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EXECUTIVE SUMMARY 
 

Freeport Minerals Corporation (FMC) is undertaking a soil sampling and remediation program in the 

historical areas of  Clarkdale, Arizona near the former United Verde copper smelter.  A map of the project 

area is included as Figure 1.  The smelter operated between 1913 and 1953 just northwest of historical 

Clarkdale.  FMC will perform the sampling and remediation program under the Arizona Voluntary 

Remediation Program (VRP). As part of this remediation effort, residential use Site-Specific Remediation 

Levels (SSRLs) for arsenic, copper and lead of 30, 9000, and 425 mg/kg, respectively, in soil are 

proposed. These same SSRLs have been previously approved by the Arizona Department of 

Environmental Quality (ADEQ) for similar soil sampling and cleanup programs in Ajo, Bisbee and 

portions of Douglas, Arizona. In this report, probabilistic risk assessment (PRA) methods were used to 

verify that cumulative cancer risk and non-cancer hazards associated with these proposed Clarkdale 

project area SSRLs will be consistent with ADEQ health risk criteria, including a cumulative cancer risk 

less than or equal to 1E-05 and non-cancer hazards less than or equal to 1. Chemical exposure 

circumstances at the Clarkdale project area are virtually identical to those with the Ajo, Bisbee and 

Douglas projects. PRA methods are specifically allowed for site-specific health risk assessment under 

Arizona regulation (Arizona Administrative Code R18-7-206 (B)). The PRA analysis calculated 

cumulative cancer risks associated with the proposed SSRLs of 1E-05 (1 in a 100,000) and a maximum 

non-cancer Hazard Index of 1, consistent with ADEQ acceptable risk criteria.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
 
 
 



  
 

2 
 

1.0 INTRODUCTION 
 
Corporate predecessors, subsidiaries, and divisions of FMC owned and operated historical mining and 

processing operations located in and near the towns of Jerome and Clarkdale, Yavapai County, Arizona.  

A former copper smelting site is located near Clarkdale. FMC now plans to implement a soil sampling 

and remediation program, referred to as the United Verde Soil Program (UVSP), at selected residential, 

publicly-owned, and commercial properties in and around the historical area of Clarkdale.  The UVSP 

will be performed with oversight by the Arizona Department of Environmental Quality (ADEQ) under 

ADEQ’s Voluntary Remediation Program (VRP).  The objective of the UVSP is to identify and remediate 

any soils that may exceed applicable soil cleanup levels for lead, arsenic, and copper, the metals most 

associated with former mining and processing operations. The purposes of this risk assessment report are 

twofold:  First, to propose residential use, Site-Specific Soil Remediation Levels (SSRLs) for lead, 

arsenic, and copper for use in implementing the UVSP, and second, to demonstrate that these cleanup 

levels meet human health risk criteria established by the ADEQ. 

The remainder of this report is organized as follows: 

• Background 

• Exposure Assessment 

• Toxicity Assessment 

• Risk Characterization 

• Uncertainty Analysis 

• Summary and Conclusions 
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2.0 BACKGROUND 
 
SSRLs for arsenic, copper, and lead of 30, 9000, and 425 milligrams/kilogram (mg/kg), respectively, 

were previously approved by the ADEQ for residential properties that have been sampled and remediated 

as part of VRPs being performed in the vicinity of FMC’s Ajo and Bisbee smelter sites, hereinafter 

referred to as “Ajo/Bisbee”.  The same SSRLs were also recently approved by ADEQ for a similar soil 

sampling and remediation program in a portion of Douglas (ADEQ, 2013). The Ajo/Bisbee SSRLs were 

based on a site-specific risk assessment (URS, 2007a,b; Brown and Caldwell [BC], 2009).  

 

FMC proposes to apply these previously approved SSRLs to the UVSP; however, FMC has requested 

Damian Applied Toxicology, LLC (DAT) to review the input parameters that were used in the Ajo/Bisbee 

and Douglas risk assessments to ensure that they remain applicable to the UVSP.  The review, 

documentation, and risk results presented in this report have been prepared to respond to FMC’s request. 

This report uses the same PRA methods that were used for the Ajo/Bisbee and Douglas risk assessments 

to assess cancer and non-cancer hazard associated with the SSRLs proposed for the UVSP.   

 

Unlike deterministic risk assessment methods, PRA methods use exposure assumptions that are expressed 

as statistical distributions rather than as a single value (i.e. a constant or “point estimate”). So for 

example, instead of expressing arsenic bioavailability in soil as a single value, it may be expressed as a 

triangular statistical distribution specified by a minimum value, a most likely value, and a maximum 

value. The advantage of PRA methods is that they incorporate the likely range of uncertainty or 

variability in exposure parameters into the final risk estimates. ADEQ regulatory guidance specifically 

permits the use of PRA methods (Arizona Administrative Code [A.A.C.] R18-7-206(B)). The PRA 

methods used in this report are also consistent with United States Environmental Protection Agency 

(USEPA) guidance on PRA (Volume III, Part A – Process for Conducting Probabilistic Risk Assessment 

[USEPA, 2001a]).  

 

This report presents information previously used to support the arsenic, lead, and copper SSRLs at the 

Ajo/ Bisbee and Douglas sites (BC, 2009 and 2013). Except for arsenic bioavailability, the information 

which served as a basis for development of input parameters for the Ajo/Bisbee assessment has not 

changed, and there is no basis to modify these input parameters for the UVSP risk assessment.  

Specifically, the circumstances of chemical exposure (i.e., the conceptual site model) at the UVSP site are 

fundamentally the same as at Ajo/Bisbee and Douglas. At all three sites, residential receptors are exposed 

to metals in soil, primarily arsenic, lead, and copper. Thus, the receptors (adult and child residents), 
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exposure pathways (soil ingestion, dermal contact with soil, and inhalation of resuspended soil), and 

chemicals of concern are the same. None of the sites involves chemical exposure via water bodies or 

water supplies (e.g., dermal contact, drinking water). Nonetheless, the discussion of the basis for the input 

parameters is presented in this report in its entirety to allow for a stand-alone UVSP risk assessment. 

  

As noted above, except for arsenic bioavailability, there is no basis for revising any of the original risk 

assessment input parameters that were used at Ajo/Bisbee. However, arsenic bioavailability information 

was updated as part of the Douglas risk assessment and that updated information is also included here for 

completeness. As concluded in the Douglas risk assessment, the updated arsenic bioavailability 

information did not indicate, or support, any change to the original Ajo/Bisbee arsenic bioavailability 

assumptions.  

 

The following section describes the exposure assumptions used to evaluate the health risks associated 

with the proposed residential use SSRLs.  
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3.0 EXPOSURE ASSESSMENT 
 
As noted previously, the circumstances of potential chemical exposure at the UVSP are fundamentally the 

same as at the Ajo/Bisbee and Douglas programs. In all three cases the potentially impacted population 

(receptor population) is nearby residents. The chemicals of concern are three metals: arsenic, copper and 

lead. Exposure is via soil, not drinking water or surface water, so the relevant exposure pathways are 

limited to soil ingestion, dermal contact with soil, and inhalation of resuspended soil. Additional details 

and the basis for each exposure assumption used in this risk assessment are presented below.  

3.1 Receptor Populations 

For purposes of developing the SSRLs, residential use is assumed. This use results in the most 

conservative cleanup level, and will allow the widest variety of future uses once the relevant property 

areas have been remediated. The relevant receptor populations for a residential use risk assessment are an 

adult and child resident, where the child is assumed to be 0 to 6 years old (USEPA, 1989).  

3.2 Exposure Pathways 

Exposure to metals in soil may occur via ingestion, dermal contact and inhalation. Soil ingestion is 

assumed to occur when individuals incidentally transfer soil on the hands to the mouth. A portion of soil 

ingestion is assumed to consist of indoor dust ingestion (discussed in Section 3.3.3 below). Dermal 

absorption of metals from soil may also occur. However, the dermal absorption of metals from soil is very 

low, typically 1 percent or less (Department of Toxic Substances Control [DTSC], 1994). Inhalation 

exposure to metals in soil occurs entirely via resuspension and subsequent inhalation of airborne dust 

since arsenic, copper and lead are non-volatile at ambient temperatures.  

3.3 Exposure Assumptions 

Numerous assumptions are used to calculate potential chemical exposure. These assumptions, which may 

be specified as single point estimates (i.e., constants), or as statistical distributions, describe the 

physical/physiological characteristics of the receptors (e.g., body weight, skin surface area, inhalation 

rate, etc.), chemical-specific assumptions (e.g., oral bioavailability, dermal absorption efficiency) and 

receptor behavioral characteristics (e.g., length of time a person lives at their residence). The assumptions 

used in this risk assessment and their basis are described in detail below. 
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3.3.1 Body Weight 

Body weights for the child (Table 1) and adult (Table 2) residents were expressed as custom statistical 

distributions obtained from the Oregon Department of Environmental Quality (ODEQ) for the child 

(ODEQ, 1998), and the American Industrial Health Council (AIHC) for the adult (AIHC, 1994). The 

AIHC distribution was used for adults because it is much clearer and more straightforward than the adult 

body weight distributions developed by the ODEQ. Specifically, the AIHC distribution addresses adults 

only, whereas the ODEQ body weight distribution includes all age groups (including children), and a 

separate distribution for adults specifically would have to be derived.  In addition, the ODEQ uses 

separate body weight distributions for males and females, whereas the AIHC distribution combines adult 

males and females into a single distribution. Since this exposure assessment only differentiates exposure 

between adults and children, not males and females, the AIHC distribution is more appropriate. On the 

other hand, the ODEQ distribution is more relevant for the child receptor because, unlike the 

corresponding AIHC distribution for children, the ODEQ distribution allows close correlation of the body 

weight with the specific age range normally assumed in risk assessments for children (1 to 6 years).  Both 

the ODEQ and AIHC distributions were developed from the second National Health and Nutrition Survey 

conducted from February 1976 to February 1980. Body weights were measured in 20,322 individuals 

ranging in age from 6 months to 74 years, representing women and men from a variety of ethnic 

backgrounds. For this risk assessment, the probability distribution of body weights of children (male and 

female averaged) from 0 to 6 years of age was used to represent children, and the distribution of average 

body weights for adults over 18 years was used to represent adults. 

3.3.2 Exposure Duration and Frequency 

Exposure duration is the number of years that an individual is assumed to live at one location. Exposure 

frequency is the number of days a person is assumed to spend at home during each of those years.  

 

For children (Table 3), a custom probability distribution of the average exposure duration for children 

from 3 to 11 years was used with a maximum exposure duration of 6 years (ODEQ, 1998). This dataset is 

the closest approximation for the standard child age range assumed in risk assessment for children of 0 to 

6 years (USEPA, 1989). For adults (Table 4), a custom distribution based on the age group from 12 to 20 

years old was conservatively used because that is the group that spends the highest number of years in one 

location as compared to other age groups (ODEQ, 1998). Selection of the 12-20 year-old age group for 

adults was also based on the fact that the 99th percentile exposure duration of this group was 23 years, 

which closely matches the standard deterministic residential exposure duration of 24 years assumed for 
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adults (ADHS, 2003). This is also conservative since it represents the 99th percentile exposure duration. In 

other words, 99 percent of the exposed population is expected to have an exposure duration equal to or 

less than this value. The ODEQ distribution was truncated for adults at 24 years based on the 

deterministic risk assessment (point estimate) value of 24 years for the adult residential exposure duration 

parameter (ADHS, 2003), and therefore does not reflect longer durations by older adults. This is 

consistent with standard risk assessment methodology. The exposure duration for the child was modified 

in the same way with a truncation of the distribution at 6 years (the maximum exposure duration typically 

used in deterministic risk assessments) (Smith, 1994; ADHS, 2003).  

 

The exposure frequency for a resident was specified as a triangular distribution with a minimum of 300 

days a year, a maximum of 365 days a year, and most likely value of 345 days a year (Table 5) (BHP 

Copper Inc. [BHP], 2006; ADEQ, 2007). This distribution is considered a conservative representation of 

conditions at the UVSP. Use of this distribution assumes that children and adults spend several days away 

from home each year (e.g., on vacation or visiting relatives) and therefore some of the soil that they 

contact is not from the impacted area near their home.  

3.3.3 Ingestion of Outdoor Soil and Indoor Dust 

Adult and child residents are assumed to incidentally ingest some outdoor soil and indoor dust each day. 

Most of the studies on soil ingestion have focused on young children as the most exposed age group. The 

custom distributions used for these exposure parameters were obtained from ODEQ (1998). Children 

were assumed to ingest up to 399 milligrams of soil per day (mg/day), and adults were assumed to ingest 

up to 150 mg/day (Tables 6 and 7, respectively). Of the soil ingested each day, 45 percent was assumed to 

be as outdoor soil and 55 percent as indoor dust (USEPA, 2007). The contribution of arsenic and copper 

in indoor dust from the outside soil was specified as a triangular distribution with a minimum of 6 

percent, a maximum of 70 percent, and a most likely value of 43 percent (USEPA, 1996, 2001b, 2007) 

(Table 5). Additional supporting documentation for each of these distribution parameters is provided in 

Appendices A, B and C, respectively.  

3.3.4 Oral Bioavailability of Arsenic and Copper in Soil 

When soil containing metals is incidentally ingested, for example, by inadvertent hand-to-mouth transfer, 

not all of the chemical is absorbed into the body due to partitioning or adsorption onto the soil. The 

fraction of the chemical that is absorbed into the body systemically is the “bioavailable” fraction. A 

triangular distribution (minimum - 18.3 percent, most likely – 40 percent, and maximum – 50 percent) of 

the relative bioavailability (RBA) of arsenic in soil was approved by ADEQ for the prior Ajo/Bisbee risk 
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assessment.  The dataset used to arrive at that distribution consisted of reported in vivo studies on 35 

samples from 15 separate sites, including mining and smelting sites.  

 

The in vivo data included in the Ajo/Bisbee dataset had a minimum RBA of 3 percent, a mean of 26 

percent, and a maximum of 61 percent.  Approximately 39 percent of the reported RBA values were less 

than the 18.3 percent used in the Ajo/Bisbee arsenic RBA distribution and 12 percent of the values were 

higher than the maximum of 50 percent used in that distribution (BHP, 2006; ADEQ, 2007; BC, 2009).    

  

To verify that the Ajo/Bisbee arsenic RBA distribution remains appropriate for use in this UVSP risk 

assessment, the published scientific literature was searched using the National Library of Medicine search 

engine PubMed to determine if there was additional available RBA information to that used in the 

Ajo/Bisbee analysis. In addition, a general Internet search was conducted to locate unpublished studies 

conducted or sponsored by regulatory agencies, in particular USEPA Region 8, which has been 

extensively involved in this type of work for many years. Based on this review, several additional studies 

were identified and reviewed to determine whether a modification to the Ajo/Bisbee arsenic RBA 

distribution was needed.  These studies, as well as those included in the original Ajo/Bisbee risk 

assessment, are included in Appendix D. The results of that review are discussed below. 

 

Of primary importance is a published USEPA review and compilation of in vivo arsenic bioavailability in 

29 samples from 11 sites (including mine and smelter sites) using the swine model (USEPA, 2010).  

Young swine are commonly used for bioavailability studies because they are considered to be a good 

physiological model for the human gastrointestinal tract and are more practical and economical than 

primates (Juhasz et al., 2007; USEPA, 2010). Some of the data included in the USEPA review were also 

included in the Ajo/Bisbee dataset; however, the USEPA review included a re-analysis of the raw data 

from those studies.  The data included in the USEPA review determined a minimum RBA of 8 percent 

and a maximum RBA of 61 percent. The mean RBA across 26 samples was 34 percent (three samples 

were discarded by the USEPA due to insufficient arsenic content). Of the studies evaluated, this review 

by USEPA presents the best initial basis for an assessment of the Ajo/Bisbee arsenic RBA distribution for 

several reasons. First, all the data were from in vivo studies using a species widely considered to be a 

good model for the human gastrointestinal tract. Second, all the results were obtained from the same 

laboratory using the same methods, so inter-laboratory method differences are eliminated. Third, USEPA 

performed a separate and uniform data reduction procedure on the raw data from the studies reviewed, 
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which allowed for consistent interpretation of the results. Fourth, the data included a wide diversity of 

sample types, including samples from numerous mine and smelter sites.  

 

The literature review identified five studies that were not part of the Ajo/Bisbee RBA dataset.  Juhasz et 

al. (2007) used a swine model to evaluate arsenic RBA in 12 contaminated soils collected from railway 

corridors, mine sites, gossan soils containing naturally high levels of arsenic, and livestock pesticide dip 

sites. These investigators reported a minimum arsenic RBA of 7 percent and a maximum of 75 percent. 

Using the monkey, Roberts et al. (2007) reported a minimum RBA of 5 percent and a lower maximum of 

31 percent in 14 soil samples from 12 different sites, including mine sites. In addition, Bradham et al. 

(2011) reported a mean arsenic RBA of 33 percent in 11 soils using an in vivo mouse model. The Agency 

for Toxic Substances and Disease Registry (ATSDR) reported a bioavailability for arsenic of 15 percent 

for soils from a former foundry site in Palestine, Texas (ATSDR, 2006).  

 

When the data from the additional studies and the USEPA review are considered with the original 

Ajo/Bisbee arsenic RBA, data there are a total of 73 separate arsenic RBA test results.  Thirty-seven 

percent of these results are less than the minimum RBA of 18.3 percent used in the Ajo/Bisbee 

distribution and 11 percent are greater than the maximum in the RBA distribution, a very similar 

distribution to the data that served as the basis for development of the Ajo/Bisbee RBA distribution.  

There are two RBA results within the additional data that are higher than the 61 percent considered in the 

development of the Ajo/Bisbee arsenic RBA distribution.  Those RBAs (75 percent and 67 percent) were 

reported by Juhasz et al. (2007) and are on samples of railroad corridor soil as opposed to a mining or 

smelting site soil.  The mean arsenic RBA of the combined dataset is 27 percent, well below the most 

likely value of 40 percent used in the Ajo/Bisbee RBA distribution.   

 

Most recently, Brattin and Casteel (2013) determined relative bioavailabilities in swine ranging from 18-

42% in mine- or smelter-related soils. These values are consistent with the triangular distribution 

parameters assumed in this HRA (min=18%, most likely = 40%, max = 50%).  

 

This updated review of additional arsenic RBA data demonstrates that the Ajo/Bisbee distribution is 

conservative and that there is not a compelling reason to revise the distribution for the UVSP risk 

assessment. 
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With respect to copper, the same triangular distribution used for the bioavailability of copper in soil and 

dust in the Ajo/Bisbee and Douglas risk assessments was used in this risk assessment (i.e., a minimum of 

48 percent, a most likely value of 64 percent, and a maximum of 78 percent (Table 5)). These data are 

based on in vitro analysis of samples from a mining site (Golder Associates, 2002). 

3.3.5 Dermal Exposure to Arsenic in Soil and Dust 

The dermal absorption of metals through the skin is very limited. California state agencies for example, 

assume that dermal absorption is only 1 percent or less for most metals (DTSC, 1994). USEPA guidance 

lists a factor of 3 percent absorption of arsenic in soil or dust, and negligible dermal absorption of copper 

(USEPA, 2004). Dermal absorption of copper was therefore not considered further in this risk assessment. 

 

A triangular distribution was assumed for the dermal absorption of arsenic, specified by a minimum of 

zero, a most likely value of 1 percent and maximum of 3 percent (BHP, 2006; ADEQ, 2007b) (Table 5). 

The value of 3 percent absorption used by USEPA is based on a study of soluble arsenic freshly added to 

soil that was placed in contact with the skin of monkeys for 24 hours (Wester et al., 1993). More recent 

studies on humans have shown that arsenic in water used for bathing and showering does not result in an 

increase in urinary arsenic (Knobeloch, 2002). Arsenic dissolved in water is more biologically available 

than arsenic in soil. In addition, studies of children exposed to arsenic in soil in Anaconda, Montana, 

showed that the arsenic in their urine could be predicted well from the ingestion of soil alone, thus 

indicating that dermal exposure is not an important route of exposure (Walker and Griffin, 1998). Another 

study of children in Bingham Creek, Utah, showed that there was no correlation between arsenic in soil 

on children’s hands and urinary arsenic (University of Cincinnati, 1997). Nonetheless, dermal absorption 

of arsenic is included in this risk assessment as a complete exposure pathway to be conservative.  

 

The custom distributions for the surface area of exposed skin on children (Table 8) and adults (Table 9) 

were obtained from USEPA guidance (USEPA, 1997). Note that these distributions are for total body 

surface area. An adjustment factor of 0.25 was used to approximate the proportion of total body surface 

area represented by the area of the hands, the feet, one-half of the arms (representing exposed forearms), 

and one-half of the legs (representing exposure up to the knee) (USEPA, 1997). 

 

The amount of soil or dust assumed to adhere to the skin was specified as point estimates of 0.2 

milligrams per square centimeter (mg/cm2) for the child and 0.07 mg/cm2 for the adult (ADHS, 2003; 
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USEPA, 2004). Point estimates were used for the soil adherence factor for two main reasons. First, 

ODEQ acknowledges that several key reviewers (including the CalEPA, USEPA, etc.) have concluded 

there is insufficient information to develop a distribution for this parameter as follows from ODEQ 

(1998): 

 

“…several investigators (CalEPA 1996; EPA 1996a; Kissel et al 1996b) currently suggest that 
insufficient data are available to develop a distribution or a probability function for soil loading.” 

 
Second, the ODEQ distribution does not separate children from adults, and the distribution is based 

primarily on data in children. But since children tend to have much higher skin soil loadings than adults 

the ODEQ distribution ignores the important differences in soil loading between adult and child receptors. 

On the other hand, the deterministic parameters most commonly used for this exposure parameter (0.07 

mg/cm2 for adults and 0.2 mg/cm2 for children) do reflect this important difference in skin soil loading 

between the adult and child, and are therefore more appropriate in this case.  

3.3.6 Inhalation Rate 
 
The inhalation rate distributions assumed for children (Table 10) and adults (Table 11) were obtained 

directly from custom distributions shown in Table 3-26 from ODEQ (1998). The distribution for children 

was for ages up to 12 years and for adults ages greater than 12 years. The particulate emission factor is a 

point estimate of 1.396E9 m3/kg of soil (ADHS, 2003).  

3.3.7 Averaging Time 
 
The averaging time is the period of the lifetime over which the exposure is averaged. Averaging time was 

assumed to be a point estimate and no distribution was assumed for this exposure parameter. For 

carcinogenic risk evaluation the standard averaging time is 70 years or 25,550 days (USEPA, 1989). This 

value is also consistent with Arizona risk guidance (ADHS, 2003). For non-cancer hazard evaluation the 

averaging time is equal to the exposure duration in years times the number of days per year (365). For the 

child resident the non-cancer averaging time is 6 years times 365 days per year, or 2190 days (ADHS, 

2003).  

3.3.8 Summary of Exposure Assumptions 

All of the exposure parameters described above are listed in Table 12 for arsenic cancer risk, Table 13 for 

arsenic non-cancer hazard, and Table 14 for copper non-cancer hazard.   
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4.0 TOXICITY ASSESSMENT 
 
The purpose of the Toxicity Assessment is to present the toxicity criteria used to calculate cancer and 

non-cancer health hazard, as well as present basic information about the potential health effects related to 

exposure to the chemicals of concern. Toxicity criteria include oral and inhalation route Reference Doses 

(RfDs) for the evaluation of non-cancer health hazard, and oral and inhalation route cancer slope factors 

(CSFs) to calculate cancer risks. Note that in the case of lead, a unique toxicity criterion is used to 

evaluate health risks instead of an RfD. Lead health risks are evaluated based on the predicted blood lead 

concentration in potentially exposed children. A potential lead exposure in soil is considered safe if the 

predicted blood lead concentration resulting from that exposure will result in no more than 5 percent of 

the exposed children having a blood lead greater than 10 micrograms/deciliter (µg/dl) (USEPA, 2007).  

 

Toxicity criteria for arsenic and copper were treated as point estimates or constants in this risk 

assessment; statistical distributions were not used for these parameters. The specific toxicity criteria used 

for arsenic, copper and lead are described in detail below.  

4.1 Arsenic  
 
Arsenic is considered by USEPA and other government agencies to be carcinogenic via both oral and 

inhalation routes of exposure (USEPA, 2014). Therefore, oral and inhalation cancer slope factors for 

arsenic were obtained from the USEPA Integrated Risk Information System (IRIS) (USEPA, 2014) (Table 

12). For non-cancer hazard assessment, oral and inhalation RfDs for arsenic were also obtained from IRIS 

and are shown in Table 13.  

 
According to ATSDR, the most sensitive and characteristic non-cancer health effects of arsenic exposure 

via the ingestion route of exposure are dermal effects, including hyperkeratosis (thickening of the skin) 

and hyperpigmentation (excess pigmentation of the skin) (ATSDR, 2007a). At much higher exposure 

levels, gastrointestinal irritation, manifested as nausea, vomiting, diarrhea, and abdominal pain are 

typical. Other effects associated with ingestion exposure may include anemia, cardiovascular effects, and 

liver damage (ATSDR, 2007a). The most common non-cancer effect associated with inhalation exposure 

to arsenic is irritation of the respiratory tract.  

4.2 Copper 
 
Copper is not considered a carcinogen by USEPA (USEPA, 2014). The oral RfD for copper was obtained 

from IRIS and is shown in Table 14.  
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According to ATSDR, the most sensitive non-cancer health effect related to ingestion exposure is 

gastrointestinal irritation, primarily nausea and diarrhea. At higher levels of exposure kidney damage may 

occur (ATSDR, 2004).  Inhalation exposure is primarily associated with irritation of the respiratory tract 

(ATSDR, 2004).  

4.3 Lead 
 
As noted previously, the health risks associated with lead exposure are not evaluated using an RfD as for 

virtually all other chemicals, instead, lead risks are evaluated using a unique pharmacokinetic model 

developed by USEPA called the Integrated Exposure Uptake Biokinetic Model (IEUBK) (USEPA, 2007).  

This model is used to determine the percentage of potentially exposed children who would have blood 

lead levels exceeding 10 µg/dl. If, based on this model, this percentage is 5 percent or less, lead risks are 

considered to be negligible. The primary and most sensitive non-cancer effect associated with lead 

exposure is neurologic impairment (ATSDR, 2007b).  

 

The following section describes the calculation of cancer and non-cancer hazard estimates for the 

proposed SSRLs.  
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5.0 RISK CHARACTERIZATION 
 

The health risks of a chemical are quantified in terms of non-cancer hazard as well as carcinogenic risks if 

the chemical is considered a carcinogen. Non-cancer health hazard refers to all other adverse health 

effects besides cancer. Carcinogenic chemicals may present non-cancer hazard in addition to cancer risks, 

therefore the potential for both types of effects must be evaluated for carcinogens.  

 

This section discusses how cancer and non-cancer hazards were calculated (as appropriate) for the 

proposed SSRLS of 30, 9000, and 425 mg/kg for arsenic, copper and lead, respectively. Cancer risks are 

expressed simply as cancer risk, with a value of 1E-05 (one in a 100,000) consistent with acceptable 

ADEQ risk criteria. Non-cancer hazard is expressed as the Hazard Quotient (HQ), with a value of 1 or 

less being consistent with ADEQ non-cancer hazard criteria for any given chemical.  

 

The cancer risk and HQ corresponding to each of the proposed SSRLs (as appropriate) were calculated 

using PRA methods and standard USEPA risk equations (USEPA, 2013). In this approach, the usual point 

estimates of the exposure parameters are replaced in some cases by statistical distributions in order to 

more accurately describe the uncertainty or variability in the parameter for the exposed population. In 

most cases where this approach is used only some of the exposure parameters are replaced by statistical 

distributions. Typically, statistical distributions are only used for those parameters where the uncertainty 

or variability is well defined and selection of the appropriate statistical distribution is clear. When using 

probabilistic risk assessment methods, ADEQ statutes require that the 95th percentile cancer risk be equal 

to 1E-05 or less and the 95th percentile Hazard Quotient (Hazard Index for multiple chemicals) be 1 or 

less. The Hazard Index (HI) is the sum of the HQs for each chemical.  

 

The probabilistic modeling software Crystal Ball (Version 11.1.2.3.000, Oracle, Redwood City, CA) was 

used to perform the analysis based on standard USEPA equations for calculating cancer risk and the HQ 

for soil exposure. These equations are described in detail below.  

5.1 Cancer Risks 
 
Of the three chemicals of concern at the UVSP, only arsenic is evaluated as a carcinogen by USEPA 

(USEPA, 2014). Carcinogenic risks associated with the proposed SSRL for arsenic of 30 mg/kg were 

calculated using the USEPA equation shown in Figure 1 and the exposure assumptions listed in Table 12. 

