicological profile. These documents show that sulfolane presents no special
concerns to children, and that focusing public health protection efforts on adult receptors using a chronic
reference dose adequately protects children.
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4. ARCADIS Comparative Scenario

This section presents the ARCADIS Comparative Scenario estimated ELCRs and Hls for the same
potentially complete and significant exposure pathways identified in Section 3.1.1.4 for the same potential
receptors located on and offsite. In this section, the toxicity value for sulfolane that was selected by
ARCADIS, as described in Appendix H, is used, with the same exposure parameters presented in Table 3-
12. For each total estimated ELCR and HlI, the primary exposure pathway and COPC(s) are indicated, as
appropriate. In the ARCADIS Comparative Scenario, chronic oral RfDs were used to evaluate child
exposures. Child and subchronic oral reference doses were used to evaluate child exposures in the
ARCADIS Scenario, presented in the Uncertainty Assessment (Section 4.5.4) Supportive reasoning for
these choices is provided in Appendices H and K.

4.1 Exposure Assessment

ARCADIS conducted an HHRA to evaluate the potential for human health risk from exposure to site-
related constituents, following protocols presented in the June 8, 2000 ADEC Risk Assessment Procedures
Manual that are adopted into regulation in 18 AAC 75. The primary ADEC references for this Revised Draft
Final HHRA include the Draft Risk Assessment Procedures Manual (ADEC 2010a and 2011d), Cleanup
Levels Guidance (ADEC 2008a), Cumulative Risk Guidance (ADEC 2008b), and 18 AAC 75 Qil and Other
Hazardous Substances Pollution Control guidance (ADEC 2008c). Other references used include RAGS
(USEPA 1989, 1991, 2001, 2004a and 2009a), Draft Guidance for Evaluating the Vapor Intrusion to Indoor
Air Pathway from Groundwater and Soils (USEPA 2002a), Vapor Intrusion Pathway: A Practical Guide
(ITRC 2007a) and Vapor Intrusion Pathway: Investigative Approaches for Typical Scenarios (ITRC 2007b).

4.1.1  Human Health Conceptual Site Models

Two preliminary human health CSMs (one onsite CSM and one offsite CSM) were prepared and submitted
to the ADEC with the Site Characterization Work Plan (Barr 2010b). After this submittal, a substantial
amount of additional site assessment data was collected and in April 2011 the updated CSMs were
submitted to the ADEC to reflect the enhanced understanding of site conditions. In the RAWP submitted to
ADEC in December 2011 (ARCADIS 2011a), the CSMs were further refined to better reflect existing site
conditions. The updated CSMs were developed following the Human Health Conceptual Site Model Graphic
and Scoping Forms and the Policy Guidance on Developing Conceptual Site Models (ADEC 2010b and
2010c, respectively). Due to the significant difference in COPC occurrence onsite (petroleum hydrocarbon
constituents and sulfolane) versus offsite (sulfolane only), two human health CSM graphic forms (Figures 3-
1 and 3-2) were prepared and updated to more clearly portray and distinguish potential exposure pathways
for possible on- and offsite receptors.
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This section describes the CSMs submitted to the ADEC in December 2011 and revisions to the offsite
CSM based on ADEC comments discussed during the meeting held on January 24, 2012. Human health
CSMs for on- and offsite locations are presented on Figures 3-1 and 3-2, respectively, and are discussed
in the following subsections.

4.1.1.1 Potential Sources

During site operations, various materials associated with the crude oil refining process have been released
in operating areas of the site, including the crude oil processing units, extraction unit, loading racks,
wastewater lagoons, sumps and drain systems. In addition, spills and/or leaks to surface soil from ASTs,
pumps and associated piping during routine operations constitute potential sources of petroleum
constituents at the site. Petroleum hydrocarbons have also been detected in historical groundwater
samples collected from onsite monitoring wells.

Onsite impacted environmental media may include surface (0 to 2 feet bgs) and subsurface (to a depth of
15 feet bgs, the maximum depth at which human exposure is likely to occur) soil, groundwater, indoor
and outdoor air, surface water, sediment and biota. Offsite impacted media may include groundwater,
surface water, sediment, wild food (such as fish) and homegrown produce.

4.1.1.2 Potential Fate and Transport Mechanisms

As described in Section 4.1.1.1, the primary sources of COPCs are spills and releases to soil and
groundwater during facility operations. COPCs may be retained in site soils or subject to constituent fate
and transport mechanisms at the site. Fate and transport mechanisms may include soil sorption;
biodegradation; wind erosion and transport; migration to groundwater; advective/dispersive transport in
groundwater, on or offsite; and volatilization into soil gas, outdoor air or indoor air.

Potential current and future onsite receptors may be directly exposed to COPCs in surface and subsurface
soil via incidental ingestion, dermal contact and inhalation of dust particles in air. In addition, COPCs
adhered onto dust particles may migrate from exposed surface or subsurface soil to outdoor air and be
breathed by potential offsite receptors. When bound to surface soils, compounds sorbed to soil particles
may be subject to wind erosion and windblown transport in outdoor air. Due to the nature of the site, the
maijority of operational areas are covered with asphalt pavement or gravel. However, exposed and
unpaved areas do exist at the site. Therefore, although limited, windborne particulate transport is possible
at the site, and this potential pathway was evaluated during the HHRA.

COPCs may leach from soil to groundwater by percolation or may have been directly released to

groundwater. Based on groundwater samples collected from onsite wells, sulfolane is the only COPC that is
known to have migrated offsite. Potential direct-contact exposures to COPCs in groundwater (e.g., tapwater
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ingestion and inhalation of volatiles in water) are not expected to occur for current and future onsite
commercial/industrial workers because onsite groundwater is only used for industrial purposes (e.g., fire
suppression). However, current and future onsite outdoor commercial/industrial receptors may be exposed
to COPCs in groundwater by dermal contact while extinguishing fires, if they occur. In addition, due to the
relatively shallow average depth to groundwater onsite (historically from 8 to 10 feet bgs), current and future
onsite construction/trench workers may be exposed by incidental ingestion of and dermal contact with
COPCs in groundwater that has pooled in excavated trenches.

The city provides municipal water for drinking and other potable uses at the site. Current onsite receptors
consume drinking water from a municipal source and are expected to consume drinking water from this
source in the future. Current and future offsite receptors may be exposed to sulfolane in groundwater that
has migrated from the site to wells used for tapwater. In addition, groundwater may be used offsite to irrigate
homegrown produce. Sulfolane in groundwater may be taken up by homegrown produce and consumed by
offsite residents.

Onsite surface water consists of water that is stored in two lagoons and two gravel pits. Runoff and erosion
from soil to surface water may be transport mechanisms. Groundwater from the site flows offsite in a north-
northwesterly direction and groundwater is recharged by surface water from the Tanana River. COPCs in
groundwater may eventually flow to offsite surface-water bodies and to sediment, which may be contacted
by offsite recreational users. Pore-water data were collected to evaluate the potential for exposure at the
groundwater/surface-water interface. Some of the samples used for this HHRA were collected when the
adjacent surface-water body was frozen; therefore, the degree of connectivity with the surface water, if
any, could not be established.

For this HHRA, potential ingestion of sulfolane in surface water by adult and child recreational users while
swimming is considered a potentially complete exposure pathway offsite. The collected pore-water
samples likely reflect higher sulfolane concentrations than would be expected in true pore-water samples
because of limited surface water to groundwater interchange during frozen conditions. Pore-water samples
will generally reflect higher sulfolane concentrations than would be encountered by actual recreational users
of the surface water bodies because sulfolane degrades more rapidly in the presence of nutrients and
oxygen that would be present in the surface water (ADHSS 2010). Accordingly, the data presented in this
Revised Draft Final HHRA provide a health-protective assessment of risk to swimmers.

Volatilization is another fate and transport mechanism at the site for lighter petroleum hydrocarbon
compounds and other VOCs. VOCs may volatilize from subsurface soil into soil gas, with eventual
diffusion and/or advection into outdoor air and/or indoor air in onsite buildings. VOCs may also leach from
soil to groundwater, where dissolved-phase VOCs may be transported downgradient both on and offsite.
VOCs may volatilize from shallow exposed groundwater in excavations directly into outdoor air. VOCs
may volatilize from groundwater into soil gas, with eventual diffusion and/or advection into outdoor air
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and/or indoor air of on- and/or offsite buildings. VOCs may also be subject to degradation by
microorganisms in subsurface soils and groundwater. Heavier petroleum hydrocarbon compounds, such
as PAHSs, adsorb to solids and do not tend to volatilize. As such, these compounds generally tend to
remain in place, where they are subject to aerobic biodegradation by microorganisms. Sulfolane is not
expected to volatilize under the conditions observed at the site, as discussed in Section 4.1.1.4.

4.1.1.3 Potential Receptors

Potential human receptors were identified based on current and reasonably foreseeable future land use
at the site. A review of current and future land use identified the following potential human receptors at
the site.

e Current and future onsite indoor commercial/industrial workers were considered to be
individuals from 18 to 65 years old. It was assumed that these receptors perform commercial and/or
industrial work activities (e.g., office work, laboratory analyses, shipping or warehouse inventory
management) indoors onsite, under current or future (redeveloped) land use scenarios. Potential
exposures to COPCs in soil are considered to be insignificant for onsite indoor commercial/industrial
workers. These potential receptors may be exposed to COPCs in indoor air during a standard 40-
hour work week for 25 years, for 250 days per year. Potential inhalation of outdoor air is insignificant.
Inhalation of VOCs in indoor air was evaluated following USEPA (2009a) RAGS Part F.

e Current and future onsite outdoor commercial/industrial workers were considered to be
individuals from 18 to 65 years old. These receptors were assumed to perform commercial and/or
industrial work activities (e.g., maintenance work for ASTs or associated piping) outdoors at the site
under current or future (redeveloped) land use scenarios. These individuals may occasionally use site
groundwater for industrial purposes (e.qg., fire suppression). Direct-contact exposures with
groundwater are considered insignificant because fires are rare onsite and the exposure period is
expected to be short. This exposure pathway was not quantitatively evaluated. These potential
receptors may be exposed to COPCs in site media during a standard 40-hour work week for 25
years, for 250 days per year. Following ADEC (2010a) guidance, it was assumed that onsite outdoor
workers with an average BW of 70 kg are exposed to 100 mg/day COPCs in surface soil and that 100
percent of the Fl is from onsite surface soil.

FHRA requires all onsite workers to wear long-sleeved shirts, long pants and shoes. Thus, the adult
commercial/industrial worker outdoor receptor was assumed to wear a long-sleeved shirt, long pants
and shoes, which limits the exposed skin surface to the head and hands. The recommended USEPA
(2011a) SSA exposed to impacted soil for the adult commercial/industrial worker outdoor receptor is
2,230 cm?, which is the average of the adult male and adult female mean values for head and hands.
The USEPA (2004a) recommended weighted soil-to-skin AF for a commercial/industrial adult worker of
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0.2 mg/cm2 based on the 50" percentile weighted AF for utility workers (i.e., the activity determined to
represent a high-end contact activity) was used. Potential inhalation of indoor air was considered
insignificant for the outdoor commercial/industrial worker. Inhalation of volatile COPCs and dust in
outdoor air was evaluated following USEPA (2009a) RAGS Part F.

e Current and future onsite construction/trench workers were considered to be individuals from 18
to 65 years old. These receptors were assumed to perform short-term maintenance and emergency
repair activities on underground utilities or facility piping at the site. These receptors may be exposed
to COPCs in surface and/or subsurface soil during the work day while performing the maintenance
and/or repair task. Because the depth to groundwater at the site generally ranges from 8 to 10 feet
bgs, construction/trench workers may be exposed to COPCs in groundwater that has pooled in a
trench during performance of the maintenance and/or repair task. It was assumed that the same
worker will provide maintenance and/or repair tasks.

Potential construction/trench worker receptors were assumed to be exposed to COPCs in onsite soil
(down to a depth of 15 feet bgs) and groundwater for 1 hour each day of a standard 5-day work week,
for 125 days, for 1 year. This EF is a modification from that proposed in the RAWP (250 days per
year). This deviation is justified because most of the utilities at the site are located aboveground and
trenching activities typically do not occur during 6 months of each year, when the ground is frozen. It
is assumed that soil may be accessible for trenching activities (i.e., not frozen) for 6 months per year.

Construction/trench workers with an average BW of 70 kg are assumed to be exposed to 330 mg/day
(USEPA 2002b) of COPCs in surface and subsurface soil, and 100 percent of the Fl is assumed to be
from surface and subsurface soil. It was assumed that onsite construction/trench workers incidentally
ingest 0.0037 L/day of groundwater pooled in a trench. This rate is based on the mean ingestion rate
for wading/splashing presented in the USEPA (2011a) EFH Table 3-93 (3.7 milliliters per hour * 1 hour
per day). This consumption rate is likely to overestimate actual exposure, because dewatering usually
occurs at excavation sites where water has pooled in trenches.

FHRA requires all onsite workers to wear long-sleeved shirts, long pants and shoes. Therefore, the
onsite adult construction worker receptor was assumed to wear a long-sleeved shirt, long pants and
shoes, and the exposed SSA was limited to the head and hands. The USEPA (2011a) recommended
SSA exposed to impacted soil for the adult construction worker receptor is 2,230 cm?®. The USEPA
(2002b) recommended weighted soil-to-skin AF for a construction worker of 0.3 mg/cm?-day was
used. Inhalation of volatile COPCs and dust in outdoor air were evaluated following USEPA (2009a)
RAGS Part F.

e Current and future onsite visitors and trespassers. Occasional visitors or trespassers may also be
present onsite. However, the site does not and is not expected to attract trespassers because of the
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character and location of the site (i.e., an industrial setting with controlled access). Moreover, it is
anticipated that a trespasser’s exposure at the site would be very infrequent. Onsite visitors are
typically adults with limited access across the site. Children rarely visit the site. Thus, potential direct-
contact exposures to COPCs in soil and groundwater by current and future onsite trespassers and
visitors are insignificant. Potential inhalation of outdoor air is also insignificant. However, assuming the
adult visitor is located in an onsite building, inhalation of volatile COPCs in indoor air by this potential
receptor was evaluated following USEPA (2009a) RAGS Part F. Current and future onsite adult visitors
(18 to 65 years of age) are assumed to be exposed to COPCs in indoor air for 2 hours per day, 12
days per year for 30 years.

e Current and future offsite residents were evaluated as infants (0 to 1 year of age), children (1 to 6
years of age) and adults (18 to 65 years of age). HHRAs do not typically focus on infant exposures as
a separate receptor group, but infants are included here because the ATSDR (2011) and the ADHSS
(2012) have addressed infants as a separate receptor group in their Health Consultations. There is
evidence that sulfolane does not present a significant risk for developmental effects and it is not
mutagenic, mitigating infant-specific exposure concerns. Resident receptors were assumed to be
located downgradient of the site and may be exposed to sulfolane in groundwater that has migrated
from the site. No other COPCs associated with site operations are known to be present in offsite
groundwater. These potential offsite receptors may ingest sulfolane in groundwater as tapwater. In
addition, it was assumed that these potential receptors consume homegrown produce, which may
have taken up sulfolane from groundwater. It was assumed that potential resident receptors may be
exposed to sulfolane in tapwater for a 1-, 6- and 30-year duration for infants, children and adults,
respectively, for 350 days per year.

Current and future offsite adult, child and infant residents may also inhale dust from the site.
Inhalation of dust in outdoor air by these potential receptors was evaluated following USEPA (2009a)
RAGS Part F.

Following ADEC (2010a) guidance, it was assumed that 70 kg adult residents consume 2 L/day of
tapwater. Following USEPA (1989) guidance, it was assumed that 15 kg child residents consume 1
L/day of tapwater. Infants were assumed to weigh an average of 6.75 kg (the average of the age-
group specific mean values from 0 to 1 year) and to consume 1.05 L/day (the time-weighted average of
the per capita age-group-specific 95™ percentile values from 0 to 1 year) of tapwater based on USEPA
(2011a) guidance. The groundwater ingestion exposure parameters for infants likely overestimate
potential exposure because it was assumed that they do not breastfeed and do not consume formula
made with distilled water (a typical pediatric guideline for the first several months of life).
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Fractions of homegrown fruit and vegetables ingested, water-to-produce BCFs and ingestion rates for
offsite adult and child residents for the ARCADIS Comparative Scenario are discussed in Section
4.1.3.1.6.

e Current and future offsite indoor and outdoor commercial/industrial workers were considered
to be individuals from 18 to 65 years old. It was assumed that these potential receptors perform
commercial and/or industrial work activities indoors or outdoors at offsite locations under current or
future land use scenarios during a standard 40-hour work week for 25 years, for 250 days per year.
These receptors may ingest sulfolane in groundwater as tapwater. Following ADEC (2010a)
guidance, it was assumed that 70 kg offsite adult commercial/industrial workers consume 2 L/day of
tapwater. In addition, they may inhale dust that may have been released onsite via wind erosion.
Potential exposures to COPCs in dust were considered to be insignificant for offsite indoor
commercial/industrial workers. Inhalation of dust in outdoor air by outdoor commercial/industrial
workers was evaluated following USEPA (2009a) RAGS Part F.

e Current and future offsite recreational users. Sulfolane may potentially migrate offsite via
groundwater to surface water and to sediment in downgradient surface-water bodies. Access to
downgradient, offsite surface-water bodies is minimal due to surrounding industrial land use and
hazardous physical conditions, and direct contact with surface water and sediment by human receptors
is limited. Regardless, for this HHRA, ingestion of surface water by offsite adult and child recreational
users while swimming is considered a potentially complete exposure pathway. Recreational user
exposure assumptions for the ARCADIS Comparative scenario are discussed in Section 4.1.3.3.

e Current and future offsite construction/trench workers were considered to be individuals from 18 to
65 years old. These receptors were assumed to perform short-term maintenance and emergency repair
activities on underground utilities at offsite properties. These potential receptors may be exposed to
sulfolane in groundwater that has pooled in a trench during performance of the maintenance and/or
repair task. It was assumed that offsite construction/trench workers incidentally ingest 0.0037 L/day of
groundwater pooled in a trench. This rate is based on the mean ingestion rate for wading/splashing
presented in the USEPA (2011a) EFH Table 3-93 (3.7 milliliters per hour * 1 hour per day). This
consumption rate is conservative, because dewatering usually occurs at excavation sites where water
has pooled in trenches. It was conservatively assumed that the same worker performs multiple
maintenance and/or repair tasks. These potential receptors (70 kg for adults) may be exposed to
sulfolane in groundwater for 1 hour each day of a standard 5-day work week, for 125 days per year, for
1 year.
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4.1.1.4 Exposure Pathway Evaluation.

