Attachment A

Relative Bioavailability of Inorganic Arsenic
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This attachment provides more detailed information regarding the basis for assuming reduced
relative bioavailability for arsenic derived from dislodgeable materials as recommended in these
comments. Both the regulatory and technical bases for developing relative bioavailability adjustment
(RBA) factors are discussed. Information is provided on studies of the relative bioavailability of
dislodgeable arsenic, as well as other relevant media such as arsenic in soil originating from CCA-treated
wood. Arsenic leaching studies that provide additional information regarding the likely bioavailability of
arsenic from sources associated with wood treated with chromated copper arsenate (CCA) are also

reviewed.

Overview

A critical factor determining the magnitude of potential exposures and risks associated with a
chemical is its bioavailability, i.e., the amount of the chemical that is actually absorbed into the body. A
chemical's bioavailability is influenced by such factors as the species of the chemical, the matrix in which
it is present, the amount of time that a chemical is in a matrix, and the route by which exposure occurs.
When chemicals are ingested, bioavailability is determined by the amount of a chemical that is dissolved
in gastrointestinal fluids and absorbed across the gastrointestinal tract into the bloodstream. An ingested
chemical that is adsorbed to soil or some other solid medium like wood dust may be absorbed less

completely than the same ingested dose of the chemical when dissolved in water (NEPI, 2000).

Another important factor to consider is the relative bioavailability of the chemical under the
exposure conditions of interest when compared to the bioavailability of the chemical under the exposure
conditions present in the study that forms the basis for the quantitative toxicity factor for the chemical
(USEPA, 1989). Frequently, quantitative toxicity factors are calculated based on studies where the
chemical was administered in food or water. By contrast, risk assessments for chemicals in the
environment often require assessments of the exposures and risks associated with chemicals in soil or
other solid media. Where the bioavailability of the chemical observed in the toxicity study is likely to
differ from that under the exposure conditions of interest, a relative bioavailability adjustment (RBA)
factor is derived. The RBA factor for a specific chemical reflects the absorption fraction from the
exposure medium of interest in the risk analyses (e.g., soil or wood dust) relative to the absorption

fraction from the exposure medium used in the relevant toxicity study (e.g., food or water).
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It is widely recognized that the bioavailability of many metals and organic chemicals in soil or
other solid media tends to be considerably lower than bioavailability from food or water (see, e.g., Ruby
et al., 1999; Alexander, 2000). Bioavailability from soil and other solid media can be affected by a
number of factors, including the form of the chemical, its solubility, the size distribution of the ingested
particles, the type of soil or other medium, the degree of encapsulation of the chemical within an

insoluble matrix, and the nutritional status of the exposed individual.

Guidance from the U.S. Environmental Protection Agency (EPA) recognizes the need to make
adjustments for the reduced bioavailability of compounds in soil and other media. For example, EPA's

Risk Assessment Guidance for Superfund (USEPA, 1989) notes:

"If the medium of exposure in the site exposure assessment differs from the medium of
exposure assumed by the toxicity value (e.g., RfD values usually are based on or have
been adjusted to reflect exposure via drinking water, while the site medium of concern
may be soil), an absorption adjustment may, on occasion, be appropriate. For example, a
substance might be more completely absorbed following exposure to contaminated
drinking water than following exposure to contaminated food or soil (e.g., if the
substance does not desorb from soil in the gastrointestinal tract)."

EPA guidance also recommends the use of RBA factors “to adjust a food or soil ingestion
exposure estimate to match an RfD or slope factor based on the assumption of drinking water ingestion ”

(USEPA, 1989).

The risk analyses conducted by the staff of the Consumer Product Safety Commission (CPSC)
focus on potential exposures and risks associated with arsenic from dislodgeable materials on the surface
of CCA-treated wood. To assess the potential bioavailability of arsenic from this source, data from
bioavailability studies using wood dust and dislodgeable residue itself are of interest. For arsenic present
in material directly contacted and dislodged from CCA-treated wood, data from two studies of dogs fed
sawdust from CCA-treated wood suggest a relative bioavailability estimate of 47% (Peoples, 1976;
Peoples and Parker, 1979). Initial results from a recent study in which hamsters were fed dislodgeable
arsenic support reduced RBA estimates for dislodgeable arsenic and suggest that the RBA value may be
in the range of 10-20% (Aposhian, 2001). Additional animal studies of the bioavailability of dislodgeable
arsenic have been designed with input from EPA and other regulatory agencies and are currently
underway. The results of these studies, as well as other factors indicating the reduced bioavailability of
dislodgeable arsenic, should be incorporated into CPSC's risk analyses. Other factors supporting a