The Crystal Ball analysis using this proposed arsenic soil SSRL resulted in a 95 percentile cancer risk 

based on residential exposure of 1E-05, which is considered acceptable under ADEQ statutes. The Crystal 
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Ball output showing the input parameter distributions and cancer risk percentiles are shown in Appendix 

E.  

 

With respect to potential site remediation, based on the above analysis, if the concentrations of arsenic in 

a given defined use area are below this proposed SSRL (after sampling conducted in accordance with the 

sampling and analysis plan that will be provided to ADEQ for approval), that particular defined use area 

will be considered to be in compliance with respect to arsenic cancer risks. 

5.2 Non-Cancer Hazard 
 
Non-cancer hazard (expressed as the HQ) for arsenic and copper were calculated with Crystal Ball using 

the equations shown in Figures 2 and 3, respectively.  Exposure parameters for these equations are listed 

in Tables 13 and 14 for arsenic and copper, respectively. The calculated 95th percentile HQ associated 

with an arsenic concentration of 30 mg/kg is 0.3, and the 95th percentile HQ associated with the proposed 

copper SSRL of 9,000 mg/kg is 1. These HQ values are the same as previous values approved by ADEQ 

at the Ajo/Bisbee and Douglas programs. The Crystal Ball output showing the input parameter 

distributions and HQ percentiles are shown in Appendix F for arsenic and Appendix G for copper.  

With respect to potential site remediation, if the concentrations of arsenic and copper in a given defined 

use area are below these proposed SSRLs (after sampling conducted in accordance with the sampling and 

analysis plan that will be provided to ADEQ for approval), that particular defined use area will be 

considered to be in compliance with respect to arsenic and copper non-cancer hazard. 

5.3 Lead Risks 
 
A lead SSRL of 425 mg/kg was previously approved by ADEQ in 2008 and 2013. This SSRL was 

proposed in the URS reports, Bisbee Smelter Risk Assessment Evaluation for the Site-Specific IEUBK 

Model and Bisbee Residential Soil Remediation-Interim Action Workplan (URS, 2007a,b). It was also 

proposed in the Douglas risk assessment (BC, 2013). This value was obtained using the USEPA lead 

model for children, the Integrated Exposure Uptake Biokinetic Model (USEPA, 2007), and assuming all 

USEPA default values, except that the indoor dust lead concentration was assumed to be 273 mg/kg. This 

indoor dust lead concentration was derived based on a conversion factor developed by USEPA (USEPA, 

2001b). To verify that the previously approved SSRL for lead of 425 mg/kg presents health risks related 

to lead in soil that the USEPA has determined to be protective, the IEUBK model was run using the same 

assumptions as specified above. This model run showed that the lead SSRL of 425 mg/kg will result in 

4.4 percent of exposed children aged 0 to 7 years having a blood lead concentration greater than 10 µg/dl. 
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The IEUBK model output is included in Appendix H. USEPA considers lead health risks to be protective 

when less than 5 percent of exposed children are predicted to exceed a blood lead concentration of 10 

µg/dl. Thus, the proposed lead SSRL will provide adequate protection of children with respect to potential 

lead exposure.  

 

With respect to potential site remediation, if the concentrations of lead in a given defined use area are 

below the proposed lead SSRL (after sampling conducted in accordance with the sampling and analysis 

plan that will be provided to ADEQ for approval), that particular defined use are will be considered to be 

in compliance with respect to lead health risks. 

5.4 Cumulative Health Risks 
 
Consistent with USEPA and Arizona risk guidance (USEPA, 1989; ADHS, 2003), cumulative cancer risk 

is determined by adding the cancer risk from each carcinogenic chemical. Since copper and lead are not 

carcinogenic chemicals, there is no additional cancer risk to add to the arsenic cancer risk estimate and the 

total cumulative cancer risk associated with the proposed SSRLs is 1E-05 (at the 95th percentile). This 

level of cancer risk is consistent with ADEQ cancer risk criteria.  

 
For non-cancer hazard, cumulative toxicity is accounted for by summing the HQs for all chemicals to 

obtain a HI (USEPA, 1989; ADHS, 2003). An HI of 1 is consistent with ADEQ cumulative non-cancer 

hazard criteria. Summing the HQs of 0.3 for arsenic and 1 for copper results in a HI of 1.3. Although this 

results in an acceptable HI of 1 (to one significant figure) this HI can be refined further using the 

“segregation of Hazard Indices” approach per USEPA risk guidance (USEPA, 1989). According to this 

method, only the HQs of chemicals which have a similar mechanism of toxicity, or which act on the same 

target organ, should be added to account for cumulative toxicity. For the proposed SSRLs the critical 

effects of arsenic (skin pigmentation and keratin changes, cancer risk) and copper (gastrointestinal 

irritation) at low doses do not affect the same target organ or act by a similar mechanism of toxicity, so it 

would not be appropriate to add the HQs related to these chemicals, and the highest final HQ of 1 (for 

copper) becomes the relevant HI. This maximum HI of 1 is consistent with ADEQ risk criteria for non-

cancer hazard.   
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6.0 UNCERTAINTY ANALYSIS 
 

A PRA approach was used to calculate cancer risks and non-cancer hazard associated with the proposed 

SSRLs for arsenic, copper and lead. This risk assessment method is specifically designed to take into 

account the uncertainty and variability represented by the various exposure parameters used to calculate 

health risks. The significant uncertainty and variability represented in a potentially exposed population is 

explicitly taken into account in the risk calculations by replacing simple point estimates of the exposure 

parameters with more realistic statistical distributions. This results in a more realistic analysis that better 

reflects the likely different exposures that may potentially be experienced by the various individuals in the 

exposed population.  

 

The statistical distributions used, while still subject to some uncertainty, are the same distributions 

published and utilized by other governmental agencies. They have been peer-reviewed and so are well 

accepted. The point estimate parameters used, for example, the USEPA toxicity criteria, are designed to 

be conservative and to specifically take into account sensitive populations.  

 

Consistent with ADEQ risk guidance, the 95th percentile cancer risk and HQ were calculated in this risk 

assessment. This means that 95 percent of the potentially exposed population would experience less 

health risk than the 95th percentile values at these proposed SSRLs. Thus, the 95th percentile cancer risk 

and HQ reflect conservative, upper-bound estimates of the health risk estimates. Cumulative risks, 

expressed as cumulative cancer risk and the maximum HI, were explicitly evaluated in this risk 

assessment and found to be acceptable and consistent with ADEQ health risk criteria.  

 

Two specific sources of uncertainty in the present risk assessment are related to the lack of an inhalation 

RfD for copper and the use of an arsenic oral cancer slope factor that is based on drinking water exposure. 

The lack of an inhalation RfD for copper prevents the quantitative assessment of non-cancer hazard 

related to the inhalation of airborne copper. However, in our experience, metal exposure via the inhalation 

route of exposure is insignificant relative to the exposure occurring via incidental soil ingestion. Thus, the 

absence of an inhalation RfD for copper is not expected to result in a significant underestimate of non-

cancer hazard.  

  

The arsenic oral cancer slope factor is based on drinking water exposure not soil exposure (USEPA, 

2014). The use of such a cancer slope factor for evaluating cancer risks related to arsenic in soil is likely 
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to overestimate cancer risks due to the reduced solubility and bioavailability of arsenic forms in soil 

(particularly smelter soils) relative to arsenic forms in drinking water (Davis et al., 1996).  
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7.0 SUMMARY AND CONCLUSIONS 
 
A PRA was conducted to verify that health risks related to the soil SSRLs proposed for the UVSP are: 1) 

within the range that ADEQ and the USEPA have determined to be protective of human health and, 2) 

consistent with the health risk benchmarks that ADEQ has determined to be acceptable at other sites (i.e., 

Ajo/Bisbee, and Douglas). The Ajo/Bisbee and Douglas programs are very similar in exposure 

circumstances to the UVSP. The PRA used the same input parameters that were previously approved by 

ADEQ for use in the Ajo/Bisbee and Douglas risk assessments. Justification for the use of the Ajo/Bisbee 

arsenic RBA in the present risk assessment was performed by developing an even more comprehensive 

and up-to-date database of in vivo bioavailability data reported in the literature than that used for 

developing the RBA input for the Ajo/Bisbee risk assessment.  

 

The PRA showed that the 95th percentile cancer risk for arsenic at 30 mg/kg was 1E-5, the same as for 

the Ajo/Bisbee and Douglas programs.  Non-cancer hazards, expressed as the 95th percentile HQs for 

arsenic and copper at the proposed SSRLs, were 0.3 and 1, respectively. The maximum HI of 1, 

representing cumulative non-cancer health hazard, was acceptable based on a “segregation of Hazard 

Indices”. Lead health risks, evaluated using the USEPA IEUBK model, were also determined to be 

negligible at the proposed SSRL of 425 mg/kg.  

  



20 
 

8.0 REFERENCES 
 

 
Agency for Toxic Substance and Disease Registry (ATSDR). 2004. Toxicological Profile for Copper. 

Center for Disease Control. Atlanta. 

ATSDR. 2006. Health Consultation: Palestine Bioavailability Study. Arsenic and Vanadium Soil Action 
Levels. Center for Disease Control. Atlanta. 

ATSDR. 2007a. Toxicological Profile for Arsenic. Center for Disease Control. Atlanta.  

ATSDR. 2007b. Toxicological Profile for Lead. Center for Disease Control. Atlanta.  

American Industrial Health Council (AIHC).1994. Exposure Factors Sourcebook. Washington, D.C.  

Arizona Administrative Code (A.A.C.). 2007. Title 18, Chapter 7, Article 2. 

Arizona Department of Environmental Quality (ADEQ). 1997. Notice of Final Rulemaking, Title 18, 
Environmental Quality, Chapter 7, Department of Environmental Quality Remedial Action, 
Preamble, Appendix B. 

ADEQ.2007. Letter from Thomas DiDomizio to Jeff Parker (BHP), RE: Response to BHP Copper 
Comments dated August 22, 2006. 

ADEQ. 2010. Letter from Thomas DiDomizio (ADEQ) to Mike Leach (FMC), RE: Request for Site-
Specific Remediation Levels for Freeport Voluntary Remediation Program Sites in Clifton and 
Douglas dated July 22, 2010. 

ADEQ. 2013. Human Health Risk Assessment Approval. Douglas-Pirtleville Soil Program. Letter from 
John Patricki, ADEQ to Stuart Brown, FMC dated November 19, 2013.  

Arizona Department of Health Services (ADHS). 2003. Deterministic Risk Assessment Guidance. 
Phoenix.  

BHP Copper Inc. (BHP). 2006. September 21, 2006 Meeting Notes from Response to ADEQ Comments 
on the Human Health Risk Assessment and Supplemental Project Plan of May 26, 2006. 

Bradham, K.D., Scheckel, K.G., Nelson, C.M., Seales, P.E., Lee, G.E., Hughes, M.F., Miller, B.W., 
Yeow, A., Gilmore, T., Serda, S.M., Harper, S., and D.J. Thomas. 2011. Relative bioavailability and 
bioaccessibility and speciation of arsenic in contaminated soils. Environmental Health Perspectives 
119:1629-1634 

Brattin,W. and S. Casteel. 2013. Measurement of arsenic relative bioavailability in swine. Journal of 
Toxicology and Environmental Health, Part A.  76:449-457 

 
Brown and Caldwell (BC). 2009. Human Health Risk Assessment. Site-Specific Soil Remediation Levels 

for Arsenic, Copper, and Manganese at Ajo and Bisbee, Arizona. Phoenix, Arizona. 

BC. 2013. Human Health Risk Assessment. Site-Specific Soil Remediation Levels for Arsenic, Copper, 
and Lead at Douglas Reduction Works. Douglas, Arizona.  

Davis, A., Ruby, M.V., Bloom, M., Schoof, R., Freeman, G. and P.D. Bergstrom. 1996. Mineralogic 
constraints on the bioavailability of arsenic in smelter impacted soils. Environmental Science and 
Technology 30:392-399 

Department of Toxic Substances Control (DTSC). 1994. Preliminary Endangerment Assessment 
Guidance Manual. Sacramento. 



21 
 

Golder Associates. 2002. Bioaccessibility Study for the Hurley Soils Investigation Unit, Hurley, New 
Mexico. Prepared for Chino Mines Company by Golder Associates, Redmond, Washington. 

Juhasz, A.L., Smith, E., Weber, J., Rees, M., Rofe, A., Kuchel, T., Sansom, L. and R. Naidu. 2007. 
Comparison of in vivo and in vitro methodologies for the assessment of arsenic bioavailability in 
contaminated soils. Chemosphere 6: 961-966 

Knobeloch, L. 2002. Health Effects of Arsenic-Contaminated Drinking Water. Wisconsin Department of 
Natural Resources. 

Oregon Department of Environmental Quality (ODEQ). 1998. Guidance for Use of Probabilistic Analysis 
in Human Health Risk Assessments. Interim Final. Updated November 1998. Portland.  

Roberts, S.M., Munson, J.W., Lowney, Y.W. and M.V. Ruby. 2007. Relative oral bioavailability of 
arsenic from contaminated soils measured in the cynomolgus monkey. Toxicological Sciences 95: 
281-288 

Smith, R. 1994. Use of monte carlo simulation for human exposure assessment at a Superfund site. Risk 
Analysis 14:433-439 

University of Cincinnati, Department of Environmental Health. 1997. Bingham Creek Environmental 
Health Lead and Arsenic Exposure, Final Report. 

United States Environmental Protection Agency (USEPA). 1989. Risk Assessment Guidance for 
Superfund, Volume I, Part A – Human Health Evaluation Manual (Part A). Office of Emergency and 
Remedial Response, Washington, DC. EPA/540/1-89/002. 

USEPA. 1996. Final Baseline Human Health Risk Assessment, Anaconda Smelter NPL Site, Anaconda, 
Montana Remedial Planning Activities at Selected Uncontrolled Hazardous Substances Disposal Sites 
in A Zone for EPA Regions VI, VII, and VIII. Contract No. 68- W9-0021. 

USEPA. 1997. Exposure Factors Handbook. Volume I - General Factors. Office of Research and 
Development. EPA/60/P-95/002Fa. Washington, D.C. 

USEPA. 2001a. Risk Assessment Guidance for Superfund (RAGS), Volume III, Part A – Process for 
Conducting Probabilistic Risk Assessment. Office of Emergency and Remedial Response. EPA 540-
R-02-002. Washington, D.C. 

USEPA. 2001b. Baseline Human Health Risk Assessment Vasquez Boulevard and I-70 Superfund Site. 
Denver. 

USEPA. 2004. Risk Assessment Guidance for Superfund, Volume I: Human Health Evaluation Manual 
(Part E, Supplemental Guidance for Dermal Risk Assessment), Final. EPA/540/R/99/005. 

USEPA. 2007. User’s Guide for the Integrated Exposure Uptake Biokinetic Model for Lead in Children 
(IEUBK) Windows® EPA 9285.7-42. 

USEPA. 2010. Relative Bioavailability of Arsenic in Soils at 11 Hazardous Waste Sites Using an in vivo 
Juvenile Swine Method. Oswer Directive #9200.0-76. Washington, D.C. 

USEPA. 2013. Regional Screening Levels. November. San Francisco.  

USEPA.2014. Integrated Risk Information System (IRIS). Accessed online at www.epa.gov/iris in March 
2014.  

URS. 2007a. Bisbee Smelter Risk Assessment Evaluation for the Site-Specific IEUBK Model.  

URS. 2007b. Bisbee Residential Soil Remediation-Interim Action Workplan. 

http://www.epa.gov/iris%20in%20March%202014
http://www.epa.gov/iris%20in%20March%202014


22 
 

Walker, S. and S. Griffin. 1998. Site-specific data confirm arsenic exposure predicted by U.S. EPA. Env. 
Health Persp. 106: 133-139 

Wester, R.C., Maibach, H.I., Sedik, L., Melendres, J. and M. Wade. 1993. In vivo and in vitro 
percutaneous absorption and skin decontamination of arsenic from water and soil. Fundamental and 
Applied Toxicology. 20: 336-340. 



 
 

 
 
 
 

 

 

 

 
 
 

 
 

 
 

TABLES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



Percentile Body Weight (kg)

Minimum 9.03
5 10.75

10 11.28
15 11.65
20 11.95
25 12.22
30 12.46
35 12.7
40 12.92
45 13.14
50 13.36
55 13.58
60 13.81
65 14.05
70 14.31
75 14.6
80 14.93
85 15.31
90 15.81
95 16.58

Maximum 19.73

TABLE 1

Child Body Weight Distribution (Both Sexes)

Source: Derived from Tables 3-47 and 3-49 ODEQ (1998).  See 
text. 



Percentile Body Weight (kg)

Min 44
5 52.3

15 57.6
50 68.7
85 84.4
95 97

Max 107

TABLE 2

Adult Body Weight Distribution (Both Sexes)

Source: Page 4.2 of AIHC (1994).



Percentile Exposure Duration (yr)

Minimum 0.01
5 0.59

10 1.18
15 1.77
20 2.36
25 2.96
30 3.37
35 3.76
40 4.16
45 4.56
50 4.95
55 5.37
60 5.78

Maximum 6

TABLE 3

Child Exposure Duration Distribution 

Source: From Table 3-38 of ODEQ (1998) and truncated at age 
6. 



Percentile Exposure Duration (yr)

Minimum 0.01
5 0.98

10 1.94
15 2.97
20 3.91
25 4.91
30 5.73
35 6.53
40 7.33
45 8.13
50 8.9
55 9.5
60 10.08
65 10.66
70 11.22
75 11.81
80 13.03
85 14.38
90 15.75
95 17.57

Maximum 24

TABLE 4

Adult Exposure Duration Distribution 

Source: From Table 3-38 of ODEQ (1998) and 
truncated at age 24. 



Exposure Parameter Units Minimum Most Likely Maximum Reference

Residential exposure frequency, EFr days/yr 300 345 365 BHP (2006)
Oral bioavailability of arsenic in soil, BIOa/s Unitless 0.183 0.4 0.5 BHP (2006)
Oral bioavailability of arsenic in dust, BIOa/d Unitless 0.183 0.4 0.5 BHP (2006)
Oral bioavailability of copper in soil, BIOc/s Unitless 0.48 0.64 0.78 Golder (2002)
Oral bioavailability of copper in dust, BIOc/d Unitless 0.48 0.64 0.78 Golder (2002)
Ratio of concentration of metal in dust to soil, Ratiod/s Unitless 0.06 0.43 0.7 USEPA (1996, 2001b, 2007)
Dermal absorption factor for arsenic, ABS Unitless 0 0.01 0.03 BHP (2006)

TABLE 5

Triangular Distribution Parameters



Percentile Ingestion Rate (mg/day)

Minimum 0.52
5 5.52

10 8.34
15 11.04
20 13.78
25 16.67
30 19.81
35 23.21
40 26.95
45 31.17
50 35.94
55 41.39
60 47.83
65 55.44
70 64.66
75 76.34
80 91.54
85 112.85
90 145.1
95 205.24

Maximum 398.75

TABLE 6

Child Soil Ingestion Rate Distribution 

Source: From Table 3-2 of ODEQ (1998).  



Percentile Ingestion Rate (mg/day)

Minimum 16.57
5 32.78

10 36.7
15 39.6
20 42.07
25 44.33
30 46.43
35 48.48
40 50.5
45 52.53
50 54.61
55 56.79
60 59.12
65 61.59
70 64.29
75 67.37
80 70.92
85 75.43
90 81.33
95 91.03

Maximum 150.07

TABLE 7

Adult Soil Ingestion Rate Distribution 

Source: From Table 3-2 of ODEQ (1998).  



Percentile

Minimum 421
5 470

10 507
25 563
50 617
75 719
90 784
95 846

Maximum 1,142

TABLE 8

Child Skin Surface Area Distribution 

Source: From Table 6-9 of USEPA (1997).  

Surface Area 
(cm2/kg-day)



Percentile

Minimum 200
5 238

10 244
25 270
50 286
75 302
90 316
95 329

Maximum 351

TABLE 9

Adult Skin Surface Area Distribution 

Surface Area 
(cm2/kg-day)

Source: From Table 6-9 of USEPA (1997). 



Percentile

Minimum 0.342
5 0.364

10 0.379
15 0.390
20 0.400
25 0.409
30 0.418
35 0.426
40 0.434
45 0.442
50 0.450
55 0.458
60 0.467
65 0.476
70 0.485
75 0.496
80 0.508
85 0.523
90 0.542
95 0.572

Maximum 0.741

TABLE 10

Child Inhalation Rate Distribution 

Inhalation Rate
(m3/kg-day)

Source: From Table 3-26 of ODEQ (1998).



Percentile

Minimum 0.113
5 0.140

10 0.153
15 0.163
20 0.172
25 0.180
30 0.187
35 0.195
40 0.202
45 0.210
50 0.217
55 0.225
60 0.233
65 0.242
70 0.251
75 0.262
80 0.275
85 0.290
90 0.311
95 0.344

Maximum 0.556

TABLE 11

Adult Inhalation Rate Distribution 

Inhalation Rate
(m3/kg-day)

Source: From Table 3-26 of ODEQ (1998).  



Exposure Parameter Notation Units Distribution Type Reference

Averaging time for cancer risk ATc days Point estimate 25,550 ADHS (2003)

Age-adjusted inhalation rate IRAadj m3-yr/kg-day Point estimate Calculated (see Figure 1) USEPA (2013)

Age-adjusted skin surface area SAadj mg-yr/kg-day Point estimate Calculated (see Figure 1) USEPA (2013)

Age-adjusted soil ingestion rate IRSadj mg-yr/kg-day Point estimate Calculated (see Figure 1) USEPA (2013)

Body weight, adult BWa kg Custom Table 2 AIHC (1994)

Body weight, child BWc kg Custom Table 1 ODEQ (1998)

Cancer slope factor (inhalation) CSFi (mg/kg-day)-1
Point estimate 15 USEPA (2014)

Cancer slope factor (oral) CSFo (mg/kg-day)-1
Point estimate 1.5 USEPA (2014)

Conversion factor CF mg/kg Point estimate 1.00E+06
Dermal absorption ABS unitless Triangular Table 5 BHP (2006)
Dermal soil adherence factor, adult AFa mg/cm2

Point estimate 0.07 USEPA (2004)

Dermal soil adherence factor, child AFc mg/cm2
Point estimate 0.2 ADEQ (1997, 2007)

Exposure duration, adult EDa yr Custom Table 4 ODEQ (1998)

Exposure duration, child EDc yr Custom Table 3 ODEQ (1998)

Exposure frequency, residential EFr days/yr Triangular Table 5 BHP (2006)

Fraction of dust ingested FId unitless Point estimate 0.55 USEPA (2007)

Fraction of soil ingested FIs unitless Point estimate 0.45 USEPA (2007)

Inhalation rate, adult IRAa m3/kg-day Custom Table 11 ODEQ (1998)

Inhalation rate, child IRAc m3/kg-day Custom Table 10 ODEQ (1998)

Oral bioavailabilty of arsenic in dust BIOa/d unitless Triangular Table 5 BHP (2006)

Oral bioavailabilty of arsenic in soil BIOa/s unitless Triangular Table 5 BHP (2006)

Particulate emission factor PEF m3/kg Point estimate 1.396E+09 ADHS (2003)
Ratio of metal concentration in dust to soil Ratiod/s unitless Triangular Table 5 USEPA (1996, 2001, 2007)

Skin surface area, adult SAa cm2/(kg-day) Custom Table 9 (USEPA, 1997)

Skin surface area, child SAc cm2/(kg-day) Custom Table 8 USEPA (1997)

Soil concentration (Site-Specific Remediation Level) Cs mg/kg Point estimate 30

Soil ingestion, adult IRSa mg/day Custom Table 7 ODEQ (1998)

Soil ingestion, child IRSc mg/day Custom Table 6 ODEQ (1998)
Target cancer risk TR unitless NA Calculated ADHS (2003)

TABLE 12

Summary List of Exposure Assumptions Used to Calculate Cancer Risk for Arsenic in Residential Soil 

Value(s)

Based on Proposed Arsenic Site-Specific Remediation Level of 30 mg/kg



Exposure Parameter Notation Units Distribution Type Reference

Averaging time for non-cancer risk ATnc days Point estimate 2,190 ADHS (2003)

Body weight, child BWc kg Custom Table 1 ODEQ (1998)
Conversion factor CF mg/kg Point estimate 1.00E+06
Dermal absorption ABS unitless Triangular Table 5 BHP (2006)
Dermal soil adherence factor, child AFc mg/cm2

Point estimate 0.2 ADEQ (1997, 2007)

Exposure duration, child EDc yr Custom Table 3 ODEQ (1998)

Exposure frequency, residential EFr days/yr Triangular Table 5 BHP (2006)

Fraction of dust ingested FId unitless Point estimate 0.55 USEPA (2007)

Fraction of soil ingested FIs unitless Point estimate 0.45 USEPA (2007)
Hazard Quotient HQ unitless NA Calculated
Inhalation rate, child IRAc m3/kg-day Custom Table 10 ODEQ (1998)

Oral bioavailabilty of arsenic in dust BIOa/d unitless Triangular Table 5 BHP (2006)

Oral bioavailabilty of arsenic in soil BIOa/s unitless Triangular Table 5 BHP (2006)

Particulate emission factor PEF m3/kg Point estimate 1.396E+09 ADHS (2003)
Ratio of metal concentration in dust to soil Ratiod/s unitless Triangular Table 5 USEPA (1996, 2001, 2007)

Reference Dose, inhalation RfDi mg/kg-day Point estimate 8.57E-06 USEPA (2014)

Reference Dose, oral RfDo mg/kg-day Point estimate 3.00E-04 USEPA (2014)

Skin surface area, child SAc cm2/(kg-day) Custom Table 8 USEPA (1997)

Soil concentration (Site-Specific Remediation Level) Cs mg/kg Point estimate 30 Proposed

Soil ingestion, child IRSc mg/day Custom Table 6 ODEQ (1998)

TABLE 13

Summary List of Exposure Assumptions Used to Calculate Non-Cancer Hazard (Hazard Quotient) for Arsenic 

Value(s)

in Residential Soil Based on Proposed Arsenic Site-Specific Remediation Level of 30 mg/kg



Exposure Parameter Notation Units Distribution Type Reference

Averaging time for non-cancer risk ATnc days Point estimate 2,190 ADHS (2003)
Body weight, child BWc kg Custom Table 14 ODEQ (1998)
Conversion factor CF mg/kg Point estimate 1.00E+06
Exposure duration, child EDc yr Custom Table 3 ODEQ (1998)
Exposure frequency, residential EFr days/yr Triangular Table 5 BHP (2006)
Fraction of dust ingested FId unitless Point estimate 0.55 USEPA (2007)
Fraction of soil ingested FIs unitless Point estimate 0.45 USEPA (2007)
Hazard Quotient HQ unitless NA Calculated
Oral bioavailabilty of copper in dust BIOc/d unitless Triangular Table 5 Golder (2002)
Oral bioavailabilty of copper in soil BIOc/s unitless Triangular Table 5 Golder (2002)
Ratio of metal concentration in dust to soil Ratiod/s unitless Triangular Table 5 USEPA (1996, 2001b, 2007)
Reference Dose, oral RfDo mg/kg-day Point estimate 4.00E-02 USEPA (2014)
Soil concentration (Site-Specific Remediation Level) Cs mg/kg Point estimate 9000
Soil ingestion, child IRSc mg/day Custom Table 6 ODEQ (1998)

TABLE 14

Summary List of Exposure Assumptions Used to Calculate Non-Cancer Hazard (Hazard Quotient) for Copper

Value (s)

in Residential Soil Based on Proposed Copper Site-Specific Remediation Level of 9,000 mg/kg
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FIGURE 2 
 

Equation Used to Calculate Cancer Risk Associated with the Proposed Site-Specific 
Remediation Level for Arsenic of 30 mg/kg 
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See Table 12 for definitions and values of all parameters. 



FIGURE 3 
 

Equation Used to Calculate the Non-Cancer Hazard (Hazard Quotient) Associated with the 
Proposed Site-Specific Remediation Level for Arsenic of 30 mg/kg 
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See Table 13 for definitions and values of all parameters.  