Potential exposure pathways selected for quantitative evaluation are shown in the on- and offsite human
health CSMs. An exposure pathway was retained for further evaluation if it was considered potentially
complete. Each of the following components must be present in order for an exposure pathway to be
considered complete (USEPA 1989):

e Source and/or constituent release mechanism
e Retention or transport medium

e Receptor at a point of potential exposure

e Exposure route at the exposure point.

Complete exposure pathways were evaluated for identified COPCs. Only potential ingestion exposures
were quantitatively assessed for sulfolane. Dermal contact and inhalation exposure routes are not
significant for sulfolane. The ATSDR (2010 and 2011) Health Consultations support these conclusions.
Animal studies have shown that sulfolane is not readily absorbed through human skin because of its low
permeability (Brown et al. 1966) and is not expected to pose a significant risk via an inhalation exposure
route due to its low volatility (Andersen et al. 1977). Brown et al. (1966) studied the skin and eye irritant
and skin sensitizing properties of acute exposures to sulfolane on two animal species. This study
concluded that sulfolane did not irritate or sensitize the skins of guinea pigs or rabbits and, undiluted, was
only very mildly irritating on the eyes of rabbits.

Andersen et al. (1977) conducted acute and subacute investigations of the inhalation toxicity of sulfolane

on four animal species including monkey, dog, guinea pig and rat. A no-observed-effect level for sulfolane
of 20 mg/m3 was reported, and the authors concluded that airborne concentrations of sulfolane as high as
those investigated are unlikely to be encountered on any but an emergency basis. Andersen et al. (1977)

reported that sulfolane has a relatively low vapor pressure (approximately 0.13 millimeter of mercury at 32
°C and only unusual conditions would produce an extensive release of aerosolized sulfolane. Andersen et
al. (1977) further noted that if sulfolane is handled at room temperature in an area with proper ventilation,

it should not be regarded as posing an unusual hazard.

Potentially complete and significant exposure pathways were identified for the following receptors, with
the exception that dermal and inhalation exposures to sulfolane are incomplete (as noted above):

* Onsite indoor commercial/industrial worker (current and future):

— Inhalation of volatile COPC vapors in indoor air from groundwater.

* Onsite outdoor commercial/industrial worker (current and future):
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— Ingestion of, dermal contact with and inhalation (particulates) of COPCs in surface soil.
— Dermal contact with COPCs in groundwater while extinguishing fires was qualitatively evaluated.

— Inhalation of volatile COPC vapors in outdoor air volatilized from surface and subsurface soil and
groundwater.

* Onsite construction/trench worker (current and future):

— Ingestion of, dermal contact with and inhalation (particulates) of COPCs in surface and subsurface
soil.

— Inhalation of volatile COPC vapors in trench air from surface and subsurface soil and groundwater.

— Ingestion of and dermal contact with COPCs in groundwater in excavation trenches.

Onsite adult visitor (current and future):

— Inhalation of volatile COPC vapors in indoor air from groundwater.

* Offsite adult, child and infant residents (current and future):

— Ingestion of sulfolane in groundwater (i.e., tapwater).

— Ingestion of homegrown produce irrigated with sulfolane-impacted groundwater.

— Inhalation of fugitive windborne dust from onsite COPCs in surface soil.

Offsite indoor and outdoor commercial/industrial worker (current and future):
— Ingestion of sulfolane in groundwater (i.e., tapwater).

— Inhalation of fugitive windborne dust from onsite COPCs in surface soil (outdoor worker only).

Offsite construction/trench worker (current and future):

— Ingestion of sulfolane in groundwater (i.e., in excavation trenches).

Offsite adult and child recreational users (current and future):
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— Ingestion of sulfolane in surface water (i.e., pore water).
4.1.2 Data Evaluation, Constituent of Potential Concern Selection and Identification of Data Gaps

The proposed methods for data evaluation, identification of data gaps, selection of COPCs and proposed
sampling to address data gaps are discussed below. Both maximum and 95% UCL on the mean
constituent concentrations for groundwater were evaluated.

4.1.2.1 Data Evaluation

The available data that were used include analytical results from soil investigations conducted at the site
since 2001. Data from four sets of soil samples were evaluated, including samples collected in March and
May 2001, July 2004, October 2010 and October 2011. One soil sample collected in 2010 (O-2 [7.5-9]) was
determined to be unusable in a Level four data validation, so this sample was not included in EPC
calculations.

Groundwater and surface-water data collected during the last two years were also included. SWI provided
the soil and groundwater analytical data used in the HHRA in an electronic format. Initially, the data were
separated into individual datasets by environmental media, including: onsite groundwater, offsite
(downgradient) groundwater, onsite surface soil (0 to 2 feet bgs) and onsite subsurface soil (2 to 15 feet
bgs).

The quality of the data is acceptable for risk assessment use. Parameters evaluated in the data quality
assessment include spatial and vertical coverage and representativeness of sampling locations, analytical
methods and reporting limits used by the laboratories, and data qualifiers applied during data validation.
The HHRA relies on validated data supplied by SWI as presented in the Revised Site Characterization
Report (Barr 2012). Data collected for this evaluation were collected per ADEC-approved sampling and
analysis plans. Consideration was given to the recently developed standard procedure for analyzing
sulfolane in groundwater (isotope dilution) and the historical variability between analytical results. The
data relied upon in this risk assessment met the following criteria for data usability for risk assessment as
recommended in ADEC (2010a) guidance:

¢ Analytical data sufficient for adequate site characterization were available.
e Data were collected consistent with ADEC and USEPA guidance.

e Sampling and analytical procedures gave accurate constituent-specific concentrations.
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e Level two data validation was performed on analytical laboratory data used for this evaluation.
Validation reports for the 2011 soil and groundwater data, and for the 2012 pore-water data prepared
by SWI, were included in the Revised Site Characterization Report (Barr 2012). Level four data
validation was performed on the 2010 sulfolane in soil analyses.

e Method detection limits and sample quantitation limits were below screening criteria.

¢ Qualified data were used in the risk assessment; potential bias from qualified data and how it might
result in an over or under estimation of risk is discussed in Section 4.5.

¢ Rejected data were not used for risk assessment purposes.

e For a given well, if all samples were reported as non-detects, then the lowest detection limit
associated with any sampling event at that well was used to represent the well.

e If a well had both detected concentrations and reported non-detects for a given COPC, then the non-
detect was represented by a value equal to one-half the detection limit associated with that COPC in
that sampling event.

Offsite groundwater has been sampled at monitoring wells and private residential wells. At the request of
ADEC, the off-site area was delineated into smaller EUs for the purposes of the 95% UCL evaluation.
Accordingly, ARCADIS developed three separate EUs (e.g., EU-1, EU-2 and EU-3) for statistical
evaluation. These EUs were based on estimated sulfolane isocontour lines developed from fourth quarter
2011 groundwater sampling data, and generally reflect spatially contiguous areas that represent certain
ranges of concentration and portions of the sulfolane plume in groundwater. Some data points outside of
the concentration range are present within each of the defined EUs and are the result of data collected
from well screens of varying depths. These data points were included in the analysis, because it is
reasonable to assume that any hypothetical exposures to water from drinking water wells within any given
unit may also include exposures to groundwater generated at varying depths. The EUs are bounded by
the concentration contours of greater than (>) 100 pg/L, >25 pg/L and detectable sulfolane (Figure 3-3).
These contour intervals were selected and drawn using the combined offsite well data set and are based
on best professional judgment. Guidance presented in the Data Quality Assessment: Statistical Methods
for Practitioners (USEPA 2006a) was considered during selection of the off-site groundwater dataset(s).
The data from wells within a given EU were used to estimate the 95% UCL on the mean concentration as
a health-protective and representative EPC. ProUCL version 4.1 (USEPA 2011b) was used to derive the
95% UCL on the mean of the constituent concentrations.

The utility of the soil and groundwater analytical data identified in the SWI (2000 and 2001) contaminant
characterization studies conducted for the site was evaluated for the HHRA. The characterization study
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conducted at the site in 2001 was performed to collect additional soil and groundwater data to address data
gaps from the site investigation conducted in 2000. In general, for both media, the analytical methods used
included those for GRO, DRO, RRO, BTEX, selected metals, VOCs, SVOCs and sulfolane (for groundwater
only).

4.1.2.2 Constituents of Potential Concern

COPCs have been identified from a list of potential COls, such as those that were likely used or spilled at
the site. COPCs for each dataset were carried through the HHRA process.

Preliminary lists of COIs and COPCs in soil and groundwater at the site were presented in the Site
Characterization and First Quarter 2011 Groundwater Monitoring Report (Barr 2011). The lists were revised in
the Addendum (ARCADIS 2011b) based on the ADEC (2011a) Comment Matrix on the site characterization
report. The lists of preliminary COls and COPCs were also presented in the RAWP (ARCADIS 2011a).

As noted in the RAWP (ARCADIS 2011a), the list of COls was developed according to the following
process:

1. FHRA compiled a list of spills based on staff interviews, refinery records and a review of spill
records retained by the ADEC.

2. The list of spills was refined by eliminating:

a. Spills less than 10 gallons.
b. Spills that were reportedly contained.
c. Spills that were remediated and had confirmation sampling.

For many spills on the list, the material spilled was specific to one ingredient (e.g., propylene glycol) or was a
material with obvious and limited ingredients (e.g., kerosene). However, the individual ingredients (e.g., oily
water) of the other materials reportedly spilled were not provided. Refinery specialists such as chemists,
wastewater experts and production leads were consulted to apply operational knowledge of the refinery to
determine the ingredients that made up this set of materials. By this process, the list of spills was then
distilled down to the “ingredients” or the primary constituents that make up the material spilled. This
ingredient list was also compared to constituents that had been included in laboratory analyses of facility
wastewater. The resulting ingredient list was then used to make up a list of COls for the site. The COl list
also included constituents that were analyzed during previous site characterization studies, regardless of
whether they were detected above the PQL. The list of COls for the site is shown in Table 3-1. Constituents
in the ingredient list that were analyzed for but not detected were not removed from this list. If a constituent
was previously detected at the site and/or was included in the ingredient list, it was considered a COI.
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Table 3-1 indicates if a constituent was previously analyzed in soil or groundwater samples collected at the
site. Table 3-1 also indicates if a constituent was included in the ingredient list; the last four columns of the
table summarize whether toxicity data are available from the IRIS (USEPA 2012a).

For this Revised Draft Final HHRA, maximum detected concentrations and/or the laboratory reporting limits
of COls in soil and groundwater are compared with ADEC screening levels corresponding to a 1 x 10°
target ELCR and 0.1 target HQ, as shown in Table 3-2a. COl soil concentrations were compared with ADEC
screening levels protective of potential migration to groundwater based on a zone with less than 40 inches
of annual precipitation, direct-contact exposures and outdoor inhalation (ADEC 2008a [Table B-1 of 18 AAC
75, Method Two]). If ADEC soil screening levels were unavailable, then COI concentrations in soil were
compared with USEPA RSLs (USEPA 2011c), adjusted to a target ELCR of 1 x 10® (if necessary) and a
HQ equal to 0.1, for the applicable exposure pathway. Soil screening levels for GRO, DRO and RRO were
from ADEC (2008a) Table B-2 Method Two. COI groundwater concentrations were compared with ADEC
groundwater screening levels (ADEC 2008a; Table C). If ADEC groundwater screening levels were
unavailable, then COI concentrations were compared with USEPA RSLs (USEPA 2011c) based on
tapwater ingestion.

The higher of either the maximum COI concentration detected above the laboratory reporting limit or
maximum detection limit was compared with the selected ADEC screening levels. The selected soil
screening levels were based on the lesser of the migration to groundwater, 1/10 the direct contact or 1/10 the
outdoor air screening levels. COls with concentrations exceeding the selected soil screening level were
identified as COPCs. Table 3-2a lists the COPCs identified in soil and groundwater based on ADEC (2010a)
COPC selection guidance applied to the COls identified in Table 3-1.

The preliminary COPCs identified at the site, as presented in Table 3-2a, are COls that were detected in site
media and exceeded ADEC screening levels. COls not detected in site media but that had practical
quantitation limits exceeding ADEC screening levels and COls identified by the refinery as ingredients that
could have been released are also considered COPCs. Arsenic was eliminated as a COPC in groundwater
based on published background concentrations for the area of the site (U.S. Geological Survey 2001).
However, it was retained as a COPC in soil in the RAWP (ARCADIS 2011a). An evaluation of the 2011
arsenic in soil data was presented in the Revised Site Characterization Report (Barr 2012). Based on this
evaluation, it is likely that the presence of detectable arsenic in soil samples collected at the site is
attributable to background concentrations. No other metal COls were eliminated from the list of COPCs
based on background concentrations. In accordance with ADEC (2010a) guidance, Table 3-2a has been
provided to the ADEC in Microsoft® Excel format.

Table 3-2b summarizes COPCs by environmental media.
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4.1.2.3 Data Gaps

Based on a review of the preliminary human health CSMs and available analytical data for environmental
samples collected at the site, and discussions held during the June 24, 2011 Risk Assessment Scoping
Meeting, four potential risk assessment data gaps were indicated:

e Limited surface soil data were available for the evaluation of potential risks and hazards to onsite
human receptors.

¢ Onsite containment of COPCs other than sulfolane must be supported.

e Possible connection between groundwater at the site and surface water must be determined.
¢ No soil gas data were available to evaluate onsite vapor intrusion concerns.

4.1.2.4 Sampling Plans to Address Data Gaps

Sampling plans for additional data collection are described in the Addendum (ARCADIS 2011b). With
respect to risk assessment data gaps identified in Section 3.1.2.3, the following field activities have been
conducted:

¢ Onsite soil assessment activities, to characterize soil impacts and provide data for risk assessment
activities. The soil data collected in 2011 adequately characterized the nature and extent of surface and
subsurface impacts for the purposes of this HHRA evaluation. Additional sampling is planned for 2012
to complete characterization for the purposes of a remediation feasibility study. The 2011 soil data were
validated and included in this evaluation.

e Additional groundwater sampling, during the third and fourth quarters 2011, confirmed that no other
COPCs (except sulfolane) have migrated offsite.

e A pore-water investigation was conducted to better characterize sulfolane concentrations in the
groundwater/surface-water interface and the potential for surface-water sulfolane impacts. The March
2012 samples were collected when the adjacent surface-water body was frozen; therefore, the degree
of connectivity with surface water, if any, could not be established. Therefore, the piezometer samples
were likely more representative of groundwater. Because sulfolane degrades more rapidly in the
presence of nutrients and oxygen that would be present in the surface water (ADHSS 2010), and given
the limited groundwater-surface water interchange adjacent to a frozen surface-water body, the
groundwater collected adjacent to two of the three surface-water bodies in 2012 likely overestimates the
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surface water concentrations at those locations. The data presented in this Revised Draft Final HHRA
provide a health-protective estimate of risk to swimmers.

Soil gas data were not collected to evaluate potential vapor intrusion concerns. Instead, onsite groundwater
data were used to evaluate the vapor intrusion exposure pathway. All onsite groundwater analytical data
collected during the last 2 years (2009 through 2011) were used to predict indoor air concentrations of
volatile COPCs and to estimate risks and hazards to current and future onsite indoor commercial workers.
The maximum detected groundwater concentration for each COPC was used as the source term for J&E
groundwater-to-indoor air modeling (USEPA 2004b) in the maximum exposure scenario. The 95% UCL
concentration calculated from the average concentration in each onsite well was used as the source term in
the 95% UCL scenario.

4.1.3 Quantification of Exposure

The objective of the exposure assessment was to estimate the type and magnitude of potential receptor
exposure to COPCs. Results of the exposure assessment were then combined with constituent-specific
toxicity values in the toxicity assessment (see Section 4.2) to characterize potential risks (USEPA 1989).

4.1.3.1 Dose/Intake Equations

Exposures were quantified using standard exposure equations consistent with RAGS (USEPA 1989,
1991, 2004a and 2009a) for the potentially complete exposure pathways identified in Section 4.1.1.4.

The general algorithms presented below were used to estimate the LADD for carcinogenic compounds
and the ADD for noncarcinogenic COPCs for direct-contact pathways (i.e., ingestion and dermal contact)
by combining environmental media concentrations with the receptor-specific exposure parameters that
constitute “intake factors.” Both the ADD and the LADD are in units of mg/kg-day (USEPA 1989). For
inhalation exposure pathways, exposure was estimated as an AEC for noncarcinogenic COPCs or LAEC for
carcinogenic COPCs. Both the AEC and the LAEC are in units of mg/m3 (USEPA 2009a).

The dose equations and parameter descriptions used are provided in the following subsections.
4.1.3.1.1 Incidental Ingestion of Soil

The doses of COPCs associated with incidental ingestion of soil were calculated as follows:

Dose= EPCs*IRs*FI*EF*ED*CF  *RAF
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BW * AT

Where:

Dose = ADD or LADD (mg/kg-day)

EPC, = EPC in soil (mg/kg)

IRs = soil ingestion rate (milligrams soil per day)

FI = fraction ingested (unitless)

EF = exposure frequency (days per year)

ED = exposure duration (years)

CF = conversion factor (1x10'6 kg/mg)

BW = body weight (kg)

AT = averaging time (days), for carcinogens is equal to 70 years * 365 days per year, and for
noncarcinogens is equal to ED * 365 days per year

RAF = relative absorption factor (unitless), assumed to equal 1

The USEPA (1989) defines Fl as a “pathway-specific’ value that should be applied to consider constituent
location and population activity patterns. Fl accounts for the fraction of the site covered with asphalt or
vegetation, which reduces potential exposure. Following the ADEC’s (2010a) guidance, an Fl of 1 was
assumed for the current and future onsite outdoor commercial/industrial worker and future onsite
construction/trench worker to provide a health-protective estimate of risk.