reduced bioavailability of dislodgeable arsenic from CCA-treated wood include the chemistry of the
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wood treatment process, which is designed to fix arsenic and the other metals within the wood matrix; the
form of arsenic found on the wood surface; studies indicating that only a small proportion of dislodgeable
arsenic is soluble; and toxicology and epidemiology studies indicating few adverse effects that are

attributable to arsenic exposure from CCA-treated wood.

In addition to the animal studies available for deriving an estimate of oral bioavailability, other
factors support an assumption of reduced bioavailability for dislodgeable arsenic. First, the chemical
process that occurs during wood treatment is designed to bind the CCA in the wood so that the fixative
will persist and prevent deterioration of the wood over a long period of time (Bull, 2001). Second, a
study of the composition of dislodgeable materials suggests that a substantial proportion of the arsenic
observed on the surface of CCA-treated wood is insoluble. Specifically, an analysis of dislodgeable
surface materials collected from samples of CCA-treated wood found that arsenic comprised a maximum
average value of 0.2% of the surface material on the treated wood and that approximately 94-100% of the
surface arsenic was insoluble in water (Cui, 2001; Osmose, 2001). X-ray diffraction techniques have
shown the form of arsenic on the surface of CCA-treated wood to be non-crystalline amorphous oxide
complexes (Kamdem, 2001; Kamdem and Cui, 2001), which is consistent with the foregoing
observations. Overall, these findings support the assumption that the bioavailability of arsenic present in
dislodged materials is less than would be expected based on consideration of the total measured arsenic

concentration.

Additional evidence of the reduced bioavailability of dislodgeable arsenic comes from the results
of leaching studies. Data from leaching studies indicate that arsenic is not released from treated wood to
any appreciable extent under normal outdoor conditions (e.g., when exposed to rainwater) and is
primarily mobilized from the wood through physical transport of dislodgeable particles (e.g., wood
particles). Based on a review of the leaching studies, two key observations support reduced RBA factors
for dislodgeable arsenic. First, the duration of the leaching studies in acidic solutions ranged from 4 to 40
days. This duration is significantly longer than the period of time that food (or ingested dislodgeable
arsenic) remains in the human stomach, i.e., approximately 4 hours (Vander et al., 1994). Thus, the
leaching studies are likely to overestimate arsenic leaching that would occur in the human gastrointestinal
tract. Second, the reported amount of arsenic leached in these studies ranged from 17 to 44%. Together,
these observations suggest that the RBA estimate of 47% for dislodgeable arsenic that is derived from the

dog studies is likely to represent a conservative value. The lower RBA values suggested by the
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preliminary results from the hamster studies (i.e., 10-20%) are also consistent with the results of the

leaching studies.

The reduced bioavailability of arsenic associated with dislodgeable materials is also consistent
with extensive information in the scientific literature indicating the generally reduced relative
bioavailability of arsenic from soil and other solid matrices, including soil from a CCA treatment site.
Overall, based on rabbit, monkey, dog, and swine studies published in the peer-reviewed literature,
relative bioavailability estimates for arsenic in soil range from near zero to approximately 50%. The
corresponding oral bioavailability for soluble forms of arsenic (i.e., the type of arsenic present in the
epidemiological and animal studies upon which the standard toxicity factors are based) reported in
published in vivo studies is as high as approximately 95%. Results from two studies of soil from CCA
wood treatment sites revealed a similarly reduced relative bioavailability of arsenic. In particular, results
from a study in which primates were fed soil collected at a CCA treatment site indicate an RBA value of

16.3% (Roberts et al., 2001).

