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Executive Summary 

The research conducted under this project is designed to yield a database that establishes 
whether site- or soil-specific factors affect the bioavailability of target metals from soils.  Where 
the database (from in vivo research) identifies that these types of factors are operating, an 
additional goal of the research has been to develop simple extraction tests that are inexpensive 
to perform and that are predictive of metals bioavailability from soil.  These tools can then be 
available to U.S. Department of Defense (DoD) personnel for site-specific evaluation of metals 
bioavailability from soil at field sites and will result in more accurate exposure and risk 
estimates that are still protective of human health and the environment. 

Exposure pathways and receptors of concern were established to target the in vivo research, and 
focused on three distinct areas:  oral bioavailability to humans, dermal bioavailability to 
humans, and oral bioavailability to wildlife.  The project was designed in this manner, because 
each of these receptor/pathway combinations requires a different approach, due to the 
differences in the mechanism of absorption and/or differences in risk assessment methods.   

The research was undertaken in three phases.  First, research was conducted to understand 
which metals are risk drivers at DoD sites.  Second, in vivo testing was conducted on soils to 
understand whether there are site- or soil-specific parameters that control absorption, and if so, 
to generate a database of information upon which to base development and validation of in vitro 
approaches to assessing bioavailability.  The third phase, conducted once the in vivo data were 
compiled, involved determining whether in vitro methods for approximating bioavailability can 
be supported.   

Metals that Drive Remedial Decisions at DoD Sites 

Prior to initiating animal research, it was necessary to determine which particular metals should 
be evaluated.  This research was structured to answer the following specific questions: 

What metals potentially drive risk-based remedial decisions at DoD facilities?  

For facilities where more than one metal exceeds risk-based screening criteria, what are the 
metals of concern, and how do they compare in perceived importance? 

For the metals that most often exceed the screening criteria, what is the receptor of greatest 
concern (human or ecological)?   

Screening criteria for ecological receptors (mammalian and avian) were exceeded at more sites 
than those for human receptors (residential and industrial).  The results could be interpreted to 
indicate that ecological receptors are at greater risk from metals present in soil at DoD sites than 
are humans, but these results more likely reflect the conservative nature and uncertainty 
associated with the ecological screening criteria.   
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Based on this research, lead was the most frequent soil contaminant associated with DoD sites 
that exceeded screening criteria, for both human health and ecological scenarios.  Other metals 
that have been determined to be of concern for human health include arsenic, chromium, 
cadmium, and antimony.  The most frequent metals of concern based on the ecological 
screening criteria were lead, zinc, mercury, chromium, and selenium for birds, and arsenic for 
mammals.   

Relative Bioavailability of Metals – Human Receptors 

For human receptors, three major areas of investigation were pursued:  relative oral 
bioavailability of arsenic, relative oral bioavailability of cadmium, and percutaneous absorption 
of arsenic from soil.  The primary findings from each aspect of research are summarized below. 

Relative Oral Bioavailability of Arsenic 

Samples of arsenic-contaminated soil were obtained from 10 different sites.  The mean RBA 
values for the 10 soil samples varied from 5% to 31%.    Because the RBA values for the 
various soil samples tested were all relatively low, an additional experiment was conducted to 
verify that this monkey model is capable of measuring high oral bioavailability.  For this 
experiment, a low-arsenic-content soil was spiked with sodium arsenate.  Urinary recovery of 
arsenic from the spiked soil high, indicating that this research model is capable of demonstrating 
high RBA values for soluble forms of arsenic in soil. 

The presence of arsenic in insoluble mineralogic forms is likely a factor in controlling the RBA.  
It should be noted that this in vivo research continues under funding from an industrial source, 
and four more arsenic-bearing soils are slated to be tested for arsenic bioavailability in the 
cynomolgus monkey model.  These new data will be added to the existing database, and a 
manuscript discussing all findings will be prepared during the first half of 2005. 

Relative Oral Bioavailability of Cadmium 

A juvenile swine model was used to assess the relative oral bioavailability of cadmium in soil 
from four sites with varying soil characteristics.  The reference material was soluble cadmium 
chloride, administered at doses of 10, 60, or 320 µg Cd/kg day.  Concentrations of cadmium in 
blood, liver, and kidney were evaluated to determine the bioavailability of cadmium from soils 
relative to the reference material.  Results indicate that soil-specific factors control the relative 
bioavailability of cadmium. In order to understand the factors controlling the bioavailability of 
cadmium, each test sample was evaluated for soil chemistry, including cadmium mineralogy.    

In this research, the three soils with the greatest cadmium concentrations demonstrated modest 
reductions in bioavailability relative to cadmium chloride.  In contrast, the fourth soil yielded a 
considerably lower cadmium RBA of 0.18.  An examination of soil characteristics and cadmium 
mineralogy suggests that this outcome may be due to the more basic soil pH and high clay 
content of this soil, and the occurrence of a cadmium form not found in the other soils.  This 
study provides further evidence of the value of the juvenile swine model in assessing the relative 
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bioavailability of soil cadmium, and reinforces the importance of including soil characterization 
and mineralogical analyses in these studies.  The three soils with similar chemical and physical 
characteristics yielded similar kidney RBA values, ranging from 0.60 to 0.89.  In contrast, the 
alkaline soil with a cadmium sulfate phase had a much lower RBA, despite having the smallest 
mean particle size.  This finding suggests that the solubility of the predominant cadmium phases 
may be a more significant factor in controlling relative bioavailability than is particle size. 

Percutaneous Absorption of Arsenic from Soils 

Female Rhesus monkeys were selected for the research on percutaneous absorption of arsenic 
because of their ability to duplicate the biodynamics of percutaneous absorption in humans, and 
because previous studies of percutaneous arsenic absorption have used this same model.  As 
with humans, significant exposure to arsenic occurs from the normal diet of monkeys.   
Therefore, a significant component of the method development work included identifying a 
mechanism for ensuring a low-arsenic diet so that the “signal” from dermally-absorbed arsenic 
could be detected above pre-dosing levels.  Topical doses of arsenic in soil from two sites, and a 
reference dose of soluble arsenic in solution, were applied to each monkey.  During interim 
review of preliminary results, reviewers expressed an interest in understanding whether 
hydration levels controlled absorption of arsenic.  Therefore, study design was altered to re-
investigate the same two soils, while adding water to the material on the skin surface.  

For the soluble dose, calculated absorption rates averaged 2.9% for the group.  These results are 
consistent with earlier research that utilized a radioactive marker, and indicated that the research 
model was effective at detecting dermally-absorbed arsenic without radiolabel.  Converse to the 
results for soluble arsenic, data from dermal application of arsenic in soils indicate virtually no 
absorption, irrespective of hydration level.   

Percutaneous Absorption of Cadmium from Soils  

Dermal absorption of cadmium in soil was studied in human cadaver skin at the Dermatology 
Department at the University of California–San Francisco (UCSF).Following a considerable 
amount of pilot work conducted with UCSF, it became apparent that limitations of the research 
design would not permit generation of meaningful data on the dermal absorption rate for 
cadmium in soil.  This occurred because of the amount and variability of background 
concentrations of cadmium in the cadaver skin, and candidate receptor fluids that are used in the 
test method.  As a result, the values that this test system provided for dermally absorbed 
cadmium from soil are well above values that would be meaningful, given what is already 
known about absorption of soluble forms of cadmium (i.e., the method is not adequately 
sensitive).   Given these preliminary results, Exponent conferred with Battelle and SERDP, and 
all parties agreed that discontinuation of the dermal absorption research on cadmium would be 
appropriate.  
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Relative Bioavailability of Metals – Wildlife Receptors 

Only limited research has been conducted on the bioavailability of metals from soil to wildlife.  
Given this lack of information, ecological risk assessments generally assume that metals in soil 
are equally bioavailable as in the critical toxicity study, potentially resulting in overestimates of 
risk.  Research was undertaken for SERDP to begin to address this data gap.   

Avian Receptors 

Exponent designed a research program to evaluate the bioavailability of metals in birds exposed 
to soil via the oral pathway.  The first portion of this research involved selecting an appropriate 
receptor species to study.  The American robin was determined to be an appropriate species for 
evaluating metals bioavailability.  Surrogate avian receptors were determined to be 
inappropriate test species because of dietary or physiological differences from the target species. 

The results from the avian research did not provide meaningful information due to highly 
variable food ingestion by the birds, and the corresponding variability in metal doses 
administered.  Although the data that emerged from this component of the SERDP research 
indicate that there may be dose-related increases in body burdens of the dosed metals, the 
variability in food consumption among the birds precludes any meaningful interpretation 
regarding the relative bioavailability of metals from soil.   

Mammalian Receptor 

Small mammals such as shrews are among the wildlife receptors for which ecological risk 
assessment models consistently indicate the greatest level of potential exposure to metals in soil. 
The research conducted under the SERDP project involved the development of a novel animal 
model for assessing the relative bioavailability of metals from soil using the least shrew.   

Results indicate that the relative bioavailability of arsenic, cadmium, and lead ranged from 7% 
to 49%, 13% to 81%, and 21% to 60%, respectively.  Cr(III) was not absorbed from soil, even at 
very high doses, and Cr(VI) was absorbed to a slight extent from a soil that was spiked with a 
high concentration of Cr(VI).  Based on the study results, it is clear that arsenic, cadmium, and 
lead are absorbed to varying extents from different soils in this shrew model, and that site-
specific (or soil-specific) factors affect the relative absorption of the metals.   

In Vitro Research 

In order to evaluate the potential for development of an in vitro method for each 
receptor/pathway combination investigated in the in vivo research component of this project, 
soils were tested in vitro under a variety of conditions, and the results were evaluated for 
correlation to the in vivo results.  These results are discussed below, as the “in vivo to in vitro” 
(IV:IVT) correlations. 
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Human Exposure – Oral 

Arsenic 

Research conducted prior to this study suggests that the extent of arsenic dissolution during an 
acidic gastric-like extraction is predictive of RBAs in the juvenile swine model.  Our findings, 
however, were that the gastric-type extraction method provided predictive information for the 
relative oral bioavailability of most, but not all samples tested in the monkey model.  
Modifications of the extraction protocol were undertaken, primarily focused on the addition of 
phosphate to the extraction system. 

Based on these findings, a preliminary protocol has been developed that specifies parallel 
extraction of soil samples in a glycine-buffered system and a phosphate-buffered system.  Using 
this approach, a good correlation (r2 = 0.745) between the in vivo and in vitro data can be 
achieved. 

Additional soils are currently being tested for relative oral bioavailability in the cynomolgus 
monkey model.  Although the funding for testing these samples is being provided by an 
alternative source, the results will be made available to augment the database developed for 
SERDP, and will be included in publication of the in vivo research results.  Once in vivo testing 
of those soils has been completed,  the IV:IVT correlation will be re-examined.   

Cadmium 

In addition to the four test soils evaluated in the swine research conducted for SERDP, a fifth 
soil that had been evaluated previously for cadmium bioavailability in the swine model at the 
University of Missouri was obtained and was also subjected to the in vitro testing.   

Based on this previous research, the PBET developed by the SBRC was used as a starting point 
for evaluating cadmium bioaccessibility, and was run at pH values of 1.5 and 2.5.  The major 
limitation to a strong IV:IVT correlation for cadmium in this study is the limited in vivo data set, 
and the fact that four of the five RBA values are clustered at high relative bioavailability values 
(78% to 94%; see Figure 7-7).  Despite this, the in vitro test results at both pH 1.5 and 2.5 
yielded strong, and equivalent, IV:IVT correlations (r2 values of 0.94 and 0.95, respectively).   