4.1.3.1.2 Dermal Contact with Soil
Absorbed doses of constituents associated with dermal contact with soil were calculated as follows:

EPC, * SSA; *AF * FC * ABS; * EV *EF * ED * CF
Dose =

BW * AT
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Where:
Dose = ADD or LADD (mg/kg-day)
EPC, = EPC in soil (mg/kg)
SSA, = SSA available for contact (cm?/event)
AF = soil-to-skin adherence factor (mg/cm®-event)
FC = fraction in contact with soil (unitless)
ABS4 = dermal absorption factor (unitless)
EV, = event frequency (soil) (events/day), assumed to be 1 per day unless otherwise noted
EF = exposure frequency (days/year)
ED = exposure duration (years)
CF = conversion factor (1x10° kg/mg)
BW = body weight (kg)

AT = averaging time (days), for carcinogens is equal to 70 years * 365 days per year, and for
noncarcinogens is equal to ED * 365 days per year

Constituent-specific dermal parameters, such as SSAs, AF and ABS, were provided from USEPA (2004a)
RAGS Part E. ABS, are presented in Table 3-13.

Similar to FI for the soil ingestion pathway, FC was added to the dermal contact equation to account for
the fraction of the site covered with asphalt or vegetation, which reduces potential exposure. Following
the ADEC’s (2010a) guidance, an FC of 1 was assumed for the current and future onsite
commercial/industrial worker and future onsite construction/trench worker to provide a health-protective
estimate of risk.

4.1.3.1.3 Ingestion of Groundwater

The doses of COPCs associated with ingestion of groundwater were calculated as follows:

g:\common\data\projects\koch\north pole\hhra\may 2012 draft\fhra_npr_ revised draft final hhra 20120523.doc 79



' Revised Draft Final Human
@ ARCAD|S Health Risk Assessment

Flint Hills North Pole Refinery
North Pole, Alaska

EPC, * IR, * EF * ED
Dose =

BW * AT

Where:

Dose = ADD or LADD (mg/kg-day)

EPC,, = EPC in water (mg/L)

IR, = water ingestion rate (liters water/day)

EF = exposure frequency (days/year)

ED = exposure duration (years)

BW = body weight (kg)

AT = averaging time (days), for carcinogens is equal to 70 years * 365 days per year, and for
noncarcinogens is equal to ED * 365 days per year

4.1.3.1.4 Dermal Contact with Groundwater

Absorbed doses of constituents associated with dermal contact with groundwater were calculated as
follows:

DAgvent * SSAy * EV,, * EF *ED
Dose =

BW * AT

Where for organics (teyen <t¥):

t

event

o
b

DAgyers =2*FA*K, *EPC,, *CF *\/E*rewanr*

Where for organics (teyen: >t*):
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ewznr

‘ 1+38+382 |
(1+8B),

DA
(1+BY

FA*K,+EPC,, +CF+

event = + [ Tavent

Where for inorganics:
DAegvent = Ky * EPCy, * CF * tovent
Dose = ADD or LADD (mg/kg-day)
DAgvent = dose per event (mg/cmz-event)
SSA,, = SSA available for contact with water (cmZ/event)
EV,, = event frequency (water) (events/day), assumed to be 1 per day unless otherwise noted
EF = exposure frequency (days/year)
ED = exposure duration (years)
BW = body weight (kg)
t* = time to reach steady state (hours), equivalent to 2.4 X Teyent

AT = averaging time (days), for carcinogens is equal to 70 years * 365 days per year, and for
noncarcinogens is equal to ED * 365 days per year

FA = fraction absorbed (unitless)
= permeability coefficient (centimeter/hour)
EPC,, = EPC in water (mg/L)
CF = conversion factor (1x10'3 liters per cubic centimeter)
Tevent = lag time per event (hours/event)

B = permeability ratio (unitless)
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tevent = €vent duration (hours/event)
4.1.3.1.5 Inhalation of Outdoor or Indoor Air

Exposure concentrations associated with the inhalation of vapors or particulates in outdoor or indoor air
are calculated using USEPA (2009a) RAGS Part F methodology as follows:

AEC or EPC, *EF *ED *ET

LAEC =

AT

Where:

AEC or LAEC = average or lifetime exposure concentration in air (pg/ms)

EPC, = EPC in outdoor or indoor air (ug/m®)

EF = exposure frequency (days/year)

ED = exposure duration (years)

ET = exposure time (hours/day)

AT = averaging time (hours), for carcinogens is equal to 70 years * 365 days per year * 24 hours

per day, and for noncarcinogens AT is equal to ED (in years) * 365 days per year * 24 hours per

day
4.1.3.1.6 Ingestion of Homegrown Produce
Groundwater from the site may be used to irrigate locally grown crops, creating the potential for sulfolane to
be taken up into plants that are then consumed by humans. In the few studies that have been conducted on
the topic of uptake in plants, sulfolane has been demonstrated to be taken up into plants as the result of the
constituent’s high miscibility with water. Sulfolane is carried, along with water, through the roots, into the
xylem and ultimately into the leaves of the plants. When water is lost through the leaves due to
evapotranspiration, the sulfolane, due to its low volatility, tends to remain in the leaves where it may

accumulate. Based on this information, it is assumed that if sulfolane is taken up by plants, it would
predominantly be present in the leaves rather than in the roots or fruit.
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This assumption is corroborated by the Final Results of the North Pole Garden Sampling Project (ADEC
2011b), which demonstrated that concentrations in roots were substantially lower than those in the stems
and leaves. In the ADEC (2011b) study, which was led by ADHSS, 27 types of plant parts from multiple
gardens irrigated with sulfolane-containing groundwater were collected from July to September 2010.
Approximately one-half of the plant samples were reported as not detected, but 14 of the plant types tested
were confirmed to contain sulfolane, primarily in the leaves and stems. Using data from the Final Results of
the North Pole Garden Sampling Project (ADEC 2011b), the ADHSS evaluated the potential for risk to
consumers of vegetables irrigated with sulfolane-containing water and concluded that sulfolane levels in the
plants were low and not likely to cause any adverse health effects. However, because of the limited number
of gardens sampled and the fact that the data were collected during only one growing season, the results of
the investigation were considered preliminary and the exposure pathway was further evaluated in this
assessment.

Following USEPA (2005) guidance, bioaccumulation of sulfolane in locally grown crops was evaluated using
a biotransfer factor to estimate concentrations in plant tissues based on groundwater concentrations. There
are no accepted values developed for sulfolane, but there is evidence to suggest that the uptake of sulfolane
does not follow standard models based on partitioning coefficients (e.g., Kow); therefore, an appropriate
surrogate was not identified. Given the lack of constituent-specific information available in the literature, the
ADEC has requested use of a factor of 1. Use of this value assumes that the concentration of sulfolane in
the edible portions of the plant tissues is equivalent to the concentration of sulfolane in groundwater. To
allow a direct risk comparison between this and the PPRTV Scenario, with only the toxicity criteria differing,
ARCADIS has adopted this BCF for the purposes of this scenario.

After estimating the EPC, the doses of sulfolane associated with resident ingestion of homegrown fruits
and vegetables were calculated using the following equation:

EPC, * (IRPs + IRP,) * FI * EF *ED * CF
Dose =

BW * AT

Where:
Dose = ADD (mg/kg-day)
EPC, = EPC in produce (mg/kg) = EPC,,* BCF
Where:

EPC,,= EPC in water (mg/L)
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BCF = water-to-produce bioconcentration factor (unitless)
IRPy, = fruit ingestion rate (mg/day)
IRP,4 = vegetable ingestion rate (mg/day)
Fl = fraction ingested (unitless)
EF = exposure frequency (days/year)
ED = exposure duration (years)
CF = conversion factor (1x10° kg/mg)
BW = body weight (kg)
AT = for the noncarcinogen sulfolane is equal to ED * 365 days per year

For the ARCADIS Comparative Scenario, the same produce consumption rates described for the PPRTV
Scenario (Table 3-12) were used.
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4.1.3.1.7 Ingestion of Surface Water

The doses of sulfolane associated with ingestion of surface water while swimming were calculated as
follows:

EPC, *ET *EF *ED * CRy,
Dose =

BW * AT

Where:

Dose = ADD (mg/kg-day)

EPC,, = EPC in water (mg/L)

ET = exposure time (hours per day)

EF = exposure frequency (days/year)

ED = exposure duration (years)

CR,, = contact rate of surface water (liters/hour)

BW = body weight (kg)

AT = for the noncarcinogen sulfolane is equal to ED * 365 days per year
For this Scenario, as shown in Table 3-12, the offsite adult and child recreational user surface-water
ingestion rates of 0.071 and 0.12 liter/hour, respectively, were based on the upper percentile values for
swimmers presented in the USEPA (2011a) EFH Table 3-5 representing the maximum ingestion rate for
adults and the 97th percentile ingestion rate for children age 18 and under. Adult and child recreational

users were assumed to swim for 30 and 6 years, respectively, for 60 days per year for 1 hour per day.

4.1.3.2 Exposure Point Concentrations

Per ADEC (2010a) guidance, “the exposure point concentration is used to assess risk and should be
estimated using a 95% UCL on the mean of the contaminant concentrations.” The EPC represents the
average concentration of a COPC in an environmental medium that is potentially contacted by a receptor
during the exposure period (USEPA 1989). The USEPA (1989) also recommends the use of the 95%
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UCL as a conservative estimate of the EPC, because it represents the average concentration for which
we have 95 percent confidence that the true mean concentration has not been exceeded. Unless there is
site-specific evidence to the contrary, an individual receptor is assumed to be equally exposed to media
within all portions of the EU during the time of the risk assessment (USEPA 2002c). For this HHRA ADEC
has also requested evaluation of maximum COPC concentrations in groundwater as EPCs in the
ARCADIS Comparative Scenario. Note that the ADEC Draft Risk Assessment Procedures Manual was
updated during preparation of this HHRA (ADEC 2011c). The updated manual includes guidance on the use
of maximum groundwater concentrations for EPCs. Because groundwater data collected from off-site wells
indicate that offsite sulfolane concentrations are generally not increasing, the use of the maximum
concentration will overestimate the true risk for most, actual receptors.

EPCs are estimated separately for each medium. Consistent with USEPA (2006b, 2007) guidance, surface
soil, subsurface soil and groundwater EPCs were estimated using the 95% UCL of the mean for datasets
with at least eight samples and at least five detected values. For this HHRA, a “dataset” was considered the
aggregate of samples for one COPC, for one pathway, within a particular EU (onsite or offsite). Calculation
of a 95% UCL depends on the distribution of the dataset and variability in the data. To assess statistical
validity, data evaluation, distribution testing and 95% UCL calculations were performed using the USEPA’s
ProUCL version 4.1 (http://www.epa.gov/osp/hstl/tsc/software.htm) and according to the recommendations
provided in the associated technical documentation (USEPA 2006, 2007, 2011b). Analytical data used for
the HHRA are provided in Appendix A and ProUCL output files are included in Appendix B. For datasets
with fewer than eight samples or fewer than five detected values, the EPC was the maximum detected
concentration. Soil and groundwater datasets for most COPCs have more than eight samples each.

To combine data collected from monitoring wells and private residential wells, individual well means were
calculated. The following methods were used to normalize the groundwater data in a manner that provides
equal representation between wells with different numbers of observations:

e Foragiven well, if all samples were reported as non-detects, then the lowest detection limit associated
with any sampling event at that well was used to represent the well.

e If awell had both detected concentrations and reported non-detects for a given COPC, then any non-
detect was represented as one-half the detection limit associated with that sampling event for that
COPC.

With the individual well means calculated as described above, ProUCL was used to estimate the 95% UCL
of the mean of sulfolane across all wells in an EU (Figure 3-3). EU-1 represents approximate sulfolane
concentrations in groundwater of >100 pg/L, EU-2 where detected sulfolane concentrations range from >25
t0 99.9 ug/L, and EU-3 where sulfolane was from not detected above the laboratory reporting limit to 24.9
pg/L. Given the sizable area of each EU, some results included in the data analyses are different from
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others in each EU. For example, some non-detect results occur in EU-1 and EU-3. These values are
primarily attributable to groundwater samples collected from variable screen depths. It is reasonable to
assume that groundwater extracted from a variety of screen lengths may be ingested by potential receptors
that might use groundwater as drinking water. Therefore, these data points were included in the EPC
calculations for each EU. Non-detect observations for the COPCs in soil and groundwater were addressed
using the methods described above.

In addition, per ADEC (2010a) guidance for duplicate samples, the highest detected value from the primary
and duplicate samples was used to represent that sample result. For any COPC, if the 95% UCL COPC of
the mean concentration exceeded the maximum detected concentration, then the maximum detected
concentration was the EPC. Summary statistics for the COPCs are presented in the risk characterization,
including detection frequency, number of samples, minimum and maximum detected concentrations, and
calculated 95% UCL concentrations.

The same EPCs used for the PPRTV scenario (Tables 3-3 through 3-10) were used in the ARCADIS
Comparative Scenario. EPCs were estimated separately for each exposure medium:

e Surface soil (0 to 2 feet bgs; see Table 3-3 for 95% UCL COPC concentrations

e Subsurface soil (0 to 15 feet bgs; see Table 3-4a for maximum COPC concentrations and Table 3-4b
for 95% UCL COPC Concentrations Onsite groundwater (see Table 3-5a for maximum COPC
concentrations Table 3-5b for 95% UCL COPC Concentrations

¢ Offsite groundwater in all wells (see Table 3-6 for maximum sulfolane concentration)

e Offsite groundwater in EU-1 (see Table 3-7 for 95% UCL sulfolane concentration)

e Offsite groundwater in EU-2 (see Table 3-8a for maximum sulfolane concentration Table 3-8b for 95%
UCL sulfolane concentration)

o Offsite groundwater in EU-3 (see Table 3-9a for maximum sulfolane concentration Table 3-9b for 95%
UCL sulfolane concentration)

o Offsite surface water (see Table 3-10 for maximum sulfolane concentration from pore water).

Soil, groundwater, outdoor air, indoor air, homegrown produce and surface-water EPCs are further
discussed below.

4.1.3.2.1 Soil Exposure Point Concentrations
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Onsite receptors may potentially contact surface soil or a combination of surface and subsurface soil.
According to ADEC guidance 18 AAC 75.340(j)(2), “human exposure from ingestion, direct contact or
inhalation of a volatile substance must be attained in the surface soil and the subsurface soil to a depth of
at least 15 feet, unless an institutional control or site conditions prevent human exposure to the
subsurface” (ADEC 2008c). Currently and in the future, FHRA will have institutional controls in place (i.e.,
permits) that provide worker protection (i.e., appropriate personal protective equipment) in the event of
planned excavation of onsite soil. For this HHRA, two soil EPCs are calculated for each COPC. Surface
soil is considered to occur from 0 to 2 feet bgs (Table 3-3) and subsurface soil is considered to occur from
0 to 15 feet bgs (Tables 3-4a and 3-4b). EPCs for soil were calculated using the 95% UCL on the mean of
the dataset for surface soil exposures, or the maximum detected COPC concentrations for surface and
subsurface soil exposures (relevant to potential onsite construction/trench workers).

4.1.3.2.1.1 Surface Soil Exposure Point Concentrations

For this HHRA, it is presumed that onsite commercial/industrial workers may potentially contact surface
soil onsite that is not covered with pavement or vegetation. Therefore, surface soil EPCs were calculated
and used to evaluate potential exposure by onsite commercial/industrial workers, using analytical data
from the surface soil dataset in uncovered portions of the site (i.e., soil samples collected from ground
surface to 2 feet bgs). The 95% UCL of the mean concentrations of COPCs in surface soil collected from
0 to 2 feet bgs were used to evaluate:

e Direct-contact exposure pathways to onsite outdoor commercial/industrial workers

e Potential inhalation of fugitive windborne dust from onsite surface soil by onsite outdoor commercial/
industrial workers, offsite residents and offsite outdoor commercial/industrial workers.

4.1.3.2.1.2 Surface and Subsurface Soil Exposure Point Concentrations

The 95% UCL of the mean concentrations of surface soil collected from 0 to 2 feet bgs were used to
evaluate direct-contact exposure pathways to onsite outdoor commercial/industrial workers, and potential
inhalation of fugitive windborne dust from onsite soil by onsite and offsite outdoor commercial/industrial
workers. The onsite construction/trench worker may be directly exposed to surface and subsurface soil
during excavation activities. Therefore, EPCs for evaluating exposure by the onsite construction/trench
worker were generated using analytical data from the combined surface and subsurface soil dataset (i.e.,
soil samples collected from ground surface to as deep as 15 feet bgs). The maximum detected
concentrations in the combined surface and subsurface soil sample dataset were used to estimate
surface and subsurface soil EPCs for direct-contact pathways for the onsite construction/trench worker
because that exposure may be localized rather than averaged over the entire site. In addition, in
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accordance with ADEC guidance (2010a), surface and subsurface soil EPCs based on the 95% UCLs
were also used to evaluate potential exposures by the construction/trench worker.

4.1.3.2.2 Groundwater Exposure Point Concentrations

For COPCs in groundwater, COPC EPCs were distinguished for both on- and offsite potential exposures as
described in the following sections.

4.1.3.2.2.1 Onsite Groundwater Exposure Point Concentrations

Groundwater EPCs were used to estimate direct-contact exposure (i.e., dermal contact) by the onsite
outdoor worker and incidental ingestion and dermal contact by onsite construction/trench workers during
excavation activities. Groundwater COPC EPCs based on 95% UCL concentrations were estimated using
the last 2 years of data (i.e., 2009 to 2011) collected from onsite groundwater monitoring wells. In addition
to evaluating the potential exposures to COPCs in groundwater over an EU using 95% UCL
concentrations, the ADEC also requested that groundwater EPCs be calculated using the maximum
detected concentration during the last 2 years of groundwater monitoring (see Tables 3-5a and 3-5b).