FIGURE 4 
 

Equation Used to Calculate Non-Cancer Hazard (Hazard Quotient) Associated with the 
Proposed Site-Specific Remediation Level for Copper of 9,000 mg/kg 
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See Table 14 for definitions and values of all parameters.  
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EXECUTIVE SUMMARY 1 

INTRODUCTION 2 

Reliable analysis of the potential hazard to humans from ingestion of a chemical depends upon 3 

accurate information on a number of key parameters, including the concentration of the chemical in 4 

environmental media (e.g., soil, dust, water, food, air, paint), intake rates of each medium, and the rate 5 

and extent of absorption (“bioavailability”) of the chemical by the body from each ingested medium.  6 

Knowledge of bioavailability is important because the amount of a chemical (e.g., arsenic) that actually 7 

enters the body from an ingested medium depends on the physical-chemical properties of the chemical 8 

and of the medium.  Accurate assessment of the human health risks resulting from oral exposure to 9 

arsenic requires knowledge of the amount of arsenic absorbed from the gastrointestinal tract into the 10 

body.  When reliable data are available on the relative bioavailability (RBA) of a chemical in a site 11 

medium (e.g., soil), this information can be used to improve the accuracy of exposure and risk 12 

calculations at that site.  Available RBA data can be used to adjust default oral toxicity values (reference 13 

dose and slope factor) to account for differences in absorption between the chemical ingested in water and 14 

the chemical ingested in site media, assuming the toxicity factors are based on a readily soluble form of 15 

the chemical. 16 

This document summarizes a number of in vivo studies that have been performed in young swine 17 

to investigate the RBA of arsenic in different environmental media. 18 

METHODS 19 

Basic In Vivo Experimental Design 20 

All in vivo studies were performed using young swine.  Swine were selected for use because 21 

available physiological data indicate that young swine are a good model for the human gastrointestinal 22 

system.  Groups of animals (usually 5 per dose group) were exposed to test material or reference material 23 

for 12–15 days.  Dosing was usually oral, although some groups were exposed to sodium arsenate by 24 

gavage or by intravenous injection. 25 

Samples of urine were collected from each animal on several different days during the study (the 26 

exact days varied from study to study).  Prior to analysis, samples of urine were digested using one of two 27 

alternative methods.  Studies that used the first digestion method are referred to as Phase II, and studies 28 

that used the second digestion method are referred to as Phase III.  After digestion, all samples were 29 

analyzed for arsenic using the hydride method. 30 
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Basic Method for Estimating RBA 1 

Arsenic that is absorbed into the body from the gastrointestinal tract is excreted in the urine 2 

within 1–2 days (see Table 2-1).  Based on this, the RBA of a test material may be estimated by 3 

measuring the urinary excretion fraction (UEF) of arsenic administered in test material and in reference 4 

material (sodium arsenate), and calculating the ratio of the two UEF values: 5 

 RBA(test material) = UEF(test material) / UEF(sodium arsenate) 6 

The UEF for each material (test soil, sodium arsenate) is estimated by plotting the mass of arsenic 7 

excreted by each animal as a function of the dose administered, and then fitting the data for the two test 8 

materials to a simultaneous weighted regression model.  The slopes estimated for each test material are 9 

direct estimates of the UEF.  The RBA is estimated as the ratio of the slopes (slope test material/slope 10 

sodium arsenate); the regression model also provides estimates of the uncertainty in the slope estimates.  11 

A complete description of the regression model is included in Appendix A of the report. 12 

RESULTS 13 

In total, 29 test materials were investigated using the in vivo swine bioassay (two in duplicate).  In 14 

three cases, the amount of arsenic administered was too low to allow reliable measurement of RBA, and 15 

the results for these samples are not considered to be meaningful.  Values for the remaining all 29 test 16 

materials are shown below. 17 

 18 

Summary of RBA Estimates for Phase II and Phase III Test Materials 

Phase Experiment Sample 

Arsenic 
Concentrationa 

(ppm) RBA ± SEM 
Phase II 2 Bingham Creek Channel Soil 149 39% ± 8% 

4 Murray Smelter Slag 695 55% ± 10% 
Jasper County High Lead Millb 16.4 327% ± 105% 

5 Aspen Bermb 66.9 100% ± 46% 
Aspen Residentialb 16.7 128% ± 52% 

6 Butte Soil 234 9% ± 3% 
Midvale Slag 591 23% ± 4% 

7 California Gulch Phase I Residential 
Soil 

203 8% ± 3% 

California Gulch Fe/Mn PbO 110 57% ± 12% 
8 California Gulch AV Slag 1050 13% ± 4% 
9 Palmerton Location 2 110 49% ± 10% 

Palmerton Location 4 134 61% ± 11% 
10 California Gulch AV Slag 1050 18% ± 2% 
11 Murray Smelter Soil 310 33% ± 5% 
15 Clark Fork Tailings 181 51% ± 6% 
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Summary of RBA Estimates for Phase II and Phase III Test Materials 

Phase Experiment Sample 

Arsenic 
Concentrationa 

(ppm) RBA ± SEM 
Phase III 1 VBI70 TM1 312 40% ± 4% 

VBI70 TM2 983 42% ± 4% 
VBI70 TM3 390 37% ± 3% 

2 VBI70 TM4 813 24% ± 2% 
VBI70 TM5 368 21% ± 2% 
VBI70 TM6 516 24% ± 3% 

3 Butte TM1 234 18% ± 3% 
Butte TM2 367 24% ± 2% 

4 Aberjona River TM1 676.3 38% ± 2% 
Aberjona River TM2 312.8 52% ± 2% 

5 El Paso TM1 74 44% ± 3% 
El Paso TM2 73 37% ± 3% 

6 ACC Utility Pole Soil 320 47% ± 3% 
7 ACC Dislodgeable Arsenic 3500 26% ± 1% 

 
SEM = Standard error of the mean, an indicator of the relative uncertainty around the RBA estimate (see Appendix A) 
aSame sample as evaluated in Phase II 
bThe amount of arsenic administered was too low to allow reliable measurement of RBA, and the results for these samples are 
not considered to be meaningful 
 1 

As seen, using sodium arsenate as a relative frame of reference, estimated RBA values range 2 

from less than 10% to more than 60% (excluding the 3 values considered to be unreliable).  This wide 3 

variability supports the conclusion that there can be important differences in RBA between different types 4 

of samples, and that use of a site-specific RBA value is likely to increase the accuracy of risk estimates 5 

for arsenic.  This conclusion is also consistent with the similarity between the coefficient of variability of 6 

the dose-UEF slope for test materials (0.38) and the coefficient of variability of estimated RBAs for the 7 

same test materials (0.32). 8 

Correlation of RBA with Arsenic Geochemistry 9 

One objective of this project was to obtain preliminary information on which chemical forms or 10 

mineral associations of arsenic tend to have high bioavailability and which tend to have low 11 

bioavailability.  Geochemical speciation data were obtained for 20 different test materials using electron 12 

microprobe analysis.  A total of 28 different arsenic phases were represented in the test materials; some 13 

test materials contained more than one arsenic phase.  In order to derive quantitative estimates of phase-14 

specific RBA values, a multivariate linear regression approach was used.  Because the total number of 15 

phases (28) was larger than the number of RBA measurements (20), the existing data are not sufficient to 16 

perform a robust regression analysis based on individual phases.  A screening-level analysis was 17 

performed by grouping the 28 different phases into broader categories based on professional judgment 18 
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regarding the expected degree of similarity between members of a group.  Only the arsenic mass in 1 

partially or entirely liberated particles (arsenic-bearing grains that are partially or entirely exposed on 2 

their outer surfaces) was included in this analysis.  Based on this analysis, it is possible to assign tentative 3 

qualitative estimates of bioavailability, as follows: 4 

 5 

Low Bioavailability Medium Bioavailability High Bioavailability 
As2O3 
Sulfosalts 

As Phosphate 
FeAs Oxide 
PbAs Oxide 
MnAs Oxide 
Fe and Zn sulfates 

FeAsO 

 6 

CONCLUSION 7 

The data from the investigations performed under this program support the following main 8 

conclusions: 9 

1. Juvenile swine constitute a useful and stable animal model for measuring the relative 10 

bioavailability of arsenic in a variety of soil or soil-like test materials.  The Phase III protocol 11 

described in this report is the recommended standard operating procedure (SOP) for the juvenile 12 

swine RBA assay. 13 

2. There are clear differences in the in vivo RBA of arsenic between different types of test materials, 14 

ranging from less than 10% to more than 60%.  Thus, knowledge of the RBA value for different 15 

types of test materials at a site can be important for improving arsenic risk assessments at a site. 16 

3. Available data are not yet sufficient to allow reliable quantitative calculation of the RBA for a test 17 

material based only on knowledge of the relative amounts of arsenic mineral phases present.  18 

However, tentative qualitative estimates of low, medium, or high bioavailability have been made 19 

based on the major phase type of the arsenic containing waste material. 20 

4. Additional extraction steps were identified and necessary to convert urinary organoarsenic 21 

metabolites to inorganic arsenic for analysis of total arsenic in urine. 22 

5. Due to limitations in detection limits for measurement of arsenic in urine, a minimum arsenic 23 

dose of 25 µg/kg bw-day is recommended for the juvenile swine RBA assay, so that the amount 24 

of arsenic excreted in urine reaches a measurable quantity.25 
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1.0 INTRODUCTION 1 

1.1 Overview 2 

Accurate assessment of the human health risks resulting from oral exposure to arsenic requires 3 

knowledge of the amount of arsenic absorbed from the gastrointestinal tract into the body.  This 4 

information on gastrointestinal absorption may be described either in absolute or relative terms: 5 

Absolute Bioavailability (ABA) is the ratio of the amount of arsenic absorbed to the amount ingested: 6 

ABA = (Absorbed Dose) / (Ingested Dose) 7 

This ratio is also referred to as the oral absorption fraction (AFo). 8 

Relative Bioavailability (RBA) is the ratio of the absolute bioavailability of arsenic present in some test 9 

material to the absolute bioavailability of arsenic in some appropriate reference material: 10 

RBA = ABA(test) / ABA(reference) 11 

Usually the form of arsenic used as the reference material is an arsenic compound dissolved in 12 

water or a readily soluble form (e.g., sodium arsenate) that is expected to completely dissolve when 13 

ingested. 14 

For example, if 100 µg of arsenic dissolved in drinking water were ingested and a total of 90 µg 15 

were absorbed into the body, the ABA would be 0.90 (90%).  Likewise, if 100 µg of arsenic contained in 16 

soil were ingested and 30 µg were absorbed into the body, the ABA for soil would be 0.30 (30%).  If the 17 

arsenic dissolved in water was used as the frame of reference for describing the relative amount of arsenic 18 

absorbed from soil, the RBA would be 0.30/0.90, or 0.33 (33%). 19 

When reliable data are available on the RBA of a chemical (e.g., arsenic) in a site medium (e.g., 20 

soil), this information can be used to improve the accuracy of exposure and risk calculations at that site.  21 

Available RBA data can be used to adjust default oral toxicity values (reference dose and slope factor) to 22 

account for differences in absorption between the chemical ingested in water and the chemical ingested in 23 

site media, assuming the toxicity factors are based on a readily soluble form of the chemical. 24 

1.2 Using Relative Bioavailability Data to Improve Risk Calculations for Arsenic 25 

The Risk Assessment Guidance for Superfund (RAGS) Part A (U.S. EPA, 1989) and Guidance 26 

for Evaluating the Bioavailability of Metals in Soils for Use in Human Health Risk Assessment (U.S. 27 

EPA, 2007) discuss making adjustments to exposure estimates in Superfund site-specific risk assessments 28 

when the medium of exposure in the exposure assessment differs from the medium of exposure assumed 29 

by the toxicity value (cancer slope factor, reference dose value, etc.) based upon site-specific 30 



 

2 

bioavailability data. When a reliable RBA value is available for a particular site medium (e.g., soil), the 1 

RBA can be used to adjust estimate of the daily intake (DI) as follows: 2 

 

 3 

2.0 EXPERIMENTAL METHODS FOR ESTIMATING ARSENIC RBA BY IN VIVO 4 

STUDIES 5 

All in vivo studies were performed according to the spirit and guidelines of Good Laboratory 6 

Practices (GLP: 40 CFR 792).  Standard Operating Procedures (SOPs) that included detailed methods for 7 

all of the components of each study were prepared, approved, and distributed to all team members prior to 8 

all studies. 9 

2.1 Basic Approach for Measuring RBA In Vivo 10 

Summary of Arsenic Toxicokinetics 11 

Available data from studies on the absorption and excretion of soluble arsenic compounds in 12 

humans and animals are summarized in Table 2-1.  Based on the fecal excretion data, absorption of 13 

soluble arsenic compounds (sodium arsenate and sodium arsenite) typically appears to be at least 90% in 14 

both humans and animals. 15 

Estimates of biliary excretion are available from studies in which soluble arsenic compounds 16 

have been given by intravenous injection.  Results from studies by Johnson and Farmer (1991) and 17 

Freeman et al. (1994) indicate biliary excretion is probably about 4–8% of the absorbed dose.  Correction 18 

of fecal excretion data by subtraction of 8% to account for biliary excretion suggests that absorption of 19 

soluble arsenic is probably close to 100% in most cases. 20 

Figure 2-1 plots the urinary excretion data from Table 2-1.  It is apparent that typical urinary 21 

recovery of soluble arsenic in humans (top panel) is dose-independent, and averages about 67% (range = 22 

45 to 85%).  Urinary recovery of arsenic in rodents (Figure 2-1, lower panel) is similar, with an average 23 

value of 70% (range = 36 to 94%).  Often the sum of arsenic recovery in urine plus feces is slightly less 24 

than 100%.  This could be partly due to experimental error, but is more likely due to retention of some 25 

arsenic in tissues such as skin and hair. 26 

Conceptual Model 27 

Based on the human and animal data above, it appears that both absorption and excretion are 28 

likely to be linear (i.e., dose independent) processes at dose levels well above those expected from 29 
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exposure to arsenic in soil (e.g., 1000 ppm × 100 mg/day = 100 µg/day).  Figure 2-2 shows a conceptual 1 

model for the toxicokinetic fate of ingested arsenic that is based on concept that absorption and excretion 2 

are linear.  Key points of the model are as follows: 3 

• If 100% of all absorbed arsenic were excreted in the urine, the UEF would be equal to the oral 4 

absorption fraction or ABA.  However, some absorbed arsenic is excreted in the feces via the bile 5 

and some absorbed arsenic enters tissue compartments (e.g., skin, hair) from which it is cleared 6 

very slowly or not at all.  Thus, the urinary excretion fraction should not be equated with the 7 

absolute absorption fraction. 8 

• The RBA of two orally administered materials (e.g., a test soil and sodium arsenate) can be 9 

calculated from the ratio of the urinary excretion fraction of the two materials.  This calculation is 10 

independent of the extent of tissue binding or biliary excretion, because the fraction of absorbed 11 

arsenic that is excreted in urine (Ku), which does depend on tissue binding and biliary excretion, 12 

cancels in the calculation: 13 
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where: 15 

RBA(x vs. y) is the relative bioavailability of As in test material (x) vs. sodium arsenate 16 
(y); 17 

UEF is the urinary excretion fraction of the dose excreted in urine; 18 

AFO is the absorption fraction, which is the fraction of the dose absorbed following oral 19 
administration; and 20 

Ku is the fraction of the absorbed dose excreted in urine. 21 

 22 

Thus, measurement of the urinary excretion fraction (µg/day excreted in urine per µg/day 23 

administered) of test material and reference material (sodium arsenate) is the key experimental goal in 24 

these arsenic RBA studies. 25 

Estimation of UEF 26 

The amount of arsenic excreted in urine (µg/day) is calculated as the product of urinary 27 

concentration (µg/L) and urinary volume (L/day).  The UEF is the rate of As excreted in urine (mL/day) 28 

divided by the dose (mg/day).  Conceptually, the UEF could be estimated for each animal on each day 29 

that data are collected, and the UEF estimates for a particular dose material could then be averaged across 30 

different animals, dose levels, and days.  However, this approach does not account for baseline intake and 31 

excretion of arsenic in the control group (unexposed animals), and tends to overemphasize UEF values at 32 
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the low end of the dose range where the estimate of urinary excretion is most uncertain.  A more robust 1 

approach, used in this evaluation, is to plot the mass excreted by each animal as a function of the dose 2 

administered to each animal, and then fit a linear regression line to the combined data.  The slope of this 3 

line is a direct estimate of the UEF (µg/day excreted per µg/day ingested).  This approach automatically 4 

accounts for baseline arsenic ingestion and excretion in control (unexposed) animals, and is not 5 

disproportionately influenced by measurement error at the low end of the dose curve. 6 

The process of deriving the best fit linear regression lines through the data is complicated by the 7 

fact that the equations for each dose material in a study must have the same intercept, and because the 8 

variability in the data tend to increase as the dose increases (this is referred to as heteroscedasticity).  In 9 

order to address these issues, the data from each study were fit using simultaneous weighted linear 10 

regression, as detailed in Appendix A. 11 

2.2 Experimental Methods 12 

2.2.1 Study Designs 13 

Phase II Study Designs 14 

Measurement of arsenic bioavailability in most Phase II studies was performed in parallel with 15 

studies designed to estimate lead bioavailability (U.S. EPA, 2007).  Groups of animals (typically 4 or 5 16 

per dose group) were given oral doses of a test material (e.g., soil, tailings, slag, sediment) twice daily for 17 

15 days, and 24-hour urine samples were collected several times during the study (typically on days 7 and 18 

14).  Because the main focus of these studies was on lead RBA, these early studies did not include groups 19 

of animals that were exposed to an arsenic reference material.  Thus, these studies, taken alone, were not 20 

sufficient to allow for an estimation of the arsenic RBA of the test materials. 21 

In order to address this data gap and provide data on the urinary excretion fraction of a suitable 22 

reference material, two “pilot studies” (Phase II, Experiments 10 and 15) were performed to establish the 23 

urinary excretion fraction for sodium arsenate administered by three different routes: orally with a small 24 

amount of food, orally by gavage (no food), and by intravenous injection. 25 

Appendix B1 provides the detailed study designs for each Phase II study, and Appendix B2 26 

provides the detailed designs for the two pilot studies. 27 

Phase III Study Designs 28 

After the completion of the Phase II studies, a modified study design was developed that was 29 

specifically optimized for evaluation of arsenic RBA, rather than lead RBA.  In this design, each study 30 

includes a set of animals exposed to the reference material (sodium arsenate) and one to three different 31 
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test materials, each at two or three different dose levels.  In some cases, the doses of arsenic (expressed as 1 

µg/day) were held constant over time, rather than being adjusted to account for changing body weight.  2 

This is because the basic computational approach used to estimate RBA (described above) compares the 3 

mass of arsenic excreted in urine (µg/day) to the mass of arsenic ingested (µg/day), so body weight 4 

adjustments are not needed. 5 

Appendix B3 provides the detailed study designs for each Phase III study. 6 

2.2.2 Experimental Animals 7 

Juvenile swine were selected for use in these studies because their gastrointestinal physiology is 8 

more similar to humans than most other animal models (Weis and LaVelle, 1991).  All animals were 9 

young males of the Pig Improvement Corporation genetically defined Line 26, and were purchased from 10 

Chinn Farms, Clarence, MO.  All studies used intact animals, except for one (the second VBI70 study), 11 

which used castrated animals.  The number of animals purchased for each study was typically 6–8 more 12 

than required by the protocol.  These animals were usually purchased at age 4–5 weeks (weaning occurs 13 

at age 3 weeks), and they were then held under quarantine for one week to observe their health before 14 

beginning exposure to test materials.  Any animals that appeared to be in poor health during this 15 

quarantine period were excluded.  To minimize weight variations between animals and groups, extra 16 

animals most different in body weight (either heavier or lighter) four days prior to exposure (day-4) were 17 

also excluded from the study.  The remaining animals were assigned to dose groups at random.  When 18 

exposure began (day zero), the animals were about 5–6 weeks old and weighed an average of about 7–19 

12 kg. 20 

All animals were housed in individual stainless steel cages.  Each animal was examined by a 21 

certified veterinary clinician (swine specialist) prior to being placed on study, and all animals were 22 

examined daily by an attending veterinarian while on study.  There were no instances where animals that 23 

became ill could not be promptly restored to good health by appropriate treatment, so no animals were 24 

removed from the studies. 25 

2.2.3 Diet 26 

Animals provided by the supplier were weaned onto standard pig chow purchased from MFA 27 

Inc., Columbia, MO.  In order to minimize arsenic exposure from the diet, the animals were gradually 28 

transitioned from the MFA feed to a special feed (Zeigler Brothers, Inc., Gardners, PA) over the time 29 

interval from day -7 to day -3; this feed was then maintained for the duration of the study.  The feed was 30 

nutritionally complete and met all requirements of the National Institutes of Health–National Research 31 

Council.  The typical nutritional components and chemical analysis of the feed is presented in Table 2-2.  32 
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Each day every animal was given an amount of feed equal to 5% (4% in the Aberjona River study) of the 1 

mean body weight of all animals on study.  Feed amounts were adjusted every three days, when pigs were 2 

weighed.  Feed was administered in two equal portions of 2.5% (2% in the Aberjona River study) of the 3 

mean body weight at 11:00 AM and 5:00 PM daily.  Periodic analysis of feed samples indicated that the 4 

arsenic level was generally below the detection limit (0.1 ppm), which corresponds to a dose contribution 5 

from food of less than 5 µg/kg-day (less than 50 µg/day for a 10 kg animal). 6 

Drinking water was provided ad libitum via self-activated watering nozzles within each cage.  7 

Periodic analysis of samples from randomly selected drinking water nozzles indicated the arsenic 8 

concentration was less than the detection limit (about 1 µg/L).  Assuming water intake of about 9 

0.1 L/kg-day, this corresponds to a dose contribution from water of less than 0.1 µg/kg-day (1 µg/day for 10 

a 10 kg animal). 11 

2.2.4 Dosing 12 

Animals were exposed to sodium arsenate (abbreviated in this report as “NaAs”) or a test material 13 

for 12–15 days, with the dose for each day being administered in two equal portions given at 9:00 AM 14 

and 3:00 PM (two hours before feeding).  Animals were administered dose material when in a semi-fasted 15 

state (i.e., two hours before feeding) to avoid the presence of food in the stomach, which is known to 16 

reduce absorption of arsenic.  In Phase II, doses were based on measured group mean body weights and 17 

were adjusted every three days to account for animal growth.  In most Phase III studies, doses were held 18 

constant (independent of body weight). 19 

Dose material was placed in the center of a small portion (about 5 grams) of moistened feed 20 

(referred to as a “doughball”), which was administered to the animals by hand.  In cases where the mass 21 

of soil was too large to fit into one doughball, the test material was distributed among two or more 22 

doughballs.  Occasionally, some animals did not consume some or the entire dose (usually because the 23 

dose dropped from their mouth while chewing).  All missed doses were recorded and the time-weighted 24 

average dose calculation for each animal was adjusted downward accordingly. 25 

2.2.5 Collection and Preservation of Urine 26 

Samples of urine were collected from each animal on several different days during the study (the 27 

exact days varied from study to study).  Collection began at about 8:00 AM and ended 24 hours later in 28 

the Phase II studies and 48 hours later in most Phase III studies.  The urine was collected in a stainless 29 

steel pan placed beneath each cage, which drained into a plastic storage bottle.  Each collection pan was 30 

fitted with a nylon screen to minimize contamination with feces or spilled food.  At the end of each 31 

collection period, the urine volume was measured and two 60-mL portions were removed for analysis.  32 
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Each 60 mL sample was preserved by addition of 0.6 mL of concentrated nitric acid.  These samples were 1 

refrigerated until sample analysis. 2 

2.2.6 Arsenic Analysis 3 

All samples were assigned random chain-of-custody tag numbers and submitted to the analytical 4 

laboratory in a blind fashion.  Arsenic concentrations in urine were measured using a hydride generation 5 

approach.  This method requires that all arsenic exist in the form of inorganic arsenic before hydride 6 

generation.  Because arsenic in urine can exist in organic forms (monomethylarsonic acid [MMA] and 7 

dimethylarsinic acid [DMA]) as well as inorganic forms, digestion of the urine prior to analysis is 8 

required. 9 

2.2.6.1 Sample Digestion 10 

Two different methods of arsenic digestion prior to analysis were employed during this project.  11 

The first method was used during Phase II and a revised method was used for Phase III studies.  As 12 

discussed in greater detail below (see PE Samples and Blind Duplicates in Section 2.2.7), this change in 13 

digestion method was adopted because recovery of total arsenic from urine and other biological samples 14 

using the first method was limited by incomplete conversion of organic metabolites of arsenic (MMA and 15 

DMA) to inorganic arsenic.  The revised method produced improved recoveries of these metabolites and 16 

of total arsenic. 17 

Digestion Method 1 18 

A 25 mL aliquot of acidified urine was removed and placed in a clean 100 mL glass beaker.  19 

20 mL of concentrated nitric acid and 2.5 mL of concentrated perchloric acid were then added.  The 20 

beaker was covered with a watch glass and placed on a hot plate to reflux for 4–12 hours.  After this 21 

period, the heat was increased to drive off the nitric acid and to cause the perchloric acid to fume.  After 22 

about 10 minutes of fuming, the digestate was cooled slightly and diluted with 20 mL of distilled water.  23 

This was heated until clear, and then cooled and diluted to 50 mL. 24 

Digestion Method 2 25 

A 25 mL aliquot of acidified urine was removed and placed in a clean 100 mL beaker.  3.0 mL of 26 

methanol, 10.0 mL of 40% (w/v) magnesium nitrate hexahydrate, and 10.0 mL of concentrated trace 27 

metal grade nitric acid (HNO3) were then added.  The beaker was covered with a watch glass and placed 28 

on a hot plate to reflux for 8–12 hours at 70–80ºC.  After this, the temperature was increased to 200°C, 29 

and the watch glass was moved back to allow faster evaporation.  The sample was then heated to 30 

complete dryness (8–12 hours), covered with a watch glass, and allowed to cool.  Dried samples were 31 
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transferred to a cool muffle furnace which was heated at a rate of 1 degree/minute to a temperature of 1 

500ºC, and then held at 500ºC for 3 hours before cooling.  Ashed samples were dissolved by adding 5 mL 2 

distilled water and 5 mL concentrated trace metal grade hydrochloric acid (HCl), and boiling gently until 3 

the white residue was completely dissolved.  After cooling, the dissolved sample was diluted with 4 

distilled water to 50.0 mL and held until analysis. 5 

2.2.6.2 Arsenic Analysis by Hydride Generation 6 

Arsenic concentrations in urine were measured by hydride generation.  Samples were prepared 7 

for hydride generation by dilution with a solution of 10% HCl, 10% potassium iodide (KI), and 5% 8 

ascorbic acid.  The samples were diluted l/10 or 1/5 (v/v), depending on the detection limit desired.  9 

Samples were held in the diluting fluid at least 30 minutes before analysis, but overnight was preferred.  10 

Analysis was performed on a Perkin-Elmer 3100 atomic absorption spectrometer (AAS) equipped with a 11 

FIAS 200 flow injection system.  Calibration standards were prepared in dilution fluid (10% HCl, 10% 12 

KI, 5% ascorbic acid) at concentrations of 0.0, 0.2, 1.0, 5.0, 10.0, and 15.0 µg/L. 13 

The detection limit of the method was evaluated by performing 10 replicate analyses of a low 14 

standard (about 1 µg/L).  The detection limit was defined as three times the standard deviation of these 10 15 

analyses.  A 1/10 dilution typically gave a detection limit of about 2 µg/L, while a dilution of 1/5 typically 16 

yielded a detection limit of about 1 µg/L.  All responses below the detection limit were evaluated at one-17 

half the detection limit. 18 

2.2.7 Quality Assurance 19 

A number of quality assurance (QA) steps were taken throughout the studies to assess and 20 

document the quality of the data that were collected.  These steps are summarized below. 21 

Blanks 22 

Blank samples analyzed with each batch of samples never yielded a measurable level of arsenic, 23 

with all values being reported as less than 2.0 µg/L of arsenic. 24 

Spike Recovery 25 

Randomly selected samples were spiked with known amounts of inorganic arsenic (5–20 µg) and 26 

the recovery of the added arsenic was measured.  In Phase II, recovery of arsenic from spiked samples 27 

typically ranged from 95 to 105%, with an average across all analyses of 99.8%.  In Phase III, recovery of 28 

arsenic from spiked samples typically ranged from 83 to 120%, with an average across all analyses of 29 

103%. 30 
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Laboratory Duplicates 1 

Random urine samples were selected for duplicate analysis by the analyst.  In Phase II, the 2 

average absolute difference across all pairs of duplicates samples was 2.4 µg/L (n = 58).  In Phase III, the 3 

average absolute difference across all samples was 2.3 µg/L (n = 115). 4 

Laboratory Control Standards 5 

Samples of various reference materials were analyzed with each set up test samples.  Results for 6 

these standards are summarized below: 7 

 8 

Reference 
Material Description 

Certified 
Value 

Measured Results 
Mean 

(% Certified 
Value) 

Standard 
Deviation n 

Phase II       
ERA Potable WatR™ 
#697 (Trace Metals, 
Lot 3413) 