Human Exposure – Dermal 

Arsenic 

For assessing an in vitro system to approximate dermal absorption, the soils tested in monkeys 
were subjected to an extraction procedure using human sweat.  The results from the sweat 
extraction indicate that the amount of arsenic extractable in human sweat is more than an order 
of magnitude higher than the average fraction of arsenic that is actually dermally absorbed.  In 
addition to the two site soils, arsenic extraction in sweat was also evaluated for a Yolo County 
soil that was spiked with soluble arsenic.  For this soil, the in vivo results indicate dermal 
absorption of 3.2% to 4.5% of the applied dose.  In comparison, the sweat extraction of a 
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similarly prepared sample yielded a 72% extraction efficiency.  This finding is consistent with 
the results for the site soils, in that the sweat extraction was more than an order of magnitude 
higher than the dermal absorption efficiency. 

Possibly more important than providing the basis for evaluation of a predictive in vitro method, 
the results of the in vivo testing of dermal absorption of arsenic suggest that absorption from 
“field-derived” arsenic-containing soils does not result in urinary arsenic levels that are 
distinguishable from background, and establishes that dermal absorption of arsenic from 
environmental soils is significantly lower than the default assumption recommended by EPA 
(3%, based on testing of soluble arsenic freshly mixed with soil).  These results suggest that 
percutaneous absorption of arsenic from environmental soils does not contribute significantly to 
total arsenic exposures, and can be appropriately excluded from exposure evaluations.   

Wildlife Exposure 

Oral bioavailability to the shrew of arsenic, cadmium, chromium, and lead from four test soils 
was studied.  For the in vitro research, the PBET developed by the SBRC was used as a starting 
point for evaluating the bioaccessibility of target metals in soil, and was run at pH values of 1.5, 
2.5, 3.5, and 4.5.   

Wildlife Receptors 

Arsenic 

The shrew research yielded RBA values for arsenic for three soils, so the in vivo data set on 
which to base an IV:IVT correlation is a limited one.  Comparison of the in vivo RBA results 
against the in vitro values at the four different pH values indicates that the SBRC in vitro test 
run at a pH value of 2.5 yields the best IV:IVT correlation (r2 = 0.83).  The slope of the pH 2.5 
IV:IVT correlation of close to 0.7 indicates that this in vitro test slightly overestimates the 
shrew-based RBA values for arsenic at this pH value.  The fact that the slope of the line for the 
IV:IVT correlation does not equal one does not mean that the model is not predictive, but rather 
only that the in vitro results cannot be used directly without adjustment to account for the slope 
of the line.  These results indicate that, based on a limited in vivo data set, the SBRC in vitro test 
run at a pH of 2.5 is capable of predicting the shrew-based RBA values for arsenic in soil.  

Cadmium 

The shrew research yielded three RBA values for cadmium, so the in vivo data set on which to 
base an IV:IVT correlation is a limited one.  Comparison of the in vivo RBA results against the 
in vitro values at the four different pH values indicates that the SBRC in vitro test run at a pH of 
4.5 yields the best IV:IVT correlation (r2 = 0.998), while the extraction at pH 3.5 also yielded a 
reasonable correlation (r2 = 0.88).  The slope of the pH 4.5 IV:IVT correlation of 3.2 indicates 
that the PBET underestimates the shrew-based RBA values for cadmium by about a factor of 
about three, and this must be accounted for in the use of in vitro data. 
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Based on this data set, the SBRC in vitro test run at a pH of 4.5 is recommended for estimating 
the oral bioavailability of cadmium in soil to shrew. 

Chromium 

The limited data set that is available suggests that there is little, if any, dose-response relation 
between the administered dose of chromium and the absorbed dose (or body burden) of 
chromium in the exposed animal.  This suggests that some factor is regulating the uptake of 
chromium into the tissues, and that relative oral bioavailability may not be a concern for this 
metal in soil.  No in vitro method was developed for this metal. 

Lead 

The shrew research yielded four RBA values for lead.  Comparison of the in vivo RBA results 
against the in vitro values at the four different pH values indicates a lack of IV:IVT correlation 
when all four data points are included.  This is odd because the SBRC in vitro test correlates 
strongly with oral lead bioavailability in the juvenile swine model at both pH 1.5 and 2.5 (r2 
values of 0.87 and 0.85, respectively, with 15 soils tested both in vivo and in vitro).  Given the 
uncertainty associated with the in vivo data for one of the soils, this soil was eliminated from the 
IV:IVT analysis.  When this change was made, the IV:IVT correlation improved for both pH 1.5 
and 2.5 (r2 values of 0.69 and 0.66, respectively).  Thus, it appears that the SBRC in vitro test, 
which is highly effective for predicting the oral bioavailability of lead to juvenile swine, is also 
useful for predicting this endpoint in shrew.  Based on these results, the SBRC in vitro test, run 
at a pH value of 2.5, is recommended for estimating the oral bioavailability of soil lead to 
shrew. 
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1 Project Overview 

1.1 Objective 

The primary objective of this research project is to develop a suite of simple and easy-to-use 
extraction tests to predict human and ecological exposures to metals in soil.  These tests are 
designed to provide inexpensive and rapid tools for establishing the relative bioavailability of 
metals in soils at hazardous waste sites, on a site-specific basis.  For the purpose of this 
research, “relative bioavailability” has been defined as the fraction of a metal absorbed into 
systemic circulation, relative to the absorption of soluble forms of the metal.  Soils used in the 
project were characterized for metal species and soil parameters to provide a mechanistic basis 
for any differences in metals bioavailability among the samples.  Therefore, results from the 
project will also provide an understanding of how various species of a metal may differ in 
bioavailability, and how various soil properties may affect metals bioavailability and the 
stability of the measured bioavailability estimates. 

1.2 Project Background 

1.2.1 Purpose 

Considerable research and other evaluative efforts have been under way in recent years to 
identify environmentally acceptable endpoints (EAEs) for soil, to develop protocols that can be 
used to determine EAEs, and to make site-specific decisions using these data.  When applied 
effectively, these efforts have provided useful insights into the potential for health risks (to 
either human or wildlife receptors).  The effectiveness of these methods can be expanded by 
research directed at problems that are particularly relevant at Department of Defense (DoD) 
installations.  EAEs for soil most commonly are defined as concentrations of chemicals or other 
measures of contamination (e.g., biological response or leachability) that are judged acceptable 
by a regulatory agency or an appropriate entity and are derived either from standard guidelines 
or following an analysis of site-specific or chemical-specific information and/or testing.  There 
is a need to supplement the current limited body of information regarding metals-contaminated 
soils. 

The research conducted under this project is designed to yield a database that establishes 
whether or not site- or soil-specific factors affect the bioavailability of target metals from soils.  
Where the database (from in vivo research) identifies that these types of factors are operating, 
then a secondary goal of the research has been to develop simple extraction tests that are 
inexpensive to perform, that produce reliable results, and that are predictive of metals 
bioavailability from soil.  In the context of this research, the test is “predictive” if it can be used 
to estimate the bioavailability of a soil, as measured in the in vivo studies.  These tools can then 
be available to DoD personnel for site-specific evaluation of metals bioavailability from soil at 
field sites and will result in more accurate exposure and risk estimates that are still protective of 
human health and the environment. 
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1.2.2 New Guidance from U.S. Environmental Protection Agency (EPA) 

EPA’s Framework for Inorganic Metals Risk Assessment (U.S. EPA 2004) discusses key issues 
and processes that differentiate risk assessments for inorganic metal compounds from those 
conducted for other chemicals.  This document specifically acknowledges that one of the 
challenges in metals risk assessment is to measure the differences in bioavailability between the 
multiple forms taken by metals in the environment.  The processes that affect metal speciation 
and the effects of speciation on metal bioavailability must be understood and quantified to better 
characterize risks to human and ecological receptors.  EPA  (2004) addresses the issue of 
bioavailability within the framework document and also in the “Issue Paper on the 
Bioavailability and Bioaccumulation of Metals” (McGreer et al. 2004).  These documents 
identify the issues regarding bioavailability in the risk assessment context, and also summarize 
the current state of the science and current practices that are used to address bioavailability in 
human and ecological risk assessments.  Recommendations for incorporating bioavailability into 
risk assessment practices and research needs are also identified. 

The current practice under EPA guidance is to assume that the relative bioavailability of a 
chemical is equal in food, water, or soil, and that the bioavailability of the metal exposure on the 
site is the same as the bioavailability used to derive the toxicity value on which the risk estimate 
is based (McGreer et al. 2004).  In some situations, site-specific adjustments are being made 
using data from in vitro juvenile swine studies—for lead and arsenic, for example.  Also, in the 
aquatic environment, the water effect ratio (WER) procedure has been employed in making site-
specific bioavailability adjustments to water quality criteria.  The WER is derived by comparing 
toxicity measurements made in site water to those made in laboratory water, and the WER is 
then used to adjust the national criterion to reflect site-specific bioavailability.  Mechanistic-
based approaches for assessing metals bioavailability, such as the biotic ligand model, are also 
being developed and incorporated.  The framework addresses rather extensively the methods 
and recommendations for addressing bioavailability in aquatic risk assessment.  Terrestrial 
considerations for human and ecological risk assessment are summarized below. 

The framework identifies the key parameters that affect metals bioavailability in soil as pH, soil 
sorptive properties, organic matter content, the content of iron and alumimun oxyhydroxides, 
and the soil clay mineral content.  In terrestrial systems, understanding metals speciation is 
important in characterizing bioavailability and exposure to human and ecological receptors.  The 
framework recommends a variety of analytical and chemical methods for characterizing metal 
speciation (e.g., x-ray absorption spectroscopy, x-ray diffraction, particle-induced x-ray 
emission).  Models are also recommended for predicting speciation and metals transport.  In 
addressing wildlife exposure specifically, incorporating information on critical body residues 
(CBRs) is recommended, because they account for site-specific bioavailability.  The limitation 
to this approach, however, is the paucity of information for metal CBRs in terrestrial wildlife, 
with the exception of methyl mercury, lead, selenium, and cadmium.  The notion of 
incorporating dietary bioavailability into food-chain models is also discussed.  However, 
information is limited, particularly due to differences in digestive physiology and anatomy 
across the range of ecological receptors.  Values derived for human health risk assessments, 
such as for lead, may be used for animal species that have digestive systems similar to humans.  
Uncertainties associated with species-to-species extrapolations would have to be described. 
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The following methods for addressing bioavailability in terrestrial risk assessments (human 
and/or ecological) are recommended in the framework (U.S. EPA 2004): 

• Soil toxicity testing 

• Plant bioassays 

• Biomarkers 

• Estimating relative bioavailability based on pH and organic matter content 

• Plant and animal critical tissue residues (toxic thresholds) 

• Terrestrial biotic ligand model (biotic ligand model, currently being 
developed) 

• In vitro methods 

• Adjusting toxicity data by the organic matter content of soils, or as a function 
of organic matter plus clay content. 

• The following, specifically for human health risk assessment (McGreer et al. 
2004): 

− Epidemiological or human subject studies to estimate the ingestion of 
soil and bioavailability of metals, such as arsenic via urine samples 
and lead via blood samples, with stable isotope dilution 

− Fecal measures 

− Tissue measures 

− Animal models. 
 
The framework and the bioavailability issues paper both address future research needs in the 
area of addressing bioavailability in terrestrial risk assessments.  Recommendations for future 
research include (U.S. EPA 2004 and McGreer et al. 2004): 

• Develop extraction techniques that are useful for assessing bioavailability 
and/or metals mobility 

• Develop laboratory tests for soil systems that better reflect the actual forms of 
metals encountered in the field 

• Develop and validate empirical and mechanistic models that link soil 
physicochemical characteristics, metal speciation, and toxic effects and 
bioaccumulation in soil invertebrates (e.g., biotic ligand model for soil 
organisms)  

• Develop and validate kinetics models that describe metal bioaccumulation in 
soil invertebrates  
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• Conduct basic research on the physiology of metal metabolism in various 
groups of soil invertebrates; evaluate the relevance of soil pore water or diet 
to exposure and partitioning of metals in soil invertebrates  

• Identify risks to predators associated with the consumption of soil 
invertebrates that contain metals  

• Develop metal-specific biomarkers that are capable of quantitatively 
detecting magnitude and species of metal exposure. 