The chemistry of arsenic in soil also suggests a reduced bioavailability. Arsenic is generally
tightly bound to soils (Cooper, 1990; USDA, 1980). Arsenates, including chromium arsenate, are the
form of arsenic in found in treated wood, released from treated wood as dislodgeable arsenic, and
observed in soil in the vicinity of structures built of CCA-treated wood. Arsenates strongly bind to ferric
hydroxides, which are abundant in soils. Arsenates can also form insoluble complexes with ferric iron,
aluminum, or calcium, all of which are abundant in soil (Cooper, 1990). Unless there are unusual
circumstances, arsenic will remain in the arsenate form. Reducing conditions can yield changes in the
form of arsenic found in the environment; however, such conditions are rare in surface soils. In the
arsenate form, arsenic is in its +5 oxidation state, which is a less soluble and less mobile form than
arsenite (As+3) (ATSDR, 2000; Masscheleyn et al., 1991 as cited in Townsend, et al., 2001). In fact,
arsenite (As") was looked for and not found in properly treated wood (Nygren and Nilsson, 1993). These
observations, regarding the chemical species of arsenic in soil near treated wood structures, its strong
binding to soil, and its reduced solubility and mobility, all support a reduced bioavailability of CCA-

derived arsenic in soil.

Additional support for the recommended assumptions regarding the reduced bioavailability of

arsenic associated with CCA-treated wood is provided below.
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Bioavailability of Dislodgeable Arsenic

Several studies have assessed the bioavailability of arsenic associated with CCA-treated wood.
These studies have examined the bioavailability and toxicity of arsenic in sawdust from CCA-treated
wood and provide a useful basis for estimating the relative bioavailability of dislodgeable arsenic. They
are also the most relevant studies currently available. In these studies, dogs were fed sawdust from CCA-
treated wood (Peoples, 1976; Peoples and Parker, 1979). In the first of these studies, two dogs were fed
sawdust from CCA-treated wood (equal to an arsenic dose of 39 mg/day) for a period of 5 days (Peoples,
1976). Urine and feces samples were collected from these animals on the days when the sawdust was
administered as well as for several days before and after this treatment period. Arsenic absorption was
then assessed by comparing the amounts of arsenic excreted in urine with the total ingested arsenic dose.
This comparison yielded an estimate of absolute arsenic absorption of 26% based on data from one

animal and 29% based on data from the other.

A test group using ingested soluble arsenic was not included in the study; therefore, relative
bioavailability cannot be calculated from the study results. Data presented in Hollins et al. (1979),
however, indicate that absorption of soluble arsenic is similar in dogs and monkeys. As a result, RBA
estimates were derived by comparing the absolute arsenic bioavailability measured in this study with the
soluble arsenic bioavailability estimate for monkeys (68%) observed in a study by Freeman et al. (1995).

This calculation yields RBAs of 38% and 43% for the two animals in this study.

In a second study, a dog was fed sawdust from CCA-treated wood (equal to an arsenic dose of
6 mg/day) for a period of § days (Peoples and Parker, 1979). Chemical analyses indicated that the dog
received an additional 0.135 mg/day of arsenic through dietary sources. Comparison of the total arsenic
intake during the feeding period with the amount of arsenic excreted in the urine indicated that
approximately 40% of the ingested arsenic was absorbed. Using the same approach as noted above, an
RBA estimate of 59% was derived. The absorption estimates derived in these two studies are relatively
similar to each other and are consistent with the range of bioavailability estimates observed for arsenic in
soil, as described below. Thus, these data support use of an RBA value of 47% for estimating the relative

bioavailability of dislodgeable arsenic from CCA-treated wood.

Another recently conducted bioavailability study has administered dislodgeable arsenic to

hamsters via oral gavage (Aposhian, 2001). Initial results from this study support reduced bioavailability
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estimates for dislodgeable arsenic and suggest that the RBA value for dislodgeable arsenic may be in the
range of 10-20%. Moreover, additional animal studies of the bioavailability of dislodgeable arsenic have
been designed with input from EPA and other regulatory agencies. These data should be used to derive a

refined estimate of the bioavailability of dislodgeable arsenic.

A single study of dermal absorption of arsenic from CCA-treated sawdust also observed reduced
bioavailability of this material. Specifically, no significant change in urinary arsenic excretion was

observed in a single dog exposed to a test patch of the sawdust for 2 days (Peoples, 1979).