4.1.3.2.2.2 Offsite Groundwater Exposure Point Concentrations

Offsite sulfolane groundwater EPCs were used to estimate direct-contact exposure (i.e., incidental
ingestion) by offsite construction/trench workers during excavation activities and to estimate direct-contact
exposure (i.e., ingestion) by offsite residents and commercial/industrial receptors. In addition to evaluating
the potential exposures to sulfolane in groundwater using a 95% UCL concentration for each of the EUs
depicted on Figure 3-3, the ADEC also requested risk calculations using the maximum detected sulfolane
concentration during the last 2 years of groundwater monitoring (i.e., 2009 to 2011), applied to the entire
offsite area. EPCs for the ARCADIS Comparative Scenario were derived for each offsite EU identified on
Figure 3-3 including:

o All offsite wells (Table 3-6), evaluated using the maximum offsite concentration as the EPC
e EU-1 (Table 3-7), evaluated using the 95% UCL concentration in offsite wells in EU-1

e EU-2 (Table 3-8a for maximum concentrations and Table 3-8b for 95% UCL concentrations)
e EU-3 (Table 3-9a for maximum concentrations and Table 3-9b for 95% UCL concentrations.

In summary, the maximum detected concentrations of sulfolane in offsite groundwater from EU-1, EU-2
and EU-3 were used to estimate risks and hazards for relevant receptors for the ARCADIS Comparative
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Scenario. In addition, for each EU, EPCs based on the 95% UCL were also used to estimate risks and
hazards for relevant receptors at each of the offsite groundwater offsite EUs (EU-1, EU-2 and EU-3), per
USEPA (1989) guidance and ARCADIS professional judgment.

4.1.3.2.3 Outdoor Air Exposure Point Concentrations

In accordance with the USEPA (1989), exposure to constituents in outdoor air was evaluated as exposure
to fugitive dust emissions (for non-VOCs, from soil only) or volatile emissions (for VOCs, from soil or
groundwater). The USEPA (2002b) recommendations for media transfer factors to evaluate these
exposures are described below.

4.1.3.2.3.1 Estimating Outdoor Air Exposure Point Concentrations from Soil Concentrations

A PEF for non-volatile COPCs was used to estimate EPCs in outdoor air from soil. The industrial PEF
(1.36 x 10° m3/kg) obtained from the Supplemental Guidance for Developing Soil Screening Levels for
Contaminated Sites (USEPA 2002b) was used to estimate outdoor air EPCs of non-volatile COPCs for
onsite outdoor commercial/industrial workers and construction/trench workers potentially exposed to
particulate emissions from soil.

A VF for VOCs was used to estimate EPCs of volatile COPCs in outdoor air from soil (VFs). Outdoor air
EPCs were estimated for the onsite outdoor commercial/industrial worker and onsite construction/trench
worker using the EPC for the combined surface and subsurface soil dataset. Constituent-specific VFsq;
were obtained from the USEPA (2011c) RSL spreadsheets, where they exist, to estimate outdoor air
EPCs of volatile COPCs for onsite outdoor commercial/industrial workers and construction/trench workers
potentially exposed to volatile COPCs emanating from surface and subsurface soil. For volatile COPCs
not listed in the USEPA’s RSL table, VFs were derived according to USEPA guidance (USEPA 2002b). If
not otherwise obtained from RSL spreadsheets, the VFs used in this assessment are shown on Table 3-
11.

The following equation was used to calculate outdoor air EPCs from soil EPCs using either a PEF or
VFsoiI:

EPC;
EPC, =

PEF or VFSO,'/
Where:

EPC, = EPC in air (mg/m°)
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EPC; = EPC in soil (mg/kg)
PEF = particulate emission factor (m®kg)

VF i = volatilization factor (soil) (m*/kg)

4.1.3.2.3.2 Estimating Outdoor Air Exposure Point Concentrations from Groundwater Concentrations

Construction workers (i.e., trench workers) may also be exposed to VOCs released from shallow
groundwater that may pool in a trench and volatilize to trench air. Groundwater occurs as shallow as 8 feet
bgs in portions of the site. To estimate the potential concentrations of COPCs that could volatilize from
groundwater to trench air, volatilization factors (VFg,) obtained from the Virginia Department of
Environmental Quality (2012) were used to estimate trench air EPCs from groundwater. The trench air
EPCs were used to evaluate potential exposures by on and offsite construction/trench workers potentially
exposed to volatile COPCs emanating directly from shallow groundwater in an excavation trench. The
equation for using VF, to calculate trench air EPCs from groundwater EPCs is as follows:

EPCa = EPng* VFgW
Where:
EPC, = EPC in trench air (mg/m°)

EPC,, = EPC in groundwater (mg/L) (see Section 4.1.3.2.2 for discussion about on and offsite
groundwater EPCs)

VF 4 = volatilization factor (groundwater) (liter per cubic meter)

For onsite exposures, the trench air EPCs are presented in Table 3-5a (maximum EPC) and Table 3-5b
(95% UCL EPC). For offsite exposures, the trench air EPCs are presented in Tables 3-6 through 3-9b.

Onsite construction/trench workers may potentially be exposed to vapors emanating from soil during trench
excavation. Therefore, potential exposures to volatile EPCs in trench air from both soil and shallow
groundwater sources, as well as COPCs as fugitive dust from soil were estimated for onsite
construction/trench workers. For offsite construction/trench workers, sulfolane in trench air from offsite
groundwater is the only potential exposure onsite.

4.1.3.2.4 Indoor Air Exposure Point Concentrations
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The Draft Guidance for Evaluating the Vapor Intrusion to Indoor Air Pathway from Groundwater and Soils
(USEPA 2002a), Vapor Intrusion Pathway: A Practical Guide (ITRC 2007a) and Vapor Intrusion Pathway:
Investigative Approaches for Typical Scenarios (ITRC 2007b) were used to assess vapor intrusion. The
J&E model was used to estimate indoor air concentrations resulting from intrusion of vapors from sub-
slab soil gas into onsite buildings. The J&E model is a one-dimensional, screening-level model used to
evaluate subsurface vapor intrusion into buildings. It incorporates both convective and diffusive
mechanisms to estimate the transport of constituent vapors emanating from soil gas into indoor spaces
located directly above the source (J&E 1991, USEPA 2004b). When estimating the concentration of
COPC vapors in indoor air, the J&E model assumes the following:

e Constant, infinite source of constituents (e.g., in groundwater or soil gas)

e Steady-state diffusion through the unsaturated zone

e Convective and diffusive transport through the basement floor or slab

e Complete mixing within the building, estimated using an air exchange rate.

Due to the uncertainties associated with partitioning from soil to soil gas, ITRC (2007b) does not
recommend using soil data as a source of COPCs to evaluate potential vapor intrusion. Therefore, source
concentrations were estimated using the groundwater data as discussed in Section 2.6.2. Source
concentrations for the model consisted of the groundwater EPCs based on maximum detected COPC
concentrations in groundwater as well as the 95% UCL of the mean groundwater concentrations (see
Section 4.1.3.2.2). Site-specific parameters, such as soil type and average soil temperature, were used in
the J&E model where available. The top 3 to 5 feet of soil was assumed to be sand. Geotechnical data
show that this depth interval is silty sand. An average soil temperature of 5 °C was used. The remaining
parameter values, including constituent-specific parameter values, were estimated using the default
values provided by the USEPA (2004b) in the User's Guide for Evaluating Subsurface Vapor Intrusion
into Buildings and the associated model spreadsheets. Appendix C presents the results of the USEPA’s
J&E-based model to predict indoor air COPC concentrations from COPC concentrations in onsite
groundwater. For onsite exposures, the indoor air EPCs are presented in Table 3-5a (maximum EPC)
and Table 3-5b (95% UCL EPC). For offsite exposures, the indoor air EPCs are presented in Tables 3-6
through 3-9b.

4.1.3.2.5 Homegrown Produce Exposure Point Concentrations

Residents who consume homegrown produce that has been irrigated with offsite groundwater were
evaluated. Homegrown produce EPCs were calculated using BCFs applied to offsite groundwater EPCs
(Tables 3-6 through 3-9b). The Final Results of the North Pole Garden Sampling Project (ADEC 2011b)
showed that sulfolane was taken up into garden plants at concentrations below adult risk-based
screening criterion developed by the ADHSS. However, a BCF equal to 1 was used predict uptake of
sulfolane into both aboveground and belowground vegetables, as described in Section 3.1.3.1.6.
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4.1.3.2.6 Surface-Water Exposure Point Concentrations

Recreational users who ingest surface water that has migrated from groundwater beneath the site were
evaluated. The maximum detected concentration of sulfolane collected during the 2012 field season from
adjacent to a frozen surface-water body was assumed to represent groundwater that has migrated offsite
to downgradient water bodies. Summary statistics and the surface-water EPC are presented in Table 3-
10.

4.1.3.3 Exposure Parameters

Exposure parameter values that were identified for each receptor at the site for the ARCADIS
Comparative Scenario are provided in Table 3-12. The exposure parameters were identical to the
exposure parameters used in the PPRTV Scenario, and were based primarily on those provided in ADEC
(2010a) and USEPA (1989, 1991, 1997a and 2004a) as well as other sources, as noted. These exposure
parameters meet or exceed the USEPA (1989) approach for estimating RME, which is the maximum
exposure that is reasonably expected to occur in a population. Its intent is to estimate a high end
exposure case (i.e., well above the average case) that is still within the range of possible exposures
(USEPA 1989). Mathematically, the RME estimate for each exposure pathway combines high end values
and assumptions with average values and assumptions. These assumptions tend to maximize estimates
of exposure, such as choosing a value near the high end of the concentration or intake range. Therefore,
the RME estimates tend to be at the high end of the exposure range, generally greater than the 90"
percentile of the population.

4.1.3.4 Assessment of Potential Lead Exposures

The potential hazard associated with lead exposure was evaluated by comparing the predicted blood-lead
concentrations to the CDC blood-lead threshold concentration. The threshold lead concentration is 10
pg/dL of whole blood based on potentially adverse neurological effects in children (CDC 2011). A blood-
lead concentration of less than 10 ug/dL was deemed acceptable. The USEPA’s (2009b) ALM model,
which estimates the blood-lead levels of workers and the fetus of a pregnant worker, was used to
evaluate the potential onsite exposure to lead in groundwater for the receptors evaluated.

4.2 Toxicity Assessment
The toxicity assessment identified toxicity values that relate exposure (dose) to potential risk or hazard for
each COPC. Toxicity values derived from dose-response data were combined with estimates of exposure

to characterize potential noncarcinogenic hazard and carcinogenic risk. Toxicity profiles were provided for
risk/hazard drivers and sulfolane. Selection of toxicity values followed the hierarchies described below.

g:\common\data\projects\koch\north pole\hhra\may 2012 draft\fhra_npr_ revised draft final hhra 20120523.doc

93



_ Revised Draft Final Human
@ ARCADlS Health Risk Assessment

Flint Hills North Pole Refinery
North Pole, Alaska

4.2.1 Noncarcinogenic Toxicity Values

Chronic and subchronic RfDs were used to evaluate potential adverse effects from ingestion, dermal and
inhalation (dust) exposures to noncarcinogenic COPCs. Chronic RfDs, which correspond to 7 or more
years of exposure, are specifically developed to be protective of long-term exposures to a constituent with
a considerable margin of safety, which usually exceeds 1,000-fold. The USEPA (1989) defines the
chronic RfD as “a daily exposure level for the human population, including sensitive subpopulations, that
is likely to be without an appreciable risk of deleterious effects during a lifetime.”

As described in detail in Appendix H, ARCADIS scientifically evaluated the existing RfDs and equivalent
toxicological reference values for sulfolane and derived chronic and subchronic RfDs per its best
professional judgment in accordance with USEPA guidance for evaluation of primary toxicology studies
(USEPA 2002d, 2003) and the derivation of RfDs (USEPA 1994, 2002e). Additional context for these
decisions is provided in Appendix K. For all other COPCs, the following sources were used to identify
chronic toxicological reference values:

USEPA (2012a) IRIS.

e USEPA PPRTVs, derived by the USEPA's Superfund Health Risk Technical Support Center for the
USEPA Superfund program. Current values were obtained directly from the USEPA.

o CalEPA reference exposure levels from the California OEHHA.

e ATSDR MRLs (ATSDR 2012) Chronic MRLs were used to evaluate chronic exposure.

USEPA (1997b) HEAST.

The USEPA (1989) defines exposures lasting between 2 weeks and 7 years as subchronic exposures. As
a result, the short-duration and intermittent nature of construction/trench worker and child and infant
exposures require consideration of subchronic toxicity values (subchronic RfDs) to estimate the potential
for effects. Subchronic RfDs are developed to be protective of subchronic exposures to constituents with
a considerable measure of safety, which usually exceeds 1,000-fold (USEPA 1989). Subchronic RfDs for
ingestion (oral) and inhalation (dust and vapor) exposure were identified from the following sources, in the
following order of priority, for constituents other than sulfolane:

e USEPA PPRTVs. Current values were obtained directly from the USEPA.

e ATSDR MRLs (ATSDR 2012). Intermediate MRLs were used to evaluate subchronic exposure.
e USEPA (1997b) HEAST.
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For the ARCADIS Comparative Scenario, subchronic RfDs, if available, were used to evaluate potential
exposures to onsite construction/trench workers and offsite infants given that the period of exposure for
these potential receptors is less than 7 years. If subchronic RfDs were unavailable, then only chronic
RfDs were used. Despite the 6 year exposure frequency of the child offsite resident, chronic RfDs were
used in the ARCADIS Comparative Scenario to evaluate potential exposures to this receptor. Refer to
Section 4.5 for a discussion of uncertainties related to the use of chronic values for the child receptor.

Current USEPA guidance recommends calculating a dermal RfD by multiplying the oral RfD by the
ABSGI. This recommendation requires one of the following:

e Acritical study upon which the toxicity value is based employed an administered dose (e.g., delivery
in diet or by gavage) in its design.

e A scientifically defensible database exists that demonstrates that the gastrointestinal absorption of
the constituent in question from a medium (e.g., water, feed) similar to the one employed in the
critical study is significantly less than 100 percent (e.g., less than 50 percent).

Values for ABSGI were obtained from RAGS (USEPA 2004a). Chronic and subchronic RfDs are
presented in Table 3-13.

4.2.2 Carcinogenic Toxicity Values

Oral CSFs and IUR factors were used to evaluate potential carcinogenic effects from ingestion, dermal
and inhalation exposures to COPCs. CSFs quantitatively describe the relationship between dose and
response. A CSF represents the 95% UCL of the slope of the dose-response curve and is derived using a
low-dose extrapolation procedure that assumes linearity at low doses. By applying a CSF to a particular
exposure level of a potential carcinogen, the upper bound lifetime probability of an individual developing
cancer related to that exposure can be estimated.

CSFs have been developed for the oral and inhalation (dust particulates) exposure routes; IURs have
been developed for the inhalation exposure route. CSFs for oral and IURs for inhalation exposures were
identified from the following sources, in the following descending order of priority:

e USEPA (2012a) IRIS.

e USEPA PPRTVs. Current values were obtained directly from the USEPA.
e CalEPA (2012) OEHHA Toxicity Criteria Database.

e USEPA (1997b) HEAST.
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As is the case for noncarcinogenic toxicity, the USEPA has not developed dermal CSFs for use in risk
assessment. Dermal CSFs were calculated in a manner similar to that of noncarcinogenic RfDs for
dermal exposure by dividing the oral CSFs by the ABSGI AF (USEPA 2004a). CSFs are presented in
Table 3-13.

4.2.3 Sulfolane Toxicity Values

Toxicity values for sulfolane are not presented in IRIS (USEPA 2012a). However, a PPRTV chronic oral
RfD of 0.001 mg/kg-day and a PPRTV subchronic oral RfD of 0.01 mg/kg-day have been prepared for
sulfolane (USEPA 2012b). The study and approach used to develop the oral RfDs were evaluated to
assess potential sulfolane exposures and hazards at the site. In addition, the studies and approaches
used by several other regulatory agencies to derive oral RfDs or Public Health Action Levels were
evaluated.

Based on a careful and extensive review of this information, ARCADIS derived and documented the
ARCADIS oral RfDs of 0.01 mg/kg-day (chronic) and 0.1 mg/kg-day (subchronic).

The ARCADIS evaluation is outlined in Appendix H with complete reference citations. As explained there,
the USEPA derived a PPRTYV for sulfolane using a no adverse effect level (NOAEL) approach rather than
deriving a benchmark dose as has been recommended in USEPA guidance (USEPA 2000a) since 2000
and is favored in the United States for derivation of toxicological reference values for HHRA. The USEPA
stated that a benchmark dose could not be derived from the sulfolane data because of a lack of “fit” of the
data. The USEPA did not explain why it did not proceed to log transform the data, a step that is
appropriately taken per USEPA guidance and practice. When the sulfolane data are log transformed, an
excellent “fit” is obtained. Therefore, using benchmark dose modeling in this situation is preferable to
using an NOAEL approach, because the model will allow the value to be informed more fully by the data
and by the inferences we can reasonably draw from the data. For this and other reasons, ARCADIS
disagreed with the science policy decisions made in deriving the sulfolane PPRTVs and derived
alternative RfDs

Appendix H also provides the reasons why the Public Health Action Levels derived by ATSDR (2010,
2011) were not meant to be used and should not be used to derive an oral RfD for sulfolane for use in an
HHRA.

In addition to evaluating sulfolane’s toxicological profile, ARCADIS has considered the analysis offered by
former USEPA official William Farland. Dr. Farland’s credentials and scientific evaluation of sulfolane are
contained in Appendix K. Dr. Farland has taken a holistic view of the available information about sulfolane
and has assessed its known toxicological profile.
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According to Dr. Farland, the sulfolane database has been evolving during the last three decades. Relatively
speaking, compared to other industrial chemicals encountered in the environment, the available data and
details of their generation are quite robust. A picture emerges of sulfolane as a minimally toxic chemical at
low levels in a variety of animal test systems. The effects seen at low doses represent subtle changes that
are generally considered to be of unclear toxicological significance and may represent reversible, “adaptive”
responses rather than precursors to toxicity. The recent assessments have illustrated the differences in
opinion and policy judgments that can arise when subtle effects with questionable toxicological significance
identify points of departure for risk assessment purposes. This lack of consensus on which study to use as
the “critical study” and the lack of a consistent method of assessment supports the argument that the
observations in these studies provide an uncertain basis for health risk assessment and provide “screening-
level values.”