 

1.3 Technical Approach 

The research was undertaken in three phases.  First, research was conducted to understand 
which metals are risk drivers at DoD sites.  Second, in vivo testing was conducted on soils to 
understand whether there are site- or soil-specific parameters that control absorption, and if so, 
to generate a database of information upon which to base development and validation of in vitro 
approaches to assessing bioavailability.  The third phase, conducted once the in vivo data were 
compiled, involved determining whether in vitro methods for approximating bioavailability can 
be supported.  The research conducted under all three phases of this effort is summarized in this 
Final Report.  Because much original research was conducted, manuscripts presenting the 
research were prepared, where appropriate, and submitted to peer-reviewed publications.  
Copies of publications and manuscripts produced during the course of this research are included 
as supplements to the relevant report sections, because these Strategic Environmental Research 
and Development Program (SERDP)-funded work products provide additional details or 
perspectives on the research. 

Exposure pathways and receptors of concern were established to target the in vivo research, and 
focused on three distinct areas:  oral bioavailability to humans, dermal bioavailability to 
humans, and oral bioavailability to wildlife.  The project was designed in this manner, because 
each of these receptor/pathway combinations requires a different approach, due to the 
differences in the mechanism of absorption and/or differences in risk assessment methods.   

Research protocols were developed to study the relative bioavailability of metals from soils for 
each target receptor.  For human health endpoints, the protocols focus on establishing the 
relative bioavailability of metals from soil using animal models that are the most predictive of 
humans.  For the human receptor, the data provide an evaluation of the relative bioavailability of 
soil in appropriate, defined surrogates.  These data allow for the development of relative 
bioavailability adjustments (RBAs) for these metals that could be applied in risk assessments.  If 
these RBAs are highly variable, and appear to depend on site-specific considerations (e.g., soil 
or source characteristics), it would indicate a need for development of a simple in vitro 
extraction test that is predictive of metals bioavailability for each receptor.   

For wildlife receptors, study protocols were developed that are specifically targeted at 
evaluating the bioavailability of metals from soils to sentinel receptors.  Preliminary exposure 
modeling conducted to support the EPA Ecological Soil Screening Level (eco-SSL) (U.S. EPA 
2000) effort indicated that the receptors that have the greatest potential for exposure to soil are 
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small mammals (short-tailed shrew and cottontail rabbit) and two avian species (American robin 
and woodcock).  These receptors may receive soil exposure from either direct soil ingestion or 
consumption of earthworms.  Therefore, this research was designed to use the least shrew (as a 
surrogate for the target species of short-tailed shrew) and the American robin to study the 
bioavailability of metals through these two pathways (i.e., direct soil ingestion, and 
consumption of earthworms).  Research defined in the protocols has been ongoing during the 
past year, using metal-contaminated soils from selected DoD sites.  This phase of the effort 
consists of full characterization of the soil, and testing for the relative bioavailability of metals 
from the selected site soils to the target receptors.   

1.4 Organization of the Final Report 

A description and detailed synopsis of each aspect of the research undertaken under this project 
are provided below.  As mentioned above, formal reports, manuscripts, or published articles that 
were developed on the basis of this research are also attached, because they provide additional 
details and represent work products sponsored by SERDP.   

The first section below presents results of soil characterization and geochemical analysis that 
were conducted on the soils included in this research.  These results are presented here to 
provide a comprehensive compilation of the data generated by this project.  However, 
discussion of these parameters as they influence the absorption of metals is included in the 
sections specific to the three receptor/pathway combinations, because the issues relevant to 
absorption can be specific to a particular metal and/or receptor.   

The information following the soil characterization data is organized by the specific 
receptor/pathway combinations, similar to the scheme set forth in the original proposal and 
which directed the research needs.  Specifically, preliminary research to understand what metals 
drive soil remediation decisions at DoD facilities is presented first.  This is followed by research 
related to oral bioavailability in humans, dermal bioavailability in humans, and oral 
bioavailability in wildlife.  Finally, information pertaining to the development of in vitro 
methods that provide predictors of in vivo findings is presented at the end. 

1.5 References 

McGreer, J., G. Henningson, R. Lanno, N. Fisher, K. Sappington, and J. Drexler.  2004.  Issue 
paper on the bioavailability and bioaccumulation of metals.  Available at 
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U.S. EPA.  2000.  Ecological soil screening level guidance, draft.  U.S. Environmental 
Protection Agency, Office of Solid Waste and Emergency Response, Washington, DC. 
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2 Soil Characterization and Geochemistry 

The soils that formed the basis of all the research undertaken for this project are listed below in 
Table 2-1.  This table lists all the soils used, along with an indication of which specific soils 
(and particle size fraction) were incorporated into the specific receptor/pathway research efforts.  
All of the soils used in the SERDP research were characterized for a consistent set of soil 
parameters, which include pH, total organic carbon (TOC), total inorganic carbon (TIC), cation 
exchange capacity (CEC), particle size distribution (i.e., sand, silt, clay), DCB (dithionite-
citrate-bicarbonate)-extractable iron, and metals concentrations.  Data collected are presented in 
Tables 2-2 through 2-5, arranged by target metal or study type.  (Table 2-2 presents data on soils 
used for the oral/human arsenic research, Table 2-3 presents data on soils used for the 
oral/human cadmium research, Table 2-4 presents data on soils used for the dermal/human 
studies, and Table 2-5 presents the data on soils used for the oral/wildlife studies.)  As results 
from the various metals bioavailability studies were finalized, the soil geochemistry data were 
used to establish whether specific soil parameters control or influence the bioavailability of 
particular metals to specific receptors. 
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Table 2-1.  Summary of soils used in development of extraction tests for determining the
Table 2-1.  bioavailability of metals in soil

Study (pathway, metal, animal)
Oral Oral Dermal Oral Oral

Grain Arsenic Cadmium Arsenic Metals Metals
Description Abbreviation Size Monkey Swine Monkey Robin Shrew

Pt. Mugu soil PTMG <250 µm X
Naval Weapons Air Station, Point Mugu, CA DoD-PM <500 µm X X

CO smelter soil COSCS <250 µm X X
Colorado smelter composite soil Smelter <500 µm X

OK smelter soil OK-SS <250 µm X

Dugway soil DPGC <250 µm X

Mixture from Dugway Proving Grounds & Picatinny arsenal DoD-DP <500 µm X

Washington orchard soil WAOS <250 µm X
Washington orchard soil Orchard <500 µm X

Colorado residential soil CORS <150 µm X
Colorado residential soil CORS <250 µm X

Montana Smelter Soil MTSS <250 µm X

Florida cattle dip vat soil FLCDV <250 µm X

Western iron slag soil WISS <250 µm X

California mine tailings CAMT <250 µm X

New York orchard soil NYOS <250 µm X

Colorado smelter soil COSS <250 µm X

Florida chemical plant soil FLCPS <250 µm X

New York pesticide facility A1B21 <150 µm X
New York pesticide facilitya T5E3 <250 µm  Xa

New York pesticide facilitya T15E4 <250 µm  Xa

New York pesticide facilitya A1B20 <250 µm  Xa

a Experiments are scheduled for these samples during the second half of 2005.
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Table 2-2.  SERDP — arsenic in vivo study substrates

<250 µm
Chemical Units 12/20/2004

Conventionals
pH s.u. 8.60 6.17 8.22 8.28 -- 8.26 -- 7.4 7.22 7.33
Total organic carbon % 0.95 1.18 0.795 8.02 -- 2.78 -- 12.5 4.31 1.54
Total inorganic carbon % -- -- -- -- -- -- -- -- -- --
Total carbon % -- -- -- -- -- -- -- -- -- --
Cation exchange capacity meq/100g -- -- -- -- -- -- -- -- -- --
Total solids % -- -- -- -- -- -- -- -- -- --
DCB extractable iron mg/kg 2,071 f 5,881 f 12,290 f 12,039 f -- 5,408 f -- 22,461 f 15,382 f --

Particle Size Distribution
Medium gravel (> 4,750 µm) % 0 0 0 0 -- 0 -- 0 0 --
Fine gravel (2,000 – 4,750 µm) % 0 0 0 0 -- 0 -- 0 0 --
Very coarse sand (850 – 2,000 µm) % 0 0.01 0 0 -- 0.07 -- 0 0.06 --
Coarse sand (425 – 850 µm) % 0.06 0.05 0.02 0.05 -- 0.05 -- 0.04 0.07 --
Medium sand (250 – 425 µm) % 0.18 0.31 0.13 0.72 -- 0.3 -- 0.45 0.85 --
Fine sand (106 – 250 µm) % 34.5 57.1 54.9 49.9 -- 41.5 -- 36.7 38.3 --
Very fine sand (75 – 106 µm) % 28.0 16.5 13.4 10.8 -- 9.33 -- 14.3 11.2 --
Percent silt (4 – 75 µm) % 34.4 24.2 27.4 32.9 -- 39.5 -- 42.7 43.5 --
Percent clay (<4 µm) % 1.57 1.47 3.49 4.07 -- 7.84 -- 4.3 6.24 --

Other
Chromium, hexavalent mg/kg -- -- -- -- -- -- -- -- -- --
Cyanide mg/kg -- -- -- -- -- -- -- -- -- --
Organic sulfur % -- -- -- -- -- -- -- -- -- --
Sulfate % -- -- -- -- -- -- -- -- -- --
Sulfides % -- -- -- -- -- -- -- -- -- --
Sulfur % -- -- -- -- -- -- -- -- -- --

Replicate Arsenic Analyses
Replicate - 1 mg/kg 96.4 166 223 270 260 546 654 303 656 1,390
Replicate - 2 mg/kg 93.0 145 219 273 274 k 650 650 k 295 655 1,390
Replicate - 3 mg/kg 76.9 145 225 277 232 671 -- 302 671 1,420
Replicate - 4 mg/kg 85.3 147 240 275 303 694 -- 296 643 1,470
Replicate - 5 mg/kg 81.5 148 245 289 -- 694 -- 303 626 1,370
Replicate - 6 mg/kg 84.5 151 226 277 -- 666 -- -- 630 1,430

Average Arsenic Concentration: mg/kg 86.3 d 150 d 230 d 277 d 267 d 654 d 652 d 300 d 647 d 1,412 d

<250 µm
12/20/2004

Rodriguez 
#8a

Montana
Smelter

Soil

California
Mine

Tailings

Florida
Power Co.

#1 Soil

12/3/2002 12/3/2002 12/3/2002 2/12/2001

Florida
CCA
Soil

Florida
Cattle Dip
Vat Soil

12/3/2002
<250 µm

12/3/2002
<250 µm <250 µm <250 µm <250 µm

Florida
Pesticide
#1 Soil

Florida
Pesticide
#2 Soil

3/2/2004
<250 µm <250 µm <250 µm

8/23/2002
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Table 2-2. (cont.)