Finally, while only a few studies have been undertaken to directly evaluate the toxicity of arsenic
in sawdust from CCA-treated wood, the available data do not indicate substantial uptake and adverse
health effects associated with this material. For example, the researchers who conducted the two
bioavailability studies of CCA-treated sawdust reported that no signs of toxicity were observed in the
dogs used in the studies (Peoples, 1976; Peoples and Parker, 1979). Similarly, a teratogenicity study saw
no significant adverse maternal or fetal toxicity (Hood, 1979). In this study, mice were exposed to CCA-
treated sawdust via dermal contact or ingestion in the diet. In a study of mice exposed to treated sawdust
administered in the diet or via oral gavage, no chromosomal damage or apparent adverse hematological
effects were observed (Graham, 1979). In a retrospective epidemiology study of carpenters in Hawaii, the
patterns of cancer mortality in this group were compared with cancer mortality in the general population
(Budy and Rashad, 1976). In particular, the mortality rates were examined before and after the use of
arsenic-treated wood in Hawaii, including CCA-treated wood. This study observed no adverse health
effects related to the use of arsenic-treated wood. Thus, although these studies do not conclusively
demonstrate an absence of effects from these materials, they also have not observed any significant

adverse health impacts associated with exposure to these materials.

Evaluation of Physical and Chemical Characteristics Influencing the Bioavailability

of Dislodgeable Arsenic

Other factors also support an assumption of reduced bioavailability for dislodgeable arsenic.
First, the chemical process that occurs during wood treatment is designed to bind the CCA in the wood so
that the fixative will persist and prevent deterioration of the wood over a long period of time (Bull, 2001).
As discussed below, data from leaching studies indicate that arsenic is not released from treated wood to

any appreciable extent under normal outdoor conditions (e.g., when exposed to rainwater) (Ziobro, 2000)
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and is primarily mobilized from the wood through physical transport of dislodged particles. Moreover, a
study of the composition of dislodgeable materials suggests that a substantial proportion of the arsenic
observed on the surface of CCA-treated wood is insoluble. Specifically, an analysis of dislodgeable
surface materials from CCA-treated wood found that arsenic comprised a maximum average value of
0.2% of the surface material on the treated wood and that approximately 94-100% of the surface arsenic
was insoluble in water (Cui, 2001; Osmose, 2001). This finding supports the assumption that the
bioavailability of arsenic present in dislodged materials is less than would be expected based on

consideration of the total measured arsenic concentration.

Studies evaluating the leachability of arsenic from small sized wood particles (e.g., sawdust and
chipped wood) used in some of the leaching studies can provide insights regarding the leachability and
potential bioavailability of dislodgeable arsenic from a CCA-treated structure. To assess the
bioavailability of ingested dislodgeable arsenic, the leaching studies conducted at or near the pH of the
human stomach (pH 1.0-3.5) are more relevant than those conducted at a neutral pH range (pH 5.0-7.5).

These studies are described briefly here.

Murphy and Dickinson (1990) found no change in the arsenic content of CCA type C wood
subjected to simulated rain at pH 3.0 and pH 5.6. Similarly, Ziobro (2000) found no change in the
amount of fixed arsenic in CCA-treated lumber in a deck exposed for 7 years in Florida. Cooper (1991)
observed that only 2.9 to 6.9% of the arsenic was leached from small CCA-treated wood specimens (with
dimensions of 1 cm x 1 cm % 4 cm) exposed to acidic solutions (at pH values of 3.5, 4.5, and 5.5) for 13
days. In another study, Warner and Solomon (1990) subjected small blocks of treated wood for 40 days
to a citric acid buffered solution at pH 3.5, and to a sulfuric acid solution at pH 2.5. The citric acid buffer
reportedly leached 68% of the arsenic from the blocks. Following up on these results, Cooper (1991)
conducted a similar experiment and determined that the citric acid buffer, not the pH of the solution,
caused the release of arsenic. Warner and Solomon (1990) also reported that sulfuric acid at pH 2.5
released 39.7% of the arsenic after 40 days of digestion. Sulfuric acid is an oxidizing acid and may have
deteriorated the wood itself, enhancing the leaching power of the acidic solution. By contrast, stomach
acid consists of hydrochloric acid, which is not an oxidizing acid. CPSC (1990) performed a number of
experiments to evaluate the leaching of arsenic from treated wood under acidic conditions. In one set of
experiments, 4 days of leaching in HCI at pH 1.0 released 44% of the arsenic from a small piece (32 mg)
of treated wood. Similarly, a nitric acid solution at pH 1.0 leached 43% of the arsenic from a 34 mg piece

of wood in 4 days. In another series of experiments, 17-19% of the arsenic was leached by HCl at pH 1.0
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in 18 days, and 18-31% of the arsenic was released in a nitric acid solution at pH 1.0 after 17 days

(CPSC, 1990).