The assessment activities discussed above have produced a provisional health guidance value (ATSDR)
and PPRTVs, including a provisional RfD (USEPA 2012b). It is important to remember that these RfD-
equivalent values are not a boundary between safety and risk. A variety of uncertainties are present when
extrapolating from such effects in animals to human populations and from partial lifetime studies in animals
to longer term potential exposures in humans. Many of these uncertainties are inherent in the policy choices
available to risk assessors and are compounded when multiple policy choices are chosen in a given
assessment, such as for sulfolane.

The ARCADIS Comparative Scenario risk assessment presents estimated hazards for potential sulfolane
exposures using the ARCADIS-derived oral RfDs for sulfolane (Appendices F and G).

4.2.4 Toxicity Equivalence Factors for Polynuclear Aromatic Hydrocarbons

As shown in Tables 3-2a and 3-2b, some carcinogenic PAHs have been identified as COPCs in soil.
Following ADEC (2010a) guidance, TEFs were used to assess risks to carcinogenic PAHs, including
benzo(a)pyrene, benz(a)anthracene, benzo(b)fluoranthene, benzo(k)fluoranthene, chrysene,
dibenz(a,h)anthracene and indeno(1,2,3-c,d)pyrene). TEFs were applied to EPCs of all carcinogenic
PAHs in surface and subsurface soil to equivalent concentrations of benzo(a)pyrene (USEPA 2011c) and
total risk was derived for the carcinogenic PAH COPCs. The assessment of potential exposures to other
PAHs also included PAHSs identified as COPCs in soil based on analytical data collected during the 2011
field season.

4.3 Risk Characterization — ARCADIS Comparative Scenario

This section presents the ARCADIS Comparative Scenario and provides estimated ELCRs and Hils for
potentially complete and significant exposure pathways identified in Section 4.1.1.4 for on- or offsite
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potential receptors, based on the ARCADIS-derived toxicity criteria for sulfolane and the exposure
parameters presented in Table 3-12.

4.3.1 Risk Characterization

The risk characterization integrates results of the data evaluation, exposure assessment and toxicity
assessment to evaluate potential risks associated with exposure to site COPCs. The basis for the risk
characterization is the quantitative evaluation of potential exposure by potential receptors to COPCs,
which consists of estimating carcinogenic risk and noncarcinogenic hazard. This quantitative evaluation of
risk and hazard generally provides a health-protective representation of the upper end (potentially highest
exposures) for a receptor. The quantitative methods used to calculate noncarcinogenic hazard and
carcinogenic risk are presented below. Consistent with USEPA (1989) guidance, the potential for
carcinogenic and noncarcinogenic risks were evaluated separately.

4.3.1.1 Carcinogenic Risk

For potential carcinogens, risk was estimated as the incremental probability of an individual developing
cancer during a lifetime as a result of RME to a potential carcinogen and was calculated as follows:

ELCR=LADDi x CSFi

Where:

ELCR = excess lifetime cancer risk (unitless)

LADD:i = lifetime average daily dose for the i th constituent (mg/kg BW-day)

CSFi = cancer slope factor for the i th constituent (mg/kg BW-day)‘1'
The CSF converts intake averaged over a lifetime of exposure to the incremental lifetime risk of an
individual developing cancer. This linear equation is only valid at low risk levels (i.e., below estimated
risks of one in 100) and is an upper-bound estimate based on the 95% UCL of the slope of the dose-
response curve. Therefore, the actual risk will be lower than the predicted risk. Potential risk was
assumed to be additive, and risks from different possible and probable carcinogens and pathways were
summed to evaluate the overall risk. Pathway-specific risks were calculated as the sum of risks from

potential carcinogenic COPCs within each exposure pathway, and the total ELCR for each receptor was
calculated by summing the risk estimates for the exposure pathways evaluated.
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For inhalation of COPCs, the following equation from USEPA (2009a) RAGS Part F was used to assess
ELCRs:

ELCR=LAEC *IUR
Where:
ELCR = excess lifetime cancer risk (unitless)

LAEC = lifetime average exposure concentration (pg/ms)

IUR = inhalation unit risk (ug/m®)”

Scientific notation was used to express potential carcinogenic risks. For example, a value of 1x10° is
equal to one in 1 million (or 0.000001). The ADEC (2010a) compares individual constituent risk estimates
to an acceptable cumulative ELCR of 1 x 10°° (1in 100,000. The acceptable cancer risk is the incremental
risk attributed to the estimated upper-bound exposure (i.e., RME) to COPCs at the site. This acceptable
risk is, by definition, independent of risks associated with non-site-related constituent exposures and
other background cancer risks (USEPA 1989). It is standard USEPA and ADEC practice, however, to
assess risks and hazards first with background constituents included and then discuss the risks in the
absence of the background impacts to inform the decision makers about the risks of site-related
constituents.

4.3.1.2 Noncarcinogenic Hazard
The HQ approach was used to characterize the overall potential for noncarcinogenic effects associated
with exposure to multiple constituents. This approach assumes that chronic exposures to multiple
constituents are additive. For direct-contact and inhalation of particulates exposures, the HQ was
calculated as follows:
HQ =ADD / RfD

Where:

HQ = hazard quotient (unitless)

ADD = average daily dose (mg/kg-day)

RfD = reference dose (mg/kg-day)”
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For inhalation of volatile COPCs, the following equation from USEPA (2009a) RAGS Part F was used to
assess noncancer hazards:

HQ = AEC/RfC
Where:
HQ = hazard quotient (unitless)
AEC = average exposure concentration (pg/cm3)
RfC = inhalation reference concentration (ug/cm®)”

The HQ represents the comparison of exposure (dose) over a specified period of time to an RfD for a
similar time period. The estimates of exposure (dose) were calculated based on chronic or subchronic
exposures. If the HQ exceeds a value of 1, there is a possibility of adverse health effects. The magnitude
of the HQ is not a mathematical prediction of the severity or incidence of the effects, but rather indicates
that effects may occur. The constituent HQs were summed to calculate an HI for a pathway or site, and
the USEPA (1989) recommends that the total HI for the constituents and pathways assessed not exceed
a value of 1. An HI of less than 1 indicates that adverse health effects are not likely to occur from
exposure to assessed constituents. HQs or Hls of greater than 1 do not indicate that significant risks are
present, but rather that additional evaluation may be required to better define the level of risk.

According to the USEPA (1989), noncarcinogenic effects should be evaluated based on target organ(s) or
toxicity endpoints. The USEPA believes that the assumption of dose additivity is one of the major
limitations of the HI approach because it may overestimate the potential for health effects that most likely
will not occur if the COPCs affect different organs or act by different mechanisms of action. The USEPA
counters the potential for overestimation by specifying segregation of COPCs by effect and mechanism of
action and derivation of separate Hls for each group (USEPA 1989). If the total HI exceeds a value of 1,
the specific substances will be evaluated so that only substances that affect similar target organs or
exhibit a similar mode of action (i.e., similar effects in the same target organs via the same mechanism)
are summed. Quantitative estimates of carcinogenic risk and noncarcinogenic hazard were presented for
each receptor.

4.3.1.3 Risk Characterization of Petroleum Hydrocarbon Compounds

In accordance with ADEC (2008b) Cumulative Risk Guidance, individual risks from exposure to GRO,
DRO and RRO were calculated using RfDs provided by ADEC (2010a). However, these risk calculations
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were not included in cumulative risk estimates. Consistent with ADEC (2008b) Cumulative Risk Guidance,
cumulative risks for each receptor were estimated using indicator constituents, as discussed below.

In general, quantitative risk calculated from individual petroleum constituents is considered adequate to
account for risk in cumulative risk calculations from petroleum mixtures (ADEC 2008b). The key
constituents of petroleum products associated with risk (e.g., PAHs, BTEX, methyl tertiary butyl ether) are
included in the quantitative cumulative risk calculations and should adequately describe human health
risk from exposure to site media.

4.3.2 Estimated Risks and Hazards for ARCADIS Comparative Scenario

For each total estimated ELCR and HlI, the primary exposure pathway and contributing COPC(s) are
indicated, as appropriate. This section presents ELCRs and Hls for potential onsite receptors (Section
4.3.2.1) and for potential offsite receptors (Section 4.3.2.2). For each potential receptor, ELCRs and/or His
are summarized based on possible exposure to maximum and/or 95% UCL-based EPC COPC
concentrations. Appendices D and E present complete risk calculations for ELCRs and Hls based on
maximum (onsite construction/trench worker and recreational user exposures only) and 95% UCL COPC
concentrations, respectively.

Summaries of the cumulative ELCRs and estimated Hls for the receptors evaluated under the ARCADIS
Comparative Scenario are presented in the following tables:

e Tables 4-1 and 4-2 present the ELCR and HI summaries for on and offsite receptors using the
maximum detected on and offsite values and the 95% UCL on and offsite values, respectively.

e Tables 4-1, 4-3a and 4-4a present ELCR and HI summaries for potential on and offsite receptors
based on maximum COPC concentrations for all wells in each EU (including EU-1 because the

maximum for all offsite wells is located in this EU).

e Table 4-2 presents ELCR and HI summaries for potential on and offsite receptors at EU-1 based on
95% UCL EPCs.

e Table 4-3a presents ELCR and HI summaries for offsite receptors based on maximum COPC
concentrations at EU-2 wells.

e Table 4-4a presents ELCR and HI summaries for offsite receptors based on maximum COPC
concentrations at EU-3 wells.
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The ARCADIS Comparative scenario risk calculations are presented in Appendix D (maximum
concentrations) and Appendix E (95% UCL EPCs).

The total estimated ELCRs presented in Tables 4-1 through 4-4b include arsenic as a soil COPC (arsenic
was excluded as a COPC in groundwater). Based on an evaluation of arsenic in soil samples at the site,
the presence of arsenic is due to background concentrations. Detected concentrations of arsenic in soil
samples collected at the site are evaluated in the 2012 Revised Site Characterization Report (Barr 2012).
This evaluation compared site arsenic concentrations to background studies collected in Alaska and
evaluated the spatial distribution of arsenic with respect to site operations and other COPCs. The results
of the evaluation concluded that the presence of arsenic in soil does not appear to be associated with
refinery operations and is likely a result of background concentrations.

4.3.2.1 Estimated Risks and Hazards for Potential Onsite Receptors

Potential onsite receptors evaluated include current and future indoor and outdoor commercial workers,
construction/trench workers and adult visitors. The ARCADIS-derived oral RfD was used to evaluate
potential sulfolane exposures. The maximum onsite concentration of sulfolane in groundwater detected
above the laboratory reporting limit between 2009 and 2011 is 10.4 mg/L. Estimated risks and hazards for
the onsite receptors using maximum detected concentrations and 95% UCLs as EPCs are summarized in
Table 4-1 and Table 4-2, respectively.

4.3.2.1.1 Onsite Indoor Commercial/Industrial Workers

Table D-25 (Appendix D) presents the estimated ELCRs and Hls for indoor commercial/industrial workers,
based on exposures to maximum detected COPC concentrations in groundwater. Inhalation of VOCs in
indoor air from groundwater is the primary exposure pathway for these potential receptors (see Table 4-1).
The total estimated ELCR is 1 x 10° and the total estimated Hl is 0.2.

Table E-23 (Appendix E) presents the estimated ELCRs and Hls for indoor commercial/industrial workers,
based on exposures to 95% UCLs of detected COPC concentrations in groundwater. Inhalation of VOCs in
indoor air from groundwater is the primary exposure pathway for these potential receptors (see Table 4-2).
The total estimated ELCR is 1 x 10 and the total estimated Hl is 0.02.

4.3.2.1.2 Onsite Outdoor Commercial/Industrial Workers
Table D-26 (Appendix D) presents the estimated ELCRs and Hls for outdoor commercial/industrial workers,
assuming potential exposure to 95% UCLs of COPC concentrations in surface soil. Table D-26 also shows

estimated ELCRs and Hls based on direct-contact exposures, including ingestion of, dermal contact with
and inhalation of dust particles from surface soil. The total estimated ELCR is 5 x 10 and the total
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estimated Hl is 0.05 (see Table 4-1). Soil ingestion contributes most to the total estimated ELCR and Hls.
Arsenic is the primary risk and hazard driver. Excluding the estimated arsenic ELCR and HI, which are likely
due to background, the total estimated ELCR is 2 x 107 and the total estimated HI is 0.03 (see Table D-26).

4.3.2.1.3 Onsite Construction/Trench Workers

The ARCADIS-derived subchronic oral RfD for sulfolane was used to estimate potential construction/ trench
worker hazards in the ARCADIS Comparative Scenario. Table 4-1 and Table D-27a (Appendix D) present
the estimated ELCRs and Hls for construction/trench workers based on potential exposures to maximum
COPC concentrations in surface and subsurface soil, assuming direct-contact exposures including
ingestion, dermal contact and inhalation of dust particles. The total estimated ELCR associated with
potential exposure to COPCs in soil is 1 x 10 and the total estimated Hl is 0.3. The soil ingestion pathway
contributes most to the total soil-related estimated ELCR and HI. Excluding the estimated arsenic ELCR,
which is likely based on background, the total estimated ELCR is 3 x 107 and the total estimated Hl is 0.3.

Table 4-1 and Table D-27b (Appendix D) present ELCRs and Hls based on incidental ingestion of and
dermal contact with groundwater in an onsite excavation trench, and inhalation of VOCs within trench air
from groundwater based on maximum COPC concentrations in groundwater. The total estimated ELCR is 3
x 10™ and the total estimated Hl is 49. Inhalation of VOCs in the trench air is the exposure pathway that
contributes most to the cumulative ELCR and Hls. Benzene, naphthalene and ethylbenzene (as estimated
in trench air from groundwater) are the primary risk drivers for the total ELCR. Benzene, naphthalene,
xylenes and 1,3,5-trimethylbenzene are the risk drivers for the HI.

Table 4-2 and Table E-25a (Appendix E) present the estimated ELCRs and Hls for construction/trench
workers based on 95% UCL COPC concentrations and direct-contact exposures including ingestion of,
dermal contact with and inhalation of dust particles in surface and subsurface soil. The total soil-related
estimated ELCR is 3 x 107 and the total soil-related estimated Hl is 0.06. Soil ingestion contributes most to
the total estimated ELCR and Hls. Excluding the estimated arsenic ELCR and HI, which are likely based on
background, the total estimated ELCR is 2 x 10® and the total estimated Hl is 0.05.

Table 4-2 and Table E-25b (Appendix E) present ELCRs and Hls based on incidental ingestion of and
dermal contact with groundwater in an onsite excavation trench and inhalation of VOCs within trench air
from groundwater based on 95% UCL COPC concentrations. The total estimated ELCR is 3 x 10” and the
total estimated HI is 9. Inhalation of VOCs in the trench air contributes most to ELCR and Hls. Benzene is
the primary risk driver for ELCRs and benzene and naphthalene are the primary risk drivers for Hls.

4.3.2.1.4 Onsite Adult Visitors
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Table 4-1 and Table D-28 (Appendix D) present the estimated ELCRs and Hils for adult visitors based on
maximum COPC concentrations in onsite groundwater. Inhalation of VOCs in indoor air from groundwater is
the primary exposure pathway for these potential receptors. The total estimated ELCR is 2 x 10”7 and the
total estimated HI is 0.002.

Table 4-2 and Table E-26 (Appendix E) present the estimated ELCRs and Hls for adult visitors based on
95% UCL COPC concentrations in onsite groundwater. Inhalation of VOCs in indoor air from groundwater is
the primary exposure pathway for these potential receptors. The total estimated ELCR is 1 x 10® and the
total estimated HI is 0.0002.

4.3.2.2 Estimated Risks and Hazards for Potential Offsite Receptors

In the ARCADIS Comparative Scenario, potential offsite receptors evaluated include current and future
residents; adults (chronic exposures), children (chronic exposures) and infants (subchronic exposures);
indoor and outdoor commercial workers (chronic exposures); and construction/trench workers (subchronic
exposures). The estimated risks and hazards for offsite receptors using maximum detected concentrations
and 95% UCLs as EPCs are summarized in Table 4-1 and Table 4-2, respectively.

4.3.2.2.1 Offsite Adult, Child and Infant Residents

Table 4-1 and Tables D-29a and D-30a (Appendix D) present the estimated ELCRs and Hls for offsite adult
and child residents, assuming potential exposure to 95% UCL COPC concentrations in ambient air from
onsite surface soil (based on 95% UCL concentrations) using the ARCADIS-derived chronic oral RfD for
sulfolane. The total estimated ELCRs for adult and child residents are 4 x 10® and 9 x 10'9, respectively,
and the total estimated Hls are both 0.001. Excluding arsenic in soil and the estimated arsenic ELCRs and
Hls, which is likely due to background, the total estimated ELCRs for adult and child residents are 4 x 10°®
and 8 x 10, respectively, and the total estimated Hls are both 0.0009 (see Table D-5a [Appendix D] for
adult resident and Table D-6a for child resident). Table D-31a presents the estimated ELCR and Hl for
offsite infant residents, assuming potential exposure to 95% UCL COPC concentrations in ambient air from
onsite surface soil using the USEPA (2012b) subchronic ARCADIS-derived oral RfD for sulfolane. The total
estimated ELCR for infant residents is 1 x 10 and the total estimated Hl is 0.0007. Excluding the estimated
arsenic ELCR and HlI, which is likely due to background, the total estimated ELCR for infant residents is 1 x
10 and the total estimated Hl is 0.0005.