<250 µm
Chemical Units 12/20/2004

Other metals
Aluminum mg/kg -- -- -- -- -- -- -- -- -- --
Antimony mg/kg 10 U 10 U 10 U 11.8 -- 10 U -- 10 U 18.7 95.4
Barium mg/kg -- -- -- -- -- -- -- -- -- --
Beryllium mg/kg 1.0 U 1.0 U 1.0 U 1.0 U -- 1.0 U -- 1.0 U 1.0 U 1.0 U
Cadmium mg/kg 1.0 U 1.0 U 7.5 11.1 -- 4.1 -- 1.8 10 126
Calcium mg/kg -- -- -- -- -- -- -- -- -- --
Chromium mg/kg 75.8 8.0 16.0 32.1 -- 86.8 -- 41.6 17.9 30.1
Cobalt mg/kg -- -- -- -- -- -- -- -- -- --
Copper mg/kg 18.9 6.5 51.9 133 -- 267 -- 61.6 2,190 2,720
Iron mg/kg -- -- -- -- -- -- -- -- -- --
Lead mg/kg 24.6 20 U 77.5 388 -- 81.2 -- 35.8 435 6,810
Magnesium mg/kg -- -- -- -- -- -- -- -- -- --
Manganese mg/kg -- -- -- -- -- -- -- -- -- --
Mercury mg/kg 0.03 0.02 U 0.29 0.22 -- 1.33 -- 0.51 0.53 6.32
Nickel mg/kg 4.0 U 4.0 U 4.0 U 14.2 -- 14.6 -- 29.9 9.4 23.4
Phosphorus mg/kg -- -- -- -- -- -- -- -- -- --
Potassium mg/kg -- -- -- -- -- -- -- -- -- --
Selenium mg/kg 1.0 U 1.0 U 1.0 U 1.0 U -- 1.0 U -- 1.0 U 2.0 U 9.2
Silver mg/kg 2.0 U 2.0 U 2.0 U 2.0 U -- 2.0 U -- 2.0 U 16.5 36.1
Sodium mg/kg -- -- -- -- -- -- -- -- -- --
Thallium mg/kg 1.0 U 1.0 U 1.0 U 1.0 U -- 1.0 U -- 1.0 U 2.0 U 10.0 U
Vanadium mg/kg -- -- -- -- -- -- -- -- -- --
Zinc mg/kg 146 3.6 355 545 -- 269 -- 107 1,160 2,710

<250 µm
12/20/2004

Florida
CCA
Soil

Florida
Cattle Dip
Vat Soil

Florida
Power Co.

#1 Soil

California
Mine

Tailings

Montana
Smelter

Soil
Rodriguez 

#8a

Florida
Pesticide
#1 Soil

Florida
Pesticide
#2 Soil

<250 µm <250 µm <250 µm <250 µm <250 µm <250 µm <250 µm <250 µm
12/3/2002 12/3/2002 12/3/2002 12/3/2002 12/3/2002 2/12/2001 8/23/2002 3/2/2004
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Table 2-2. (cont.)

VB/I-70
Soilb

<500 µm <2 mm <250 µm <150 µm <150 µm
Chemical Units 12/3/2002 8/23/2002 2/19/2004 2/19/2004 2/19/2004 12/20/2004

Conventionals
pH s.u. -- 5.92 5.28 -- 5.77 6.64 7.01 d -- 5.33 -- --
Total organic carbon % -- 2.98 3.40 -- 6.22 2.15 1.78 d -- 2.76 -- --
Total inorganic carbon % -- 1.27 -- -- -- -- -- -- -- -- --
Total carbon % -- 4.25 -- -- -- -- -- -- -- -- --
Cation exchange capacity meq/100g -- 74.0 -- -- -- -- -- -- -- -- --
Total solids % 98.2 e -- -- -- -- -- -- -- -- -- --
DCB extractable iron mg/kg -- 5,630 g 8,413 f -- 9,472 f 24,748 f -- -- -- -- --

Particle Size Distribution
Medium gravel (> 4,750 µm) % -- -- 0 -- 0 0 -- 0 -- -- --
Fine gravel (2,000 – 4,750 µm) % -- -- 0 -- 0.08 0 -- 2.55 -- -- --
Very coarse sand (850 – 2,000 µm) % -- -- 0.06 -- 0.17 0.01 -- 4.88 -- -- --
Coarse sand (425 – 850 µm) % -- -- 0.835 -- 0.33 5.91 -- 11.7 -- -- --
Medium sand (250 – 425 µm) % -- -- 4.55 -- 1.72 20.7 -- 17.4 -- -- --
Fine sand (106 – 250 µm) % -- -- 32.9 -- 15.9 25.1 -- 32.5 -- -- --
Very fine sand (75 – 106 µm) % -- -- 11.2 -- 8.15 7.72 -- 9.24 -- -- --
Percent silt (4 – 75 µm) % -- -- 47.1 -- 68.3 35.1 -- 20.6 -- -- --
Percent clay (<4 µm) % -- -- 3.29 -- 5.58 5.15 -- 1.14 -- -- --

Other
Chromium, hexavalent mg/kg -- 0.5 U -- -- -- -- -- -- -- -- --
Cyanide mg/kg 0.50 U e -- -- -- -- -- -- -- -- -- --
Organic sulfur % -- -- -- -- -- -- -- -- -- -- --
Sulfate % -- -- -- -- -- -- -- -- -- -- --
Sulfides % -- -- -- -- -- -- -- -- -- -- --
Sulfur % -- -- -- -- -- -- -- -- -- -- --

Replicate Arsenic Analyses
Replicate - 1 mg/kg 280 e 284 310 320 117 1,250 1,440 -- 1,100 1,230 --
Replicate - 2 mg/kg -- -- 294 327 127 1,240 1,430 -- 672 -- --
Replicate - 3 mg/kg -- -- 306 333 119 -- 1,510 -- 835 -- --
Replicate - 4 mg/kg -- -- 295 -- 126 -- 1,520 -- -- -- --
Replicate - 5 mg/kg -- -- 289 -- 126 -- 1,560 -- -- -- --
Replicate - 6 mg/kg -- -- 311 -- 124 -- -- -- -- -- --

Average Arsenic Concentration: mg/kg 280 e 284 301 d 327 d 123 d 1,245 d 1,492 d -- 869 1,230 --

Colorado
Smelter Soil

(Smeltertown)

New York
Orchard

Soil
<250 µm

Washington
Orchard

Soil

2/10/2004 8/23/2002
<180 µm <250 µm <500 µm<500 µm <250 µm

2/20/2003 2/20/200310/23/2002
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Table 2-2. (cont.)

VB/I-70
Soilb

<500 µm <2 mm <250 µm <150 µm <150 µm
Chemical Units 12/3/2002 8/23/2002 2/19/2004 2/19/2004 2/19/2004 12/20/2004

Other metals
Aluminum mg/kg 17,200 e -- -- -- -- -- -- -- -- -- --
Antimony mg/kg 0.60 e 10 U 10 U -- 10 U 28.8 d 30.1 d -- 10.0 -- --
Barium mg/kg 128 e -- -- -- -- -- -- -- -- -- --
Beryllium mg/kg 0.20 U e 1.0 U 1.0 U -- 1.0 U 1.0 U d 1.0 U d -- 1.0 U -- --
Cadmium mg/kg 0.33 e 2.40 1.0 U -- 1.0 U 46.4 d 52.8 d -- 5.0 -- --
Calcium mg/kg 5,410 e -- -- -- -- -- -- -- -- -- --
Chromium mg/kg 31 e 36.0 33.6 -- 25.8 11.5 d 11.9 d -- 54.5 -- 51.8
Cobalt mg/kg 9.0 e -- -- -- -- -- -- -- -- -- --
Copper mg/kg 37 e 35.5 36.5 -- 41.6 1,675 d 1,950 d -- 30.4 -- --
Iron mg/kg 20,900 e 22,300 -- -- -- -- -- -- -- -- 13,650
Lead mg/kg 2,380 e 2,640 2,890 -- 695 10,250 d 11,550 d -- 469 -- --
Magnesium mg/kg 6,530 e -- -- -- -- -- -- -- -- -- --
Manganese mg/kg 365 e 394 -- -- -- -- -- -- -- -- --
Mercury mg/kg 0.090 e 0.0400 0.040 -- 0.14 52.1 d 60.2 d -- 0.80 -- --
Nickel mg/kg 15 e 16.2 17 -- 11.8 68.9 d 80.8 d -- 11.2 -- --
Phosphorus mg/kg -- 887 -- -- -- -- -- -- -- -- --
Potassium mg/kg 6,240 e -- -- -- -- -- -- -- -- -- --
Selenium mg/kg 200 U e 1.0 U 2.0 U -- 2.0 U 4.78 d 4.85 d -- 2.5 U -- --
Silver mg/kg 0.060 e 2.0 U 2.0 U -- 2.0 U 73.6 d 88.1 d -- 2.0 U -- --
Sodium mg/kg 140 e -- -- -- -- -- -- -- -- -- --
Thallium mg/kg 0.25 e 1.0 U 2.0 U -- 2.0 U 1.8 d 2.0 d -- 10.0 U -- --
Vanadium mg/kg 46 e -- -- -- -- -- -- -- -- -- --
Zinc mg/kg 275 e 286 312 -- 71.8 13,200 d 15,500 d -- 314 -- --

<250 µm

New York
Orchard

Soil

Colorado
Smelter Soil

(Smeltertown)
<250 µm <500 µm
8/23/2002 2/20/2003 2/20/2003

<250 µm <180 µm
2/10/2004 10/23/2002

Washington
Orchard

Soil
<500 µm
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Table 2-2. (cont.)

<2 mm
Chemical Units 4/10/2003 4/25/2003 4/10/2003 2/10/2004

Conventionals
pH s.u. 7.48 -- 7.53 -- 7.52 -- 7.48
Total organic carbon % 2.51 -- 2.09 -- 2.21 -- 2.27
Total inorganic carbon % -- -- 0.05 U -- 0.05 U -- 0.27
Total carbon % -- -- 2.11 -- 2.20 -- 2.54
Cation exchange capacity meq/100g -- -- 52.3 -- 54.1 -- 61.9
Total solids % 100 -- -- 100 -- 100 --
DCB extractable iron mg/kg -- -- 5,110 g -- -- -- --

Particle Size Distribution
Medium gravel (> 4,750 µm) % 0 -- -- -- -- -- --
Fine gravel (2,000 – 4,750 µm) % 0 -- -- -- -- -- --
Very coarse sand (850 – 2,000 µm) % 9.08 -- -- -- -- -- --
Coarse sand (425 – 850 µm) % 10.7 -- -- -- -- -- --
Medium sand (250 – 425 µm) % 12.8 -- -- -- -- -- --
Fine sand (106 – 250 µm) % 25.7 -- -- -- -- -- --
Very fine sand (75 – 106 µm) % 9.97 -- -- -- -- -- --
Percent silt (4 – 75 µm) % 27.5 -- -- -- -- -- --
Percent clay (<4 µm) % 3.18 -- -- -- -- -- --

Other
Chromium, hexavalent mg/kg -- 1,355 d 0.5 U -- -- -- --
Cyanide mg/kg -- -- -- -- -- -- --
Organic sulfur % -- -- -- -- -- -- --
Sulfate % -- -- -- -- -- -- --
Sulfides % -- -- -- -- -- -- --
Sulfur % -- -- -- -- -- -- --

Replicate Arsenic Analyses
Replicate - 1 mg/kg -- 303 393 412 416 452 474
Replicate - 2 mg/kg -- 297 -- 379 -- 470 --
Replicate - 3 mg/kg -- -- -- 388 -- 471 --
Replicate - 4 mg/kg -- -- -- 401 -- -- --
Replicate - 5 mg/kg -- -- -- 391 -- -- --
Replicate - 6 mg/kg -- -- -- -- -- -- --

Average Arsenic Concentration: mg/kg -- 300 d 393 394 d 416 464 d 474

2/10/2004 4/10/2003 2/10/2004

Colorado Smelter
Composite Soil

(Globeville)
<500 µm <250 µm <150 µm
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Table 2-2. (cont.)