Plain water spiked 
with inorganic trace 
metals 

68.8 µg/L 23.6 µg/L 
(34.3%) 

10.2 µg/L 12 

NIST 2670 Elevated Normal human urine 
spiked with inorganic 
trace elements 

480 ± 100 µg/L 451 µg/L 
(94%) 

12.8 µg/L 26 

Phase III       
ERA Waste WatR™ 
#500 (Trace Metals, 
Lot P081) 

Plain water spiked 
with inorganic trace 
metals 

366 µg/L 361 µg/L 
(98.6%) 

7.2 µg/L 220 

ERA Waste WatR 
#500™ (Trace 
Metals, Lot 99106) 

Plain water spiked 
with inorganic trace 
metals 

347 µg/L 328 µg/L 
(95%) 

6.7 µg/L 38 

ERA Waste WatR 
#500™ (Trace 
Metals, Lot 9978) 

Plain water spiked 
with inorganic trace 
metals 

92.9 µg/L 96 µg/L 
(103%) 

1.7 µg/L 90 

NIST 2670 Elevated Normal human urine 
spiked with inorganic 
trace elements 

480 ± 100 µg/L 544 µg/L 
(113%) 

9.6 µg/L 7 

NIST 1640 Natural water 
containing trace 
elements (not spiked) 

0.0267 ± 0.0004 
µg/g 

0.027 µg/g 
(99.4%) 

0.001 µg/g 2 

NRCC Dolt-2 Dogfish liver (not 
spiked) 

16.6 ± 1.1 µg/g 
dry wt 

14.7 µg/g dry wt 
(88.6%) 

0.8 µg/g dry wt 10 

NRCC Tort-2 Lobster 
hepatopancreas (not 
spiked) 

21.6 ± 1.8 µg/g 
dry wt 

21.3 µg/g dry wt 
(98.8%) 

1.2 µg/g dry wt 12 

NIST 1566b Oyster tissue (not 
spiked) 

7.65 ± 0.65 
µg/g dry wt 

7.6 µg/g dry wt 
(99.9%) 

0.5 µg/g dry wt 13 

 
ERA: Environmental Resource Associates 
NIST: National Institute of Standards and Technology 
NRCC: National Resource Council Canada (Institute for National Measurement Standards) 
 9 
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As seen, results were good with the exception of one standard (ERA #697) in Phase II.  The low 1 

recovery from these samples is not understood. 2 

PE Samples and Blind Duplicates 3 

In addition to these laboratory-based (non-blind) QA procedures, a series of blind Performance 4 

Evaluation (PE) samples (known concentrations of sodium arsenate in control urine) and blind duplicates 5 

were submitted to the laboratory in a random fashion, commingled with normal test samples. 6 

The combined results for samples evaluated during the Phase II pilot studies are shown in 7 

Figure 2-3.  As seen in Panel A, there was good accuracy on sodium arsenate PE samples (10, 30, and 8 

1000 µg/L) throughout the duration of each study.  As shown in Panel B, there was also good 9 

reproducibility between blind duplicate samples. 10 

Initially, these QA results were interpreted to indicate that the analytical procedure was operating 11 

correctly.  However, the low recovery of arsenic for the ERA standard, as well as the observation that the 12 

recovery of arsenic from the urine of animals administered sodium arsenate was lower than expected, 13 

suggested that a problem did exist.  In order to investigate this, a series of PE samples were prepared by 14 

addition of three different concentrations of each of the four major urinary arsenic metabolites to control 15 

urine, and each was analyzed in triplicate.  The results are summarized below: 16 

 17 

Urinary 
Metabolite 

Average Recovery 
(Method 1) 

Arsenate 101±2% 
Arsenite 93±2% 
MMA 73±3% 
DMA 15±4% 

 18 

As seen, recovery of inorganic forms of arsenic were within reasonable bounds, but recovery of 19 

MMA was somewhat decreased and recovery of DMA was very poor.  Based on the expectation that this 20 

low recovery was based on incomplete conversion of MMA and DMA to inorganic arsenic prior to 21 

hydride generation, a more vigorous digestion method was developed (see Digestion Method 2 in 22 

Section 2.2.6).  Recovery of each urinary metabolite using this new digestion method is summarized 23 

below: 24 

 25 
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Urinary 
Metabolite 

Average Recovery 
(Method 2) 

Arsenate 106±2% 
Arsenite 106±7% 
MMA 107±3% 
DMA 113±3% 

 1 

As seen, the revised digestion method yielded good recovery of all metabolites, including both 2 

MMA and DMA.  On this basis, the revised digestion method was used on all arsenic RBA studies 3 

following the completion of Phase II. 4 

The results for the Phase III PE samples are shown in Figure 2-4.  As seen, the PE samples 5 

included several different concentrations each of four different types of arsenic (As+3, As+5, MMA, and 6 

DMA).  With the exception of one unexplained outlier, there was good recovery of the arsenic from all 7 

four types of PE sample. 8 

The results for the blind duplicates from Phase III are shown in Figure 2-5.  As seen, there was 9 

good agreement between results for duplicate pairs, with an average absolute difference between pairs of 10 

about 6.0 µg/L and an average relative percent difference of about 1.5%. 11 

Inter-laboratory Comparison 12 

In two Phase III studies (Experiments 1 and 2), a series of samples was submitted to a second 13 

laboratory for inter-laboratory comparison of results.  This included investigative samples (urine samples 14 

collected from study animals) as well as several PE samples.  The results are shown in Figure 2-6.  As 15 

seen, there is generally good agreement between the two laboratories, with somewhat better 16 

reproducibility for the Phase III studies. 17 

Conclusion 18 

Based on the results of all of the quality assurance samples and steps described above, it is 19 

concluded that the analytical results for samples of urine are generally of high quality and are suitable for 20 

derivation of reliable estimates of arsenic absorption from test materials.  The only potential limitation is 21 

that recovery of organic arsenic (especially DMA) is low in Phase II studies, which will tend to result in 22 

an underestimate of UEF values.  However, since RBA calculations are based on the ratio of two UEFs, if 23 

both UEFs are underestimated by the same amount, then the resultant RBA may still be reliable (see 24 

Section 2.3.2, below). 25 
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2.2.8 Test Material Characterization 1 

Table 2-3 describes the test materials for which RBA was measured in this program and provides 2 

the analytical results for arsenic.  Data on other Target Analyte List (TAL) metals, if available, are 3 

provided in Appendix C.  As seen, 27 different test materials were investigated (two in duplicate).  In all 4 

cases, these samples were sieved prior to analysis and dosing, and only materials which passed through a 5 

60-mesh screen (corresponding to particles smaller than about 250 µm) were used.  This is because it is 6 

believed that soil particles less than about 250 µm are most likely to adhere to the hands and be ingested 7 

by hand-to-mouth contact, especially in young children. 8 

Many of the test materials1 were characterized with regard to arsenic mineral phase, particle size 9 

distribution, and matrix association using electron microprobe analysis (EMPA).  In this procedure, an 10 

electron microprobe with combined energy dispersive spectrometer (EDS) and multiple wavelength 11 

dispersive spectrometers (WDS) was used to evaluate the elemental composition of arsenic-bearing 12 

particles.  A 1 to 2 gram split of dried sample was placed in a 2.5 cm plastic mold and impregnated with 13 

epoxy.  Once the sample was hardened, it was polished and carbon coated for EMPA.  The EMPA was 14 

operated at 15 kV accelerating voltage, with a 20 nA current and a 1 micron focused beam.  Instrument 15 

response was calibrated using certified mineral or pure metal standards and counting times were chosen to 16 

provide 3-sigma detection limits of between 100–200 ppm.  Elemental concentrations were corrected 17 

using ZAF factors and concentration errors were generally less than 5% relative.  For a more detailed 18 

explanation of the EMPA method of analyses see Birks (1971) or Heinrich (1981). 19 

Although the electron microprobe is capable of determining the precise stoichiometry of the 20 

elements in any given particle, this was not attempted in this project.  This is mainly because investing 21 

time in obtaining precise stoichiometry decreases the number of different particles that can be examined.  22 

In addition, many arsenic-bearing particles are not composed of a pure mineral phase with an exact 23 

stoichiometry, but are characterized by arsenic that is either adsorbed onto other mineral particles, or is a 24 

mixture of phases that are undergoing transition from one phase to another.  For this reason, particles 25 

were classified into “phases” that may not be purely stoichiometric and may contain a mixture of similar 26 

chemical phases.  The first step used in the assignment of a phase designation was to determine if the 27 

                                                      

 

 1Arsenic was not speciated in three Phase II samples (Aspen Berm, Aspen Residential, and Jasper County High 
Lead Mill) because the concentration of arsenic in each material was too low (17 ppm, 67 ppm, and 16 ppm, respectively) 
to allow reliable evaluation. In addition, speciation data were unavailable for four Phase III samples (El Paso TM1, El 
Paso TM2, ACC Utility Pole Soil, and ACC Dislodgeable Arsenic). 
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phase was an oxide, carbonate, sulfide, sulfate, or phosphate.  Secondly, with the exception of the 1 

“phosphates,” the major cation associated with the phase was identified.  Therefore, phases such as 2 

Fe-sulfate, FeOOH, MnOOH, PbMO, AsMO, or PbMSO4 were identified (where M represents “metal”).  3 

Some of these phases could represent a stoichiometric mineral form, but most are likely to be metastable 4 

and/or amorphous and have some quantity of arsenic sorbed to their surface. 5 

The “phosphate” group is even more generic in that the only common dominant ion is PO4.  6 

Although arsenic and phosphorous are both oxy-anions, a number of particles that contain both arsenic 7 

and phosphate have been identified.  As above, these might include minerals that contain mixtures of 8 

phosphate and arsenate such as walentaite (Ca,Mn,Fe)Fe3(AsO4,PO4)4-7H2O, morelandite (Ba,Ca,Pb)5 9 

Cl[AsO4,PO4]3, or turneaureite Ca5(Cl)[(AsO4, PO4)3], but more likely represent arsenic adsorbed onto 10 

other phosphate-containing particles. 11 

Detailed EMPA results are presented in Appendix C and the results, expressed as relative arsenic 12 

mass, are summarized in Table 2-4.  The relative arsenic mass for a particular phase is the estimated 13 

percentage of the total arsenic in a sample that is present in that phase.  Of the 28 different phases 14 

detected in one or more samples, 14 are relatively minor, with relative arsenic mass values less than 5%.  15 

However, the remaining 14 phases occur at concentrations that could contribute significantly to the 16 

bioavailability of the sample. 17 

Table 2-5 summarizes data on the size distribution of arsenic-containing particles (measured as 18 

the longest dimension) in each sample.  As seen, most samples contain a range of particle sizes, with the 19 

majority of particles being less than 50 µm in diameter. 20 

Table 2-6 summarizes information on the degree to which arsenic-bearing grains in each sample 21 

are partially or entirely exposed on their outer surfaces (liberated), or are entirely enclosed within a larger 22 

particle of rock or slag (included).  Data are presented both on a simple particle frequency basis and on 23 

the basis of relative arsenic mass.  As seen, the majority of arsenic-bearing particles in all samples are 24 

partly or entirely liberated. 25 

In interpreting the results of the particle speciation studies, it is important to understand that, on a 26 

mass basis, only a tiny fraction of the total sample is evaluated by electron microprobe and, hence, there 27 

is moderate uncertainty as to whether the results for the grains examined are truly representative of the 28 

sample as a whole. 29 

It is also worth noting that other speciation methods are available to determine the chemical 30 

forms of metals in soil systems.  Each method has distinct advantages and disadvantages; and some 31 

methods provide more robust data than others (see D’Amore et al. 2005).  One such technique is X-ray 32 
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absorption spectroscopy (XAS) for which USEPA Office of Research and Development (ORD) has 1 

resident experts to conduct studies and the service is available to support Regional research efforts.  XAS 2 

probes the sub-atomic structure of elements to distinguish specific bonding mechanisms which leads to 3 

precise determination of metal speciation.  An example for As is differentiation of As sorbed to an iron 4 

oxide versus As present as the mineral scorodite (FeAsO4) for which XAS can easily identify the different 5 

phases that have vastly different bioavailability behaviors whereas EMPA will identify both phases as 6 

containing As, Fe, and O. 7 

2.3 Results 8 

2.3.1 RBA Estimates 9 

Detailed raw data for each study are provided in Appendix D.  Results of simultaneous weighted 10 

linear regression fitting and RBA calculations are presented in Appendix E.  The results are summarized 11 

below. 12 

The upper portion of Table 2-7 summarizes the RBA results for all Phase II studies, and the lower 13 

portion summarizes the results for materials studied during Phase III.  As seen, using sodium arsenate as a 14 

relative frame of reference, estimated RBA values range from 8% to more than 100%.  This wide 15 

variability supports the conclusion that there can be important differences in RBA between different types 16 

of samples and that use of a site-specific RBA value is likely to increase the accuracy of risk estimates for 17 

arsenic.  Available data do not include replicate estimates of RBA of the same test materials; therefore, 18 

there is no empirical basis for estimating variability in the RBA estimates that might be attributable to 19 

within-test material variability as opposed to between-test material variability.  Although ABA of As is 20 

not estimated in the data reduction procedure for the swine assays, RBA is estimated as the ratio of the 21 

slopes of the dose-UEF relationships for sodium arsenate and the test material.  Table 2-8 provides 22 

summary statistics for the dose-UEF slopes for sodium arsenate and all test materials assayed in the 23 

Region 8 Phase III studies.  The coefficient of variation (SD/mean) for the sodium arsenate slopes is 24 

approximately 0.13 (N=7).  This variability reflects an unknown combination of biological variability in 25 

As bioavailability and other assay variables that contribute to variability in the measurement of the dose-26 

UEF slope.  The coefficient of variability for the dose-UEF slopes for the test materials is 0.38 (N=14), 27 

and is greater than that for sodium arsenate by a factor of approximately 3.  The difference in the two 28 

estimates reflects, at least in part, the additional variability introduced into the dose-UEF slope estimates 29 

contributed by differences in bioavailability of the test materials.  This outcome suggests that test material 30 

characteristics contribute substantially to the observed variability in RBA estimates.  This conclusion is 31 

also consistent with the similarity between the coefficient of variability of the dose-UEF slope for test 32 

materials (0.38) and the estimated RBAs for the same test materials (0.32). 33 
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Figure 2-7 shows that the uncertainty in the RBA value for a test material (as reflected by the 1 

difference between the upper bound and the lower bound) depends on the dose of arsenic administered in 2 

the study.  As seen, three of the test materials (Aspen Berm, Aspen Residential, and Jasper County High 3 

Lead Mill) were administered only at low dose levels (less than 20 µg/kg bw-day) and have extremely 4 

wide uncertainty bounds around the RBA estimates.  This is due mainly to the fact that the concentrations 5 

of arsenic in the urine were very low and, hence, were difficult to quantify with good accuracy and also 6 

difficult to distinguish from baseline.  Because of the high uncertainty in these results, the data from these 7 

three test materials are not considered further.  Thus, based on these results, a minimum daily As dose of 8 

25 µg/kg-bw/day is recommended to ensure the amount if excreted in urine reaches a measurable quantity 9 

and, that is to minimize uncertainty in RBA estimates. 10 

2.3.2 Effect of Low Analytical Recovery on Phase II RBA Values 11 

As noted above, all of the calculations of arsenic RBA performed during Phase II are based on 12 

data obtained using an analytical method that had low recovery of organic metabolites of arsenic, which 13 

raises a concern over the accuracy of the results.  However, the low recovery of arsenic is not necessarily 14 

a basis for complete distrust of the results.  This is because the RBA is a ratio of two measured values, 15 

and if the degree of error (underestimation) is the same in both the numerator and denominator, then the 16 

error will cancel and the resulting ratio will be correct.  However, the degree of error in each 17 

measurement depends on the relative concentration of the metabolites in the urine: if the level of MMA 18 

and DMA is low, the error will be smaller than if the levels of MMA and DMA are high.  Thus, the key 19 

question is whether or not the ratio of the urinary metabolites tends to be relatively constant as a function 20 

of dose and dose material, at least over the range of exposures investigated in the Phase II studies. 21 

The most direct approach for testing this question is to measure the relative concentration of each 22 

metabolite (As+3, As+5, MMA, DMA) in urine from a number of animals exposed to a series of different 23 

dose levels and dose materials.  This approach was attempted, but the results for quality control samples 24 

indicated that the results were not reliable, presumably due to the technical difficulty of performing the 25 

separation and quantification of the individual metabolites.  Therefore, this approach was not pursued 26 

further. 27 

An alternative approach is to measure the UEF and RBA of several test materials using both 28 

analytical methods, and to compare the results.  This approach was implemented for two different test 29 

materials (Butte TM1 and Butte TM2), and the results are shown below: 30 

 31 
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Substance 
Administered 

Digestion Method 1 Digestion Method 2 
UEF RBA UEF RBA 

Sodium Arsenate 0.238 [1.00] 0.890 [1.00] 
Butte TM1 0.047 0.20 0.158 0.18 
Butte TM2 0.056 0.23 0.210 0.24 

 1 

As seen, the measured UEF for sodium arsenate based on Digestion Method 1 (24%) is much 2 

lower than the UEF based on Digestion Method 2 (89%).  However, the UEF of each of two different soil 3 

test materials was also lower by approximately the same relative amount when measured by Digestion 4 

Method 1 compared to Digestion Method 2, so the ratio (the RBA) was approximately constant when 5 

calculated for each method.  These results indicate that, even though the low recovery of arsenic in Phase 6 

II studies is a basis for uncertainty in the RBA estimates derived during Phase II, the error due to low 7 

recovery of organic metabolites of arsenic is likely to approximately cancel, and the final RBA estimates 8 

are likely to be approximately correct.  For this reason, the Phase II data were included in the overall 9 

estimates of As RBA. 10 

2.3.3 Effect of Food on Arsenic Absorption 11 

In Phase II Pilot Study 2 (Experiment 15), some animals were dosed with NaAs via gavage in 12 

order to compare the results with NaAs given in orally in doughballs.  These results are shown below: 13 

 14 

Substance 
Administered 

UEF 
Slope SEM N 

NaAs – Gavage 0.189 0.014 31 
NaAs – Doughball 0.177 0.014 31 

 15 

As seen, the UEF for sodium arsenate administered orally in a doughball is only slightly lower 16 

than the UEF for sodium arsenate administered by gavage, indicating that the amount of feed (about 5 17 

grams) used to administer the arsenic doses does not significantly affect arsenic absorption. 18 

2.4 Correlation of RBA with Arsenic Geochemistry 19 

One objective of this project was to obtain preliminary information on which mineral and 20 

chemical forms of arsenic tend to have high bioavailability and which tend to have low bioavailability.  21 

As noted above, data on chemical form or mineral association were obtained using EMPA.  Detailed data 22 

are presented in Appendix C and results are summarized in Section 2.2.8 and in Tables 2-4 to 2-6. 23 



 

17 

In order to derive quantitative estimates of phase-specific RBA values, a multivariate linear 1 

regression approach was used, employing the following basic model: 2 

RBA f RBAi i= ⋅∑ ( )  3 

where: 4 

fi = Fraction of total arsenic present in phase “i” 5 

RBAi = Inherent RBA of phase “i” 6 

 7 

However, because a total of 28 different phases were identified and reliable RBA results were 8 

obtained for only 20 different samples, it is clear that the existing data are not sufficient to perform a 9 

robust regression analysis.  Instead, a screening-level analysis was performed, as follows.  First, in order 10 

to reduce the number of independent variables, the 28 different phases were grouped into 9 categories as 11 

described in Table 2-9.  These categories were based on professional judgment regarding the expected 12 

degree of similarity between members of a group, along with information on the relative abundance of 13 

each phase (see Table 2-4).  Phases with low relative arsenic mass (maximum relative mass in any test 14 

material less than 15%) were grouped together under “Minor Constituents;” these phases included AsMO, 15 

AsMSO4, Clays, Paint, Pb Solder, Pb-As Vanidate, PbAsMO, PbAsSbCuO, PbCrO4, PbMO, PbMS, 16 

PbMSO4, Pyrite, TiO2, and ZnSiO4.  Next, the fraction of arsenic present in each group was calculated by 17 

summing the relative arsenic mass for each phase in the group.  Based on the expectation that particles 18 

that are totally included (fully enclosed or encased in mineral or vitreous matrices) are not likely to 19 

contribute significantly to the observed RBA value of a sample, only the relative arsenic mass in partially 20 

or entirely liberated particles (partially or entirely exposed on their outer surfaces) was included in the 21 

sum.  The results are shown in Table 2-10. 22 

Group-specific RBA values were then estimated by fitting the grouped data to the model using 23 

minimization of square errors.  Two different options were employed.  In the first option, each fitting 24 

parameter (group-specific RBA) was fully constrained to be between zero and one, inclusive.  In the 25 

second option, all parameters were unconstrained.  Because the minor constituents do not contribute 26 

significantly to the total arsenic mass in any of the tested materials, a reasonable estimate of their specific 27 

RBA cannot be obtained.  Therefore, an arbitrary coefficient of 0.5 was assumed for this group and the 28 

coefficient was not treated as a fitting parameter.  The resulting estimates of the group-specific average 29 

RBA values for the remaining groups are shown in Table 2-11 (these values apply only to liberated 30 

particles). 31 
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As seen, there is a wide range of group-specific RBA values, with the precise values depending 1 

on the method used to constrain the parameters.  It is important to stress that these group-specific RBA 2 

estimates are derived from a very limited data set, so the group-specific RBA estimates are inherently 3 

very uncertain.  In addition, both the measured sample RBA values and the relative arsenic mass in each 4 

phase are subject to additional uncertainty.  Therefore, the group-specific RBA estimates should not be 5 

considered to be highly precise, and calculation of a quantitative sample-specific RBA value from these 6 

estimates is not appropriate.  Rather, it is more appropriate to consider the results of this study as 7 

sufficient to support only a qualitative classification of phase-specific RBA values, as follows: 8 

 9 

Low Bioavailability Medium Bioavailability High Bioavailability 
As2O3 
Sulfosalts 

As Phosphate 
FeAs Oxide 
PbAs Oxide 
MnAs Oxide 
Fe and Zn Sulfates 

FeAsO 

 10 

2.5 Discussion of In Vivo Results 11 

The results of this investigation indicate that juvenile swine are a useful model for quantifying 12 

gastrointestinal absorption of arsenic from different test materials, using urinary arsenic excretion as the 13 

measurement endpoint.  In addition, this experimental protocol can be used to estimate lead and arsenic 14 

RBA in the same animals.  Because of the size of juvenile swine (about 10 kg at the beginning of the 15 

study), it is usually possible to administer doses of test soils that are relatively close to the range thought 16 

to be of concern to humans.  For example, in Pilot Study 1 (Phase II, Experiment 10), the low dose of slag 17 

administered averaged about 260 mg/day, only slightly higher than the reasonable maximum exposure 18 

(RME) value of 200 mg/day assumed for human children (U.S. EPA, 1991).  Thus, most measurements 19 

are obtained in a portion of the dose-response curve that is more relevant to humans than is achieved in 20 

most other animal models. 21 

Most studies of arsenic absorption employ a single dose protocol and measure urinary excretion 22 

for 2–3 days.  In contrast, these studies employed a repeated dosing protocol, with repeated 24- or 23 

48-hour urine collections.  An advantage of this protocol is that it reflects a more realistic human 24 

exposure scenario than does a single dose protocol.  Further, multiple measurements can be made from 25 

the same animal on different days.  In essence, data from different days allow multiple independent 26 

estimates of the UEF, and these data can be combined (once steady state has been achieved) to provide a 27 

robust estimate of the excretion fraction. 28 
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The RBA results for different test materials investigated strongly support the view that absorption 1 

of arsenic from soils and mine wastes is highly variable, and generally is not as well absorbed as soluble 2 

arsenic.  The detailed chemical mechanism accounting for this variable and reduced bioavailability of 3 

arsenic in soil-like media is not known, but almost certainly is related to the chemical form of arsenic in 4 

the sample. 5 

Because arsenic in most test materials is absorbed less-extensively than soluble forms of arsenic, 6 

and because soluble forms of arsenic are the basis of the oral RfD and oral slope factor for arsenic, the use 7 

of the unadjusted toxicity factors for assessing human health risk from soil ingestion will usually lead to 8 

an overestimate of risk.  Consequently, measurement and application of site-specific RBA values to adjust 9 

the toxicity factors to account for the lower level of absorption is expected to increase the accuracy and 10 

decrease the uncertainty in human health risk assessments for arsenic in soil. 11 

3.0  CONCLUSIONS 12 

The data from the investigations performed under this program support the following main 13 

conclusions: 14 

1. Juvenile swine constitute a useful and stable animal model for measuring the relative 15 

bioavailability of arsenic in a variety of soil or soil-like test materials.  The Phase III protocol 16 

described in this report is the recommended SOP for the juvenile swine RBA assay. 17 

2. There are clear differences in the in vivo RBA of arsenic between different test materials, ranging 18 

from less than 10% to more than 60%.  Thus, knowledge of the RBA value for different materials 19 

at a site can be very important for improving arsenic risk assessments at a site. 20 

3. Available data are not yet sufficient to allow reliable calculation of the RBA for a test material 21 

based only on knowledge of the relative amounts of the arsenic mineral phases present.  22 

However, tentative qualitative estimates of low, medium, or high bioavailability have been made 23 

based on the major phase type of the arsenic containing waste material. 24 

4. For analysis of total arsenic in urine, additional extraction steps were identified and necessary to 25 

convert urinary organoarsenic metabolites to inorganic arsenic. 26 

5. Due to limitations in detection limits for measurement of arsenic in urine, a minimum arsenic 27 

dose of 25 µg/kg bw-day is recommended for the juvenile swine RBA assay, so that the amount 28 

of arsenic excreted in urine reaches a measurable quantity. 29 
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Table 2-1.  Summary of Arsenic Excretion Studies in Humans and Animals Exposed to 
Soluble Arsenic Compounds in Water 

 

Species Sex N 
Chemical 
Form 

Dose 
µg/day 

Days 
Exposed 

Percent Recovered 
Reference Urine Feces Days 

Human M,F 4 NS 8520 1 NA 4 10 Bettley and O'Shea 1975 
Human M 3 NaAsO2 500 1 45 NA 4 Buchet et al. 1981a 
Human M 1 NaAsO2 125 5 54 NA 14 Buchet et al. 1981b 
Human M 1 NaAsO2 250 5 73 NA 14 
Human M 1 NaAsO2 500 5 74 NA 14 
Human M 1 NaAsO2 1000 5 64 NA 14 
Human NS 2 As2O3 1000 1 85 1.4 5 Coulson et al. 1935 
Human M 1 As2O3 760 5 70 NA 22 Mappes 1977 
Human M 1 Mixture 63 1 80 NA 3 Crecelius 1977 
Human M 1 Na2HAsO4 200 1 50 NA 3 
Human M 6 Na2HAsO4 0.01 1 58 NA 6 Tam et al. 1979 
Human M 2 Na2HAsO4 220 1 67 NA 7 Johnson and Farmer 

1991 
Hamster NS 4 NaAsO2 2000 1 36 49 3 Marafante and Vahter 

1987 
Mouse M 5 NaAsO2 400 1 90 7 2 Vahter and Norin 1980 
Mouse M 5 NaAsO2 4000 1 65 9 2 
Mouse M 5 NaAsO2 40 1 88 NA 2 Vahter 1981 
Mouse M 5 NaAsO2 400 1 91 NA 2 
Mouse M 5 NaAsO2 2000 1 86 NA 2 
Mouse M 5 NaAsO2 4000 1 75 NA 2 
Monkey F 4 As2O3 1000 1 73 NA 14 Charbonneau 1978 
Monkey M 5 Na2HAsO4 360 1 49 2 4 Roberts et al. 2002 
Monkey M 7 Na2HAsO4 50-200 1 40 42 4 Roberts et al. 2007 
Hamster M 5 As2O3 4500 1 49 11 5 Yamauchi and 

Yamamura 1985 
Hamster NS 4 Na2HAsO4 2000 1 74 12 3 Marafante and Vahter 

1987 
Mouse M 5 Na2HAsO4 400 1 77 8 2 Vahter and Norin 1980 
Mouse M 5 Na2HAsO4 4000 1 89 6 2 
Mouse M 5 Na2HAsO4 40 1 94 NA 2 Vahter 1981 
Mouse M 5 Na2HAsO4 400 1 93 NA 2 
Mouse M 5 Na2HAsO4 2000 1 92 NA 2 
Mouse M 5 Na2HAsO4 4000 1 85 NA 2 
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Table 2-2.  Typical Swine Feed Composition 
 