Based on the results of the preceding leaching studies, two key observations support reduced
bioavailability estimates for dislodgeable arsenic. First, the duration of the leaching studies in acidic
solutions ranged from 4 to 40 days. This duration is significantly longer than the period of time that food
or ingested dislodgeable arsenic would be in the human stomach (i.e., approximately 4 hours; Vander et
al., 1994). Therefore, the results of the leaching studies would be expected to overestimate the amount of
leaching that would occur during passage through the stomach. Second, the reported amount of leached
arsenic in all of these studies ranged from 17 to 44% (with the exception of the experiment performed in
citric acid solution). These observations support the 47% bioavailability estimate for dislodgeable arsenic

recommended in these comments.

Bioavailability of Arsenic in Soil and Other Solid Matrices

As noted above, the reduced bioavailability of dislodgeable arsenic is also supported by data
indicating reduced bioavailability of arsenic from soil and other solid matrices. Recognition of the
importance of this factor in assessing potential exposures and risks associated with arsenic is reflected in
generic regulatory guidance (e.g., MIDEQ, 2000; WVDEP, 1998; WA Ecology, 1991, 1996; USEPA,
1989) as well as regulatory decisions reached at specific sites (e.g., Gradient, 2000; USEPA, Region 3,
1998; USEPA, Region 8 and MDEQ, 1996; MIDEQ, 1995; ODEQ, 1994). Typically, the selected RBA

values for arsenic in soil have been less than 50% at both the state and federal level.

These regulatory actions have been based on studies of the oral bioavailability of soil-bound
arsenic. Several reviews of these studies have been prepared (e.g., Valberg et al., 1997; Ruby et al.,
1999; NEPI, 2000). The results from the available published arsenic bioavailability studies are
summarized in Table A-1. In all of these studies, soil-bound arsenic has been found to be less
bioavailable than soluble arsenic compounds. Specifically, all of the reported relative bioavailability

estimates for soil-bound arsenic from the peer-reviewed literature are less than 50%.
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Table A-1
Estimates of Oral Bioavailability of Arsenic in Solid Matrices

Site Sample Type® Test As Conc. Mean Relative Source
Species in mg/kg Bioavailability (%)

Anaconda, MT Residential soil Rabbit 3,900 47 1

Anaconda, MT Residential soil (9) Monkey 410 20 2
Residential house dust (4) 170 28° 2

Mining/Smelter Sites Soil, sediment, smelter slag, Pig 233 to 17,500 3t043 3
and mill tailings (13)

Butte, MT Soil° Rat 626 37.8¢ 4

Villa de la Paz, Mexico ~ Mining waste Rat 9,647 12

Gelderland, Netherlands  Bog ore soil Dog 339 12°

Sources:

(1) Freeman et al., 1993
(2) Freeman et al., 1995
(3) Rodriguez et al., 1999
(4) Ellickson et al. 2001
(5) Rodriguez et al., 1998
(6) Groen et al., 1994

Notes:

a = Number in parentheses indicates number of samples.

b = Mean relative bioavailability based on urinanalysis.

¢ = National Institute of Standards and Technology (NIST) standard reference soil.

d = Absolute bioavailability estimate.

e = Relative bioavailability estimate derived based on absolute bioavailability estimate for soil from cited study (0.08) and
bioavailability estimate for soluble arsenic (0.68) from Freeman et al., 1995.