Table 4-1 and Tables D-29b, D-30b and D-31b (Appendix D) show Hls based on ingestion of the maximum
detected concentration of sulfolane in groundwater (i.e., tapwater), applied across the entire offsite area
(which also includes EU-1 because the maximum value occurs in this EU), for adults (chronic exposures;
Table D-29b), children (chronic exposures; Table D-30b) and infants (subchronic exposures; Table D-31b),
respectively. Tables D-29c, D-30c and D-31c present the HIs associated with ingestion of homegrown
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produce irrigated with sulfolane-impacted groundwater (maximum detected concentration) for adults
(chronic exposures; Table D-29c), children (chronic exposures; Table D-30c) and infants (subchronic
exposures; Table D-31c), respectively. Tables D-35 and D-36 present the Hls associated with ingestion of
surface water (maximum detected concentration) for adults (chronic exposures; Table D-35) and children
(chronic exposures; Table D-36).

As shown in Table 4-1 and Tables D-29b, D-30b and D-31b (Appendix D), using the ARCADIS-derived oral
RfDs for sulfolane and the maximum concentration detected in offsite groundwater, the total estimated Hls
associated with ingestion of groundwater are 1.2 for adult residents (chronic exposure; Table D-29b), 2.8 for
child residents (chronic exposure; Table D-30b) and 0.7 for infant residents (subchronic exposure; Table D-
31b), respectively, based on ingestion of tapwater. Table 4-1 and Tables D-29¢, D-30c and D-31c present
the total estimated Hls associated with ingestion of homegrown produce, including an HI of 0.08 for adult
residents (chronic exposure; Table D-29c), 0.2 for child residents (chronic exposure; Table D-30c) and 0.03
for infant residents (subchronic exposure; Table D-31c), respectively. These Hls are based on ingestion of
homegrown produce using the ARCADIS oral RfDs for sulfolane, along with the maximum detected offsite
sulfolane concentration, a BCF of 1.0 and the 95" percentile per capita produce ingestion rates. As shown
in Table 4-1 and Tables D-35 and D-36 (Appendix D), using the ARCADIS oral RfDs for sulfolane and the
maximum concentration EPC, the total estimated Hls associated with ingestion of surface-water are 0.003
for adult residents (chronic exposure; Table D-35) and 0.02 for child residents (chronic exposure; Table D-
36). The surface-water Hils for this receptor group are the same for each EU (Table 4-2, Table 4-3a and
Table 4-4a).

Table 4-1 presents the cumulative His for this receptor group for all exposure pathways combined based on
maximum EPCs which are 1.3 for adult residents, 3.1 for child residents (chronic exposure), and 0.7 for
infant residents (subchronic exposure). Table 4-2 also presents the cumulative ELCRs for this receptor
group for all exposure pathways combined based on maximum EPCs which are 4 x 10™® for adult residents,
9 x 10 for child residents (chronic exposure), and 1x 10” for infant residents (subchronic exposure).

Table 4-2 and Tables E-27a, E-28a and E-29a (Appendix E) present the estimated ELCRs and Hls for
adults, children (chronic) and infant (subchronic) residents, respectively, based on inhalation of fugitive
windborne dust or vapors from onsite COPCs in surface soil, assuming 95% UCL COPC concentrations. As
shown in Table E-27a the total estimated ELCR is 4 x 10°® and the total estimated Hl is 0.001 for adult
residents (chronic expo sure). For a child resident (chronic exposure), the total estimated ELCR is 9 x 10
and the total estimated HI is 0.001 (Table E-28a). The total estimated ELCR is 1 x 10 and the total
estimated Hl is 0.0007 for the infant resident (subchronic exposure; Table E-29a).

Assuming the 95% UCL concentration for sulfolane in EU-1, Table 4-2 and Tables E-27b, E-28b and E-29b

in Appendix E) show estimated Hls based on ingestion of 95% UCL sulfolane concentrations in groundwater
(i.e., tapwater) at EU-1 by resident receptors. Using the ARCADIS oral RfDs for sulfolane, the estimated Hls
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associated with ingestion of water are 0.5 for the adult resident (chronic exposure; Table E-27b), 1.1 for child
resident (chronic exposure; Table E-28b) and 0.3 for infant resident (subchronic exposure; Table E-29b).
Tables E-27c, E-28c and E-29c present the total estimated Hls associated with consumption of homegrown
produce irrigated with water containing sulfolane in EU-1. The Hls are 0.03 for adult residents (chronic
exposure), 0.09 for child residents (chronic exposure) and 0.01 for an infant resident (subchronic exposure),
using the ARCADIS oral RfDs for sulfolane, along with a BCF of 1.0, and the 95™ percentile per capita
produce ingestion rates.

Table 4-3a and Tables D-37a, D-38b, D-39a, D-37b, D-38a and D-39b (Appendix D) present HIs based on
ingestion of the maximum sulfolane concentration in groundwater (i.e., tapwater) within EU-2 for resident
receptors. Using the ARCADIS oral RfDs for sulfolane, the total estimated Hls associated with ingesting
tapwater containing maximum sulfolane concentrations in EU-2 are 0.4 for an adult resident (chronic
exposure; Table D-37a), 0.9 for a child resident (chronic exposure; Table D-38a) and 0.2 for an infant
resident (subchronic exposure; Table D-39a). In addition, Table 4-3a presents Hls associated with
consumption of homegrown produce irrigated with groundwater containing the maximum sulfolane
concentrations at EU-2. The estimated Hls for consumption of homegrown produce irrigated with water from
EU-2 are 0.03 for an adult resident (chronic exposure; Table D-37b), 0.08 for a child resident (chronic
exposure; Table D-38b) and 0.01 for an infant resident (subchronic exposure; Table D-38b), using the
ARCADIS oral RfDs for sulfolane, along with a BCF of 1.0, and the 95" percentile per capita produce
ingestion rates.

Table 4-3b and Tables E-33a, E-34a and E-35a (Appendix E) present Hls based on ingestion of the 95%
UCL sulfolane concentration in groundwater (i.e., tapwater) within EU-2 for resident receptors. Using the
ARCADIS oral RfDs for sulfolane, the total estimated Hls associated with ingesting tapwater containing
sulfolane in EU-2 are 0.2 for an adult resident (chronic exposure; Table E-33a), 0.4 for a child resident
(chronic exposure; Table E-34a) and 0.09 for an infant resident (subchronic exposure; Table E-35a). In
addition, Table 4-3b and Tables E-33b, E-34b and E-35b (Appendix E) present Hls associated with
consumption of homegrown produce irrigated with sulfolane-impacted groundwater at EU-2. The total
estimated Hls for consumption of homegrown produce irrigated with water from EU-2 are 0.01 for an adult
resident (chronic exposure; Table E-33b), 0.03 for a child resident (chronic exposure; Table E-34b) and
0.004 for an infant resident (subchronic exposure; Table E-35b) respectively, using the ARCADIS-derived
oral RfDs for sulfolane, along with a BCF of 1.0, and the 95" percentile per capita produce ingestion rates.

Table 4-4a and Tables D-43a, D-44a and D-45a (Appendix D) show the estimated Hls based on ingestion of
the maximum sulfolane concentration in groundwater (i.e., tapwater) within EU-3 by resident receptors.
Using the ARCADIS oral RfDs for sulfolane, the estimated Hls associated with ingestion of tapwater are 0.2
for an adult resident (chronic exposure; Table D-43a), 0.5 for a child resident (chronic exposure; Table D-
44a) and 0.1 for an infant resident (subchronic exposure; Table D-45a). In addition to a drinking water
scenario, Table 4-4a and Tables D-43b, D-44b and D-45b (Appendix D) present the Hls associated with
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consumption of homegrown produce irrigated with the maximum detected sulfolane concentration in
groundwater in EU-3. The estimated Hls for consumption of homegrown produce are 0.01 for an adult
resident (chronic exposure; Table D-43b), 0.04 for a child resident (chronic exposure; Table D-44b) and
0.006 for an infant resident (subchronic exposure; Table D-45b), using the ARCADIS oral RfDs for sulfolane,
along with a BCF of 1.0, and the 95" percentile per capita produce ingestion rates.

Table 4-4b and Tables E-39a, E-40a and E-41a (Appendix E) show the estimated Hls based on ingestion of
the 95% UCL sulfolane concentration in groundwater (i.e., tapwater) within EU-3 by resident receptors.
Using the ARCADIS-derived oral RfDs for sulfolane, the estimated Hls associated with ingestion of tapwater
are 0.03 for an adult resident (chronic exposure; Table E-39a), 0.07 for a child resident (chronic exposure;
Table E-40a) and 0.02 for an infant resident (subchronic exposure; Table E-41a). In addition to a drinking
water scenario, Table 4-4b and Tables E-39b, E-40b and E-41b (Appendix E) present the Hls associated
with ingestion consumption of homegrown produce irrigated with sulfolane-impacted groundwater in EU-3.
The estimated Hls for consumption of homegrown produce are 0.002 for an adult resident (Table E-39b),
0.005 for a child resident (chronic exposure; Table E-40b) and 0.0007 for an infant resident (subchronic
exposure; Table E-41b), using the ARCADIS oral RfDs for sulfolane, along with a BCF of 1.0, and the 95"
percentile per capita produce ingestion rates.

4.3.2.2.2 Offsite Indoor Commercial Workers

Table 4-1 and Table D-32 (Appendix D) show the HI based on ingestion of groundwater (i.e., tapwater),
assuming the maximum offsite sulfolane concentration and the ARCADIS oral RfD for sulfolane. The total
estimated Hl is 0.9 for offsite indoor commercial/industrial workers (chronic exposure) based solely on
ingestion of tapwater containing sulfolane (see Table D-32 [Appendix D]).

Table 4-2 and Table E-30 (Appendix E) show the HI based on ingestion of groundwater (i.e., tapwater),
assuming the 95% UCL offsite sulfolane concentration for EU-1 and the ARCADIS oral RfD for sulfolane.
The total estimated Hl is 0.3 for offsite indoor commercial/industrial workers (chronic exposure) based solely
on ingestion of tapwater containing sulfolane (see Table E-30 [Appendix E]).

At EU-2, two sulfolane groundwater EPCs were used to estimate potential hazards associated with
ingestion of groundwater by offsite indoor commercial/industrial workers (chronic exposure). Using the
maximum detected offsite sulfolane concentration at EU-2, the estimated Hl is 0.3 (Table 4-3a).
Comparatively, the HI based on the 95% UCL sulfolane concentration at EU-2 is 0.1. Both HIs were derived
using the ARCADIS oral RfD for sulfolane (see Table D-40 [Appendix D] for maximum EPC and Table E-36
[Appendix E] for 95%UCL). Similarly, two sulfolane groundwater EPCs were used to estimate potential
hazards associated with ingestion by offsite indoor commercial/industrial workers (chronic exposure) at EU-
3. Table 4-4a shows the HI based on ingestion of groundwater (i.e., tapwater), assuming the maximum
offsite sulfolane concentration at EU-3 and Table 4-4b shows the corresponding HI based the 95% UCL
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offsite sulfolane concentration at EU-3. Both HIs were derived using the ARCADIS oral RfD for sulfolane.
Using the maximum detected sulfolane concentration at EU-3, the estimated Hl is 0.2; the estimated HI is
0.02 for offsite indoor commercial/industrial workers (chronic exposure) based on the 95% UCL
groundwater concentration at EU-3 (see Table D-46 [Appendix D] and Table E-42 [Appendix E],
respectively).

4.3.2.2.3 Offsite Outdoor Commercial Workers

Table 4-1 presents the estimated ELCRs and Hls for offsite outdoor commercial workers potentially
exposed via inhalation of dust particles from onsite surface soil (0 to 2 feet bgs), using 95% UCL COPC
concentrations in onsite surface soil. The total estimated ELCR is 2 x 10°® and the total estimated HI is
0.0006 (see Table D-33a [Appendix D]). Excluding the estimated arsenic concentrations in surface soil and
HI, which are likely attributable to background, the total estimated ELCR is 2 x 10 and the total estimated
Hl is 0.0006 (Table D-9a). Table 4-1 also shows the HI for this receptor assuming ingestion of groundwater
(i.e., tapwater) and assuming the maximum offsite sulfolane concentration. The estimated Hl is 0.9 for
offsite outdoor commercial/industrial workers, based on ingestion of tapwater (see Table D-33b [Appendix
D)).

Table E-31a [Appendix E] shows ELCRs and Hls based on inhalation of fugitive windborne dust and
vapors from onsite COPCs in surface soil, based on 95% UCL COPC concentrations and the ARCADIS
oral RfD for sulfolane. It was assumed that the offsite outdoor commercial worker (chronic exposure) is
located at the site boundary; therefore, the estimated ELCRs and Hls will over estimate risk for many offsite
commercial worker, based on inhalation of dust and vapors from the site. As shown in Table E-31a
[Appendix E], the total estimated ELCR is 2 x 10°® and the total estimated Hl is 0.0006, based on inhalation
of dust and vapors in ambient air.

Assuming the 95% UCL and ARCADIS oral RfD for sulfolane in EU-1, the total estimated Hl is 0.3 for offsite
outdoor commercial/industrial workers (chronic exposure), based on ingestion of groundwater (see Table 4-
2 and Table E-31 [Appendix E]).

At EU-2, two sulfolane groundwater EPCs were used to estimate potential hazards associated with
ingestion of groundwater: the maximum detected concentration of sulfolane and the 95% UCL of the mean
sulfolane concentrations. Using the maximum detected concentration in groundwater at EU-2, the estimated
Hl is 0.3 for offsite outdoor commercial/industrial workers (chronic exposure) based on ingestion of
groundwater (see Table 4-3a and Table D-41 [Appendix D]). Using the 95% UCL sulfolane concentration,
the total estimated Hl is 0.1 for offsite outdoor commercial/industrial workers at EU-2, based on ingestion of
tapwater (chronic exposure; see Table 4-3b and Table E-37 [Appendix E]). Both hazard estimates used the
ARCADIS oral RfD for sulfolane.
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Similarly, at EU-3, the 95% UCL and maximum sulfolane groundwater concentrations were both evaluated
as distinct EPCs to estimate potential hazards associated with ingestion of groundwater by offsite
commercial/industrial workers. Using the maximum sulfolane concentration at EU-3, the estimated Hl is 0.2
(Table 4-4a and Table D-47 [Appendix D]). Using the 95% UCL sulfolane concentration, the estimated Hl is
0.02 for offsite outdoor commercial/industrial workers at EU-3 (see Table 4-4b and Table E-43 [Appendix
E]). Both hazard estimates are used the ARCADIS oral RfD for sulfolane.

4.3.2.2.4 Offsite Construction/Trench Workers

The estimated Hls for an offsite construction worker who is potentially exposed to maximum sulfolane
concentrations by incidental ingestion of sulfolane in offsite groundwater in excavation trenches is 0.00008
(see Table 4-1 and Table D-34 [Appendix D]). This exposure is subchronic and the Hl is derived
assuming the maximum offsite sulfolane concentration and using the ARCADIS subchronic oral RfD for
sulfolane. As discussed in Section 3.1.1.4, sulfolane is not considered to pose adverse health effects due
to inhalation and dermal contact exposures. The total estimated HI is 0.00008 for offsite construction
workers, based on incidental ingestion of groundwater while working in trenches.

Tables 4-2, 4-3b and 4-4b show the Hls for potential exposures by the construction worker (subchronic
exposure) based on 95% UCL sulfolane concentrations for incidental ingestion of sulfolane in offsite
groundwater in excavation trenches in EU-1, EU-2 and EU-3, respectively. The estimated Hls for offsite
construction workers, which are based on the ARCADIS subchronic oral RfD for potential groundwater
ingestion exposures of groundwater while working in trenches, and 95%UCL sulfolane concentrations, are
0.00003, 0.00001 and 0.000002 in EU-1, EU-2 and EU-3, respectively (see Tables E-32, E-38 and E-44
[Appendix E] for the hazard calculations for this receptor in EU-1, EU-2 and EU-3, respectively). Tables 4-3a
and 4-4a show the corresponding Hls for this receptor group based on the maximum sulfolane groundwater
concentrations at EU-2 and EU-3, respectively. The estimated Hls for offsite construction workers exposed
to maximum groundwater concentrations at EU-2 and EU-3 are 0.00003 and 0.00001, respectively (see
Tables D-42 and D-48 [Appendix D]).

4.3.2.2.5 Offsite Adult and Child Recreational Users

Table 4-1 and Tables D-35 and D-36 (Appendix D) show the estimated Hls for offsite adult and child (aged 1
to 6 years) recreational users (i.e., swimmer who may be exposed by incidental, ingestion of sulfolane in
surface water), assuming the maximum offsite sulfolane concentration in pore water and the ARCADIS
chronic oral RfD for sulfolane. The total estimated Hls are 0.003 and 0.02 for offsite adult (chronic
exposure) and child recreational users (chronic exposure), respectively.
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4.3.3 Conclusions for ARCADIS Comparative Scenario

Table 4-1 presents the estimated ELCRs and Hls using maximum COPC concentrations in onsite
subsurface soil, maximum onsite COPC surface soil and groundwater concentrations, maximum offsite
groundwater concentrations of sulfolane, and the ARCADIS oral RfDs for sulfolane. The estimated Hls are
below the target HI of 1 for the onsite commercial/industrial worker, onsite commercial/industrial outdoor
worker, onsite visitor, offsite indoor and outdoor commercial workers, off-site construction/trench workers,
and offsite adult and child recreators. The estimated Hls exceed the target Hl of 1 for onsite
construction/trench workers, and offsite adult and child residents. The Hl is equal to 49 for onsite
construction workers based on inhalation of volatile COPCs in trench air from groundwater. Benzene,
naphthalene, xylenes and 1,3,5-trimethyl benzene are the hazard drivers in the construction worker
inhalation scenario. For offsite adult and child resident receptors, the Hls are equal to 1.3 and 3.1,
respectively.

As shown in Table 4-2, using the 95% UCL COPC sulfolane concentrations in EU-1, the Hls and ELCRs for
offsite construction workers, offsite adult and infant residents (subchronic exposure); and offsite indoor and
outdoor commercial workers, and offsite recreators are below the target levels. Assuming the 95% UCL
concentration for sulfolane in EU-1, the estimated Hls associated with ingestion of water is 1.1 for a child
resident (chronic exposure; Table E-28b).