Nutrient Name Amount  Nutrient Name Amount 
Protein 20.10% Chlorine 0.19% 
Arginine 1.21% Magnesium 0.05% 
Lysine 1.47% Sulfur 0.03% 
Methionine 0.84% Manganese 20.4719 ppm 
Met+Cys 0.59% Zinc 118.0608 ppm 
Tryptophan 0.28% Iron 135.3710 ppm 
Histidine 0.56% Copper 8.1062 ppm 
Leucine 1.82% Cobalt 0.0110 ppm 
Isoleucine 1.13% Iodine 0.2075 ppm 
Phenylalanine 1.11% Selenium 0.3196 ppm 
Phe+Tyr 2.05% Nitrogen Free Extract 60.23% 
Threonine 0.82% Vitamin A 5.1892 kIU/kg 
Valine 1.19% Vitamin D3 0.6486 kIU/kg 
Fat 4.44% Vitamin E 87.2080 IU/kg 
Saturated Fat 0.56% Vitamin K 0.9089 ppm  
Unsaturated Fat 3.74% Thiamine 9.1681 ppm 
Linoleic 18:2:6 1.94% Riboflavin 10.2290 ppm 
Linoleic 18:3:3 0.04% Niacin 30.1147 ppm 
Crude Fiber 3.80% Pantothenic Acid 19.1250 ppm 
Ash 4.33% Choline 1019.8600 ppm 
Calcium 0.87% Pyridoxine 8.2302 ppm 
Phos Total 0.77% Folacin 2.0476 ppm 
Available Phosphorous 0.70% Biotin 0.2038 ppm 
Sodium 0.24% Vitamin B12 23.4416 ppm 
Potassium 0.37%     
 
Feed obtained from and nutritional values provided by Zeigler Bros., Inc 
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Table 2-3.  Description of Test Materials 
 

Phase Experiment 
Sample 
Designation Site Sample Description 

Arsenic 
Concentrationa 

(ppm) 

Lead 
Concentrationa 

(ppm) 
II 2 Bingham Creek 

Channel Soil 
Kennecott NPL Site, 
Salt Lake City, Utah 

Soil composite of samples containing 
3000 ppm or greater of lead; collected 
from a residential area (Jordan View 
Estates) located along Bingham Creek in 
the community of West Jordan, Utah 

149 6330 

4 Jasper County High 
Lead Mill 

Jasper County, 
Missouri Superfund 
Site 

Soil composite collected from an on-site 
location 

16 6940 

Murray Smelter Slag Murray Smelter 
Superfund Site 

Composite of samples collected from 
areas where exposed slag existed on site 

695 11,700 

5 Aspen Berm Smuggler Mountain 
NPL Site, Aspen, 
Colorado 

Composite of samples collected from 
the Racquet Club property (including a 
parking lot and a vacant lot) 

67 14,200 

Aspen Residential Smuggler Mountain 
NPL Site, Aspen, 
Colorado 

Composite of samples collected from 
residential properties within the study 
area 

17 3870 

6 Butte Soil Silver Bow 
Creek/Butte Area NPL 
Site, Butte, Montana 

Soil composite collected from waste 
rock dumps in Butte Priority Soils 
Operable Unit (BPSOU) 

234 8530 

Midvale Slag Midvale Slag NPL 
Site, Midvale, Utah 

Composite of samples collected from a 
water-quenched slag pile in Midvale 
Slag Operable Unit 2 

591 8170 

7 California Gulch 
Phase I Residential 
Soil 

California Gulch NPL 
Site, Leadville, 
Colorado 

Soil composite collected from 
residential properties within Leadville 

203 7510 

California Gulch 
Fe/Mn PbO 

California Gulch NPL 
Site, Leadville, 
Colorado 

Soil composite collected from near the 
Lake Fork Trailer Park located 
southwest of Leadville near the 
Arkansas River 

110 4320 

8 and 
10 (Pilot 1) 

California Gulch AV 
Slag 

California Gulch NPL 
Site, Leadville, 
Colorado 

Sample collected from a water-
quenched slag pile on the property of the 
former Arkansas Valley (AV) Smelter, 
located just west of Leadville 

1050 10,600 
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Table 2-3.  Description of Test Materials 
 

Phase Experiment 
Sample 
Designation Site Sample Description 

Arsenic 
Concentrationa 

(ppm) 

Lead 
Concentrationa 

(ppm) 
9 Palmerton Location 2 New Jersey Zinc NPL 

Site, Palmerton, 
Pennsylvania 

Soil composite collected from on-site 110 3230 

Palmerton Location 4 New Jersey Zinc NPL 
Site, Palmerton, 
Pennsylvania 

Soil composite collected from on-site 134 2150 

11 Murray Smelter Soil Murray Smelter 
Superfund Site 

Soil composite collected from on-site 310 3200 

15 (Pilot 2) Clark Fork Tailings Milltown Reservoir 
Sediments NPL Site, 
Milltown, Montana 

Sample collected from a tailings deposit 
along the banks of the Clark Fork River 
on the property of the Grant-Kohrs 
Ranch near Deer Lodge, Montana 

181  

III 1 VBI70 TM1 Vasquez Boulevard 
and I-70 NPL Site, 
Denver, Colorado 

Soil composite from impacted 
residential property (Eastern 
Swansea/Elyria neighborhood) 

312 733 

VBI70 TM2 Vasquez Boulevard 
and I-70 NPL Site, 
Denver, Colorado 

Soil composite from impacted 
residential property (Western 
Swansea/Elyria neighborhood) 

983 824 

VBI70 TM3 Vasquez Boulevard 
and I-70 NPL Site, 
Denver, Colorado 

Soil composite from impacted 
residential property (Eastern Cole 
neighborhood) 

390 236 

2 VBI70 TM4 Vasquez Boulevard 
and I-70 NPL Site, 
Denver, Colorado 

Soil composite from impacted 
residential property (Western Cole 
neighborhood) 

813 541 

VBI70 TM5 Vasquez Boulevard 
and I-70 NPL Site, 
Denver, Colorado 

Soil composite from impacted 
residential property (Clayton 
neighborhood) 

368 157 

VBI70 TM6 Vasquez Boulevard 
and I-70 NPL Site, 
Denver, Colorado 

Clean site soil (from the Swansea/Elyria 
neighborhood) plus added PAX 
pesticide 

516 264 

3 Butte TM1 Silver Bow 
Creek/Butte Area NPL 
Site, Butte, Montana 

Soil composite collected from waste 
rock dumps in Butte Priority Soils 
Operable Unit (BPSOU) 

234 7980 
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Table 2-3.  Description of Test Materials 
 

Phase Experiment 
Sample 
Designation Site Sample Description 

Arsenic 
Concentrationa 

(ppm) 

Lead 
Concentrationa 

(ppm) 
Butte TM2 Silver Bow 

Creek/Butte Area NPL 
Site, Butte, Montana 

Soil composite collected from a 
residential property located adjacent to a 
railroad grade in Butte, Montana 

367 492 

4 Aberjona River TM1 Wells G & H 
Superfund Site, 
Woburn, 
Massachusetts 

Composite of sediment samples 
containing arsenic concentrations 
greater than 500 ppm, collected along 
the Aberjona River, Massachusetts 

676 410 

Aberjona River TM2 Wells G & H 
Superfund Site, 
Woburn, 
Massachusetts 

Composite of sediment samples 
containing arsenic concentrations from 
180 to 460 ppm, collected along the 
Aberjona River, Massachusetts 

313 350 

5 El Paso TM1 El Paso/Dona Ana 
County Metals Survey 
site, El Paso County, 
Texas, and Dona Ana 
County, New Mexico 

Soil sample collected approximately 1.5 
miles east of the American Canal in El 
Paso County, Texas 

74 NM 

El Paso TM2 El Paso/Dona Ana 
County Metals Survey 
site, El Paso County, 
Texas, and Dona Ana 
County, New Mexico 

Soil sample collected approximately 1.5 
miles east of the American Canal in El 
Paso County, Texas 

73 NM 

6 ACC Utility Pole Soil – (Study sponsored by 
American Chemistry 
Council) 

Soil affected by chromated copper 
arsenate (CCA)-treated wood utility 
poles from a test plot in Conley, Georgia 
(soil was affected by being adjacent to 
the poles for over ten years) 

320 NM 
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Table 2-3.  Description of Test Materials 
 

Phase Experiment 
Sample 
Designation Site Sample Description 

Arsenic 
Concentrationa 

(ppm) 

Lead 
Concentrationa 

(ppm) 
7 ACC Dislodgeable 

Arsenic 
– (Study sponsored by 
American Chemistry 
Council) 

Dislodgeable material obtained from the 
surface of chromated copper arsenate 
(CCA)-treated wood (boards from in-
service residential decks, aged outdoors 
for one to three years) 

3500 NM 

 
aValues are arithmetic means  
All samples were analyzed by ICP/AES in accord with EPA Method 2007. 
NM = Not Measured 
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Table 2-4.  Relative Mass of Arsenic By Mineral Phase in Test Materials 
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Bingham 
Creek 
Channel 
Soil 

430 8%        <1%  11% 46%   <1% 34%             

4 
Murray 
Smelter 
Slag 

1108           27% 10%   <1% 49% <1%    14%        

6 

Butte Soila 636 8%        <1%  20% 53%   16%        2%      

Midvale 
Slag 1847           <1% <1%    87%     11% 1%       

7 

California 
Gulch 
Phase I 
Residentia
l Soil 

510 15%      5%  <1%  29% 11%   36%      4%        

California 
Gulch 
Fe/Mn 
PbO 

380 5%    <1%    <1%  23% 5%   66%              

8 
California 
Gulch AV 
Slag 

1472   5%   <1%      <1%    84% 2% 3% <1%  5%        

9 

Palmerton 
Location 2 111 27%        11%  21% <1%   40%              

Palmerton 
Location 4 105 <1%    4%    <1%  5%   38% 10% 42%            <1% 

11 Murray 355   2%        3% 6%    87% <1%    2%        
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Table 2-4.  Relative Mass of Arsenic By Mineral Phase in Test Materials 
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Smelter 
Soil 

15 
Clark 
Fork 
Tailings 

238 16%          40% 24%  2% <1%      <1% 16%       

II 

1 

VBI70 
TM1 261 8% 54%        <1% 3% <1%   2% 32% <1%        <1%  <1%  

VBI70 
TM2 128 4% 22%        <1% 3% <1%   <1% 70% <1%    <1%        

VBI70 
TM3 97 2% 80%        <1% 8%    5% 6% <1%    <1%    <1% <1%   

2 

VBI70 
TM4 139 <1% 86%  <1%      <1% 2% <1%   <1% 10%     <1%    <1% <1%   

VBI70 
TM5 103  97%       <1%  3% <1%   <1%  <1%    <1%   <1% <1%    

VBI70 
TM6 124 <1% 80% <1% 1%      <1% <1%     18%    <1% <1%    <1% <1%   

3 Butte 
TM2 137        <1%  <1% 39% 18%        <1% <1% 42%       

4 

Aberjona 
River 
TM1 

186           69% 29% 2%       <1%         

Aberjona 
River 
TM2 

123           16% 27% 55%       2%         
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Table 2-4.  Relative Mass of Arsenic By Mineral Phase in Test Materials 
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a Same sample as evaluated in Phase III Experiment 3 (Butte TM2). 
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Table 2-5.  Size Distributions of Arsenic Particles 
 

Phase Experiment Sample 
Particle Size (µm) 

0–5 6–10 11–20 21–50 51–100 101–150 151–200 201–250 >250 
II 2 Bingham Creek Channel Soil 71% 14% 6% 6% 3% <1%    

4 Murray Smelter Slag 14% 15% 4% 15% 24% 23% 2% 3% <1% 
6 Butte Soila 21% 9% 16% 26% 17% 9% 1% <1% <1% 

Midvale Slag 3% 1% 2% 13% 19% 40% 6% 14% <1% 
7 California Gulch Phase I Residential Soil 22% 16% 14% 22% 16% 6% 1% 1% <1% 

California Gulch Fe/Mn PbO 35% 24% 13% 17% 9% 2%    
8 California Gulch AV Slag 21% 9% 2% 11% 12% 18% 14% 7% 6% 
9 Palmerton Location 2 40% 26% 12% 15% 7%     

Palmerton Location 4 21% 28% 18% 19% 13% <1%    
11 Murray Smelter Soil 18% 31% 17% 10% 12% 7% 3% 1% <1% 
15 Clark Fork Tailings 34% 20% 17% 21% 7% 1%    

III 1 VBI70 TM1 81% 9% 7% 3%   <1%   
VBI70 TM2 59% 20% 10% 9% 2%     
VBI70 TM3 49% 21% 18% 11% 1%     

2 VBI70 TM4 45% 32% 13% 9% 1% <1%    
VBI70 TM5 48% 18% 24% 10%      
VBI70 TM6 63% 23% 6% 6% 2%     

3 Butte TM2 18% 11% 20% 30% 18% 4%    
4 Aberjona River TM1 33% 34% 6% 13% 6% 4% <1% 2%  

Aberjona River TM2 59% 9% 15% 9% 6% 2%    
 
a Same sample as evaluated in Phase III Experiment 3 (Butte TM2). 
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Table 2-6.  Matrix Associations of Arsenic Particles 
 

Phase Experiment Sample 

Particle 
Frequency 
(Percent) 

Relative Arsenic Mass 
(Percent) 

Liberated Liberated Included 
II 2 Bingham Creek Channel Soil 100% 100% 0% 

4 Murray Smelter Slag 99% 95% 5% 
6 Butte Soila 92% 87% 13% 

Midvale Slag 96% 78% 22% 
7 California Gulch Phase I 

Residential Soil 
88% 94% 6% 

California Gulch Fe/Mn PbO 98% 100% 0% 
8 California Gulch AV Slag 85% 73% 27% 
9 Palmerton Location 2 100% 100% 0% 

Palmerton Location 4 84% 58% 42% 
11 Murray Smelter Soil 92% 79% 21% 
15 Clark Fork Tailings 99% 96% 4% 

III 1 VBI70 TM1 100% 100% 0% 
VBI70 TM2 99% 95% 5% 
VBI70 TM3 100% 100% 0% 

2 VBI70 TM4 100% 100% 0% 
VBI70 TM5 95% 100% 0% 
VBI70 TM6 100% 100% 0% 

3 Butte TM2 100% 100% 0% 
4 Aberjona River TM1 100% 99% 1% 

Aberjona River TM2 100% 100% 0% 
 
a Same sample as evaluated in Phase III Experiment 3 (Butte TM2). 
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Table 2-7.  RBA Estimates for Arsenic in Test Materials 
 

Phase Experiment Sample Site Sample 

Arsenic 
Concentrationa 

(ppm) RBA ± SEM 
Phase II 2 Bingham Creek 

Channel Soil 
Bingham Creek Channel Soil 149 39% ± 8% 

4 Murray Smelter 
Slag 

Murray Smelter Slag Composite 695 55% ± 10% 

Jasper County 
High Lead Mill 

Region VII 
Jasper County 

High Lead 
Smelter 

16.4 327% ± 105% 

5 Aspen Berm Aspen Berm 66.9 100% ± 46% 
Aspen 
Residential 

Aspen Residential Soil 
Composite 

16.7 128% ± 52% 

6 Butte Soil Butte Soil 1 234 9% ± 3% 
Midvale Slag Midvale Slag Composite 591 23% ± 4% 

7 California Gulch 
Phase I 
Residential Soil 

California 
Gulch 

Phase I 
Residential Soil 
Composite 

203 8% ± 3% 

California Gulch 
Fe/Mn PbO 

California 
Gulch 

FeMnPb Oxide 
Soil 

110 57% ± 12% 

8 California Gulch 
AV Slag 

California 
Gulch 

AV Smelter 
Slag 

1050 13% ± 4% 

9 Palmerton 
Location 2 

Palmerton Location 2 110 49% ± 10% 

Palmerton 
Location 4 

Palmerton Location 4 134 61% ± 11% 

10 California Gulch 
AV Slag 

California 
Gulch 

AV Smelter 
Slag 
(reproducibility) 

1050 18% ± 2% 

11 Murray Smelter 
Soil 

Murray Smelter Soil Composite 310 33% ± 5% 

15 Clark Fork 
Tailings 

Clark Fork Grant Kohrs 
Tailings 

181 51% ± 6% 

Phase 
III 

1 VBI70 TM1 VBI70 TM1 312 40% ± 4% 
VBI70 TM2 VBI70 TM2 983 42% ± 4% 
VBI70 TM3 VBI70 TM3 390 37% ± 3% 

2 VBI70 TM4 VBI70 TM4 813 24% ± 2% 
VBI70 TM5 VBI70 TM5 368 21% ± 2% 
VBI70 TM6 VBI70 TM6 516 24% ± 3% 

3 Butte TM1 Butte Arsenic Soil 1b 234 18% ± 3% 
Butte TM2 Butte Arsenic Soil 2 367 24% ± 2% 

4 Aberjona River 
TM1 

Aberjona River River Sediment 
– High Arsenic 

676.3 38% ± 2% 

Aberjona River 
TM2 

Aberjona River River Sediment 
– Low Arsenic 

312.8 52% ± 2% 

5 El Paso TM1 El Paso Soil 1 74 44% ± 3% 
El Paso TM2 El Paso Soil 2 73 37% ± 3% 

6 ACC Utility Pole 
Soil 

ACC Soil Affected by 
CCA-Treated 
Wood Utility 
Poles 

320 47% ± 3% 
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Table 2-7.  RBA Estimates for Arsenic in Test Materials 
 

Phase Experiment Sample Site Sample 

Arsenic 
Concentrationa 

(ppm) RBA ± SEM 
7 ACC 

Dislodgeable 
Arsenic 

ACC Dislodgeable 
Arsenic from 
Weathered 
CCA-Treated 
Wood 

3500 26% ± 1% 

 
aValues are arithmetic means 
b Same sample as evaluated in Phase II 
SEM = Standard error of the mean, an indicator of the relative uncertainty around the RBA estimate (see Appendix A) 
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Table 2-8.  Summary Statistics for Dose-UEF Slopes and RBA Estimates for Phase III RBA 
Assays 
 
Parameter Sodium Arsenate Slope Test Material Slope Test Material RBA 
N 7 14 14 
Mean 0.78 0.26 0.34 
SD 0.099 0.098 0.118 
CV 0.13 0.38 0.32 
 
CV, coefficient of variation (SD/mean); RBA, relative bioavailability; SD, standard deviation; UEF, urinary excretion fraction 
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Table 2-9.  Consolidated Arsenic Phases 
 
Phase 
Grouping Phase 

Other 
Abbreviations Used Phase Description 

As Phosphate As Phosphate Phos, Phosphate Arsenic bearing phosphate: although naturally occurring forms are rare (arsenocrandallite- 
CaAl3AsPO4-OH6), these may be metastable forms of phosphate with sorbed arsenic formed 
by secondary soil processes. 

As2O3 As2O3 As Arsenic trioxide: a common pyrometallurgical-formed phase that is common to arsenic 
kitchens or copper smelters.  It can also be found as a product in old formulas for herbicides, 
pesticides, and rodenticides. 

FeAs Oxide FeAs Oxide Fe, Fe Oxide, FeSi Iron oxide (FeOOH) with sorbed arsenic and lead, probably from soil. 
Fe & Zn Sulfates FeAs Sulfate Fe Sulfate, Sulf Iron-rich sulfates: probably related to jarosite (KFe3(OH)6(SO4)2) or plumbojarosite 

(PbFe3(OH)6(SO4)2).  Can form in oxide zone of hydrothermal deposits, but is also common 
to baghouse dust associated with copper-lead smelters. 

ZnSO4 – Zinc sulfates: recognized by an elemental composition dominated by zinc, sulfur, and 
oxygen with minor quantities of lead, arsenic, and/or cadmium.  Generally found as 
inclusions in slag or in baghouse dust and sometimes used in commercial products. 

FeAsO FeAsO FeAs Iron oxide (FeOOH) that is highly enriched with arsenic; probably a flue dust. 
MnAs Oxide MnAs Oxide Mn, Mn Oxide Arsenic sorbed to the surface of manganese oxide-containing particles in soil.  Formed by 

release of arsenic from soluble forms.  Recognized by an elemental composition dominated 
by manganese, arsenic, and oxygen. 

PbAs Oxide PbAs Oxide PbAsO A product released from smelter flues and sometimes used in commercial products.  
Recognized by an elemental composition dominated by lead, arsenic, and oxygen. 

Pyrite Pyrite Py Iron sulfide (FeS2): a gaunge mineral associated with base-metal ore deposits.  Pyrite may 
contain small quantities of arsenic or have arsenic sorbed to its oxidized surface. 

Sulfosalts AgAsS Ags Silver arsenic sulfides: a mineral form related to mining activity (from a class of minerals 
referred to as sulfosalts).  These ores of silver may be in the chemical form of proustite 
(Ag3AsS3), xanthoconite (Ag3AsS3), pearceite ((AgCu)2As2S11), or polybasite 
((AgCu)16(Sb,As)2S11). 

Sulfosalts – A group consisting of more than 100 forms of unoxidized minerals composed of metal or 
semimetals and sulfur, distinct from a sulfide.  These include numerous arsenic-bearing 
phases: tennantite (Cu12As4S13) and enargite (Cu3AsS4) are perhaps the most common. 

Minor 
Constituents 

AsMO – Arsenic-metal oxides: these are arsenic-rich oxides formed from pyrometallurgical 
processes.  Common associated elements (M) include lead, antimony, copper, zinc, and/or 
cadmium. 

AsMSO4 – Arsenic-antimony oxide: this is a common pyrometalurgically formed phase that is common 
to arsenic kitchens.  Its occurrence is significant in “dirty” or “black” arsenic and is still 
found in trace quantities in “white” arsenic. 
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Table 2-9.  Consolidated Arsenic Phases 
 
Phase 
Grouping Phase 

Other 
Abbreviations Used Phase Description 

AsSbO – Arsenic-antimony oxide: this is a common pyrometalurgically formed phase that is common 
to arsenic kitchens.  Its occurrence is significant in “dirty” or “black” arsenic and is still 
found in trace quantities in “white” arsenic. 

Barite – Barium sulfate: common gaunge mineral with base metals.  Will adsorb lead and arsenic 
during smelting. 

Clays AlSi Arsenic sorbed to the surface of soil-forming clays (hydrated, Al-Mg silicates). 
Paint – Arsenic may be present in some very old paint pigments or as a trace contaminant in lead, 

copper, and antimony pigments. 
Pb Solder Pbsold Lead solder with trace levels of arsenic.  Recognized by an elemental composition 

dominated by lead and tin with minor base metals. 
Pb-As Vanidate PbAsVo4 A phase probably associated with mining or smelting of copper-rich ores, not used in 

commercial products.  Recognized by an elemental composition dominated by lead, arsenic, 
vanadium, and oxygen. 

PbAsMO – Lead-arsenic metal oxides: these are lead-arsenic rich oxides formed from pyrometallurgical 
processes.  Common associated elements (M) include antimony, copper, zinc, and/or 
cadmium. 

PbAsSbCuO – Lead-arsenic metal oxides: these are lead-arsenic rich oxides formed from pyrometallurgical 
processes. 

PbCrO4 – A common lead pigment in paint and a rare form of lead. 
PbMO – Lead-metal oxides: these are lead-rich oxides formed from pyrometallurgical processes.  

Common associated elements (M) include arsenic, antimony, copper, zinc, and/or cadmium. 
PbMS – Lead-metal sulfides: these are lead-rich oxides formed from pyrometallurgical processes.  

Common associated elements (M) include arsenic, antimony, copper, zinc, and/or cadmium. 
PbMSO4 – Lead-metal sulfates: these are lead-rich oxides formed from pyrometallurgical processes.  

Common associated elements (M) include arsenic, antimony, copper, zinc, and/or cadmium. 
Slag – A waste by-product of pyrometallurgical activity.  Recognized by an elemental composition 

dominated by silica, calcium, iron, and oxygen with variable quantities of lead, arsenic, 
copper, and/or zinc. 

TiO2 Ti Rutile or anatase with surface sorbed arsenic in small quantities.  Recognized by an 
elemental composition dominated by titanium and oxygen. 

ZnSiO4 – Zinc silicate, recognized by an elemental composition dominated by zinc, silica, and oxygen 
with minor quantities of lead, arsenic, and/or cadmium.  Generally found as inclusions in 
slag or in baghouse dust and sometimes used in commercial products. 
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Table 2-10.  Relative Arsenic Mass for Consolidated Phase Groupings 
 

Phase Experiment Sample RBA 

Arsenic 
Conc. 
(ppm) 

Number 
of 

Particles 
Counted 

Phase (Liberated/Included) 

As 
Phosphate As2O3 

FeAs 
Oxide 

Fe & Zn 
Sulfates FeAsO 

MnAs 
Oxide 

PbAs 
Oxide Sulfosalts 

Minor 
Constits. 

II 2 Bingham Creek 
Channel Soil 39.3% 149 430 8% <1%   11% <1% 46% <1%   <1% <1% 34% <1%   <1% <1% 

4 Murray Smelter 
Slag 55.1% 695 1108     27% <1% 10% <1%   <1% <1% 44% 5%   15% <1% 

6 Butte Soila 17.8% 234 636 <1% 7%   18% 2% 51% 3%   16% <1%   2% <1% <1% <1% 
Midvale Slag 22.9% 591 1847     <1% <1% <1% <1%     65% 22% 1% <1% 11% <1% 

7 

California 
Gulch Phase I 
Residential Soil 

8.4% 203 510 14% <1%   29% <1% 11% <1%   36% <1%     5% 5% 

California 
Gulch Fe/Mn 
PbO 

56.6% 110 380 5% <1%   23% <1% 5% <1%   66% <1%     <1% <1% 

8 California 
Gulch AV Slag 12.9% 1050 1472       <1% <1%     58% 26%   16% <1% 

9 

Palmerton 
Location 2 49.2% 110 111 27% <1%   21% <1% <1% <1%   40% <1%     11% <1% 

Palmerton 
Location 4 61.0% 134 105 <1% <1%   5% <1%   38% <1% 10% <1% <1% 42%   5% <1% 

11 Murray Smelter 
Soil 33.0% 310 355     3% <1% 6% <1%     66% 21%   4% <1% 

15 Clark Fork 
Tailings 50.7% 181 238 16% <1%   40% <1% 24% <1% 2% <1% <1% <1%   13% 3% <1% <1% 

III 
1 

VBI70 TM1 40.3% 312 261 8% <1% 54% <1% 3% <1% <1% <1%   2% <1% 32% <1%   <1% <1% 
VBI70 TM2 42.2% 983 128 4% <1% 17% 5% 3% <1% <1% <1%   <1% <1% 70% <1%   <1% <1% 
VBI70 TM3 36.7% 390 97 2% <1% 80% <1% 8% <1%     5% <1% 6% <1%   <1% <1% 

2 
VBI70 TM4 23.8% 813 139 <1% <1% 86% <1% 2% <1% <1% <1%   <1% <1% 10% <1%   <1% <1% 
VBI70 TM5 21.2% 368 103   97% <1% 3% <1% <1% <1%   <1% <1%     <1% <1% 
VBI70 TM6 23.5% 516 124 <1% <1% 80% <1% <1% <1%       18% <1%   1% <1% 

3 Butte TM2 23.6% 367 137     39% <1% 18% <1%       42% <1% <1% <1% 

4 

Aberjona River 
TM1 38.1% 676 186     69% <1% 30% 1%         <1% <1% 

Aberjona River 
TM2 52.4% 313 123     16% <1% 82% <1%         2% <1% 

 
a Same sample as evaluated in Phase III Experiment 3 (Butte TM2). 
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Table 2-11.  Estimated Group-Specific RBA Values for Liberated Particles 
 

Group Name Estimated Group-Specific RBA1 RBA Category2 

 
Method 1 Method 2 

 FeAsO 1.00 1.42 High 
As Phosphate 0.55 0.59 Medium 
FeAs Oxide 0.45 0.44 Medium 
Fe & Zn Sulfates 0.40 0.40 Medium 
PbAs Oxide 0.38 0.38 Medium 
MnAs Oxide 0.38 0.35 Medium 
As2O3 0.25 0.25 Low 
Sulfosalts 0.02 0.01 Low 
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Figure 2-1.  Excretion of Soluble As in Humans and Animalsa 

 

 
aSee Table 2-1 for literature sources of RBA estimates.
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Figure 2-2.  Conceptual Model for Arsenic Absorption and Excretion 
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Where: 

D = Ingested dose (µg) 
AFo = Oral Absorption Fraction 
Kt = Fraction of absorbed arsenic which is retained in tissues 
Ku = Fraction of absorbed arsenic which is excreted in urine 
Kb = Fraction of absorbed arsenic which is excreted in the bile 

 
BASIC EQUATIONS: 
 
Amount Absorbed (µg)  = D ⋅ AFo 
 
Amount Excreted in Urine (µg) = Amount absorbed ⋅ Ku 
 = D ⋅ AFo ⋅ Ku 
 
Urinary Excretion Fraction (UEF) = Amount excreted / Amount Ingested 
 = (D ⋅ AFo ⋅ Ku) / D 
 = AFo ⋅ Ku 
 
Relative Bioavailability (x vs. y) = UEF(x) / UEF(y) 
 = (AFo(x) ⋅ Ku) / (AFo(y) ⋅ Ku) 
 = AFo(x) / AFo(y)
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Figure 2-3.  Quality Assurance Data from Phase II Pilot Studiesa 

 

 
aComparion of measured and actual (nominal) concentrations of performance evaluation (PE) samples for 

urine (panel A), and between duplicate measurements on the same urine sample (panel B), for Phase II 

studies.  R2 for blind duplicates was 0.91 (n=30). 
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Figure 2-4.  Phase III Performance Evaluation Samplesa 

 

 

 

aComparison of measured and actual concentrations of performance evaluation (PE) urine samples for Phase III studies.  DMA, dimethylasinic 

acid; MMA, monomethylarsonic acid. R2 values were <0.99 for the four analytes (N=35–37).
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Figure 2-5.  Phase III Blind Duplicate Samples a 

 

 

aComparion between duplicate measurements on the same urine sample for Phase III studies.  The R2 was 

0.98 (n=72). 
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Figure 2-6.  Phase III Inter-Laboratory Comparisona  

 

 

 

aComparison of interlaboratory results of analyses of arsenic in urine in two Phase III studies.  Values for 

R2 were 0.87 (n=24) for Experiment 1 and 1.0  (n=25) for Experiment 2. Samples included urines 

collected during the RBA assay (investigative samples) and performance evaluation samples (PE). 
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Figure 2-7.  Uncertainty in RBA Valuesa 

 

 

aPlot of uncertainty range (90% confidence interval) against administered dose.  The dose axis is the 

group mean dose (µg/kg-day) for the highest dosing group in each study.  The confidence interval 

increases substantially when the administered dose levels are less than 25 µg/kg-day. 
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The metalloid arsenic (As), a group 1 human 
carcinogen (International Agency for Research 
on Cancer 2004), is the second most com-
mon inorganic contaminant at Superfund 
sites [U.S. Environmental Protection Agency 
(EPA) 2001]. Hence, cancer risk associ-
ated with ingestion of As-contaminated soils 
(Calabrese et  al. 1996; Davis et  al. 1991; 
Dudka and Miller 1999) often drives risk 
assessments for human exposure to metal 
contaminants at Superfund sites (U.S. EPA 
2007c). With increasing urbanization, expo-
sure to As-contaminated soils grows more 
likely as residential areas extend into the vicin-
ity or, in some cases, intrude onto Superfund 
sites (Scheckel et al. 2009). Reliable analy-
sis of human health risks from ingestion of 
As-contaminated soil depends on estimat-
ing the bioavailability of As in the soil (U.S. 
EPA 1989). Current exposure estimates from 
ingestion of As-contaminated soils often do 
not consider differences between the bio-
availability of As in water and soil (Ehlers 
and Luthy 2003). The use of default values 
that assume equivalent bioavailabilities for 

As in the two matrices can overestimate risk 
associated with ingestion of As-contaminated 
soil (Bradham and Wentsel 2010; U.S. EPA 
2007b, 2007c). Speciation of As in soil, con-
centrations of other metals or metalloids, and 
other soil properties (e.g., pH and mineral-
ogy) can affect the bioavailability of soil As 
and the amount available for systemic dispo-
sition [Kelly et al. 2002; National Research 
Council (NRC) 2003; U.S. EPA 2007b]. 
Because even small adjustments in soil As 
bioavailability estimates can significantly 
affect estimated risk and cleanup goals (U.S. 
EPA 2007c), methods are needed that quickly 
and inexpensively provide accurate and reli-
able data that can be applied to cleanups of 
As-contaminated sites worldwide.