<2 mm
Chemical Units 4/10/2003 4/25/2003 4/10/2003 2/10/2004

Other metals
Aluminum mg/kg -- -- -- -- -- -- --
Antimony mg/kg -- -- 16.1 12.9 19.3 -- 18.7
Barium mg/kg -- -- -- -- -- -- --
Beryllium mg/kg -- -- 1.0 U 1.0 U 1.0 U -- 1.0 U
Cadmium mg/kg -- 423 d 424 437 d 437 497 d 497 d

Calcium mg/kg -- -- -- -- -- -- --
Chromium mg/kg -- 1,835 d 18.8 23.1 26.0 -- 31.4
Cobalt mg/kg -- -- -- -- -- -- --
Copper mg/kg -- -- 80.0 85.0 89.3 -- 93.9
Iron mg/kg -- -- 15,800 -- 20,500 -- 22,700
Lead mg/kg -- 584 d 587 655 642 -- 713
Magnesium mg/kg -- -- -- -- -- -- --
Manganese mg/kg -- -- 479 -- 510 -- 525
Mercury mg/kg -- -- 7.38 7.67 8.04 -- 9.69
Nickel mg/kg -- -- 13.2 16.3 16.7 -- 18.7
Phosphorus mg/kg -- -- 673 -- 804 -- 871
Potassium mg/kg -- -- -- -- -- -- --
Selenium mg/kg -- -- 14.8 14.0 d 14.1 -- 17.6
Silver mg/kg -- -- 2.0 U 2.55 2.50 -- 2.10
Sodium mg/kg -- -- -- -- -- -- --
Thallium mg/kg -- -- 13.6 15.2 d 14.3 -- 16.3
Vanadium mg/kg -- -- -- -- -- -- --
Zinc mg/kg -- -- 1,200 1,200 1,310 -- 1,420

Colorado Smelter
Composite Soil

(Globeville)
<500 µm <250 µm <150 µm

2/10/2004 4/10/2003 2/10/2004
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Table 2-2. (cont.)

FL Inglis
<250 µm

Chemical Units 2/10/2004 2/10/2004 2/10/2004 10/14/2004
Conventionals

pH s.u. -- -- 7.61 7.43 7.20 -- 7.30
Total organic carbon % -- -- 0.75 1.90 4.01 -- 1.93
Total inorganic carbon % -- -- 0.53 0.99 1.21 -- --
Total carbon % -- -- 1.28 2.89 5.22 -- --
Cation exchange capacity meq/100g -- -- 46.2 65.9 103 -- --
Total solids % -- -- -- -- -- 98.5 e --
DCB extractable iron mg/kg -- -- 3,830 g -- -- -- --

Particle Size Distribution
Medium gravel (> 4,750 µm) % 0.01 -- -- -- -- -- --
Fine gravel (2,000 – 4,750 µm) % 0.05 -- -- -- -- -- --
Very coarse sand (850 – 2,000 µm) % 11.8 -- -- -- -- -- --
Coarse sand (425 – 850 µm) % 30.5 -- -- -- -- -- --
Medium sand (250 – 425 µm) % 30.3 -- -- -- -- -- --
Fine sand (106 – 250 µm) % 20.4 -- -- -- -- -- --
Very fine sand (75 – 106 µm) % 1.91 -- -- -- -- -- --
Percent silt (4 – 75 µm) % 2.22 -- -- -- -- -- --
Percent clay (<4 µm) % 3.34 -- -- -- -- -- --

Other
Chromium, hexavalent mg/kg -- 1.1 d 0.5 U -- -- -- --
Cyanide mg/kg -- -- -- -- -- 100 e --
Organic sulfur % -- -- -- -- -- 0.040 e --
Sulfate % -- -- -- -- -- 0.16 e --
Sulfides % -- -- -- -- -- 0.16 e --
Sulfur % -- -- -- -- -- 0.36 e --

Replicate Arsenic Analyses
Replicate - 1 mg/kg -- 79.4 77.7 165 285 h 70 e 249
Replicate - 2 mg/kg -- 82.6 -- -- -- -- 282
Replicate - 3 mg/kg -- 88 -- -- -- -- 274
Replicate - 4 mg/kg -- -- -- -- -- -- --
Replicate - 5 mg/kg -- -- -- -- -- -- --
Replicate - 6 mg/kg -- -- -- -- -- -- --

Average Arsenic Concentration: mg/kg -- 83.3 d 77.7 165 285 h 70 e 268

(unknown)c

10/2/2002
<500 µm <250 µm <150 µm

2/10/2004 8/23/2002

Point
Mugu #1B

<2 mm
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Table 2-2. (cont.)

FL Inglis
<250 µm

Chemical Units 2/10/2004 2/10/2004 2/10/2004 10/14/2004
Other metals

Aluminum mg/kg -- -- -- -- -- 2,530 e --
Antimony mg/kg -- 8.56 d 10 U 10 U 10 U 9 e 110
Barium mg/kg -- -- -- -- -- 1,110 e --
Beryllium mg/kg -- -- 1.0 U 1.0 U 1.0 U 0.2 U e 1.0 U
Cadmium mg/kg -- 1,753 d 1,760 3,897 d, i 7,625 d 1,420 e 1.0 U
Calcium mg/kg -- -- -- -- -- 13,400 e --
Chromium mg/kg -- 8,380 d 8,310 16,300 30,200 6,600 e 9.4
Cobalt mg/kg -- -- -- -- -- 9 e --
Copper mg/kg -- -- 943 1,950 3,310 790 e 154
Iron mg/kg -- -- 9,330 15,600 26,900 9,550 e --
Lead mg/kg -- 573 d 555 1,140 1,980 643 e 3,770
Magnesium mg/kg -- -- -- -- -- 2,380 e --
Manganese mg/kg -- -- 78.0 138 220 72.5 e --
Mercury mg/kg -- 0.88 d 0.850 1.85 3.15 0.86 e 1.39
Nickel mg/kg -- -- 1,870 3,850 6,740 1,520 e 4.7
Phosphorus mg/kg -- -- 1,710 3,310 5,100 -- --
Potassium mg/kg -- -- -- -- -- 850 e --
Selenium mg/kg -- 2.0 U d 1.0 U 1.80 2.30 30 U e 2.5
Silver mg/kg -- -- 171 362 615 173 e 13.9
Sodium mg/kg -- -- -- -- -- 3,620 e --
Thallium mg/kg -- -- 1.0 U 1.0 U 1.0 U 1 U e 11.6
Vanadium mg/kg -- -- -- -- -- 11.6 e --
Zinc mg/kg -- 738 d 673 1,370 2,380 589 e 127

(notes appear on following page)

Point
Mugu #1B

<500 µm <250 µm <150 µm (unknown)c

8/23/2002
<2 mm

10/2/20022/10/2004
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Table 2-2. (cont.)

Note: Analysis performed by Columbia Analytical Services unless noted otherwise
Note: --  –  Not applicable or not available
Note: U   –  undetected; value represents reporting limit for CAS analyses; value represent detection limit for ACZ analyses
a Soil #8 from Rodriguez et al. (1999), obtained from Nick Basta (Ohio State University).
b Soil obtained from Bill Brattin.  
c Unknown grainsize.
d Average of field replicates
e Analysis by ACZ Laboratories
f Analysis by Auburn University for 6/19/2003 samples.
g Analysis by Auburn University (samples sent 3/31/2004).
h Average of two results by different methods: 300 mg/kg using method 6010B and 269 mg/kg using method 7060A.
i One of the averaged samples was sent to CAS by Stan Casteel (Exponent tag # 57171, orginally sent to Stan on 5/2/2003).
k HCl was added

Page 9 of 9
\\boulder3\data\Groups\Data Management\1191_SERDP\
Soils\AsStudy_Soils_rev.xls Table1 4/15/2005  (3:31 PM)



Table 2-3. SERDP — cadmium in vivo study substrates

Chemical Units 2/10/2004 2/10/2004 2/10/2004

Conventionals
pH s.u. -- -- 7.61 7.43 7.20 --
Total organic carbon % -- -- 0.75 1.90 4.01 --
Total inorganic carbon % -- -- 0.53 0.99 1.21 --
Total carbon % -- -- 1.28 2.89 5.22 --
Cation exchange capacity meq/100g -- -- 46.2 65.9 103 --
Total solids % -- -- -- -- -- 98.5 d

DCB extractable iron mg/kg -- -- 3,830 g -- -- --

Particle Size Distribution
Medium gravel (> 4,750 µm) % 0.01 -- -- -- -- --
Fine gravel (2,000 – 4,750 µm) % 0.05 -- -- -- -- --
Very coarse sand (850 – 2,000 µm) % 11.8 -- -- -- -- --
Coarse sand (425 – 850 µm) % 30.5 -- -- -- -- --
Medium sand (250 – 425 µm) % 30.3 -- -- -- -- --
Fine sand (106 – 250 µm) % 20.4 -- -- -- -- --
Very fine sand (75 – 106 µm) % 1.91 -- -- -- -- --
Percent silt (4 – 75 µm) % 2.22 -- -- -- -- --
Percent clay (< 4 µm) % 3.34 -- -- -- -- --

Other
Chromium, hexavalent mg/kg -- 1.1 e 0.5 U -- -- --
Cyanide mg/kg -- -- -- -- -- 100 d

Organic sulfur % -- -- -- -- -- 0.040 d

Sulfate % -- -- -- -- -- 0.16 d

Sulfides % -- -- -- -- -- 0.16 d

Sulfur % -- -- -- -- -- 0.36 d

Replicate Cadmium Analyses
Replicate - 1 mg/kg -- 1,770 1,760 3,860 7,480 1,420 d

Replicate - 2 mg/kg -- 1,630 -- 4,000 7,740 --
Replicate - 3 mg/kg -- 1,860 -- 3,830 h 7,580 --
Replicate - 4 mg/kg -- -- -- -- 7,700 --

Average Cadmium Concentration: mg/kg -- 1,753 e 1,760 3,897 e 7,625 e 1,420 d

< 500 µm (unknown)d

10/2/20028/23/2002

Point
Mugu #1B

2/10/2004
< 2 mm < 250 µm < 150 µm
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Table 2-3. (cont.)

Chemical Units 2/10/2004 2/10/2004 2/10/2004

Other Metals
Aluminum mg/kg -- -- -- -- -- 2,530 d

Antimony mg/kg -- 8.56 e 10 U 10 U 10 U 9 d

Arsenic mg/kg -- 83.3 e 77.7 165 285 f 70 d

Barium mg/kg -- -- -- -- -- 1,110 d

Beryllium mg/kg -- -- 1.0 U 1.0 U 1.0 U 0.2 U d

Calcium mg/kg -- -- -- -- -- 13,400 d

Chromium mg/kg -- 8,380 e 8,310 16,300 30,200 6,600 d

Cobalt mg/kg -- -- -- -- -- 9 d

Copper mg/kg -- -- 943 1,950 3,310 790 d

Iron mg/kg -- -- 9,330 15,600 26,900 9,550 d

Lead mg/kg -- 573 e 555 1,140 1,980 643 d

Magnesium mg/kg -- -- -- -- -- 2,380 d

Manganese mg/kg -- -- 78.0 138 220 72.5 d

Mercury mg/kg -- 0.88 e 0.850 1.85 3.15 0.86 d

Nickel mg/kg -- -- 1,870 3,850 6,740 1,520 d

Phosphorus mg/kg -- -- 1,710 3,310 5,100 --
Potassium mg/kg -- -- -- -- -- 850 d

Selenium mg/kg -- 2.0 U e 1.0 U 1.80 2.30 30 U d

Silver mg/kg -- -- 171 362 615 173 d

Sodium mg/kg -- -- -- -- -- 3,620 d

Thallium mg/kg -- -- 1.0 U 1.0 U 1.0 U 1 U d

Vanadium mg/kg -- -- -- -- -- 11.6 d

Zinc mg/kg -- 738 e 673 1,370 2,380 589 d

< 500 µm < 250 µm < 150 µm (unknown)d

8/23/2002 10/2/2002

Point
Mugu #1B

2/10/2004
< 2 mm
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Table 2-3. (cont.)