Table 4-3a presents the estimated ELCRs and Hls using the maximum COPC sulfolane concentrations in
EU-2. Under the ARCADIS Comparative Scenario using maximum COPC concentrations in EU-2, the Hls
and ELCRs for offsite construction workers, offsite adult, child (chronic exposure) and infant residents
(subchronic exposure); and offsite indoor and outdoor commercial workers, and offsite recreators are below
the target levels.

As shown in Table 4-3b, using the 95% UCL COPC sulfolane concentrations in EU-2, the HIs and ELCRs
for offsite construction workers, offsite adult, child (chronic exposure) and infant residents (subchronic
exposure); and offsite indoor and outdoor commercial workers, and offsite recreators are below the target
levels.

Table 4-4a presents the estimated ELCRs and Hls using the maximum COPC sulfolane concentrations in
EU-2. Under the ARCADIS Comparative Scenario using maximum COPC concentrations in EU-3, the Hls
and ELCRs for offsite construction workers, offsite adult, child (chronic exposure) and infant residents
(subchronic exposure); and offsite indoor and outdoor commercial workers, and offsite recreators are below
the target levels.

As shown in Table 4-4b, using the 95% UCL COPC sulfolane concentrations in EU-3, the HIls and ELCRs
for offsite construction workers, offsite adult, child (chronic exposure) and infant residents (subchronic
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exposure); and offsite indoor and outdoor commercial workers, and offsite recreators are below the target
levels.

4.4 Evaluation of Potential Exposures to Lead in Onsite Groundwater

The USEPA'’s (2009b) ALM was used to evaluate current and future onsite outdoor commercial/industrial
workers and construction/trench workers potentially exposed to lead in onsite groundwater. The maximum
concentration of lead detected above the laboratory reporting limit in onsite groundwater is 2.05 ug/L. The
USEPA'’s threshold lead concentration of 10 pg/dL of whole blood is based on potentially adverse
neurological effects in children (CDC 2011). The 95" percentile PbB among fetuses of onsite adult
workers, assuming potential exposure to the maximum detected concentration in onsite groundwater, was
calculated using the ALM (USEPA 2009b). Using the groundwater ingestion rates and exposure
frequencies for current and future onsite outdoor commercial/industrial workers and construction/trench
workers presented in Table 3-12, the calculated probabilities that fetal PbBs are greater than10 ug/dL are
0.005 and 0.002%, respectively. Thus, potential exposures to lead in groundwater at the site are below
the regulatory level of concern and are not expected to pose adverse health effects to current and future
onsite outdoor commercial/industrial workers and construction/trench workers. The Calculations of Blood
Lead Concentrations spreadsheet is provided in Appendix I.

Based on the results of the ALM (USEPA 2009b), the maximum detected concentration of lead in onsite
groundwater is not expected to pose adverse health effects to current and future onsite outdoor
commercial/industrial workers or construction/trench workers.

4.5 Uncertainty Assessment — ARCADIS Scenario

Each exposure parameter value and toxicity value incorporated into the HHRA is associated with some
degree of uncertainty; these uncertainties may contribute to an overestimation or underestimation of risks
at the site (ADEC 2011c). Therefore, key uncertainties associated with each HHRA component (i.e., data
evaluation, COPC selection, toxicity assessment, exposure assessment and risk/hazard characterization)
were evaluated in the following subsections. In particular, separate analyses were conducted to assess
uncertainties related to oral RfDs for sulfolane, BCFs used for plant uptake of sulfolane into homegrown
produce, homegrown fruit and vegetable ingestion rates, and exposure assumptions for contact with
surface water. To allow a direct comparison illustrating the effect of the toxicity value selection, the
ARCADIS Comparative Scenario in Section 4 has been presented with all the exposure parameters
requested and approved by ADEC. For further comparison, ARCADIS also has evaluated risk for all
receptors based on the ARCADIS-derived toxicity value and the exposure parameters that ARCADIS
selected after its literature and data review. These results are presented in Tables4-5 through 4-9 and
addressed throughout this Uncertainty Section. Wherever presented, these results are referred to as the
“ARCADIS Scenario.”
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It is ARCADIS’ expert scientific opinion that this Scenario is health protective and reflects the use of
supportable science policy decisions that are consistent with USEPA guidance and current risk
assessment practices.

451 Data Evaluation

Soil and onsite groundwater samples were analyzed for a large suite of constituents from multiple samples
collected throughout the site over time. These samples were analyzed using accepted analytical
methodologies. It is unlikely that constituents were overlooked or underestimated by the analytical methods
employed. The laboratory data used for soil sulfolane analyses in 2010 and 2011 was not final at the time,
but the analytical results have been validated with an approved method.

The release-related constituents detected in soil (e.g., BTEX) were measured in more than 250 soil
samples, of which 88 were surface soil samples. The large data set provides high confidence in the 95%
UCL on the mean concentrations and in the representativeness of the use of this statistic for EPCs.

A large number of samples of key constituents detected at the site are available for use in the data
evaluation. For example, for sulfolane in offsite groundwater, more than 429 samples were grouped by
concentration ranges with each range having a high number of samples to represent that zone (i.e., 105
samples in the greater than 100 ug/L EU, 72 samples in the greater than 25 pg/L EU and 252 samples in the
EU with detections up to 25 pg/L). The number of samples increases the representativeness of the EPCs
based on these groupings of data and it is unlikely that the EPC based on the 95% UCL on the mean
concentration underestimates potential exposures to sulfolane given the number of samples. The maximum
detected concentration of sulfolane (443 ug/L) is 1.4 times higher than the next highest detection of
sulfolane in offsite wells and 3 times greater than the 95% UCL on the mean concentration for the greater
than 100 pg/L EU. The ARCADIS Scenario presented in this Uncertainty Section evaluates potential
exposures to COPCs in groundwater over each EU using 95% UCL concentrations.

Data for onsite wells with multiple sampling rounds were averaged together and these temporal average well
concentrations were grouped to calculate 95% UCL concentrations on the mean. Each temporal average
concentration represents multiple sampling events and provides a reliable measure of constituent
concentrations in that well. Grouping the data by well to estimate EPCs reduced the number of samples
upon which the statistical analysis could be based. Where too few wells were available to reliably estimate
95% UCL values, the highest temporal well average was used to represent the EPC, which is an
overestimate of potential exposure.
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4.5.2 Constituent of Potential Concern Selection

COPCs were selected from a list of COls known or suspected to have been used at the site. The
approaches used to characterize the site were intended to identify the COPCs in environmental media
associated with current and historical site operations. Sampling events were sequentially conducted based
on the knowledge obtained from past sampling events. It is likely that these events identified the majority of
areas with residual COPCs. While it is possible that some substances may have been omitted, the
probability of those substances being important in driving risk is expected to be low. The suite of analyses
that was selected represents those constituents that would most likely result from site operations and are
therefore the most relevant and appropriate constituents for estimating risks and hazards. Note that
analyses of isopropanol and propylene glycol were inadvertently missed during recent groundwater
sampling events. Although the potential presence of these constituents is not expected to change the
outcome of the risk evaluation, these COPCs will be evaluated once data have been collected.

453 Toxicity Assessment

Dose-response values are sometimes based on limited toxicological data. For this reason, a margin of
safety is built into estimates of both carcinogenic and noncarcinogenic risk, and actual risks are lower
than those estimated. The two major areas of uncertainty introduced in the dose-response assessment
are: (1) animal to human extrapolation and (2) high to low dose extrapolation. These are discussed
below.

Human dose-response values are often extrapolated, or estimated, using the results of animal studies.
Extrapolation from animals to humans introduces a great deal of uncertainty in the risk assessment
because in most instances, it is not known how differently a human may react to the constituent compared
to the animal species used to test the constituent. The procedures used to extrapolate from animals to
humans involve conservative assumptions and incorporate several uncertainty factors that overestimate
the potential adverse effects associated with a specific dose. As a result, overestimation of the potential
for adverse effects to humans is more likely than underestimation.

Predicting potential health effects from exposure to media containing COPCs requires the use of models
to extrapolate the observed health effects from the high doses used in laboratory studies to the
anticipated human health effects from low doses experienced in the environment. The models contain
conservative assumptions to account for the large degree of uncertainty associated with this extrapolation
(especially for potential carcinogenic effects) and therefore, tend to be more likely to overestimate than
underestimate potential risks.

Oral RfDs for sulfolane have been derived using different approaches and laboratory studies. For this
Revised Draft Final HHRA, two potential chronic oral RfDs for sulfolane were used to evaluate hazards:
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USEPA (2012b) PPRTV chronic oral RfD of 0.001 mg/kg-day and the ARCADIS-derived chronic oral RfD
of 0.01, was derived by ARCADIS. As expected, with a lower sulfolane oral RfD value, the Hls are higher.
For example, for the current and future offsite adult resident, based on ingestion of the 95% UCL
concentration of sulfolane in groundwater in EU-1, the estimated Hls ranged from 5 using USEPA PPRTV
chronic oral RfD of 0.001 mg/kg-day to 0.5 using the ARCADIS-derived chronic oral RfD of 0.01 mg/kg-
day that was derived directly from the scientific literature. For the current and future offsite adult resident,
based on ingestion of the maximum concentration of sulfolane in groundwater in EU-1, the estimated HI
would be 12 using the USEPA PPRTYV chronic oral RfD of 0.001 mg/kg-day and 1.2 using the ARCADIS-
derived chronic oral RfD of 0.01 mg/kg-day. In addition, two potential subchronic RfDs were used to
evaluate hazards associated with subchronic exposures: USEPA (2012b) PPRTV subchronic oral RfD of
0.01 mg/kg-day and the ARCADIS-derived subchronic oral RfD of 0.1 mg/kg-day, which was derived
directly from the scientific literature.

For the PPRTV Scenario presented in Section 3, the USEPA PPRTV chronic oral RfD for sulfolane was
used to assess potential exposures to children. In the ARCADIS Comparative Scenario presented in
Section 4.3, the ARCADIS-derived chronic oral RfD for sulfolane was used to assess potential exposures
to children. In the ARCADIS scenario presented in this uncertainty section, two sets of child exposures
are presented: one based on the ARCADIS-derived chronic oral RfDs for sulfolane and the other based
on the ARCADIS—derived chronic oral RfDs for sulfolane. The subchronic ARCADIS-derived oral RfD for
sulfolane was used to assess potential exposures to children (1 to 6 yrs old) in the ARCADIS scenario
because chronic RfDs correspond to 7 or more years of exposure and are developed to be protective of
long-term exposures to a constituent with a considerable margin of safety, which is typically over 1,000-
fold.

As noted in Dr. Farland’s toxicological assessment of sulfolane provided in Appendix K, a variety of
uncertainties are present when extrapolating from subtle effects in animals to human populations and from
partial lifetime studies in animals to longer term potential exposures in humans. Many of these uncertainties
are inherent in the policy choices available to risk assessors and are compounded when multiple policy
choices are chosen in a given assessment. Risk assessments that evaluate available information and rely
on scientific judgment, applied to the chemical constituent and its site-specific exposure characteristics, are
typically preferred over risk assessments that make significant use of default positions.

Calculation of a “safe” drinking water level based on the policy choices incorporated for sulfolane would be
up to thousands of times below the level where the subtlest potential adverse effects were NOT seen in the
animal studies and even many more times below the level where these subtle effects of unknown toxicologic
significance were seen. In its recent Health Consultation, the ADHSS (2012) concluded after its own
evaluation that “it is unlikely that North Pole residents who drank well water with levels of sulfolane higher
than ATSDR’s recommended levels would experience health effects resulting from exposure to sulfolane.”
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454 Exposure Assessment

According to USEPA (2001) guidance, screening-level estimates of exposure and risk calculations use
assumptions that maximize the estimate of risk to ensure that only those constituents that represent a de
minimis risk are eliminated from further consideration, and those that potentially pose an unacceptable risk
will be retained for consideration in subsequent steps of the risk assessment process. As requested by the
ADEC, maximum concentrations of COPCs were used as EPCs in the risk calculations for the potential
receptors evaluated for the PPRTV Scenario (Section 3) and the ARCADIS Comparative Scenario (Section
4.3). More often, a conservative estimate of average concentrations of constituents is used to represent
EPCs (USEPA 1989, 2002c, 2006b, 2007). Potential receptors are more likely to be exposed to a range of
these concentrations represented by the average or 95% UCL concentration. As such, the PPRTV
Scenario and the ARCADIS Comparative Scenario also present risk results based on the 95% UCL
concentrations. Because groundwater data collected from off-site wells indicate that offsite sulfolane
concentrations are generally not increasing, the use of the maximum concentration will overestimate the true
risk for most, actual receptors.

Concentrations of VOCs in indoor air of current and future onsite commercial/industrial structures were
estimated using concentrations of VOCs in groundwater at the site. Due to the uncertainties associated
with partitioning from soil to soil gas, ITRC (2007b) does not recommend using soil data as a source of
COPCs to evaluate potential vapor intrusion. Thus, use of soil data to evaluate potential soil vapor
concerns is inappropriate. USEPA (2002a) and ITRC (2007a) recommendations concluded that there is
insufficient scientific support for this procedure. ITRC (2007a) notes “Scientific studies have failed to show
good correlation between soil and soil gas sampling and analysis on a consistent basis.” They conclude by
recommending that soil data should be used only as a secondary line of evidence and not as a primary line.
Overall, the scientific evidence indicates that use of soil data is not a reliable approach for identifying
potential vapor intrusion concerns.

Dermal contact with COPCs in groundwater by current and future onsite outdoor commercial/industrial
workers was considered an insignificant exposure pathway. Onsite use of groundwater beneath the site is
limited to infrequent fire extinguishing. Fires at the site are very rare and the period of exposure would likely
be relatively very short. Thus, exclusion of this potential exposure pathway would not significantly impact
ELCR and HI estimates for these possible onsite receptors.

For the offsite CSM, it was assumed that groundwater may be connected with surface water, and pore-
water data were collected to evaluate potentially complete exposure pathways for surface water. Pore-
water piezometer installation methods needed to be revised for two of the three offsite locations because the
surface-water body was frozen and true pore-water samples could not be collected. However, the
groundwater samples collected were able to be evaluated for human health risk. Because sulfolane
degrades more rapidly in the presence of nutrients and oxygen that would be present in the surface water
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(ADHSS 2010), and given the limited groundwater- surface water interchange, the results from these
samples likely overestimate the concentration of COPCs in surface water. Thus, the data used for the
swimming scenario overestimate human health risk.

Ingestion of offsite groundwater by current and future offsite residents was the primary exposure pathway for
these potential receptors and resulted in the relatively highest Hls, including for infants (0 to 1 year). The
ingestion rate used for this age group slightly exceeded that used for children (0 to 6 years). It was also
assumed that infants do not breastfeed and that their formula was made with tapwater instead of
pediatrician-recommended distilled water. Thus, it is highly likely that HI estimates for this receptor were
overestimated.

Only potential ingestion exposures were quantitatively assessed for sulfolane. This analysis suggests
dermal contact and inhalation exposure routes are not significant for sulfolane, which is supported by
ATSDR (2010 and 2011) Health Consultations and animal studies (Brown et al. 1966, Andersen et al.
1977). Although these exposure routes were excluded, inclusion of them would likely not contribute
significantly to overall hazard estimates. As described in Section 4.1.1.4, dermal contact and inhalation
exposure routes are not significant for sulfolane. These assumptions are based on animal studies that
have shown that sulfolane is not readily absorbed through human skin because of its low permeability and
is not expected to pose a significant risk via an inhalation exposure route due to its low volatility. Ingestion
of sulfolane in impacted environmental media is the appropriate exposure route to assess potential
hazards to on and offsite receptors. Estimated hazards based on inhalation and dermal exposure routes
are insignificant relative to hazards estimated based on the ingestion exposure route.

Both the ingestion rates of homegrown fruit and vegetables and the FI of each for offsite residents are not
known. In the PPRTV Scenario and the ARCADIS Comparative Scenario, ingestion of fruit and vegetables
by offsite residents was evaluated based on an assumed consumption rate at a level equivalent to 95% of
the population (Table 3-12). However, the USEPA (2011a) recommends use of mean homegrown produce
ingestion rates because mean values from their surveys are more stable than upper percentile values and
because USEPA’s RME scenario is defined as a combination of high end and mean exposure assumptions
(USEPA 1989, 1991). Accordingly, the ARCADIS Scenario incorporates the use of mean values.

Alternate exposure parameters used in the ARCADIS Scenario are presented on Table 4-5. This third
scenario uses produce consumption parameters per USEPA guidance, which translate to adult fruit and
vegetable ingestion rates of 63,000 and 175,000 mg/day, respectively; child resident fruit and vegetable
ingestion rates of 69,000 and 81,000 mg/day, respectively; and infant resident fruit and vegetable ingestion
rates of 41,850 and 33,750 mg/day, respectively, based on mean per capita intakes presented in the
USEPA (2011a) EFH Table 9-3. These calculations translate into the assumption that adults will consume
approximately 2.2 ounces of fruits and 6 ounces of vegetables a day; children will consume approximately
2.5 ounces of fruits and 2.9 ounce of vegetables a day; and infants will consume approximately 1.5 ounces
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of fruits and 1.1 ounces of vegetables a day. The risk assessment in the ARCADIS Scenario (Section 4.5.6,
below) assumes that during their first year of life, infants will ingest approximately 59 pounds of homegrown
fruits and vegetables. For children and adults, the produce consumption rate is assumed to be
approximately 123 and 187 pounds per year of homegrown fruits and vegetables, respectively.

Hls would be approximately three times lower for the ingestion of produce exposure pathway when using
the mean per capita ingestion rates and keeping all other assumptions the same as presented in Table 3-
12. However, even using high-end exposure and uptake assumptions for ingestion of homegrown
produce, this is an insignificant exposure pathway compared to ingestion of groundwater.