Studies of soil As bioavailability have used 
species as diverse as rodents, swine, and mon-
keys (Casteel et al. 1997; Freeman et al. 1995; 
Lorenzana et al. 1996; Nagar et al. 2009; Ng 
et al. 1998; Pascoe et al. 1994; Rees et al. 
2009; Roberts et al. 2002). Time and cost 
considerations may limit use of some species 
in bioavailability assays (U.S. EPA 2007a, 

2007b). In the present study, we chose the 
mouse as the test species because of low pur-
chase and husbandry costs, ease of handling, 
improved predictive value of data because of 
the feasibility of an increased sample size in 
assays, and the potential for widespread use 
of a mouse-based assay in many laboratories. 
Mice are well characterized physiologically 
and can be manipulated experimentally (e.g., 
altered dietary components, altered genotype) 
to determine the effects of biological variation 
on the gastrointestinal absorption of metals 
and metalloids. Extant data on gastrointesti-
nal absorption of ingested arsenicals facilitate 
use of the mouse as a test species in assays of 
soil As bioavailability (Hughes et al. 2003, 
2005, 2008). Although mice and humans dif-
fer in metabolism and disposition of arsenicals 
(Vahter 1999), similarities are sufficient to 
permit use of mouse data to create physiolog-
ically based pharmacokinetic models that can 
be scaled for humans (El-Masri and Kenyon 
2008; Evans et al. 2008; Gentry et al. 2004a, 
2004b; Hughes et al. 1999).

Use of complementary experimental 
approaches to assess bioavailability has been 
advocated as a strategy to develop models that 
reduce uncertainty in risk assessment (NRC 
2003). In this study, we linked in vivo and 
in vitro assays with physicochemical charac-
terization of soils in a unified approach to 
develop accurate and reliable methods for risk 
assessment of As-contaminated soils. Results 
for test soils and standard reference materials 
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Relative Bioavailability and Bioaccessibility and Speciation of Arsenic 
in Contaminated Soils
Karen D. Bradham,1 Kirk G. Scheckel,2 Clay M. Nelson,1 Paul E. Seales,3 Grace E. Lee,3 Michael F. Hughes,3 
Bradley W. Miller,2 Aaron Yeow,4 Thomas Gilmore,1 Sophia M. Serda,5 Sharon Harper,1 and David J. Thomas3
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Background: Assessment of soil arsenic (As) bioavailability may profoundly affect the extent 
of remediation required at contaminated sites by improving human exposure estimates. Because 
small adjustments in soil As bioavailability estimates can significantly alter risk assessments and 
remediation goals, convenient, rapid, reliable, and inexpensive tools are needed to determine soil As 
bioavailability.

Objectives: We evaluated inexpensive methods for assessing As bioavailability in soil as a means to 
improve human exposure estimates and potentially reduce remediation costs.

Methods: Nine soils from residential sites affected by mining or smelting activity and two National 
Institute of Standards and Technology standard reference materials were evaluated for As bioavail-
ability, bioaccessibility, and speciation. Arsenic bioavailability was determined using an in vivo 
mouse model, and As bioaccessibility was determined using the Solubility/Bioavailability Research 
Consortium in vitro assay. Arsenic speciation in soil and selected soil physicochemical properties 
were also evaluated to determine whether these parameters could be used as predictors of As bio-
availability and bioaccessibility.

Results: In the mouse assay, we compared bioavailabilities of As in soils with that for sodium 
arsenate. Relative bioavailabilities (RBAs) of soil As ranged from 11% to 53% (mean, 33%). In vitro 
soil As bioaccessibility values were strongly correlated with soil As RBAs (R2 = 0.92). Among physi-
cochemical properties, combined concentrations of iron and aluminum accounted for 80% and 
62% of the variability in estimates of RBA and bioaccessibility, respectively. 

Conclusion: The multifaceted approach described here yielded congruent estimates of As bio-
availability and evidence of interrelations among physicochemical properties and bioavailability 
estimates.

Key words: arsenic, bioaccessibility, bioavailability, gastrointestinal, human health, human health 
risk assessment, metalloid, soil physicochemical properties, speciation. Environ Health Perspect 
119:1629–1634 (2011).  http://dx.doi.org/10.1289/ehp.1003352 [Online 13 July 2011]



Bradham et al.

1630	 volume 119 | number 11 | November 2011  •  Environmental Health Perspectives

(SRMs) suggest that concerted use of in vivo 
and in vitro methods combined with physi-
cochemical characterization of soils provides 
a stronger scientific basis for the refinement 
of risk assessments for As-contaminated soils. 
In addition, correlations between physico-
chemical properties of soils and estimates of 
As bioavailability and bioaccessibility indicate 
that use of physicochemical properties could 
profitably inform the refinement of both ani-
mal-based and in vitro assays.

Materials and Methods
Soil origin, processing, and physicochemi-
cal characterization. For full description of 
soil origin, processing, and physicochemical 
characterization, see Supplemental Material 
(http://dx.doi.org/10.1289/ehp.1003352). 
Soils used in this study were collected from 
sites affected by mining and smelter activities. 
Physicochemical properties were determined 
in duplicate samples of each soil.

Arsenic speciation in soils was examined 
using the Materials Research Collaborative 
Access Team’s beamline 10-ID (Sector 10, 
Advanced Photon Source, Argonne National 
Laboratory, Argonne, IL). A principal com-
ponent analysis coupled with linear combina-
tion fitting was used to identify the major As 
species in the samples. Linear combination 
fits were performed using X-ray absorption 
spectroscopy k2 space spectra from reference 
standards to As phases in the soil samples.

Arsenic concentrations in all soil and biologi
cal samples were determined by Instrumental 
Neutron Activation Analysis (INAA) at the 
Department of Nuclear Engineering, North 
Carolina State University (Raleigh, NC; mean 
As mass detection limit, 0.035 μg). All bio-
availability and bioaccessibility calculations 
were based on INAA values.

Mouse bioavailabi l i ty  assay.  The 
Institutional Animal Care and Use Committee 
of the U.S. EPA National Health and 
Environmental Effects Research Laboratory 
approved the protocol for mouse use, which 

assured humane treatment and alleviation of 
suffering. Female C57BL/6 mice 4–6 weeks 
of age (Charles River Laboratory, Raleigh, 
NC) were acclimated in groups of three in a 
12/12-hr light/dark photocycle at 20–22°C. 
Mice had free access to rodent diet (TestDiet, 
Richmond, IN) and tap water that con-
tained < 11 μg/L As (Kenyon et al. 2008). 
Composition of AIN-93G purified rodent 
diet (Reeves et al. 1993) obtained from Dyets 
(Bethlehem, PA) is given in Supplemental 
Material, Table 1 (http://dx.doi.org/10.1289/
ehp.1003352). Soil-amended diets were pre-
pared by thorough mixing of test soil with 
powdered AIN-93G purified rodent diet to 
a 1% (wt/wt) soil:diet ratio. Arsenate (AsV)-
amended diet prepared by addition of sodium 
arsenate heptahydrate (Sigma, St. Louis, MO) 
to powdered AIN-93G purified rodent diet 
was used to determine the bioavailability of a 
freely soluble As salt. Diets were stored at 4°C 
until used.

At the start of an assay, three mice housed 
together during acclimation were transferred as 
a group to a metabolic cage that separated urine 
and feces (Nalgene, Rochester, NY). Twelve 
mice in four metabolic cages constituted an 
experimental run. Metabolic cages were main-
tained for 10 days under environmental condi-
tions given above with unlimited access to test 
diet and drinking water. For sample collection 
and data analysis, the unit of observation was 
the cage and the standard assay for a soil had 
a sample size of four (except soil 9, which had 
a sample size of three). To examine assay vari-
ability and reproducibility, bioavailability of As 
in soils 4 and 10 were assayed two and three 
times, respectively, over a 2-year period.

Daily food consumption for each cage 
was calculated as the difference between the 
weight of the food hopper immediately after 
each morning’s filling and before replenish-
ment the next morning. Cumulative food 
consumption for each cage was the sum of 
daily food consumption. Urine and feces were 
collected each morning from each metabolic 

cage. Combined body weights of the three 
mice in each metabolic cage were determined 
immediately before initial transfer into the 
metabolic cage and at termination. Mice 
were euthanized by carbon dioxide (CO2) 
anesthesia on day 10.

Daily urine or feces collections for each 
cage were stored at –20°C until processed to 
produce a single cumulative urine sample and 
single cumulative feces sample. After thor-
ough mixing, multiple aliquots of the cumula-
tive urine sample for each cage were taken for 
determination of As concentration by INAA. 
Cumulative urinary excretion of As was calcu-
lated as the product of As concentration in the 
cumulative urine sample and the volume of 
the cumulative urine sample. Cumulative feces 
samples were homogenized with a freezer/mill 
(model 6850; Spex CertiPrep, Metuchen, NJ). 
Multiple aliquots of cumulative feces sample 
were taken for determination of As concentra-
tion by INAA. Cumulative fecal excretion of 
As was calculated as the product of As concen-
tration in the cumulative feces sample and the 
mass of the cumulative feces sample.

Absolute bioavailability (ABA) of As from 
ingestion of a soil- or AsV-amended diet was 
calculated as the ratio of cumulative excretion 
of As in urine and cumulative dietary intake 

Table 1. Description, elemental composition, and As speciation in test soils.a

Arsenic speciationb

Soil sourcec
Soil properties AsV AsIII

Reduced chi 
squaredgSoil ID Asd (mg/kg) Fee,f (g/kg) Mne,f (g/kg) Ale,f (g/kg) pHf Sorbed AsV (%) Scorodite (%) Realgar (%) Arsenopyrite (%)

1 Urban residential 990 20.9 0.5 11.8 6.1 52.0 21.2 26.8 — 0.004
2 Urban residential 829 20.5 0.7 9.4 6.3 96.7 3.3 — — 0.004
3 Urban residential 379 18.9 0.2 9.0 5.0 53.1 15.2 31.7 — 0.003
4 Smelter slag 837 294.4 2.7 13.2 7.2 18.7 1.6 47.7 32.1 0.001
5 Residential 244 46.0 0.8 21.7 7.3 96.2 3.8 — — 0.002
6 Residential 173 63.4 0.7 20.9 6.6 66.8 33.2 — — 0.002
7 Smelter slag 6,899 144.5 0.9 15.0 5.2 18.3 47.1 — 34.6 0.001
8 Residential 280 72.3 0.0 3.9 2.1 79.5 20.5 — — 0.007
9 Smelter slag 4,495 120.1 0.4 12.3 2.6 67.6 32.4 — — 0.011
10 NIST 2710 601 29.2 8.5 17.2 5.0 95.0 5.0 — — 0.007
11 NIST 2710a 1,513 34.0 1.7 10.0 4.0 66.8 23.2 9.9 — 0.01
aThe < 250 μm particle size fraction was used for all analyses. bDetermined by linear combination of As X-ray absorption spectroscopy. cSource of As-contaminated soil. dDetermined 
by INAA. eExtracted using U.S. EPA Method 3051A (U.S. EPA 2007d) and analyzed using U.S. EPA Method 6010C (U.S. EPA 2007e) by ICP-OES. fData represent the mean of duplicate 
analyses. gReduced chi-square values = (data – fit)2 /data2.

Figure  1. Relationship between cumulative As 
intake and cumulative urinary As excretion (mean 
± SD). For soil numbers, see Table 1. Replicate 
assays are shown for soil 4 (4a, 4b) and soil 10 (10a, 
10b, 10c). NaAs, sodium arsenate–amended diet.
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of As (NRC 2003; U.S. EPA 2007c). ABA 
is commonly calculated and expressed on a 
percentage basis:

%ABA =  
(cumulative As excreted in urine ÷ 
cumulative As consumed) × 100,	 [1]

with As measured in micrograms. Relative 
bioavailability (RBA) was calculated as the 
ratio of the ABA for As in a specific soil-
amended diet to the ABA for As in a diet 
containing sodium arsenate (NRC 2003; U.S. 
EPA 2007c). RBA is commonly expressed on 
a percentage basis:

%RBA =  
(ABA of As in a specific diet ÷ 
ABA of As in sodium arsenate) × 100.	 [2]

Bioaccessibility assays. For a full descrip-
tion of bioaccessibility assays, see Supplemental 
Materia l  (http://dx.doi .org/10.1289/
ehp.1003352). Bioaccessible As was deter-
mined using an in vitro method developed 
by the Solubility/Bioavailability Research 
Consortium (SBRC) assay (Kelly et al. 2002). 
In vitro assays were performed in triplicate for 
each soil and included addition of 1 g test soil 
to 100 mL gastric fluid consisting of 0.4 M 
glycine at pH 1.5 in a 125-mL high-density 
polyethylene bottle and rotating end over end 
in a water bath at 37°C for 1 hr. All soils tested 
in the bioaccessibility protocol were identical to 
those administered to mice in the in vivo stud-
ies and used in the mineralogy studies described 
above. All in vitro extraction solutions were 
refrigerated at 4°C for preservation and subse-
quent analysis by Inductively Coupled Plasma–
Optical Emission Spectroscopy (ICP-OES) 
(U.S. EPA 2007e).

In vitro bioaccessibility (IVBA) was calcu-
lated and expressed on a percentage basis:

%IVBA =  
(in vitro extractable mg As/kg soil ÷ 
total contaminant mg As/kg soil) × 100. 
� [3]

Statistical analysis. Simple linear regres-
sion was used to evaluate the relationship 
between in vivo As RBA data and IVBA data 
and to examine the effect of selected soil phys-
icochemical properties on As RBA and bioac-
cessibility. All analyses were performed using 
R software (version 2.9.1; R Development 
Core Team, Vienna, Austria), and figures 
were created using GraphPad Prism (version 
5.0; GraphPad, San Diego, CA).

Results
Soil characterization. Table 1 summarizes 
selected characteristics of test soils. Total As 
concentration in test soils ranged from 173 to 
6,899 /mg/kg. Arsenic speciation by oxidation 
state varied among soils [see Supplemental 
Material, Figure 1 (http://dx.doi.org/10.1289/
ehp.1003352)]. Soils 1, 3, 4, 7, and 11 had 
varying ratios of arsenite (AsIII) to AsV spe-
cies; soils 2, 5, 6, 8, 9, and 10 contained only 
AsV. We identified realgar in soils 1, 3, 4, and 
11 and arsenopyrite in soils 4 and 7. Sorbed 
AsV and scorodite are common As species in 
soil environments and often result from the 
oxidation of As ore materials such as realgar 
or arsenopyrite. Concentration ranges of iron 
(Fe), manganese (Mn), and aluminum (Al) in 
soils were 18.9–294.4 g/kg, 0–8.5 g/kg, and 
3.9–21.7 g/kg, respectively. Soil pH ranged 
from 2.1 to 7.3.

Mouse bioavailability assay. The gross 
clinical condition of mice was unaffected by 
ingestion of any of the amended diets; amend-
ment of diet with soil or sodium arsenate did 
not significantly affect cumulative diet con-
sumption (data not shown). Thus, amendment 
of AIN-93G rodent diet with 1% (wt/wt) soil 
or AsV did not affect diet palatability for mice. 
Mean cumulative consumption of As strongly 
correlated with the concentration of As in 
the diet [see Supplemental Material, Figure 2 
(http://dx.doi.org/10.1289/ehp.1003352)]. 
We evaluated mouse assay performance by 
determining the percentage of cumulative 
As intake recovered in cumulative urine and 
feces collections. Arsenic recoveries in excreta 
averaged 83.7% (range, 67–96%) for sodium 

arsenate–amended or soil-amended diets. 
For all dietary additives, percentage recovery 
and dietary As concentration were not corre-
lated (R2 = 0.227; p = 0.398, Pearson product 
moment correlation).

Increasing cumulative ingestion of As 
from amended diets was associated with 
increasing cumulative urinary excretion of As 
(Figure 1). Figure 2A shows As ABA estimates 
from diets amended with AsV, test soils, or 
SRMs. Duplicate assays with AsV-amended 
diet yielded an As ABA of approximately 60%. 
Arsenic ABA estimates for test soils ranged 
widely from approximately 7% to approxi-
mately 33%. Duplicate assays with diets 
amended with soil 4 (4a, 4b) yielded As ABA 
estimates of 6.7% and 7.1%. Triplicate assays 
with diets amended with National Institute 
of Standards and Technology’s NIST-2710, 
Montana Soil SRM (soils 10a, 10b, 10c), 
yielded As ABA estimates ranging from 25.9% 
to 27.2%. For comparison, NIST-2710a 
SRM-amended diets (soil 11) dosed at multi-
ple levels yielded an As ABA of approximately 
26% for each dose level [see Supplemental 
Material, Figure 2 (http://dx.doi.org/10.1289/
ehp.1003352)]. Figure 2B shows As RBA esti-
mates for test soils and SRMs. Relative to AsV 
bioavailability, As RBA estimates for test soils 
ranged from 11% to 53%. Arsenic RBA esti-
mates for NIST 2710–amended diet (soil 10) 
and NIST 2710a–amended diet (soil 11) were 
approximately 44%. Supplemental Material, 
Table 2, summarizes data from mouse assays.

Correlations among estimates of bioacces-
sibility and bioavailability and physicochemi-
cal properties. IVBA values ranged from 6.8% 
to 67% (SD were 0–3%). We extracted NIST 
SRMs (soils 10 and 11) multiple times over 
the course of the study in accordance with the 
SBRC assay (SDs were 4.1 and 1.7, respec-
tively). We used linear regression to assess 
predictability of As RBAs from bioaccessibil-
ity values derived from the SBRC assay. The 
derived regression model accounted for 92% 
of the variability in As bioavailability observed 
in the mouse assay (R2 = 0.92; Pearson cor-
relation = 0.96; Figure 3).

Figure 2. %ABA (A) and %RBA (B) of As from amended diets as a function of cumulative As intake 
(mean ± SD). Replicate assays are shown for soil 4 (4a, 4b) and soil 10 (10a, 10b, 10c); NaAs, sodium 
arsenate–amended diet.
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We examined predictability of As bioavail-
ability or bioaccessibility from the physico
chemical properties and speciation of As in 
soils by simple linear regression (Table 2). 
Physicochemical properties of soil that were 
significant predictors (p < 0.10) of As RBA 
estimates were also significant predictors of 
IVBA estimates, with the exception of percent 
arsenopyrite. Among predictors, sums of con-
centrations of extractable soil Fe and Al (Fe+Al) 
accounted for the largest amount of varia-
tion in RBA and IVBA estimates (R2 = 0.58 
and 0.40, respectively). Log(Fe+Al) improved 
the predictive value of this term (R2 = 0.80 
and 0.62 for RBA and IVBA, respectively). 
Although multivariable linear regression analy-
sis has been used to estimate As bioavailability 
(Yang et al. 2002), application of this method 
in the present study did not materially improve 
predictions of As RBA or IVBA.

Discussion
The concordance of RBA and bioaccessibil-
ity estimates obtained in mouse and in vitro 
assays with common physicochemical 
characteristics of soils suggested that these 
approaches could be used in a complemen-
tary manner to reduce uncertainty in assess-
ment of risk associated with exposure to 
As-contaminated soils.

The mouse assay proved adaptable for 
use with soils with a wide range of As con-
centrations and physicochemical proper-
ties. Amended diets were palatable, and as 
anticipated from earlier studies (Xie et al. 
2004), mice remained in apparent good 
health throughout the experimental period. 
In this study, calculation of the As ABA 
used results from the mouse assay for a diet 
amended with 7 ppm As as sodium arsenate. 
This amendment produced As dose levels of 
8.9 and 9.2 mg/kg in duplicate studies [see 
Supplemental Material, Tables 1 and 2 (http://
dx.doi.org/10.1289/ehp.1003352)]. The dose 
levels for AsV-amended diets exceeded those 
for contaminated soils 3, 5, 6, 8, and 10b; 

approximately equaled (i.e., with overlapping 
standard deviations) those for soils 4a, 4b, 
10a, and 10c; and was lower than those for 
soils 1, 2, 7, 9, and 11. Hence, for most soils 
tested, the concentration of AsV added to the 
diet equaled or exceeded that present in diet 
after soil amendment. Although additional 
studies with AsV-amended diets are needed to 
confirm that estimates of bioavailability of AsV 
or As in soil are unaffected by As concentra-
tion in amended diets, studies in AsV-treated 
laboratory mice suggest that dose level does 
not affect the rate of urinary clearance of As 
(Hughes and Thompson 1996; Hughes et al. 
1994; Kenyon et al. 2008). Similarities in the 
pattern and extent of urinary clearance of As 
in mice that have received sodium arsenate 
over a wide range of dose levels suggest that 
dose level does not influence uptake of AsV 
across the gastrointestinal barrier or its clear-
ance into urine. In the absence of a change in 
the rate of urinary clearance of As over a wide 
dose range, it is likely that mice ingesting diets 
amended with AsV or As-containing soils will 
reach whole-body steady-state body burden 
during the experimental period used in this 
study (Hughes et al. 2003).

Similar estimates of As bioavailability 
obtained for soils 4 and 10 in assays over a 
2-year period indicated that assay performance 
was stable (Figure 2A,B). In adult female mice 
receiving repeated daily oral doses of sodium 
arsenate, the body burden of As reaches steady 
state after 8 or 9 days of dosing (Hughes et al. 
2003, 2010). Under steady-state conditions, 
concentrations of As in tissues and outputs of 
As in urine and feces will reach plateau values 
that will remain unchanged throughout the 
dosing interval. Although concentrations of 
As in urine and feces are both good indica-
tors of current exposure, the predominance 
of urine as the route for As clearance after 
oral administration of inorganic As (Hughes 
et al. 2003) makes it ideal for estimating the 
extent of absorption of dietary As. Summing 
amounts of As excreted in urine and feces 

during the experimental period can be 
used to approximate recovery of As in the 
mouse assay. For the materials evaluated in 
the mouse assay, recoveries of ingested As in 
excreta ranged from 67% to 96%. However, 
these values should be regarded as minimal 
estimates because they do not include As that 
is retained in tissues of mice.

The mouse assay can be further refined by 
examining the role of dietary composition on 
the estimates of soil As bioavailability obtained 
with this model. Compared with AIN-93 
purified diets, the human diet common in 
developed countries derives more calories from 
fat, contains less fiber, and may not be optimal 
in terms of mineral and vitamin composition. 
These differences in dietary composition could 
affect the bioavailability of As in two ways. 
First, the elemental composition of the diet 
can affect As uptake across the gastrointestinal 
barrier. For example, an increasing concen-
tration of phosphate reduces in vitro uptake 
of AsV by Caco-2 intestinal cells derived 
from human colonic adenocarcinoma cells 
(Calatayud et al. 2010) and gastrointestinal 
uptake of As in rats dosed orally with AsV 
(Gonzalez et al. 1995). Second, in humanized 
gnotobiotic mice the microbiota of the gastro-
intestinal tract is quickly altered by consump-
tion of a diet with a high fat and high sugar 
content (Turnbaugh et al. 2009). Alteration 
of the microbiota of the gastrointestinal tract 
produced by changes in dietary composition 
could alter gastrointestinal uptake of ingested 
AsV. Recent studies show that the anaerobic 
microbiota from the mouse cecum extensively 
metabolize AsV to produce inorganic thio-
arsenicals and methylated oxy- and thioarseni-
cals (Pinyayev et al. 2011). The mouse model 
can readily be adapted to examine effects of 
dietary composition of diets on the bioavail-
ability of As in soils.

Soil As RBA estimates obtained in juve-
nile swine and monkeys have ranged from 
0% to 52% (Casteel et  al. 1997; Freeman 
et al. 1995; Lorenzana et al. 1996; Rees et al. 
2009; Roberts et al. 2002; Rodriguez et al. 
1999). Comparisons of As RBA data obtained 
in mice and juvenile swine are problematic 
because of differences in experimental design 
and dosing levels. However, four soils have 
been evaluated in both species. For three soils 
(soils 9, 10, and 11 in this study), As RBA 
estimates from mouse and juvenile swine dif-
fered by 4%, 0%, and 1%, respectively (U.S. 
EPA 2009). For the fourth soil (soil 8 in this 
study), As RBA estimates differed by 19.1% 
(with estimates of 40.9% for mouse and 60% 
for juvenile swine. Differences in As RBAs for 
mouse and juvenile swine may reflect physio-
logical differences between species. Additional 
soils should be evaluated in both species to 
identify possible sources of variability and 
permit a detailed comparison of the assays.

Table 2. Results of linear regression analyses to explore the influence of select soil properties on As RBA 
and IVBA.