< 2 mm
Chemical Units 4/10/2003 4/25/2003 4/10/2003 2/10/2004

Conventionals
pH s.u. 7.48 -- 7.53 -- 7.52 -- 7.48
Total organic carbon % 2.51 -- 2.09 -- 2.21 -- 2.27
Total inorganic carbon % -- -- 0.05 U -- 0.05 U -- 0.27
Total carbon % -- -- 2.11 -- 2.20 -- 2.54
Cation exchange capacity meq/100g -- -- 52.3 -- 54.1 -- 61.9
Total solids % 100 -- -- 100 -- 100 --
DCB extractable iron mg/kg -- -- 5,110 g -- -- -- --

Particle Size Distribution
Medium gravel (> 4,750 µm) % 0 -- -- -- -- -- --
Fine gravel (2,000 – 4,750 µm) % 0 -- -- -- -- -- --
Very coarse sand (850 – 2,000 µm) % 9.08 -- -- -- -- -- --
Coarse sand (425 – 850 µm) % 10.7 -- -- -- -- -- --
Medium sand (250 – 425 µm) % 12.8 -- -- -- -- -- --
Fine sand (106 – 250 µm) % 25.7 -- -- -- -- -- --
Very fine sand (75 – 106 µm) % 9.97 -- -- -- -- -- --
Percent silt (4 – 75 µm) % 27.5 -- -- -- -- -- --
Percent clay (< 4 µm) % 3.18 -- -- -- -- -- --

Other
Chromium, hexavalent mg/kg -- 1,355 e 0.5 U -- -- -- --
Cyanide mg/kg -- -- -- -- -- -- --
Organic sulfur % -- -- -- -- -- -- --
Sulfate % -- -- -- -- -- -- --
Sulfides % -- -- -- -- -- -- --
Sulfur % -- -- -- -- -- -- --

Replicate Cadmium Analyses
Replicate - 1 mg/kg -- 455 424 444 437 501 510
Replicate - 2 mg/kg -- 390 -- 410 -- 497 517
Replicate - 3 mg/kg -- -- -- 449 -- 493 493
Replicate - 4 mg/kg -- -- -- 443 -- -- 468

Average Cadmium Concentration: mg/kg -- 423 e 424 437 e 437 497 e 497 e

< 500 µm < 250 µm < 150 µm

Colorado Smelter Composite Soil
(Globeville)

2/10/20042/10/2004 4/10/2003
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Table 2-3. (cont.)

< 2 mm
Chemical Units 4/10/2003 4/25/2003 4/10/2003 2/10/2004

Other Metals
Aluminum mg/kg -- -- -- -- -- -- --
Antimony mg/kg -- -- 16.1 12.9 19.3 -- 18.7
Arsenic mg/kg -- 300 e 393 394 e 416 464 e 474
Barium mg/kg -- -- -- -- -- -- --
Beryllium mg/kg -- -- 1.0 U 1.0 U 1.0 U -- 1.0 U
Calcium mg/kg -- -- -- -- -- -- --
Chromium mg/kg -- 1,835 e 18.8 23.1 26.0 -- 31.4
Cobalt mg/kg -- -- -- -- -- -- --
Copper mg/kg -- -- 80.0 85.0 89.3 -- 93.9
Iron mg/kg -- -- 15,800 -- 20,500 -- 22,700
Lead mg/kg -- 584 e 587 655 642 -- 713
Magnesium mg/kg -- -- -- -- -- -- --
Manganese mg/kg -- -- 479 -- 510 -- 525
Mercury mg/kg -- -- 7.38 7.67 8.04 -- 9.69
Nickel mg/kg -- -- 13.2 16.3 16.7 -- 18.7
Phosphorus mg/kg -- -- 673 -- 804 -- 871
Potassium mg/kg -- -- -- -- -- -- --
Selenium mg/kg -- -- 14.8 14.0 e 14.1 -- 17.6
Silver mg/kg -- -- 2.0 U 2.55 2.50 -- 2.10
Sodium mg/kg -- -- -- -- -- -- --
Thallium mg/kg -- -- 13.6 15.2 e 14.3 -- 16.3
Vanadium mg/kg -- -- -- -- -- -- --
Zinc mg/kg -- -- 1,200 1,200 1,310 -- 1,420

< 500 µm < 250 µm < 150 µm

Colorado Smelter Composite Soil
(Globeville)

2/10/2004 2/10/20044/10/2003
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Table 2-3. (cont.)

< 2 mm < 500 µm
Chemical Units 4/10/2003 4/10/2003 4/10/2003

Conventionals
pH s.u. 7.61 -- -- 7.55 -- -- -- -- 9.06
Total organic carbon % 4.64 -- -- 4.98 -- -- -- -- 2.87
Total inorganic carbon % -- -- -- 0.74 -- -- -- -- 1.51
Total carbon % -- -- -- 5.72 -- -- -- -- 4.38
Cation exchange capacity meq/100g -- -- -- 70.1 -- -- -- -- 52.2
Total solids % 100 100 100 -- 100 -- -- -- --
DCB extractable iron mg/kg -- -- -- -- -- -- -- -- --

Particle Size Distribution
Medium gravel (> 4,750 µm) % 0 -- -- -- -- -- 0 -- --
Fine gravel (2,000 – 4,750 µm) % 0.175 -- -- -- -- -- 0.38 -- --
Very coarse sand (850 – 2,000 µm) % 12.9 -- -- -- -- -- 10.6 -- --
Coarse sand (425 – 850 µm) % 15.7 -- -- -- -- -- 8.58 -- --
Medium sand (250 – 425 µm) % 15.1 -- -- -- -- -- 8.18 -- --
Fine sand (106 – 250 µm) % 16.5 -- -- -- -- -- 29.8 -- --
Very fine sand (75 – 106 µm) % 4.45 -- -- -- -- -- 9.87 -- --
Percent silt (4 – 75 µm) % 31.8 -- -- -- -- -- 3.31 -- --
Percent clay (< 4 µm) % 1.73 -- -- -- -- -- 29.7 -- --

Other
Chromium, hexavalent mg/kg -- -- -- -- -- -- -- -- --
Cyanide mg/kg -- -- -- -- -- -- -- -- --
Organic sulfur % -- -- -- -- -- -- -- -- --
Sulfate % -- -- -- -- -- -- -- -- --
Sulfides % -- -- -- -- -- -- -- -- --
Sulfur % -- -- -- -- -- -- -- -- --

Replicate Cadmium Analyses
Replicate - 1 mg/kg -- 86.2 96.3 101 102 410 -- 43.0 45.0
Replicate - 2 mg/kg -- -- 99.4 -- 103 -- -- 44.1 --
Replicate - 3 mg/kg -- -- 99.6 -- 106 -- -- 41.9 --
Replicate - 4 mg/kg -- -- 98.3 -- 107 -- -- -- --

Average Cadmium Concentration: mg/kg -- 86.2 98.4 e 101 105 e 410 -- 43.0 e 45.0

< 250 µm
2/10/2004
< 2 mm< 250 µm < 150 µm

2/10/2004 4/10/2003

Oklahoma Smelter
Soil #1a

OK Smelter
Soil #2b

< 250 µm
3/2/2004 2/10/2004

Dugway
Compositec

5/5/2003
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Table 2-3. (cont.)

< 2 mm < 500 µm
Chemical Units 4/10/2003 4/10/2003 4/10/2003

Other Metals
Aluminum mg/kg -- -- -- -- -- -- -- -- --
Antimony mg/kg -- 10 U 10 U 10 U 10 U -- -- -- 10 U
Arsenic mg/kg -- 66.2 81.2 e 77.2 92 e -- -- -- 8.50
Barium mg/kg -- -- -- -- -- -- -- -- --
Beryllium mg/kg -- 1.0 U 1.0 U 1.0 U 1.0 U -- -- -- 1.0 U
Calcium mg/kg -- -- -- -- -- -- -- -- --
Chromium mg/kg -- 21.2 21.4 19.4 22.2 -- -- -- 41.8
Cobalt mg/kg -- -- -- -- -- -- -- -- --
Copper mg/kg -- 992 1,190 1,300 1,300 -- -- -- 45.2
Iron mg/kg -- -- -- 22,500 -- -- -- -- 14,100
Lead mg/kg -- 756 919 1,000 957 540 -- -- 71.3
Magnesium mg/kg -- -- -- -- -- -- -- -- --
Manganese mg/kg -- -- -- 804 -- -- -- -- 266
Mercury mg/kg -- 0.74 0.87 0.900 1.15 -- -- -- 5.95
Nickel mg/kg -- 32.7 42.4 45.1 46.4 -- -- -- 24.1
Phosphorus mg/kg -- -- -- 790 -- -- -- -- 1,150
Potassium mg/kg -- -- -- -- -- -- -- -- --
Selenium mg/kg -- 1.2 1.2 1.30 1.3 -- -- -- 1.0 U
Silver mg/kg -- 23.5 31.6 35.8 35.6 -- -- -- 2.50
Sodium mg/kg -- -- -- -- -- -- -- -- --
Thallium mg/kg -- 1.0 U 1.0 U 1.0 U 1.0 U -- -- -- 1.0 U
Vanadium mg/kg -- -- -- -- -- -- -- -- --
Zinc mg/kg -- 19,600 24,500 28,500 27,700 17,600 -- 368 e 394

(notes appear on following page)

< 250 µm < 2 mm

Oklahoma Smelter
Soil #1a

Dugway
Compositec

OK Smelter
Soil #2b

2/10/2004 5/5/20032/10/2004 4/10/2003
< 150 µm < 250 µm

3/2/2004 2/10/2004
< 250 µm
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Table 2-3. (cont.)