For the PPRTV Scenario and the ARCADIS Comparative Scenario, a groundwater-to-produce BCF value of
1 was assumed. The ARCADIS Scenario (Section 4.5.6, below) uses a lower groundwater-to-produce BCF
value based on literature review and derived from data presented in the Final Results of the North Pole
Garden Sampling Project (ADEC 2011b). Specifically, plant tissue concentrations were combined with
measured groundwater concentrations from the corresponding drinking water wells to derive a BCF for each
plant species using the following equation:

BCF = [sulfolane concentration in plant tissue from garden]/
[sulfolane concentration in water used to irrigate the garden]

Average species-specific BCF values ranged from 0.06 to 0.61, with the lower values associated with roots
and vegetable fruits (e.g., tomatoes) and the higher values associated with stems and leaves. These values
were further evaluated to calculate a 95% UCL value of 0.32. This BCF was used in the ARCADIS
Scenario to evaluate offsite resident ingestion of homegrown produce that has been irrigated with
groundwater impacted by sulfolane. Using this BCF and other exposure assumptions for the ARCADIS
Scenario (Table 4-5), the His for the produce exposure pathway are:

e EU-1 (Table 4-7): 0.003 for adult residents (chronic exposure), 0.01 for child residents (chronic
exposure) and 0.001 for infant residents (subchronic exposure).

e EU-2 (Table 4-8): 0.001 for adult residents (chronic exposure), 0.003 for child residents (chronic
exposure) and 0.0004 for infant residents (subchronic exposure).

e EU-3 (Table 4-9): 0.0002 for adult residents (chronic exposure), 0.0006 for child residents (chronic
exposure) and 0.00007 for infant residents (subchronic exposure).

For the ARCADIS Scenario (Section 4.5.6, below), the adult and child recreational user surface-water

ingestion rates of 0.021 and 0.049 liter/hour, respectively, were based on USEPA (2011a) recommended
mean values for swimmers from the EFH Table 3-5. Adult and child recreational users were assumed to
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swim for 30 and 6 years, respectively, for 30 days per year for 0.5 hour per day. ARCADIS chose its
exposure parameters to reflect the short time during which surface-water bodies near North Pole, Alaska
may be warm enough to promote swimming. As noted in Tables 4-7, 4-8, and 4-9, Hls calculated for the
ARCADIS Scenario that uses the assumptions described in this paragraph are approximately ten times
lower (factor of 9.7) than the ARCADIS Comparative Scenario.

4.5.5 Risk Characterization

Some Hls exceed the ADEC acceptable target HI equal to 1, particularly those estimated for onsite
construction/worker exposures to volatile COPCs in the air of a trench, which have been modeled from
groundwater concentrations. For this Revised Draft Final HHRA, endpoint-specific HIs were not calculated
and summing all HQs regardless of endpoint is health-protective. The USEPA acknowledges that adding
all HQ or HI values may overestimate hazards, because the assumption of additivity is probably appropriate
only for those chemicals that exert their toxicity by the same mechanism (USEPA 1989). Application of
endpoint-specific His is expected to reduce total HI estimates.

As noted above, the child scenario has been assessed using the chronic oral reference dose, which is by
definition a daily dose that is protective for sensitive receptors for lifetime exposures. Many USEPA
programs such as the drinking water program use adult scenarios to protect both adults and children. For
instance, Federal drinking water standards are derived using adult receptors, and USEPA states that such
standards are protective for both adults and children. The use of the child exposure levels and body weights
coupled with a chronic reference dose in this section provides an additional margin of exposure, but it is
uncertain whether it provides additional public health protection. Appendices and H and K provide additional
information on sulfolane’s toxicological profile which shows that sulfolane presents no special concerns to
children and that focusing public health protection efforts on adult receptors using a chronic reference dose
adequately protects children.

4.5.6 Estimated Risk and Hazards for Uncertainty Assessment - ARCADIS Scenario

This section presents a detailed summary of ELCRs and Hls for potential offsite receptors (Section 4.3.2.2)
under the ARCADIS Scenario. For each potential receptor, ELCRs and/or HIs are summarized based on
possible exposure to maximum soil EPC COPC concentrations and/or 95% UCL-based soil and
groundwater EPC COPC concentrations. Potential ELCRs and Hls related to offsite surface water
exposures are also presented in this section. Appendix G presents complete risk calculations for onsite and
offsite receptors based on 95% UCL soil and groundwater COPC concentrations and maximum assumed
surface water concentrations.

Summaries of the cumulative ELCRs and estimated Hls for the receptors evaluated under the ARCADIS
Scenario are presented in the following tables:
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e Table 4-7 presents ELCR and HI summaries for potential offsite receptors at EU-1 based on 95%
UCL soil and groundwater EPCs, as well ELCR and HI summaries for potential offsite surface water
exposure based on maximum pore water (assumed surface water) EPCs.

e Table 4-8 presents ELCR and HI summaries for potential offsite receptors based on 95% UCL soil
EPCs and 95% UCL groundwater EPCs at EU-2 wells. ELCR and HI summaries for potential offsite
surface water exposure based on maximum pore water (assumed surface water) EPCs are also
presented in Table 4-8.

e Table 4-9 presents ELCR and HI summaries for potential offsite receptors based on 95% UCL soil
EPCs and 95% UCL groundwater EPCs at EU-3 wells. ELCR and HI summaries for potential offsite
surface water exposure based on maximum pore water (assumed surface water) EPCs are also
presented in Table 4-8.

As noted above, tables 4-6 to 4-9 present ELCR and HI summaries for potential offsite receptors based
on 95% UCL COPC groundwater concentrations in each of the offsite EUs (95% UCL COPC groundwater
concentrations are presented in Tables 4-6 and 4-7 for EU-1, Table 4-8 for EU-2, and Table 4-9 for EU-
3). Potential dust exposures from onsite surface soil are based on 95% UCL surface soil (0 to 2 feet bgs)
COPC concentrations.

4.5.6.1 Estimated Risks and Hazards for Potential Offsite Resident Receptors

Potential offsite receptors evaluated in the ARCADIS Scenario include current and future residents (adults,
children and infants) and off-site recreators. In these ARCADIS scenarios, potential exposures were
evaluated using the ARCADIS-derived oral RfDs for sulfolane that were derived from the scientific literature.
Specifically, the ARCADIS-derived chronic oral RfD for sulfolane was used to evaluate potential exposures
to adult residents and adult recreational users. Both the chronic and subchronic oral RfDs for sulfolane were
used to evaluate child residents and child recreational users, and only the subchronic oral RfD for sulfolane
was used to evaluate infant residents exposures.

4.5.6.1.1 Offsite Adult, Child and Infant Residents

Use of the maximum detected concentration of sulfolane in groundwater is overly conservative and over
estimates Hls for offsite residents (chronic exposure), as is demonstrated by available data. Evaluation of
separate EU data and corresponding 95% UCL concentrations sulfolane concentrations is a more

appropriate approach for the reasons discussed previously.

Table 4-7 and Tables G-5a, G-6a and G-7a (Appendix G) present the estimated ELCRs and Hls for offsite
resident receptors including resident adults (chronic exposure), resident children (chronic and subchronic
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exposure) and resident infants (subchronic exposure), respectively, based on inhalation of soil COPCs
associated with fugitive windborne dust or vapors from onsite COPCs in surface soil, assuming 95% UCL
COPC concentrations. The total estimated ELCR is 4 x 10°® and the total estimated HI is 0.001 for an adult
resident receptor (chronic exposure; Table G-5a). The total estimated ELCR is 9 x 10 and the total
estimated Hl is 0.001 for child resident receptor (chronic exposure; Table G-6a). For the infant resident
receptor (subchronic exposure), the total estimated ELCR is 1 x 10 and the total estimated Hl is 0.0007
(Table G-7a).

For potential exposures to 95% UCL sulfolane concentrations in groundwater at EU-1, the estimated Hls for
offsite residents potentially exposed via ingestion of groundwater (i.e., tapwater) from EU-1 are presented in
Table 4-7. The total estimated Hls for offsite resident receptors are 0.5 for adult resident (chronic exposure;
Table G-5b [Appendix G]), 1 for child resident (chronic exposure; Table G-6b [Appendix G]) and 0.3 for
infant resident (subchronic exposure; Table G-7b [Appendix G]). For potential exposure to sulfolane in
homegrown produce irrigated with groundwater in EU-1, the estimated HI for an adult resident is 0.003
(chronic exposure; Table G-5b [Appendix G]), the estimated HI for a child resident is 0.01 (chronic
exposure; Table G-6¢ [Appendix G]) and the estimated HI for an infant resident is 0.001 (subchronic
exposure; Table G-7c [Appendix G]). Tables G-11 and G-12 present the Hls associated with ingestion of
surface water for adults (chronic exposures; Table G-11) and children (chronic exposures; Table G-12a).

Separate hazards were also evaluated for the resident child receptor based on subchronic toxicity values
because the ED for this receptor (6 years) meets the definition of subchronic exposure. Table 4-7 and Table
G-6d (Appendix G) presents the estimated ELCRs and Hls for offsite child residents in EU-1, assuming
potential exposure to 95% UCL COPC concentrations in ambient air from onsite surface soil using
subchronic RfDs, including the ARCADIS-derived subchronic oral RfD for sulfolane. The total estimated
ELCR is 9 x 10® and the total estimated Hl is 0.0007. Excluding the estimated arsenic ELCR and HI, which
are likely attributable to background, the total estimated ELCR is 8 x 10 and the total estimated Hl is
0.0005 (see Table G-6d [Appendix G]).

Table 4-7 and tables G-6e and G-6f (Appendix G) present the estimated Hls for a child resident in EU-1
based on ingestion of the 95% UCL detected concentration of sulfolane in groundwater (i.e., tapwater) and
ingestion of homegrown produce, respectively. These scenarios were evaluated using the ARCADIS-
derived subchronic oral RfD for sulfolane. The estimated Hls for a child resident assuming subchronic
exposures at EU-1 are 0.1 and 0.001 based on ingestion of tapwater and ingestion of homegrown produce,
respectively (see Tables G-6e and G-6f [Appendix G]).

Table 4-8 presents the estimated HIs associated with offsite resident receptors potentially exposed to
groundwater at EU-2. Assuming the 95% UCL of sulfolane in groundwater at EU-2 and using the alternative
oral RfDs for sulfolane derived directly from the scientific literature by ARCADIS, the estimated HI for an
adult resident is 0.2 (chronic exposure; Table G-13a [Appendix G]), the estimated HI for a child resident is
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0.4 (chronic exposure; Table G-14a [Appendix G]) and the estimated HI for an infant resident is 0.09
(subchronic exposure; Table G-15a [Appendix G]), based on ingestion of tap water. For consumption of
homegrown produce irrigated with groundwater from EU-2 (95% UCL), the estimated Hls for offsite resident
receptors are 0.001 for adult residents (chronic exposure; Table G-13b [Appendix G]), 0.003 for child
residents (chronic exposure; Table G-14b [Appendix G]) and 0.0004 for infant residents (subchronic
exposure; Table G-15b [Appendix G]).

Assuming subchronic exposures by a resident child, Table 4-8 includes the estimated Hls using the
ARACADIS-derived subchronic oral RfD for sulfolane. The estimated Hl is 0.04 for the offsite child resident
receptor ingesting groundwater (i.e., tapwater) from ingestion of EU-2 (95% UCL concentration of sulfolane
in groundwater (i.e., tapwater) (see Table G-14c [Appendix G]). The estimated HI for this receptor based on
subchronic exposure and ingestion of homegrown produce irrigated with groundwater from EU-2 (95% UCL
sulfolane concentration) is 0.0003 (see Table G-14d [Appendix G]).

Table 4-9 presents the hazard estimates for potential exposures by offsite resident receptors at EU-3, based
on ingestion of tapwater and ingestion of homegrown produce, respectively, assuming the 95% UCL for
sulfolane in groundwater and ARCADIS-derived oral RfD for sulfolane. For offsite resident receptors
ingesting groundwater (i.e., tapwater), the estimated Hls are 0.03 for the adult resident (chronic exposure;
Table G-19a [Appendix G]), 0.07 for the child resident (chronic exposures; Table G-20a [Appendix G]) and
0.02 for the infant resident (subchronic exposures; Table G-21a [Appendix G]). For potential exposures from
consumption of homegrown produce in EU-3, the estimated Hls are 0.0002 for the adult resident (chronic
exposure; Table G-19b [Appendix G]), 0.0006 for the child resident (chronic exposures; see Table G-20b
[Appendix G]) and 0.00007 for the infant resident (subchronic exposures; Table G-21b [Appendix G]).

Assuming subchronic exposures by a resident child, Table 4-9 includes the estimated Hls using the
alternative subchronic oral RfD for sulfolane. The estimated HI is 0.007 for the offsite child resident receptor
ingesting groundwater (i.e., tapwater) from EU-3 (95% UCL concentration of sulfolane) (Table G-20c
[Appendix G]). The estimated HI is 0.00006 for this receptor based on subchronic ingestion of homegrown
produce irrigated with groundwater from EU-3 (95% UCL sulfolane concentration) (see Table G-20d
[Appendix G]).

4.5.6.1.2 Offsite Adult and Child Recreational Users

The estimated Hls for an offsite adult recreational user (i.e., swimmer) who may incidentally ingest sulfolane
in surface water are presented in Table 4-7, 4-8, and 4-9. The estimated Hls are based on the maximum
offsite sulfolane concentration in pore water and the ARCADIS-derived chronic oral RfDs for sulfolane. For
offsite adult recreational users, the estimated HI is 0.0002 (chronic exposure; Table G-11 [Appendix G]).
Tables 4-7, 4-8, and 4-9 also show the estimated Hls for the offsite child (aged 1 to 6 years) recreational
user (i.e., swimmer) who may incidentally ingest sulfolane in surface water, assuming the maximum offsite
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sulfolane concentration in pore water and using both the ARCADIS-derived chronic and subchronic oral
RfDs for sulfolane, respectively. For offsite child recreational users, the Hl is 0.002 assuming chronic
exposure (Table G-12a [Appendix G]) and 0.0002 assuming subchronic exposures (Table G-12b [Appendix
G)).

4.5.7 Conclusions for ARCADIS Scenario

Table 4-7 presents the estimated ELCRs and Hls using 95% UCL COPC concentrations in EU-1. Using the
95% UCL onsite COPC soil concentrations, the 95% UCL onsite and EU-1 offsite sulfolane groundwater
concentrations, the ARCADIS-derived oral RfDs for sulfolane, and the alternate ARCADIS exposure
assumptions (Table 4-5), the estimated Hls for all receptors evaluated in the ARCADIS Scenario are equal
to or below the target HI of 1.

The estimated total ELCRs for the potential receptors evaluated in the ARCADIS Scenario are equal to or
below the ADEC acceptable ELCR of 1 x 10™.

As shown in Table 4-8, using the 95% UCL COPC concentrations in onsite surface soil and 95% UCL
sulfolane concentration in groundwater in EU-2, the estimated Hls are below the target HI of 1 for the
potential receptors evaluated. The estimated total ELCRs for the receptors evaluated are below the ADEC
acceptable ELCR of 1 x 10°.

As shown in Table 4-9, using the 95% UCL COPC concentrations in onsite surface soil and 95% UCL
sulfolane concentration in groundwater in EU-3, the estimated Hls are below the target HI of 1 for the
potential receptors evaluated. The estimated total ELCRs for the receptors evaluated are below the ADEC
acceptable ELCR of 1 x 10,

As demonstrated in this section and in Tables 4-6 through 4-9, there are no offsite potential receptors that

exceed the target HI of 1 and no offsite EUs that exceed the acceptable ELCR when the ARCADIS-derived
toxicity value is used in combination with the ARCADIS exposure parameters.
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5. Site-Specific Alternative Cleanup Levels

The Draft Risk Assessment Procedures Manual (ADEC 2010a, 2011d) provides for ACLs to be calculated
for receptors who exceed a target risk level, by setting the total carcinogenic risk to 1 x 10™ or the Hl to 1

and solving for the concentration term for each COPC in each medium that contributes significantly to total
potential risk (“risk drivers”). Under this method, using the exposure parameters set forth in the PPRTV and
ARCADIS Comparative Scenarios, and individual COPC ELCR target risk of 1 x 10 and HI of 1, ACLs of
0.6, 0.03, 3.5 and 0.09 mg/L were calculated for benzene, naphthalene, xylenes and 1,3,5-
trimethylbenzene, respectively, based on incidental ingestion of groundwater in a trench, dermal contact with
groundwater and inhalation of trench air by onsite construction workers. Table 5-1 presents the ACLs for the
PPRTV, ARCADIS Comparative, and ARCADIS Scenarios, Appendix J provides the calculations.

The ADEC and FHRA continue to discuss and evaluate an appropriate ACL for sulfolane; therefore, no ACL
is proposed for sulfolane at this time. Using the various exposure scenarios, toxicological reference values
and exposure assumptions presented in this Revised Draft Final HHRA, the range of potential ACLs
includes:

¢ 14 ug/L, derived from the PPRTV RfD and ADEC-approved exposure assumptions (PPRTV
Scenario), for a child with chronic exposure

¢ 145 ug/L, derived from the ARCADIS RfD and ADEC-approved exposure assumptions (ARCADIS
Comparative Scenario), for a child with chronic exposure

e 362 ug/L, derived from the ARCADIS RfD and the alternate exposure assumptions (ARCADIS
Scenario), for an adult with chronic exposure.

Based on the Margin of Exposure evaluation presented in Appendix K, ARCADIS and Dr. Farland conclude
that an ACL within this range would be protective of human health. Table 5-2 provides the ACLs that
correspond to the PPRTV, ARCADIS Comparative, and ARCADIS Scenarios for infant (subchronic), child
(subchronic and chronic) and adult (chronic) exposures.

In the meantime, as potential sulfolane ACLs are considered, offsite residents and commercial workers
located immediately north of the site obtain drinking water from the city’s new water supply wells. Individuals
located outside the city water service area but within or near the dissolved sulfolane plume have been
provided with alternative water supplies by FHRA (including treatment systems, bulk water tanks or
continued supplies of bottled water) to eliminate potential ingestion of groundwater impacted with sulfolane.
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