RBA IVBA
Predictor Equation R 2 p-Value Equation R2 p-Value
Sorbed AsV (%) 0.2x + 17.1 0.14 0.26 0.3x + 18.4 0.11 0.31
Scorodite (%) –0.4x + 38.9 0.10 0.35 –0.7x + 50.9 0.16 0.22
Realgar (%) 0.1x + 31.1 0.01 0.80 0.2x + 36.1 0.01 0.73
Arsenopyrite (%) –0.7x + 36.2 0.28 0.09* –0.7x + 42.5 0.16 0.23
AsV (%) 0.2x + 19.0 0.05 0.50 0.1x + 26.9 0.02 0.70
AsIII (%) –0.2x + 34.7 0.05 0.50 –0.1x + 40.2 0.02 0.70
As (mg/kg) x + 37.3 0.17 0.21 x + 45.2 0.15 0.23
Fe (g/kg) –0.1x + 43.5 0.48 0.02** –0.2x + 51.4 0.32 0.07*
Al (g/kg) –1.9x + 57.3 0.34 0.06* –2.7x + 73.3 0.32 0.07*
Mn (g/kg) 0.7x + 31.0 0.01 0.77 1.1x + 36.3 0.01 0.76
pH –2.2x + 43.3 0.05 0.52 –1.2x + 44.0 0.01 0.82
Fe+Al (mol/kg) –8.8x + 48.7 0.58 0.01# –10.5x + 57.9 0.40 0.04**
Log(Fe+Al) (mol/kg) –53.1x + 41.6 0.80 0.00# –67.5x + 50.1 0.62 0.00#

*p ≤ 0.10, **p ≤ 0.05, and #p ≤ 0.01.
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A recent NRC report has recommended 
development and validation of in vitro assays 
that can replace in vivo assays and can provide 
reliable and accurate data that reduce uncer-
tainty in risk assessment (NRC 2007). This 
recommendation prompted development of 
bioaccessibility assays that reflect processes 
that control As bioavailability in the human 
gastrointestinal tract (Basta et al. 2007; Juhasz 
et al. 2007; Kelly et al. 2002; Rodriguez et al. 
1999; Ruby et al. 1999). High correlation (R2 
= 0.92, Pearson correlation = 0.96) between 
the As bioaccessibility data from the SBRC 
assay and As RBA estimates from the mouse 
assay is consistent with the high correlation 
of estimates of As RBA from juvenile swine 
with As bioaccessibility estimates from the 
SBRC assay (R2 = 0.75, Pearson correlation = 
0.87) (Juhasz et al. 2009). The correlation of 
findings from the SBRC assay and the mouse 
assay suggests that the bioaccessibility assay 
provides useful information about the charac-
teristics of As-containing soils that influence 
As RBA as measured in the mouse assay. In 
addition, strong agreement of estimates from 
the SBRC in vitro assay and the mouse assay 
suggest that the mouse assay can be used to 
validate performance of bioaccessibility assays.

Metal speciation and the concentra-
tions of Fe, Al, and Mn are known to affect 
solubilities and bioavailabilities of metals in 
soils (Bradham et al. 2006; Kelly et al. 2002; 
NRC 2003; Scheckel et al. 2009). In this 
study, we evaluated the effects of As specia-
tion and metal concentrations on estimates 
of soil As RBA and bioaccessibility obtained 
in the mouse assay and SBRC assay by lin-
ear regression analyses. We found significant 
inverse correlations between concentrations 
of extractable Fe and Al in soils and esti-
mates of soil As RBA and bioaccessibility. For 
example, the log-transformed sum of Fe+Al 
accounted for 80% and 62% of the variabil-
ity in estimates of As RBA and bioaccessibil-
ity, respectively. The high predictive value of 
log(Fe+Al) suggests that sorption of As to Fe 
and Al oxides reduces As solubilization and 
thereby reduces As RBA and bioaccessibil-
ity. Beak et al. (2006a, 2006b) found similar 
results for As bioaccessibility using a modi-
fied Rodriguez et al. (1999) in vitro method, 
which investigated As sorption on ferrihydrite 
[Fe3+

5O3(OH)9] and corundum (Al2O3). 
Thus, determination of the concentrations 
and forms of Fe and Al in soils may be use-
ful in assessing As bioavailability. Several clay 
minerals contain ferrous and ferric iron that, 
upon release via weathering, will form iron 
oxides and hydroxides in soil environments 
(Bowell 1994). Similar processes are also iden-
tified for aluminum and manganese oxides in 
soils (Jenne 1968; McKeague et al. 1971). 
Lower As RBA estimates for soils containing 
sulfide forms of As (realgar or arsenopyrite) 

may reflect slow dissolution kinetics of these 
mineral species. Although arsenopyrite was 
present in only two of the test soils, its pres-
ence significantly reduced As bioavailability 
estimates (p < 0.10). This finding is consistent 
with reports showing that As in arsenopyrite 
is bound tightly; therefore, As bioavailabil-
ity is likely to be low (Roberts et al. 2007). 
Additional studies would be useful to identify 
other metals and metalloids in soils that are 
potential modifiers of As bioavailability and 
bioaccessibility and to determine concentra-
tion dependencies of these interactions.

Conclusions
A multifaceted approach combining in vivo 
assays, in vitro assays, and physicochemical 
characterization of soils yielded comparable 
estimates of As bioavailability and provided evi-
dence of interrelations among physicochemical 
properties and estimates of As bioavailability. 
The range of As RBA estimates in this study 
(11–53%) implies that use of a default value of 
100% for As bioavailability in human health 
risk assessments may overestimate risk associ-
ated with exposure to As-contaminated soils. 
Further studies with the mouse assay and the 
in vitro assay coordinated with physiochemical 
characterization of test soils can confirm and 
extend the results obtained in this study and 
identify refinements in experimental design 
and data analysis that can improve the accuracy 
and reliability of estimates of bioaccessibility 
and bioavailability.
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Purpose and Statement of Issues 
In response to recommendations made in previous health consultations, the U.S. Environmental 
Protection Agency Region 6 (EPA-6) contracted with the College of Veterinary Medicine at the 
University of Missouri, Columbia (CVMUM) to assess the relative bioavailability of arsenic and 
vanadium in soil from the Palestine area.  Using data from this study, scientists from EPA-6 
proposed residential soil action levels of 155 mg/kg for arsenic and 975 mg/kg for vanadium.  
The EPA has asked the Texas Department of State Health Services (DSHS) and the Agency for 
Toxic Substances and Disease Registry (ATSDR) for an independent assessment to evaluate 
whether the proposed residential surface soil action levels for arsenic and vanadium would be 
protective of public health (Note: Appendix A lists abbreviations and acronyms used in this 
report).   
 

Background 
Site Description and History 
The area in question, a mixed industrial/residential area, is located in the southeastern portion of 
Palestine, Anderson County, Texas. Although the exact source and extent of the contamination 
have not been determined, historically, two major industrial facilities operated in the area: the 
Palestine Light, Heat, and Power Company and the former George M. Dilley and Son, Founders 
and Machinists Shop (also known as the Palestine Foundry).  
 
The Palestine Light, Heat, and Power Company site is a one-acre site that was formerly a town 
coal gas operation. The site consists of several waste piles (railroad ties, concrete blocks, and 
rock piles) from the adjacent railroad system on the east side of the property.  The Palestine 
Foundry site is north of the Palestine Light, Heat, and Power Company and east of the railroad 
tracks on South May Street. It was the first large industry in Palestine and operated from 1873 to 
1949. Historically, several buildings and a smoke stack may have existed on the property; only 
two buildings currently remain and the site is heavily vegetated [1]. 
 
Both properties are accessible to children as well as adults. Residential homes are located across 
South May Street from the Palestine Foundry. The fence along the road does not prevent access 
to the foundry property. The foundry office building is dilapidated and thereby poses a physical 
hazard.  
 
In previous consults [2, 3], it was determined that there may be human exposure to elevated 
levels of arsenic, vanadium, and lead in the soil and that selected residences and daycare 
facilities warranted further attention [3]. 
 

Discussion 
In determining the health risks that may be associated with contaminants found in various media, 
the concentration of each contaminant is compared to its health-based assessment comparison 
(HAC) value for non-cancer and cancer endpoints.  These values are guidelines that specify 
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levels of chemicals in specific environmental media (soil, air, and water) that are considered safe 
for human contact with respect to identified human endpoints.  Non-cancer screening values are 
generally based on ATSDR’s minimal risk levels (MRLs)1 and EPA’s reference doses (RfDs)2.  
Both of these are based on the assumption that there is an identifiable exposure threshold (both 
for the individual and for populations) below which there are no observable adverse effects.  
Thus, MRLs and RfDs are estimates of daily exposures to contaminants that are unlikely to cause 
adverse non-cancer health effects even if exposure occurs for a lifetime.  The cancer risk 
comparison values used in this consultation are based on EPA’s chemical-specific cancer slope 
factors (CSFs)3. 
 
Knowing how much of the contaminant is actually absorbed into the body (bioavailability) is 
important in determining the potential risks associated with the contaminant [4].  The 
bioavailability of any contaminant is both soil- and contaminant-specific; thus, it is not possible 
to predict bioavailability without considering these factors.  In the absence of bioavailability 
data, and in order to be protective of public health, it is customary to assume that a contaminant 
is 100% bioavailable; all the contaminant that enters the body is absorbed into the blood.  In 
reality the rate and extent of absorption of a chemical from an ingested media such as soil is 
much less than 100%.   
 
CVMUM determined the bioavailability of the contaminants at this site by feeding site specific 
soil to juvenile swine.  Swine were given oral doses of sodium arsenate, vanadyl sulfate, or the 
Palestine soil; and the relative bioavailability of arsenic and vanadium was assessed by 
comparing the absorption of arsenic or vanadium from the reference material to that of the test 
soil [4].  Results of this study indicated that the relative bioavailability of arsenic and vanadium 
in Palestine soil was approximately 15% and 8%, respectively [4]. 
 
Using the results of the CVMUM bioavailability study, EPA revised the action levels for arsenic 
and vanadium in Palestine soil to 155 and 975 mg/kg, respectively [5].  DSHS was asked to 
conduct an independent assessment to evaluate whether these revised action levels for residential 
soil would be protective of public health. 
 

Arsenic 
Arsenic is a naturally occurring element that is widely distributed throughout the earth’s crust 
and may be found in air, water, and soil [6].  Arsenic exists as inorganic arsenic, organic arsenic, 
and arsine gas.  Generally, organic arsenic is less toxic than inorganic arsenic, with some forms 
of organic arsenic being virtually non-toxic.  Inorganic arsenic occurs naturally in soil, and 
children may be exposed to arsenic by eating soil or by direct skin contact with soil or water 
                                                 
1 An MRL is a contaminant specific exposure dose below which adverse health effects in the people most sensitive 
to chemical-induced effects would not be expected.  MRLs generally are based on the most sensitive chemical-
induced end point considered to be of relevance to humans. 
2 An RfD is an estimate (with a level of uncertainty from 10 to 1000 times below the level of harmful effects) of a 
daily exposure to the human population (including sensitive groups) that is likely to be without appreciable risk of 
deleterious effects during a lifetime. 
3 A CSF is an estimate of excess lifetime risk of one cancer in one million (1 x 10-6) people exposed over a lifetime 
(70 years). 
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containing arsenic [6].  Children and adults normally take in small amounts of arsenic through 
inhalation of air and ingestion of food and water, with food being the largest source of arsenic.  
Fish and seafood contain the highest concentrations of arsenic; however, most of this is in the 
less toxic organic form of arsenic [6]. 
 
A chronic oral MRL of 0.0003 mg/kg/day for inorganic arsenic was derived by dividing the 
identified chronic No Observable Adverse Effect Levels (NOAEL) of 0.0008 mg/kg/day 
(obtained from human epidemiologic studies) by an uncertainty factor of three to account for the 
lack of data on reproductive toxicity and to account for some uncertainty as to whether the 
NOAEL accounts for all sensitive individuals [6].  The Lowest Observed Adverse Effect Levels 
(LOAEL) associated with these epidemiologic studies was 0.014 mg/kg/day, where exposure to 
arsenic above this level resulted in hyperpigmentation of the skin, keratosis (patches of hardened 
skin), and possible vascular complications [6].  The chronic oral MRL was used to evaluate the 
potential public health significance of exposure to arsenic.   
 
A provisional acute oral MRL of 0.005 mg/kg/day for inorganic arsenic was derived by dividing 
the LOAEL of 0.05 mg/kg/day (based upon gastrointestinal effects and facial edema in humans) 
by an uncertainty factor of 10 for extrapolation from a LOAEL to a NOAEL [6].  The acute oral 
MRL was used to evaluate the potential public health significance of acute exposure to arsenic 
due to pica behavior. 
 
Inorganic arsenic is a known carcinogen [6].  The most characteristic effect of long-term 
exposure to inorganic arsenic is a pattern of skin changes including darkening of the skin and the 
appearance of small “corns” or “warts” on the palms, soles, and torso.  A small number of these 
corns may ultimately develop into skin cancer.  Liver, bladder, kidney, and lung cancer also have 
been associated with exposure to arsenic [6]. While there are certainly both cases of and deaths 
due to these types of cancer in Palestine, Texas, it would be impossible to determine if any one 
of these cancers was caused by exposure to arsenic b[0]ecause there is nothing that indisputably 
links these cancers to arsenic exposure and there are other causes of cancer. The incidence and 
mortality of these cancer types in Palestine are similar to what would be expected based on state 
rates [2]. 
 

Vanadium 

Vanadium is a naturally occurring element in the earth that may be released to air, groundwater, 
surface water, or soil when rocks or soil containing vanadium are broken down by wind or water 
erosion [7].  People are exposed to vanadium daily in food, water, and air, with food being the 
largest source of vanadium.  Determining the public health implications of vanadium in soil is 
difficult. The toxic effects of vanadium are greater when vanadium is inhaled as compared to 
when it is taken orally [7]. Protein and other trace elements in the diet may have an affect on 
vanadium toxicity and the toxic effects also may vary by species. Humans who have been 
exposed to relatively large doses for up to five months only reported minor complaints at the 
higher doses; whereas, in animals numerous effects such as weight loss, dehydration, depressed 
growth, cardiac irregularities, and loss of renal function have been reported [7]. Whether 
vanadium is essential to the diet is controversial. There is in vivo evidence that vanadium may be 
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needed for normal iodine and/or thyroid function and other evidence that it may have some effect 
on glucose metabolism. Although a variety of inconsistent deficiency symptoms have been 
reported in animals, no specific function for vanadium has been identified for humans [7].  
 
An intermediate oral MRL of 0.003 mg/kg/day for vanadium was derived by dividing the 
NOAEL of 0.3 mg/kg/day (based upon renal effects in rats) by uncertainty factors of 10 for 
human variability and 10 for interspecies variability [7].  The intermediate oral MRL was used to 
evaluate the potential public health significance of exposure to vanadium. 
 
Although no acute oral MRL has been derived for vanadium, an acute LOAEL of 8.4 mg/kg/day 
based upon developmental effects in rats is available [7].  As no other advisories are available, 
this acute LOAEL was used to evaluate the potential public health significance of acute exposure 
to vanadium due to pica behavior. 
 
No human studies are available regarding the carcinogenicity of vanadium [7]. However, no 
increase in tumor frequency was noted in rats and mice chronically exposed to 0.5 to 4.1 mg-
vanadium/kg-body weight as vanadyl sulfate in drinking water [8]. Currently, vanadium is not 
classified as a human carcinogen.  
 

Non-Carcinogenic Effects 
We used the proposed actions level of 155 mg/kg and 975 mg/kg for arsenic and vanadium, 
respectively, to evaluate the exposure that children might receive from incidental ingestion of 
surface soil.  Children were considered because they constitute the sub-population most likely to 
experience the highest levels of exposure to contaminants in soil (due to play activities and 
normal hand-to-mouth exposure) and because their dose relative to body weight is higher than 
that of adults. 
 
We applied the bioavailability factors reported by CVMUM to the proposed action levels and 
used standard assumptions for body weight (16 kg, child) and incidental soil ingestion (200 mg 
per day, child) to estimate exposure. Other assumptions that were used are listed in Tables 1-8.  
For non-cancer endpoints, wherever possible, we compared estimated exposures either to known 
effect levels in humans or to documented NOAEL and/or LOAEL in humans or animals.   
 
In addition to incidental ingestion of small quantities of soil, a sizable portion of the child 
population periodically may ingest more than 1.0 g4 of soil per day (pica behavior) [9].  While an 
individual child may exhibit pica behavior infrequently it has been estimated that about 62% of 
children will ingest >1.0 g of soil on 1-2 days/year.  Additionally, 42% of children will ingest   
>5 g of soil and 33% will ingest >10 g of soil on 1-2 days per year.  Since ingesting large 
amounts of soil potentially could result in acute intoxication we also evaluated the proposed 
action levels with respect to periodic pica behavior [9]. 
 

                                                 
4 1 g is equal to 1,000 mg (about the same size as a pack of artificial sweetener) 
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Assuming a maximum soil arsenic concentration of 155 mg/kg, the estimated daily dose that a 
child would receive from the ingestion of soil (0.0003 mg/kg/day, Tables 1-2) is equal to the 
chronic oral MRL of 0.0003 mg/kg/day.  Therefore, with respect to non-carcinogenic health 
effects, the proposed action level of 155 mg/kg for arsenic in soil is adequate to protect children. 
 
Assuming a maximum soil vanadium concentration of 975 mg/kg, the estimated daily dose that a 
child would receive from the ingestion of soil (0.0009 mg/kg/day, Tables 3-4) is below the 
intermediate oral MRL of 0.003 mg/kg/day.  Therefore, with respect to non-carcinogenic health 
effects, the proposed action level of 975 mg/kg for vanadium in soil is adequate to protect 
children. 
 

Short-Term or Sporadic Pica Behavior 

To explore the potential public health significance of pica behavior at this site, we considered the 
scenario of a 16 kg child ingesting 5,000 mg of soil per day for 14 days.  At a soil arsenic 
concentration of 155 mg/kg and a bioavailability factor of 15%, the daily dose of absorbed 
arsenic during pica events would be approximately 0.007 mg/kg/day (Table 5).  This estimated 
exposure dose is slightly higher than the acute oral MRL for arsenic which would indicate some 
degree of risk; however, as it is seven times lower that the dose reported to cause gastrointestinal 
effects in humans the likelihood that it would result in adverse health effects is low.  At a soil 
vanadium concentration of 975 mg/kg and a bioavailability factor of 8%, the daily dose of 
absorbed vanadium during pica events would be approximately 0.02 mg/kg/day (Table 6), 420 
times below the acute LOAEL for less serious effects in animals.  We would not expect to see 
children exhibiting signs or symptoms of acute toxicity either from arsenic or vanadium as a 
result of short-term, sporadic pica behavior. 
 

Carcinogenic Effects 
Arsenic is a known carcinogen, and oral cancer slope factor and inhalation unit risk factors have 
been developed by EPA to estimate the excess lifetime risk for developing cancer.  Vanadium 
has not been classified as a human carcinogen, and thus no slope factors or risk factors have been 
developed for vanadium. 
 
Using EPA’s cancer slope factor for arsenic, based on an 30 year exposure scenario (a 70 kg 
adult ingesting 100 mg of soil per day) we estimated the excess lifetime risk of developing 
cancer from the incidental ingestion of soil to be 2.0 x 10-5 (Tables 7-8).  Qualitatively, we would 
interpret this as no apparent increased lifetime risk for developing cancer. 
 
There is evidence that suggests some carcinogens, especially ones with a mutagenic mode of 
action, exhibit a greater effect in early-life versus later-life exposures [10].  The EPA has 
developed guidance on assessing the potential for early-life exposure to contribute to the 
appearance of cancer later in life.  In this, cancer risks are calculated by combining age-
dependent adjustment factors and exposure estimates [10].  The lifetime risk of developing 
cancer is based upon the risk during three time periods:  risk during the first two years of life 
(10-fold adjustment representing to toxicokinetic and toxicodynamic differences between 
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children and adults), risk for ages 2 through <16 (3-fold adjustment to account for developmental 
changes occurring prior to middle adolescence), and risk for ages 16 until 70 years (average life 
expectancy, no adjustment factor for adult exposures) [10]. 
 
The risk for cancer due to exposure to arsenic over a lifetime was calculated using EPA 
methodology [10].  Body weight (10 kg infant, 40 kg child/middle adolescent, and 70 kg adult), 
soil intake rate (200 mg/day infant, 150 mg/day child/middle adolescent, and 100 mg/day adult), 
and age-dependent adjustment factors were used to calculate cancer risk over a lifetime of 
exposure (4.8 x 10-5).  Qualitatively, we would interpret this as no apparent increased lifetime 
risk for developing cancer. 
 

Public Health Implications 
Based on the above assumptions we would not expect the proposed action levels to pose an 
appreciable risk either to children or adults.  However, in this consultation, we only evaluated the 
potential health effects associated with ingestion of soil.  In some communities, backyard 
vegetable gardens are common and may provide an additional source of exposure, particularly 
during the growing season.   In such situations it would be prudent to also consider the ingestion 
of home-grown vegetables and the incidental inhalation of dust while people are working in their 
gardens when proposing an action level.  Thus, if there is reason to believe that vegetable 
gardening is occurring in Palestine, the proposed action level for arsenic may need to be revised.   
Using default exposure assumptions for inhalation of dust and ingestion of home-grown 
vegetables (Tables 1-8) we estimate that a soil arsenic concentration of 131 mg/kg would be a 
suitable action level.  For vanadium the proposed action level of 975 mg/kg would still be 
adequate even when considering other sources of exposure.  The estimated daily dose of 
vanadium from all sources is 0.001 mg/kg/day, well below the intermediate oral MRL for 
vanadium.  The absorption of either arsenic or vanadium through the skin via dermal contact 
with soil was too low to consider5.   
 
Based on data presented in previous health consultations [2, 3], the maximum arsenic and 
vanadium concentrations detected in surface soils (0-1 inch) in Palestine (85.4 mg/kg and 325 
mg/kg, respectively) were well below proposed action levels.   
 

Child Health Considerations 
In communities faced with air, water, or food contamination, children could be at greater risk 
than are adults from certain kinds of exposure to hazardous substances. A child’s lower body 
weight and higher intake rate results in a greater dose of hazardous substance per unit of body 
weight. Sufficient exposure levels during critical growth stages can sustain permanent damage to 
the developing body systems of children. Children are dependent on adults for access to housing, 

                                                 
5 Cadavers were used to assess the uptake of arsenic from soil via dermal absorption.  Following 24 hours of 
exposure to soil containing arsenic, only 0.43% of the arsenic passed through the skin and 0.33% of the arsenic 
remained in the skin after washing [6]. 
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for access to medical care, and for risk identification. Thus adults need as much information as 
possible to make informed decisions regarding their children’s health.  
 
In this consult, we evaluated the exposure children might receive from accidental ingestion of 
soil to evaluate whether the proposed residential surface soil action levels for arsenic and 
vanadium would be protective of public health.  We used children because they constitute the 
sub-population most likely to experience the highest levels of arsenic and vanadium in soil and 
because their dose of arsenic and vanadium relative to body weight is higher than that of adults. 
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Conclusions 
Based on available information we have concluded that: 

 

1. Considering exposure to arsenic and vanadium via accidental ingestion of surface soil, 
the proposed soil action levels would pose no apparent public health hazard. 

 
2. The soil action level of 131 mg/kg may be more appropriate for yards where vegetable 

gardening occurs; however, based on available data all the levels measured in Palestine 
were well below this level. 

 

Recommendations 
Not applicable 
 

Public Health Action Plan 
Not applicable 
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Appendix A:  Acronyms and Abbreviations 
ATSDR Agency for Toxic Substances and Disease Registry 
CSF  Cancer Slope Factor 
CVMUM College of Veterinary Medicine at the University of Missouri, Columbia 
DSHS  Texas Department of State Health Services 
EFH  Exposure Factors Handbook 
EPA  U.S. Environmental Protection Agency 
EPA-6  U.S. Environmental Protection Agency Region 6 
g  gram 
HAC  health-based assessment comparison 
kg  kilogram 
kg/m3  kilogram per cubic meter 
LOAEL Lowest Observable Adverse Effect Level 
m3/day  cubic meter per day 
mg  milligram 
mg/day milligram per day 
mg/kg  milligram per kilogram 
mg/kg/day milligram per kilogram per day 
MRL  Minimal Risk Level 
NOAEL No Observable Adverse Effect Level 
PHAGM Public Health Assessment Guidance Manual 
RAGS  Risk Assessment Guidance for Superfund 
RfD  Reference Dose 
TAC  Texas Administrative Code 
TRRP  Texas Risk Reduction Program 
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Appendix B:  Tables 
Table 1.  Summary of non-carcinogenic estimated daily doses for children exposed to arsenic via 
various pathways.  Refer to Table 2 for calculations of estimated exposure doses. 
 

Exposure Pathway 

Estimated 
Daily Dose 
(mg/kg/day)

  
Soil Ingestion Exposure Dose 0.0003 
Inhalation Exposure Dose 0.00000002 
Aboveground Vegetables Exposure Dose 0.00006 
Belowground Vegetables Exposure Dose 0.00002 
  
Total Daily Dose from all Pathways 0.0004 

 
 



Health Consultation 

Palestine Bioavailability Study                                

 16

Table 2.  Non-carcinogenic estimated daily doses for children exposed to arsenic via various 
pathways. 
 

Exposure Factor   EF=(F*ED)/AT 
EF=exposure factor (unitless) 0.95890411 
F=frequency of exposure (day/year) 350 a 

ED=exposure duration (year)  6 b 
AT=averaging time (ED*365 day/year) 2190 
  
Soil Ingestion Exposure Dose D=(C*RBAF*IR*EF*CF)/BW 
D=exposure dose (mg/kg/day) 0.0003 
C=contaminant concentration (mg/kg) 155 c 
RBAF=relative bioavailability factor (unitless) 15% d 
IR=intake rate of soil (mg/day) 200 b 
EF=exposure factor (unitless) 0.95890411 
CF=conversion factor (10-6 kg soil/mg soil) 0.000001 
BW=body weight (kg)  16 b 
  
Inhalation Exposure Dose D=(C*SPL*IR*EF)/BW 
D=exposure dose (mg/kg/day) 0.00000002 
C=contaminant concentration (mg/kg) 155 c 

SPL=suspended particulate level (kg/m3) 2.16E-10 e 

IR=intake rate (m3/day)  8.08 f 
EF=exposure factor (unitless) 0.95890411 
BW=body weight (kg)  16 b 

  
Aboveground Vegetables D=(C*CF*PC*CF*IR*EF*PH)/BW 
D=exposure dose (mg/kg/day) 0.00006 
C=contaminant concentration (mg/kg) 155 c 

CF=conversion factor (10-3 kg soil/g soil) 0.001 
PC=partition coefficient soil to vegetable (g soil/g dry weight) 0.01 g 

CF=conversion factor (g dry weight/g as consumed) 17.4% h 

IR=intake rate (g as consumed/day) 41.87 
EF=exposure factor (unitless) 0.95890411 
PH=% of food homegrown (%) 8.2% i 
BW=body weight (kg)  16 b 
  
Belowground Vegetables D=(C*CF*PC*CF*IR*EF*PH)/BW 
D=exposure dose (mg/kg/day) 0.00002 
C=contaminant concentration (mg/kg) 155 c 
CF=conversion factor (10-3 kg soil/g soil) 0.001 
PC=partition coefficient soil to vegetable (g soil/g dry weight) 0.008 g 

CF=conversion factor (g dry weight/g as consumed) 22.2% h 

IR=intake rate (g as consumed/day) 29.36 
EF=exposure factor (unitless) 0.95890411 
PH=% of food homegrown (%) 4.3% i 
BW=body weight (kg)  16 b 
   

 

a TRRP standard default, 30 TAC 350.74(a) [11] 
b PHAGM standard default, child 1-6 years old [12] 
c proposed action level [5] 
d site-specific study [4] 
e 1/Particulate Emission Factor, EPA RAGS [13] 
f EFH Table 5-23, weighted average, child 1-6 years old [14] 
g TRRP standard default, 30 TAC 350.73(e) [10] 
h [15] 
i EFH Table 13-71, total population [14] 



Health Consultation 

Palestine Bioavailability Study                                

 17

Table 3.  Summary of non-carcinogenic estimated daily doses for children exposed to vanadium 
via various pathways.  Refer to Table 4 for calculations of estimated exposure doses. 
 

Exposure Pathway 

Estimated 
Daily Dose 
(mg/kg/day)

  
Soil Ingestion Exposure Dose 0.0009 
Inhalation Exposure Dose 0.0000001 
Aboveground Vegetables Exposure Dose 0.0001 
Belowground Vegetables Exposure Dose 0.00005 
  
Total Daily Dose from all Pathways 0.001 
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Table 4.  Non-carcinogenic estimated daily doses for children exposed to vanadium via various 
pathways. 
 