Note: Analysis performed by Columbia Analytical Services unless noted otherwise
Note: --  –  Not applicable or not available
Note: U   –  undetected; value represents reporting limit for CAS analyses; value represent detection limit for ACZ analyses
a Collected from field north of Blackwell smelter by Exponent.
b Blackwell soil obtained from Nick Basta (Ohio State University).
c Dugway Proving Grounds #3B and #1 Composite
d Analysis by ACZ Laboratories (10/2/2002 Pt Mugu #1B sample sent to ACZ)
e Average of field replicates
f Average of two results by different methods: 300 mg/kg using method 6010B and 269 mg/kg using method 7060A
g Analysis by Auburn University (samples sent 3/31/2004)
h Sample sent to CAS by Stan Casteel (Exponent tag # 57171, orginally sent to Stan on 5/2/2003)
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Table 2-4.  SERDP — arsenic dermal study substrates

Colorado Residential Soila New York Pesticide Facility Soil (A1B21)
<2 mm <250 µm <150 µm <150 µm <2 mm <2 mm <250 µm <250 µm <150 µmb <150 µm

Chemical Units 2/19/04 2/19/04 2/19/04 12/20/04 10/2/03 10/6/04 10/2/03 10/6/04 10/30/03 10/30/03
Conventionals

pH s.u. -- 5.33 -- -- -- -- -- 5.24 5.34 5.61
Total organic carbon % -- 2.76 -- -- -- -- -- 5.08 4.77 4.25
Cation exchange capacity meq/100g -- -- -- -- -- -- -- -- -- 81.0
DCB extractable iron mg/kg -- -- -- -- -- -- -- -- -- 9,720

Particle Size Distribution
Medium gravel (>4,750 µm) % 0 -- -- -- 0.03 0.0 -- -- -- --
Fine gravel (2,000 – 4,750 µm) % 2.55 -- -- -- 0.59 0.03 -- -- -- --
Very coarse sand (850 – 2,000 µm) % 4.88 -- -- -- 23.6 22.8 -- -- -- --
Coarse sand (425 – 850 µm) % 11.7 -- -- -- 23.9 18.1 -- -- -- --
Medium sand (250 – 425 µm) % 17.4 -- -- -- 15.1 11.8 -- -- -- --
Fine sand (106 – 250 µm) % 32.5 -- -- -- 18.1 13.7 -- -- -- --
Very fine sand (75 – 106 µm) % 9.24 -- -- -- 3.95 4.02 -- -- -- --
Percent silt (4 – 75 µm) % 20.6 -- -- -- 1.86 2.02 -- -- -- --
Percent clay (<4 µm) % 1.14 -- -- -- 14.9 15.8 -- -- -- --

Replicate Arsenic Analyses
Replicate - 1 mg/kg -- 1,100 1,230 -- -- 1,500 1,580 1,750 1,610 1,350
Replicate - 2 mg/kg -- 672 -- -- -- -- -- -- -- 1,360
Replicate - 3 mg/kg -- 835 -- -- -- -- -- -- -- 1,360
Average Arsenic Concentration: mg/kg -- 869 1,230 -- -- 1,500 1,580 1,750 1,610 1,400

Other metals
Antimony mg/kg -- 10.0 -- -- -- -- -- 15.7 -- 10 U
Beryllium mg/kg -- 1.0 U -- -- -- -- -- 1.0 U -- 1 U
Cadmium mg/kg -- 5.0 -- -- -- -- -- 8.4 -- 1.7
Chromium mg/kg -- 54.5 -- 51.8 -- -- -- 19.0 17.3 16.2
Copper mg/kg -- 30.4 -- -- -- -- -- 61.6 60.1 62.3
Iron mg/kg -- -- -- 13,650 -- -- -- -- 16,950 15,050
Lead mg/kg -- 469 -- -- -- -- -- 416 374 399
Manganese mg/kg -- -- -- -- -- -- -- -- 661 645
Mercury mg/kg -- 0.80 -- -- -- -- -- 2.11 -- 0.44
Nickel mg/kg -- 11.2 -- -- -- -- -- 12.9 -- 13.7
Selenium mg/kg -- 2.5 U -- -- -- -- -- 2.2 -- 1.9
Silver mg/kg -- 2.0 U -- -- -- -- -- 2.0 U -- 2 U
Thallium mg/kg -- 10.0 U -- -- -- -- -- 1.0 U -- 1 U
Zinc mg/kg -- 314 -- -- -- -- -- 254 -- 244

Note: --  –  Not applicable or not available a Soil obtained from Bill Brattin.  
Note: U   –  undetected; value represents detection or reporting limit b Average of duplicates.
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Table 2-5. SERDP — wildlife study substrates

Chemical Units 2/10/2004 2/10/2004 2/10/2004

Conventionals
pH s.u. -- -- 7.61 7.43 7.20 -- 8.00 --
Total organic carbon % -- -- 0.75 1.90 4.01 -- 3.26 --
Total inorganic carbon % -- -- 0.53 0.99 1.21 -- 1.02 --
Total carbon % -- -- 1.28 2.89 5.22 -- 4.28 --
Cation exchange capacity meq/100g -- -- 46.2 65.9 103 -- 71.3 --
Total solids % -- -- -- -- -- 98.5 b -- 98.3 b

DCB extractable iron mg/kg -- -- 3,830 f -- -- -- 12,240 f --

Particle Size Distribution
Medium gravel (> 4,750 µm) % 0.01 -- -- -- -- -- 0 --
Fine gravel (2,000 – 4,750 µm) % 0.05 -- -- -- -- -- 0.08 --
Very coarse sand (850 – 2,000 µm) % 11.8 -- -- -- -- -- 0.25 --
Coarse sand (425 – 850 µm) % 30.5 -- -- -- -- -- 7.73 --
Medium sand (250 – 425 µm) % 30.3 -- -- -- -- -- 19.4 --
Fine sand (106 – 250 µm) % 20.4 -- -- -- -- -- 36.5 --
Very fine sand (75 – 106 µm) % 1.91 -- -- -- -- -- 8.96 --
Percent silt (4 – 75 µm) % 2.22 -- -- -- -- -- 1.67 --
Percent clay (< 4 µm) % 3.34 -- -- -- -- -- 24.7 --

Other
Chromium, hexavalent mg/kg -- 1.1 c 0.5 U -- -- -- 0.5 U --
Cyanide mg/kg -- -- -- -- -- 100 b -- 0.50 U b

Organic sulfur % -- -- -- -- -- 0.040 b -- --
Sulfate % -- -- -- -- -- 0.16 b -- --
Sulfides % -- -- -- -- -- 0.16 b -- --
Sulfur % -- -- -- -- -- 0.36 b -- --

2/10/2004
< 150 µm< 250 µm< 2 mm < 500 µm

Point Mugu #1B

12/3/2002

Dugatinnya

< 500 µm
10/2/2002 10/28/2002

(unknown)b

8/23/2002
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Table 2-5. (cont.)

Chemical Units 2/10/2004 2/10/2004 2/10/2004

Replicate Arsenic Analyses
Replicate - 1 mg/kg -- 79.4 77.7 165 285 d 70 b 60.4 56 b

Replicate - 2 mg/kg -- 82.6 -- -- -- -- -- --
Replicate - 3 mg/kg -- 88 -- -- -- -- -- --
Replicate - 4 mg/kg -- -- -- -- -- -- -- --
Replicate - 5 mg/kg -- -- -- -- -- -- -- --
Replicate - 6 mg/kg -- -- -- -- -- -- -- --

Average Arsenic Concentration: mg/kg -- 83.3 c 77.7 165 285 d 70 b 60.4 56 b

Replicate Cadmium Analyses
Replicate - 1 mg/kg -- 1,770 1,760 3,860 7,480 1,420 b 14.0 8.98 b

Replicate - 2 mg/kg -- 1,630 -- 4,000 7,740 -- -- --
Replicate - 3 mg/kg -- 1,860 -- 3,830 e 7,580 -- -- --
Replicate - 4 mg/kg -- -- -- -- 7,700 -- -- --

Average Cadmium Concentration: mg/kg -- 1,753 c 1,760 3,897 c 7,625 c 1,420 b 14.0 8.98 b

Replicate Chromium Analyses
Replicate - 1 mg/kg -- 8,410 8,310 16,300 30,200 6,600 b 79.4 71 b

Replicate - 2 mg/kg -- 7,960 -- -- -- -- -- --
Replicate - 3 mg/kg -- 8,770 -- -- -- -- -- --

Average Chromium Concentration: mg/kg -- 8,380 c 8,310 16,300 30,200 6,600 b 79.4 71 b

Replicate Lead Analyses
Replicate - 1 mg/kg -- 561 555 1,140 1,980 643 b 257 282 b

Replicate - 2 mg/kg -- 557 -- -- -- -- -- --
Replicate - 3 mg/kg -- 602 -- -- -- -- -- --

Average Lead Concentration: mg/kg -- 573 c 555 1,140 1,980 643 b 257 282 b

Point Mugu #1B
< 2 mm < 500 µm < 250 µm < 150 µm (unknown)b

Dugatinnya

10/28/2002 12/3/2002
< 500 µm

2/10/2004 8/23/2002 10/2/2002
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Table 2-5. (cont.)

Chemical Units 2/10/2004 2/10/2004 2/10/2004

Other Metals
Aluminum mg/kg -- -- -- -- -- 2,530 b -- 12,700 b

Antimony mg/kg -- 8.56 c 10 U 10 U 10 U 9 b 10 U 0.90 b

Barium mg/kg -- -- -- -- -- 1,110 b -- 159 b

Beryllium mg/kg -- -- 1.0 U 1.0 U 1.0 U 0.2 U b 1.0 U 0.40 b

Calcium mg/kg -- -- -- -- -- 13,400 b -- 47,400 b

Cobalt mg/kg -- -- -- -- -- 9 b -- 84 b

Copper mg/kg -- -- 943 1,950 3,310 790 b 57.3 65 b

Iron mg/kg -- -- 9,330 15,600 26,900 9,550 b 20,900 21,600 b

Magnesium mg/kg -- -- -- -- -- 2,380 b -- 11,200 b

Manganese mg/kg -- -- 78.0 138 220 72.5 b 498 413 b

Mercury mg/kg -- 0.88 c 0.850 1.85 3.15 0.86 b 11.3 14.9 b

Nickel mg/kg -- -- 1,870 3,850 6,740 1,520 b 41.1 39 b

Phosphorus mg/kg -- -- 1,710 3,310 5,100 -- 1,560 --
Potassium mg/kg -- -- -- -- -- 850 b -- 1,960 b

Selenium mg/kg -- 2.0 U c 1.0 U 1.80 2.30 30 U b 1.0 U 20 U b

Silver mg/kg -- -- 171 362 615 173 b 3.70 3.16 b

Sodium mg/kg -- -- -- -- -- 3,620 b -- 410 b

Thallium mg/kg -- -- 1.0 U 1.0 U 1.0 U 1 U b 1.0 U 0.17 b

Vanadium mg/kg -- -- -- -- -- 11.6 b -- 26.3 b

Zinc mg/kg -- 738 c 673 1,370 2,380 589 b 356 369 b

2/10/2004 8/23/2002 10/2/2002 10/28/2002
(unknown)b < 500 µm< 2 mm < 500 µm < 250 µm < 150 µm

Point Mugu #1B Dugatinnya

12/3/2002
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Table 2-5. (cont.)

< 250 µm
Chemical Units 12/3/2002 8/23/2002

Conventionals
pH s.u. -- 5.92 5.28 --
Total organic carbon % -- 2.98 3.40 --
Total inorganic carbon % -- 1.27 -- --
Total carbon % -- 4.25 -- --
Cation exchange capacity meq/100g -- 74.0 -- --
Total solids % 98.2 b -- -- --
DCB extractable iron mg/kg -- 5,630 f -- --

Particle Size Distribution
Medium gravel (> 4,750 µm) % -- -- 0 --
Fine gravel (2,000 – 4,750 µm) % -- -- 0 --
Very coarse sand (850 – 2,000 µm) % -- -- 0.06 --
Coarse sand (425 – 850 µm) % -- -- 0.835 --
Medium sand (250 – 425 µm) % -- -- 4.55 --
Fine sand (106 – 250 µm) % -- -- 32.9 --
Very fine sand (75 – 106 µm) % -- -- 11.2 --
Percent silt (4 – 75 µm) % -- -- 47.1 --
Percent clay (< 4 µm) % -- -- 3.29 --

Other
Chromium, hexavalent mg/kg -- 0.5 U -- --
Cyanide mg/kg 0.50 U b -- -- --
Organic sulfur % -- -- -- --
Sulfate % -- -- -- --
Sulfides % -- -- -- --
Sulfur % -- -- -- --

10/23/2002

Washington Orchard Soil
< 500 µm < 180 µm

2/10/2004

Page 4 of 9 \\boulder3\data\Groups\Data Management\1191_SERDP\Soils\WildlifeStudy_Soils.xls\Table3  4/15/2005  3:33 PM



Table 2-5. (cont.)