As indicated by the studies reviewed above, most of the available data suggest that the
bioavailability of ingested arsenic in soil is less than 50%, which is significantly less than that for
ingested arsenic dissolved in water. In one study conducted by EPA that has not been published in the
peer-reviewed literature, an RBA estimate of 78% was derived for ingested arsenic in soil (USEPA,
Region 10, 1996). In this study, immature swine were fed soil, as well as other metals-containing
materials, collected in the vicinity of a smelter site in Tacoma, Washington. Treated animals were given a
single dose of arsenic, with doses from soil ranging from 0.04 to 0.24 mg of arsenic per kg of body
weight. Arsenic bioavailability was assessed based on arsenic analyses of blood samples and regression
analyses using these results. Although the results of this study suggest that the relative bioavailability of
arsenic in soil can be greater than 50% under some conditions, several limitations in this study weaken
confidence in the results. In particular, because the regression analyses were based on only three data
points, uncertainty exists in the quantitative significance of these results. In addition, the first blood
sample was not collected from the animals until 15 minutes after the arsenic doses were administered.
Because arsenic is rapidly cleared from the blood, the blood arsenic concentration was likely

underestimated for animals dosed with arsenic intravenously. As a result, the relative bioavailability
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values calculated using the intravenous data from this study are likely to overestimate the actual

bioavailability of the soil-bound arsenic.

The evidence for reduced bioavailability of soil arsenic from in vivo and in vitro laboratory
studies is supported by a study of arsenic exposures in children living in the vicinity of a former copper
smelter. Based on urinary arsenic measurements, actual arsenic exposures from soil were less than those
predicted using standard risk assessment assumptions (Walker and Griffin, 1998; Cohen et al., 1998).
The relative bioavailability of arsenic in site soils was estimated to be about 20% based on Freeman ef al.
(1995). When site-specific relative bioavailability estimates were incorporated into the exposure
calculations, predicted exposures more closely matched observed exposures (Walker and Griffin, 1998;

Cohen et al. 1998).

A few studies are available that have specifically examined the bioavailability of soil arsenic
associated with CCA-treated wood. The results observed in these studies are consistent with the general
results observed in other studies of soil containing arsenic from various sources, i.e., these results suggest
that the bioavailability of CCA-related arsenic from soil or dislodgeable materials is reduced relative to
the bioavailability of dissolved arsenic. Two animal studies have used soil obtained from CCA treatment
sites. In the first study, soil from nine samples collected at a wood treatment site that used CCA was
mixed with water and administered to rats via gavage (Ng and Moore, 1996). The researchers selected
rats for use in these studies because they accumulate arsenic in their blood to a greater extent than other
species, and thus, can serve as a sensitive indicator of arsenic uptake. Results from the test animals were
compared with results from rats administered an equivalent dose of arsenic in an aqueous solution
containing sodium arsenite or sodium arsenate, or in wheat flour spiked with calcium arsenite. Blood
arsenic concentrations were measured 96 hours after the arsenic dosing (i.e., the time at which the
researchers state that maximum blood arsenic concentrations would be attained). Relative bioavailability
was then estimated by comparing the blood arsenic concentrations observed in the soil group with the
concentrations observed in the other three groups. These calculations yielded relative bioavailability
estimates of 13.4% (relative to sodium arsenite), 32.2% (relative to calcium arsenite), and 38.0% (relative
to sodium arsenate). These results are well within the range of RBA estimates observed in the soil studies

discussed above.

In the second study, five Cebus apella monkeys received oral doses of arsenic in soil collected at

four types of sites, including a CCA wood treatment site (Roberts et al., 2001). Because primates are
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more similar physiologically to humans than rats, and because the primate study design was stronger and
more comprehensive than the rat study, the data from this study provide a stronger basis for assessing the
relative bioavailability of soil arsenic associated with CCA-treated wood. To estimate the relative
bioavailability of the soil arsenic, urinary excretion of arsenic following dosing with soil was compared to
that observed following an oral dose of an aqueous solution of sodium arsenate. The researchers found
that the pharmacokinetic behavior of the arsenic, including the proportions of arsenic excreted in urine
and feces, was similar to observations made in humans. In this test system, the relative bioavailability of
arsenic in the CCA treatment site soils was estimated to be 16.3%. Arsenic in soil from the other three
types of sites evaluated in this experiment (i.e., an electrical substation, a pesticide application site, and a
cattle dip vat site) also showed reduced bioavailability. Specifically, the relative bioavailability of arsenic
in the soil from the other sites ranged from 10.7 to 24.7%. Again, these results are well within the range
of estimates observed for other studies of arsenic in soil and support the likelihood of reduced

bioavailability of arsenic associated with CCA-treated wood.
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