Exposure Factor   EF=(F*ED)/AT 
EF=exposure factor (unitless) 0.95890411 
F=frequency of exposure (day/year) 350 a 

ED=exposure duration (year)  6 b 

AT=averaging time (ED*365 day/year) 2190 
    
Soil Ingestion Exposure Dose D=(C*RBAF*IR*EF*CF)/BW 
D=exposure dose (mg/kg/day) 0.0009 
C=contaminant concentration (mg/kg) 975 c 

RBAF=relative bioavailability factor (unitless) 8% d 

IR=intake rate of soil (mg/day) 200 b 

EF=exposure factor (unitless) 0.95890411 
CF=conversion factor (10-6 kg soil/mg soil) 0.000001 
BW=body weight (kg)  16 b 

    
Inhalation Exposure Dose D=(C*SPL*IR*EF)/BW 
D=exposure dose (mg/kg/day) 0.0000001 
C=contaminant concentration (mg/kg) 975 c 

SPL=suspended particulate level (kg/m3) 2.16E-10 e 

IR=intake rate (m3/day)  8.08 f 
EF=exposure factor (unitless) 0.95890411 
BW=body weight (kg)  16 b 

    
Aboveground Vegetables D=(C*CF*PC*CF*IR*EF*PH)/BW 
D=exposure dose (mg/kg/day) 0.0001 
C=contaminant concentration (mg/kg) 975 c 

CF=conversion factor (10-3 kg soil/g soil) 0.001 
PC=partition coefficient soil to vegetable (g soil/g dry weight) 0.0036 g 

CF=conversion factor (g as consumed/g dry weight) 17.4% h 

IR=intake rate (g as consumed/day) 41.87 
EF=exposure factor (unitless) 0.95890411 
PH=% of food homegrown (%) 8.2% i 
BW=body weight (kg)  16 b 

    
Belowground Vegetables D=(C*CF*PC*CF*IR*EF*PH)/BW 
D=exposure dose (mg/kg/day) 0.00005 
C=contaminant concentration (mg/kg) 975 c 

CF=conversion factor (10-3 kg soil/g soil) 0.001 
PC=partition coefficient soil to vegetable (g soil/g dry weight) 0.003 g 

CF=conversion factor (g dry weight/g as consumed) 22.2% h 

IR=intake rate (g as consumed/day) 29.36 
EF=exposure factor (unitless) 0.95890411 
PH=% of food homegrown (%) 4.3% i 
BW=body weight (kg)  16 b 

   
 
a TRRP standard default, 30 TAC 350.74(a) [11] 
b PHAGM standard default, child 1-6 years old [12] 
c proposed action level [5] 
d site-specific study [4] 
e 1/Particulate Emission Factor, EPA RAGS [13] 
f EFH Table 5-23, weighted average, child 1-6 years old [14] 
g TRRP standard default, 30 TAC 350.73(e) [11] 
h [15] 
i EFH Table 13-71, total population [14] 
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Table 5.  Non-carcinogenic estimated daily doses of arsenic resulting from short-term or sporadic 
pica behavior in children. 
 

2 days out of 365 days 
Exposure Factor  EF=(F*ED)/AT 
EF=exposure factor (unitless) 0.005479452 
F=frequency of exposure (day/year) 2 

ED=exposure duration (year)  1 
AT=averaging time (ED*365 day/year) 365 
    
Soil Ingestion Exposure Dose D=(C*RBAF*IR*EF*CF)/BW 
D=exposure dose (mg/kg/day) 0.00004 
C=contaminant concentration (mg/kg) 155 c 

RBAF=relative bioavailability factor (unitless) 15% d 

IR=intake rate of soil (mg/day) 5000 j 
EF=exposure factor (unitless) 0.005479452 
CF=conversion factor (10-6 kg soil/mg soil) 0.000001 
BW=body weight (kg)  16 b 

    
    
2 days out of 14 days 
Exposure Factor  EF=(F*ED)/AT 
EF=exposure factor (unitless) 0.142857143 
F=frequency of exposure (day/year) 2 

ED=exposure duration (year)  1 
AT=averaging time (day)  14 
    
Soil Ingestion Exposure Dose D=(C*RBAF*IR*EF*CF)/BW 
D=exposure dose (mg/kg/day) 0.001 
C=contaminant concentration (mg/kg) 155 c 

RBAF=relative bioavailability factor (unitless) 15% d 

IR=intake rate of soil (mg/day) 5000 j 
EF=exposure factor (unitless) 0.142857143 
CF=conversion factor (10-6 kg soil/mg soil) 0.000001 
BW=body weight (kg)  16 b 

    
    
14 days out of 14 days 
Exposure Factor  EF=(F*ED)/AT 
EF=exposure factor (unitless) 1 
F=frequency of exposure (day/year) 14 

ED=exposure duration (year)  1 
AT=averaging time (day)  14 
    
Soil Ingestion Exposure Dose D=(C*RBAF*IR*EF*CF)/BW 
D=exposure dose (mg/kg/day) 0.007 
C=contaminant concentration (mg/kg) 155 c 

RBAF=relative bioavailability factor (unitless) 15% d 

IR=intake rate of soil (mg/day) 5000 j 
EF=exposure factor (unitless) 1 
CF=conversion factor (10-6 kg soil/mg soil) 0.000001 
BW=body weight (kg)  16 b 

   

 
b PHAGM standard default, child 1-6 years old [12] 
c proposed action level [5] 
d site-specific study [4] 
j PHAGM standard default, pica child, acute exposure situations [12] 
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Table 6.  Non-carcinogenic estimated daily doses of vanadium resulting from short-term or 
sporadic pica behavior in children. 
 

2 days out of 365 days 
Exposure Factor  EF=(F*ED)/AT 
EF=exposure factor (unitless) 0.005479452 
F=frequency of exposure (day/year) 2 
ED=exposure duration (year)  1 
AT=averaging time (ED*365 day/year) 365 
    
Soil Ingestion Exposure Dose D=(C*RBAF*IR*EF*CF)/BW 
D=exposure dose (mg/kg/day) 0.0001 
C=contaminant concentration (mg/kg) 975 c 

RBAF=relative bioavailability factor (unitless) 8% d 

IR=intake rate of soil (mg/day) 5000 j 
EF=exposure factor (unitless) 0.005479452 
CF=conversion factor (10-6 kg soil/mg soil) 0.000001 
BW=body weight (kg)  16 b 

    
    
2 days out of 14 days 
Exposure Factor  EF=(F*ED)/AT 
EF=exposure factor (unitless) 0.142857143 
F=frequency of exposure (day/year) 2 
ED=exposure duration (year)  1 
AT=averaging time (day)  14 
    
Soil Ingestion Exposure Dose D=(C*RBAF*IR*EF*CF)/BW 
D=exposure dose (mg/kg/day) 0.003 
C=contaminant concentration (mg/kg) 975 c 

RBAF=relative bioavailability factor (unitless) 8% d 

IR=intake rate of soil (mg/day) 5000 j 
EF=exposure factor (unitless) 0.142857143 
CF=conversion factor (10-6 kg soil/mg soil) 0.000001 
BW=body weight (kg)  16 b 

    
    
14 days out of 14 days 
Exposure Factor  EF=(F*ED)/AT 
EF=exposure factor (unitless) 1 
F=frequency of exposure (day/year) 14 
ED=exposure duration (year)  1 
AT=averaging time (day)  14 
    
Soil Ingestion Exposure Dose D=(C*RBAF*IR*EF*CF)/BW 
D=exposure dose (mg/kg/day) 0.02 
C=contaminant concentration (mg/kg) 975 c 

RBAF=relative bioavailability factor (unitless) 8% d 

IR=intake rate of soil (mg/day) 5000 j 
EF=exposure factor (unitless) 1 
CF=conversion factor (10-6 kg soil/mg soil) 0.000001 
BW=body weight (kg)  16 b 

   
 
b PHAGM standard default, child 1-6 years old [12] 
c proposed action level [5] 
d site-specific study [4] 
j PHAGM standard default, pica child, acute exposure situations [12] 
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Table 7.  Summary of estimated lifetime excess cancer risk from exposure to arsenic via various 
pathways.  Refer to Table 8 for calculations of cancer risk. 
 

Exposure Pathway 
Estimated 

Cancer Risk 
  
Soil Ingestion Cancer Risk 2.0E-05 
Inhalation Cancer Risk 5.9E-08 
Aboveground Vegetables Cancer Risk 2.1E-05 
Belowground Vegetables Cancer Risk 7.8E-06 
  
Total Cancer Risk from all pathways 5.0E-05 
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Table 8.  Estimated lifetime excess cancer risk from exposure to arsenic via various pathways. 
 

Exposure Factor   EF=(F*ED)/AT 
EF=exposure factor (unitless) 0.410958904 
F=frequency of exposure (day/year) 350 k 

ED=exposure duration (year)  30 k 

AT=averaging time (ED*365 day/year) 25550 
    
Soil Ingestion Cancer Risk   CR=((C*RBAF*IR*EF*CF)/BW)*CSF 
CR=excess lifetime cancer risk (unitless) 2.0E-05 
C=contaminant concentration (mg/kg) 155 c 

RBAF=relative bioavailability factor (unitless) 15% d 

IR=intake rate of soil (mg/day) 100 l 
EF=exposure factor (unitless) 0.410958904 
CF=conversion factor (10-6 kg soil/mg soil) 0.000001 
BW=body weight (kg)  70 l 
CSF=cancer slope factor (mg/kg/day)-1 1.5 
    
Inhalation Cancer Risk   CR=(C*SPL*IUR*CF*EF) 
CR=excess lifetime cancer risk (unitless) 5.9E-08 
C=contaminant concentration (mg/kg) 155 c 

SPL=suspended particulate level (kg/m3) 2.16E-10 e 

IUR=inhalation unit risk (ug/m3)-1 0.0043 
CF=conversion factor (103 ug arsenic/mg arsenic) 1000 
EF=exposure factor (unitless) 0.410958904 
    
Aboveground Vegetables   CR=((C*CF*PC*CF*IR*EF*PH)/BW)*CSF 
CR=excess lifetime cancer risk (unitless) 2.1E-05 
C=contaminant concentration (mg/kg) 155 c 

CF=conversion factor (10-3 kg soil/g soil) 0.001 
PC=partition coefficient soil to vegetable (g soil/g dry weight) 0.01 g 

CF=conversion factor (g dry weight/g as consumed) 17.4% h 

IR=intake rate (g as consumed/day) 109.32 
EF=exposure factor (unitless) 0.410958904 
PH=% of food homegrown (%) 8.2% i 
BW=body weight (kg)  70 l 
CSF=cancer slope factor (mg/kg/day)-1 1.5 
    
Belowground Vegetables   CR=((C*CF*PC*CF*IR*EF*PH)/BW)*CSF 
CR=excess lifetime cancer risk (unitless) 7.8E-06 
C=contaminant concentration (mg/kg) 155 c 

CF=conversion factor (10-3 kg soil/g soil) 0.001 
PC=partition coefficient soil to vegetable (g soil/g dry weight) 0.008 g 

CF=conversion factor (g dry weight/g as consumed) 22.2% h 

IR=intake rate (g as consumed/day) 74.7 
EF=exposure factor (unitless) 0.410958904 
PH=% of food homegrown (%) 4.3% i 
BW=body weight (kg)  70 l 
CSF=cancer slope factor (mg/kg/day)-1 1.5 

 

c proposed action level [5] 
d site-specific study [4] 
e 1/Particulate Emission Factor, EPA RAGS [13] 
g TRRP standard default, 30 TAC 350.73(e) [11] 
h [15] 
i EFH Table 13-71, total population [14] 
k PHAGM standard default, cancer risk [12] 
l PHAGM standard default, adult [12] 
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Arsenic Cancer Risk

Page 1

Crystal Ball Report - Custom
Simulation started on 4/16/2014 at 4:59 PM
Simulation stopped on 4/16/2014 at 4:59 PM

Run preferences:
Number of trials run 10,000
Monte Carlo
Random seed
Precision control on
   Confidence level 95.00%

Run statistics:
Total running time (sec) 2.86
Trials/second (average) 3,493
Random numbers per sec 52,400

Crystal Ball data:
Assumptions 15
   Correlations 0
   Correlation matrices 0
Decision variables 0
Forecasts 1



Arsenic Cancer Risk

Page 2

Forecasts

Forecast: Cancer Risk

Summary:
Entire range is from 1E-07 to 5E-05
Base case is 6E-06
After 10,000 trials, the std. error of the mean is 4E-08

Statistics: Forecast values
Trials 10,000
Base Case 6.E-06
Mean 6.E-06
Median 5.E-06
Mode ---
Standard Deviation 4.E-06
Variance 2.E-11
Skewness 2.49
Kurtosis 12.81
Coeff. of Variation 0.7312
Minimum 1.E-07
Maximum 5.E-05
Range Width 5.E-05
Mean Std. Error 4.E-08
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Forecast: Cancer Risk (cont'd)

Percentiles: Forecast values
0% 1.E-07
5% 2.E-06
10% 2.E-06
15% 3.E-06
20% 3.E-06
25% 3.E-06
30% 4.E-06
35% 4.E-06
40% 4.E-06
45% 5.E-06
50% 5.E-06
55% 5.E-06
60% 6.E-06
65% 6.E-06
70% 7.E-06
75% 7.E-06
80% 8.E-06
85% 9.E-06
90% 1.E-05
95% 1.E-05
100% 5.E-05

End of Forecasts
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Assumptions

Assumption: Adult Body Weight (kg)

Custom distribution with parameters:
Minimum Maximum Probability

44.0 52.3 5.00
--- 57.6 10.00
--- 68.7 35.00
--- 84.4 35.00
--- 97.0 10.00
--- 107.0 5.00

Assumption: Adult Exposure Duration (yr)

Custom distribution with parameters:
Minimum Maximum Probability

0.01 0.98 5.00
--- 1.94 5.00
--- 2.97 5.00
--- 3.91 5.00
--- 4.91 5.00
--- 5.73 5.00
--- 6.53 5.00
--- 7.33 5.00
--- 8.13 5.00
--- 8.90 5.00
--- 9.50 5.00
--- 10.08 5.00
--- 10.66 5.00
--- 11.22 5.00
--- 11.81 5.00
--- 13.03 5.00
--- 14.38 5.00
--- 15.75 5.00
--- 17.57 5.00
--- 24.00 5.00
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Assumption: Adult Exposure Duration (yr) (cont'd)

Assumption: Adult Inhalation Rate (m3/kg-day)

Custom distribution with parameters:
Minimum Maximum Probability

0.11 0.14 5.00
--- 0.15 5.00
--- 0.16 5.00
--- 0.17 5.00
--- 0.18 5.00
--- 0.19 5.00
--- 0.20 5.00
--- 0.21 5.00
--- 0.22 5.00
--- 0.23 5.00
--- 0.24 5.00
--- 0.25 5.00
--- 0.26 5.00
--- 0.27 5.00
--- 0.29 5.00
--- 0.31 5.00
--- 0.34 5.00
--- 0.56 5.00



Arsenic Cancer Risk

Page 6

Assumption: Adult Soil Ingestion Rate (mg/day)

Custom distribution with parameters:
Minimum Maximum Probability

16.57 32.78 5.00
--- 36.70 5.00
--- 39.60 5.00
--- 42.07 5.00
--- 44.33 5.00
--- 46.43 5.00
--- 48.48 5.00
--- 50.50 5.00
--- 52.53 5.00
--- 54.61 5.00
--- 56.79 5.00
--- 59.12 5.00
--- 61.59 5.00
--- 64.29 5.00
--- 67.37 5.00
--- 70.92 5.00
--- 75.43 5.00
--- 81.33 5.00
--- 91.03 5.00
--- 150.07 5.00

Assumption: Adult Surface Area (cm2/kg-day)

Custom distribution with parameters:
Minimum Maximum Probability

200 238 5.00
--- 244 5.00
--- 270 15.00
--- 286 25.00
--- 302 25.00
--- 316 15.00
--- 329 5.00
--- 351 5.00
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Assumption: Adult Surface Area (cm2/kg-day) (cont'd)

Assumption: Bioavailability of Arsenic in Dust (unitless)

Triangular distribution with parameters:
Minimum 0.18
Likeliest 0.40
Maximum 0.50

Assumption: Bioavailability of Arsenic in Soil (unitless)

Triangular distribution with parameters:
Minimum 0.18
Likeliest 0.40
Maximum 0.50
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Assumption: Child Body Weight (kg)

Custom distribution with parameters:
Minimum Maximum Probability

9.03 10.75 5.00
--- 11.28 5.00
--- 11.65 5.00
--- 11.95 5.00
--- 12.22 5.00
--- 12.46 5.00
--- 12.70 5.00
--- 12.92 5.00
--- 13.14 5.00
--- 13.36 5.00
--- 13.58 5.00
--- 13.81 5.00
--- 14.05 5.00
--- 14.31 5.00
--- 14.60 5.00
--- 14.93 5.00
--- 15.31 5.00
--- 15.81 5.00
--- 16.58 5.00
--- 19.73 5.00

Assumption: Child Exposure Duration (yr)

Custom distribution with parameters:
Minimum Maximum Probability

0.01 0.59 5.00
--- 1.18 5.00
--- 1.77 5.00
--- 2.36 5.00
--- 2.96 5.00
--- 3.37 5.00
--- 3.76 5.00
--- 4.16 5.00
--- 4.56 5.00
--- 4.95 5.00
--- 5.37 5.00
--- 5.78 5.00
--- 6.00 40.00
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Assumption: Child Exposure Duration (yr) (cont'd)

Assumption: Child Inhalation Rate (m3/kg-day)

Custom distribution with parameters:
Minimum Maximum Probability

0.34 0.36 5.00
--- 0.38 5.00
--- 0.39 5.00
--- 0.40 5.00
--- 0.41 5.00
--- 0.42 5.00
--- 0.43 5.00
--- 0.44 5.00
--- 0.45 5.00
--- 0.46 5.00
--- 0.47 5.00
--- 0.48 5.00
--- 0.49 5.00
--- 0.50 5.00
--- 0.51 5.00
--- 0.52 5.00
--- 0.54 5.00
--- 0.57 5.00
--- 0.74 5.00
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Assumption: Child Soil Ingestion Rate (mg/day)

Custom distribution with parameters:
Minimum Maximum Probability

0.52 5.52 5.00
--- 8.34 5.00
--- 11.04 5.00
--- 13.78 5.00
--- 16.67 5.00
--- 19.81 5.00
--- 23.21 5.00
--- 26.95 5.00
--- 31.17 5.00
--- 35.94 5.00
--- 41.39 5.00
--- 47.83 5.00
--- 55.44 5.00
--- 64.66 5.00
--- 76.34 5.00
--- 91.54 5.00
--- 112.85 5.00
--- 145.10 5.00
--- 205.24 5.00
--- 398.75 5.00

Assumption: Child Surface Area (cm3/kg-day)

Custom distribution with parameters:
Minimum Maximum Probability

421 470 5.00
--- 507 5.00
--- 563 15.00
--- 617 25.00
--- 719 25.00
--- 784 15.00
--- 846 5.00
--- 1142 5.00
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Assumption: Child Surface Area (cm3/kg-day) (cont'd)

Assumption: Dermal Absorption Efficiency of Arsenic (unitless)

Triangular distribution with parameters:
Minimum 0.00
Likeliest 0.01
Maximum 0.03

Assumption: Dust/Soil Arsenic Concentration Ratio

Triangular distribution with parameters:
Minimum 0.06
Likeliest 0.43
Maximum 0.70

Assumption: Exposure Frequency (days/yr)

Triangular distribution with parameters:
Minimum 300
Likeliest 345
Maximum 365

End of Assumptions
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Crystal Ball Report - Custom
Simulation started on 4/16/2014 at 5:11 PM
Simulation stopped on 4/16/2014 at 5:11 PM

Run preferences:
Number of trials run 10,000
Monte Carlo
Random seed
Precision control on
   Confidence level 95.00%

Run statistics:
Total running time (sec) 2.74
Trials/second (average) 3,654
Random numbers per sec 36,543

Crystal Ball data:
Assumptions 10
   Correlations 0
   Correlation matrices 0
Decision variables 0
Forecasts 1
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Forecasts

Forecast: HQ

Summary:
Entire range is from 0.00 to 1.05
Base case is 0.10
After 10,000 trials, the std. error of the mean is 0.00

Statistics: Forecast values
Trials 10,000
Base Case 0.10
Mean 0.10
Median 0.07
Mode ---
Standard Deviation 0.11
Variance 0.01
Skewness 2.75
Kurtosis 13.42
Coeff. of Variation 1.05
Minimum 0.00
Maximum 1.05
Range Width 1.05
Mean Std. Error 0.00
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Forecast: HQ (cont'd)

Percentiles: Forecast values
0% 0.00
5% 0.01
10% 0.02
15% 0.02
20% 0.03
25% 0.04
30% 0.04
35% 0.05
40% 0.06
45% 0.06
50% 0.07
55% 0.08
60% 0.09
65% 0.10
70% 0.11
75% 0.13
80% 0.15
85% 0.18
90% 0.22
95% 0.31
100% 1.05

End of Forecasts
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Assumptions

Assumption: Bioavailability of Arsenic in Dust (unitless)

Triangular distribution with parameters:
Minimum 0.18
Likeliest 0.40
Maximum 0.50

Assumption: Bioavailability of Arsenic in Soil (unitless)

Triangular distribution with parameters:
Minimum 0.18
Likeliest 0.40
Maximum 0.50

Assumption: Child Body Weight (kg)

Custom distribution with parameters:
Minimum Maximum Probability

9.0 10.8 5.00
--- 11.3 5.00
--- 11.7 5.00
--- 12.0 5.00
--- 12.2 5.00
--- 12.5 5.00
--- 12.7 5.00
--- 12.9 5.00
--- 13.1 5.00
--- 13.4 5.00
--- 13.6 5.00
--- 13.8 5.00
--- 14.1 5.00
--- 14.3 5.00
--- 14.6 5.00
--- 14.9 5.00
--- 15.3 5.00
--- 15.8 5.00
--- 16.6 5.00
--- 19.7 5.00



Arsenic Hazard Quotient

Page 5

Assumption: Child Body Weight (kg) (cont'd)

Assumption: Child Exposure Duration (yr)

Custom distribution with parameters:
Minimum Maximum Probability

0.01 0.59 5.00
--- 1.18 5.00
--- 1.77 5.00
--- 2.36 5.00
--- 2.96 5.00
--- 3.37 5.00
--- 3.76 5.00
--- 4.16 5.00
--- 4.56 5.00
--- 4.95 5.00
--- 5.37 5.00
--- 5.78 5.00
--- 6.00 40.00
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Assumption: Child Inhalation Rate (m3/kg-day)

Custom distribution with parameters:
Minimum Maximum Probability

0.34 0.36 5.00
--- 0.38 5.00
--- 0.39 5.00
--- 0.40 5.00
--- 0.41 5.00
--- 0.42 5.00
--- 0.43 5.00
--- 0.44 5.00
--- 0.45 5.00
--- 0.46 5.00
--- 0.47 5.00
--- 0.48 5.00
--- 0.49 5.00
--- 0.50 5.00
--- 0.51 5.00
--- 0.52 5.00
--- 0.54 5.00
--- 0.57 5.00
--- 0.74 5.00
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Assumption: Child Soil Ingestion Rate (mg/day)

Custom distribution with parameters:
Minimum Maximum Probability

0.52 5.52 5.00
--- 8.34 5.00
--- 11.04 5.00
--- 13.78 5.00
--- 16.67 5.00
--- 19.81 5.00
--- 23.21 5.00
--- 26.95 5.00
--- 31.17 5.00
--- 35.94 5.00
--- 41.39 5.00
--- 47.83 5.00
--- 55.44 5.00
--- 64.66 5.00
--- 76.34 5.00
--- 91.54 5.00
--- 112.85 5.00
--- 145.10 5.00
--- 205.24 5.00
--- 398.75 5.00

Assumption: Child Surface Area (cm2/kg-day)

Custom distribution with parameters:
Minimum Maximum Probability

421 470 5.00
--- 507 5.00
--- 563 15.00
--- 617 25.00
--- 719 25.00
--- 784 15.00
--- 846 5.00
--- 1142 5.00
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Assumption: Child Surface Area (cm2/kg-day) (cont'd)

Assumption: Dermal Absorption Efficiency of Arsenic (unitless)

Triangular distribution with parameters:
Minimum 0.00
Likeliest 0.01
Maximum 0.03

Assumption: Dust/Soil Arsenic Concentration Ratio (unitless)

Triangular distribution with parameters:
Minimum 0.06
Likeliest 0.43
Maximum 0.70

Assumption: Exposure Frequency (days/yr)

Triangular distribution with parameters:
Minimum 300
Likeliest 345
Maximum 365

End of Assumptions
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Crystal Ball Report - Custom
Simulation started on 4/11/2014 at 2:14 PM
Simulation stopped on 4/11/2014 at 2:14 PM

Run preferences:
Number of trials run 10,000
Monte Carlo
Random seed
Precision control on
   Confidence level 95.00%

Run statistics:
Total running time (sec) 2.61
Trials/second (average) 3,828
Random numbers per sec 26,799

Crystal Ball data:
Assumptions 7
   Correlations 0
   Correlation matrices 0
Decision variables 0
Forecasts 1
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Forecasts

Forecast: HQ

Summary:
Entire range is from 1.8783E-05 to 3.3666E+00
Base case is 2.8433E-01
After 10,000 trials, the std. error of the mean is 3.9113E-03

Statistics: Forecast values
Trials 10,000
Base Case 2.8433E-01
Mean 2.8222E-01
Median 1.4620E-01
Mode ---
Standard Deviation 3.9113E-01
Variance 1.5298E-01
Skewness 3.10
Kurtosis 15.37
Coeff. of Variation 1.39
Minimum 1.8783E-05
Maximum 3.3666E+00
Range Width 3.3666E+00
Mean Std. Error 3.9113E-03
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Forecast: HQ (cont'd)

Percentiles: Forecast values
0% 0.00
5% 0.01
10% 0.02
15% 0.03
20% 0.04
25% 0.06
30% 0.07
35% 0.09
40% 0.10
45% 0.12
50% 0.15
55% 0.17
60% 0.20
65% 0.24
70% 0.28
75% 0.34
80% 0.42
85% 0.53
90% 0.69
95% 1.03
100% 3.37

End of Forecasts
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Assumptions

Assumption: Bioavailability of Arsenic in Dust (unitless)

Triangular distribution with parameters:
Minimum 0.48
Likeliest 0.64
Maximum 0.78

Assumption: Bioavailability of Arsenic in Soil (unitless)

Triangular distribution with parameters:
Minimum 0.48
Likeliest 0.64
Maximum 0.78

Assumption: Child Body Weight (kg)

Custom distribution with parameters:
Minimum Maximum Probability

9.0 10.8 5.00
--- 11.3 5.00
--- 11.7 5.00
--- 12.0 5.00
--- 12.2 5.00
--- 12.5 5.00
--- 12.7 5.00
--- 12.9 5.00
--- 13.1 5.00
--- 13.4 5.00
--- 13.6 5.00
--- 13.8 5.00
--- 14.1 5.00
--- 14.3 5.00
--- 14.6 5.00
--- 14.9 5.00
--- 15.3 5.00
--- 15.8 5.00
--- 16.6 5.00
--- 19.7 5.00
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Assumption: Child Body Weight (kg) (cont'd)

Assumption: Child Exposure Duration (yr)

Custom distribution with parameters:
Minimum Maximum Probability

0.01 0.59 5.00
--- 1.18 5.00
--- 1.77 5.00
--- 2.36 5.00
--- 2.96 5.00
--- 3.37 5.00
--- 3.76 5.00
--- 4.16 5.00
--- 4.56 5.00
--- 4.95 5.00
--- 5.37 5.00
--- 5.78 5.00
--- 6.00 40.00
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Assumption: Child Soil Ingestion Rate (mg/day)

Custom distribution with parameters:
Minimum Maximum Probability

0.52 5.52 5.00
--- 8.34 5.00
--- 11.04 5.00
--- 13.78 5.00
--- 16.67 5.00
--- 19.81 5.00
--- 23.21 5.00
--- 26.95 5.00
--- 31.17 5.00
--- 35.94 5.00
--- 41.39 5.00
--- 47.83 5.00
--- 55.44 5.00
--- 64.66 5.00
--- 76.34 5.00
--- 91.54 5.00
--- 112.85 5.00
--- 145.10 5.00
--- 205.24 5.00
--- 398.75 5.00

Assumption: Dust/Soil Arsenic Concentration Ratio (unitless)

Triangular distribution with parameters:
Minimum 0.06
Likeliest 0.43
Maximum 0.70
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Assumption: Exposure Frequency (days/yr)

Triangular distribution with parameters:
Minimum 300
Likeliest 345
Maximum 365

End of Assumptions
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