< 250 µm
Chemical Units 12/3/2002 8/23/2002

Replicate Arsenic Analyses
Replicate - 1 mg/kg 280 b 284 310 321
Replicate - 2 mg/kg -- -- 294 327
Replicate - 3 mg/kg -- -- 306 326
Replicate - 4 mg/kg -- -- 295 --
Replicate - 5 mg/kg -- -- 289 --
Replicate - 6 mg/kg -- -- 311 --

Average Arsenic Concentration: mg/kg 280 b 284 301 c 325 c

Replicate Cadmium Analyses
Replicate - 1 mg/kg 0.33 b 2.40 1.0 U --
Replicate - 2 mg/kg -- -- -- --
Replicate - 3 mg/kg -- -- -- --
Replicate - 4 mg/kg -- -- -- --

Average Cadmium Concentration: mg/kg 0.33 b 2.40 1.0 U --

Replicate Chromium Analyses
Replicate - 1 mg/kg 31 b 36.0 33.6 --
Replicate - 2 mg/kg -- -- -- --
Replicate - 3 mg/kg -- -- -- --

Average Chromium Concentration: mg/kg 31 b 36.0 33.6 --

Replicate Lead Analyses
Replicate - 1 mg/kg 2,380 b 2,640 2,890 --
Replicate - 2 mg/kg -- -- -- --
Replicate - 3 mg/kg -- -- -- --

Average Lead Concentration: mg/kg 2,380 b 2,640 2,890 --

Washington Orchard Soil
< 500 µm

10/23/2002
< 180 µm

2/10/2004
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Table 2-5. (cont.)

< 250 µm
Chemical Units 12/3/2002 8/23/2002

Other Metals
Aluminum mg/kg 17,200 b -- -- --
Antimony mg/kg 0.60 b 10 U 10 U --
Barium mg/kg 128 b -- -- --
Beryllium mg/kg 0.20 U b 1.0 U 1.0 U --
Calcium mg/kg 5,410 b -- -- --
Cobalt mg/kg 9.0 b -- -- --
Copper mg/kg 37 b 35.5 36.5 --
Iron mg/kg 20,900 b 22,300 -- --
Magnesium mg/kg 6,530 b -- -- --
Manganese mg/kg 365 b 394 -- --
Mercury mg/kg 0.090 b 0.0400 0.040 --
Nickel mg/kg 15 b 16.2 17 --
Phosphorus mg/kg -- 887 -- --
Potassium mg/kg 6,240 b -- -- --
Selenium mg/kg 200 U b 1.0 U 2.0 U --
Silver mg/kg 0.060 b 2.0 U 2.0 U --
Sodium mg/kg 140 b -- -- --
Thallium mg/kg 0.25 b 1.0 U 2.0 U --
Vanadium mg/kg 46 b -- -- --
Zinc mg/kg 275 b 286 312 --

10/23/2002
< 500 µm < 180 µm

Washington Orchard Soil

2/10/2004
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Table 2-5. (cont.)

< 2 mm
Chemical Units 4/10/2003 4/25/2003 4/10/2003 2/10/2004 2/10/2004

Conventionals
pH s.u. 7.48 -- 7.53 -- 7.52 -- 7.48
Total organic carbon % 2.51 -- 2.09 -- 2.21 -- 2.27
Total inorganic carbon % -- -- 0.05 U -- 0.05 U -- 0.27
Total carbon % -- -- 2.11 -- 2.20 -- 2.54
Cation exchange capacity meq/100g -- -- 52.3 -- 54.1 -- 61.9
Total solids % 100 -- -- 100 -- 100 --
DCB extractable iron mg/kg -- -- 5,110 f -- -- -- --

Particle Size Distribution
Medium gravel (> 4,750 µm) % 0 -- -- -- -- -- --
Fine gravel (2,000 – 4,750 µm) % 0 -- -- -- -- -- --
Very coarse sand (850 – 2,000 µm) % 9.08 -- -- -- -- -- --
Coarse sand (425 – 850 µm) % 10.7 -- -- -- -- -- --
Medium sand (250 – 425 µm) % 12.8 -- -- -- -- -- --
Fine sand (106 – 250 µm) % 25.7 -- -- -- -- -- --
Very fine sand (75 – 106 µm) % 9.97 -- -- -- -- -- --
Percent silt (4 – 75 µm) % 27.5 -- -- -- -- -- --
Percent clay (< 4 µm) % 3.18 -- -- -- -- -- --

Other
Chromium, hexavalent mg/kg -- 1,355 c 0.5 U -- -- -- --
Cyanide mg/kg -- -- -- -- -- -- --
Organic sulfur % -- -- -- -- -- -- --
Sulfate % -- -- -- -- -- -- --
Sulfides % -- -- -- -- -- -- --
Sulfur % -- -- -- -- -- -- --

4/10/2003
< 500 µm < 250 µm < 150 µm

2/10/2004

Colorado Smelter Composite Soil (Globeville)
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Table 2-5. (cont.)

< 2 mm
Chemical Units 4/10/2003 4/25/2003 4/10/2003 2/10/2004 2/10/2004

Replicate Arsenic Analyses
Replicate - 1 mg/kg -- 303 393 412 416 452 474
Replicate - 2 mg/kg -- 297 -- 379 -- 470 --
Replicate - 3 mg/kg -- -- -- 388 -- 471 --
Replicate - 4 mg/kg -- -- -- 401 -- -- --
Replicate - 5 mg/kg -- -- -- 391 -- -- --
Replicate - 6 mg/kg -- -- -- -- -- -- --

Average Arsenic Concentration: mg/kg -- 300 c 393 394 c 416 464 c 474

Replicate Cadmium Analyses
Replicate - 1 mg/kg -- 455 424 444 437 501 510
Replicate - 2 mg/kg -- 390 -- 410 -- 497 517
Replicate - 3 mg/kg -- -- -- 449 -- 493 493
Replicate - 4 mg/kg -- -- -- 443 -- -- 468

Average Cadmium Concentration: mg/kg -- 423 c 424 437 c 437 497 c 497 c

Replicate Chromium Analyses
Replicate - 1 mg/kg -- 1,850 18.8 23.1 26.0 -- 31.4
Replicate - 2 mg/kg -- 1,820 -- -- -- -- --
Replicate - 3 mg/kg -- -- -- -- -- -- --

Average Chromium Concentration: mg/kg -- 1,835 c 18.8 23.1 26.0 -- 31.4

Replicate Lead Analyses
Replicate - 1 mg/kg -- 571 587 655 642 -- 713
Replicate - 2 mg/kg -- 597 -- -- -- -- --
Replicate - 3 mg/kg -- -- -- -- -- -- --

Average Lead Concentration: mg/kg -- 584 c 587 655 642 -- 713

Colorado Smelter Composite Soil (Globeville)

2/10/2004
< 500 µm < 250 µm < 150 µm

4/10/2003

Page 8 of 9 \\boulder3\data\Groups\Data Management\1191_SERDP\Soils\WildlifeStudy_Soils.xls\Table3  4/15/2005  3:33 PM



Table 2-5. (cont.)

< 2 mm
Chemical Units 4/10/2003 4/25/2003 4/10/2003 2/10/2004 2/10/2004

Other Metals
Aluminum mg/kg -- -- -- -- -- -- --
Antimony mg/kg -- -- 16.1 12.9 19.3 -- 18.7
Barium mg/kg -- -- -- -- -- -- --
Beryllium mg/kg -- -- 1.0 U 1.0 U 1.0 U -- 1.0 U
Calcium mg/kg -- -- -- -- -- -- --
Cobalt mg/kg -- -- -- -- -- -- --
Copper mg/kg -- -- 80.0 85.0 89.3 -- 93.9
Iron mg/kg -- -- 15,800 -- 20,500 -- 22,700
Magnesium mg/kg -- -- -- -- -- -- --
Manganese mg/kg -- -- 479 -- 510 -- 525
Mercury mg/kg -- -- 7.38 7.67 8.04 -- 9.69
Nickel mg/kg -- -- 13.2 16.3 16.7 -- 18.7
Phosphorus mg/kg -- -- 673 -- 804 -- 871
Potassium mg/kg -- -- -- -- -- -- --
Selenium mg/kg -- -- 14.8 14.0 c 14.1 -- 17.6
Silver mg/kg -- -- 2.0 U 2.55 2.50 -- 2.10
Sodium mg/kg -- -- -- -- -- -- --
Thallium mg/kg -- -- 13.6 15.2 c 14.3 -- 16.3
Vanadium mg/kg -- -- -- -- -- -- --
Zinc mg/kg -- -- 1,200 1,200 1,310 -- 1,420

Note: Analysis performed by Columbia Analytical Services unless noted otherwise
Note: --  –  Not applicable or not available
Note: U   –  undetected; value represents reporting limit for CAS analyses; value represent detection limit for ACZ analyses

a 50/50 mix of Dugway Proving Grounds #3B and Picatinny Arsenal.
b Analysis by ACZ Laboratories (10/2/2002 Pt Mugu #1B sample sent to ACZ).
c Average of field replicates.
d Average of two results by different methods: 300 mg/kg using method 6010B and 269 mg/kg using method 7060A.
e Sample sent to CAS by Stan Casteel (Exponent tag # 57171, orginally sent to Stan on 5/2/2003).
f Analysis by Auburn University (samples sent 3/31/2004).

2/10/2004 4/10/2003
< 500 µm < 250 µm < 150 µm

Colorado Smelter Composite Soil (Globeville)
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3 Determining Metals that Drive Health-Based 
Remedial Decisions for Soils at U.S. Department of 
Defense Sites 

3.1 Overview 

The primary objective of research that Exponent conducted for SERDP was to develop bench-
scale extraction tests to predict human and ecological exposures to metals in soil.  Using this 
research, the tests developed would yield inexpensive tools for quickly determining the 
bioavailability of metals in soils at hazardous waste sites.  However, before the planned research 
could begin, it was necessary to decide which particular metals should be evaluated.  By 
identifying the target metals, Exponent could focus the research on the metals that typically 
drive remedial decisions at DoD sites, while also providing SERDP with information to aid in 
focusing future research efforts.  This phase of the project culminated in development of a white 
paper that was submitted to SERDP, as well as a published manuscript.  Both of these work 
products are provided in Supplemental Materials for Section 3. 

3.2 Objectives 

This section details how Exponent decided which metals are most prevalent at DoD sites 
throughout the country, and which metals drive the need for remediation at these sites.  
Remediation decisions are typically driven by the amount of metal present in soils that could 
actually be absorbed by human or ecological receptors (i.e., the bioavailability of the metal).  
SERDP’s immediate needs would be best served by tailoring the research to a few specific 
metals.   

This research was structured to answer the following specific questions: 

• What metals potentially drive risk-based remedial decisions at DoD 
facilities? 

• For facilities where more than one metal exceeds risk-based screening 
criteria, what are the metals of concern, and how do they compare in 
perceived importance? 

• For the metals that most often exceed the screening criteria, what is the 
receptor of greatest concern (human or ecological)? 
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3.3 Methods 

3.3.1 Database Construction 

To determine which metals are driving remedial decisions at DoD sites, it was necessary first to 
solicit information, such as databases, from various organizations that are involved with 
remediation.  These organizations included the Army, Navy, Air Force, EPA, Federal Facilities 
Restoration and Reuse Office (FFRRO), Comprehensive Environmental Response, 
Compensation, and Liability Information System (CERCLIS), EPA Records of Decision, and 
the DoD Environmental Cleanup Office. 

Individuals were contacted at the various organizations to identify and gain access to databases 
that could help determine which metals are of most concern.  No single database existed that 
contains the entirety of the information we sought.  Five databases were deemed to contain 
relevant information, and although other databases were identified, they were not suitable due to 
their generalized format or the cumbersome extraction approach that would have been required.  
Even among the five databases that were used, it was necessary to extract the relevant 
information, combine the extracted data into a single database, and format it for appropriate 
comparisons so that it could be queried.   

3.3.2 Use of Screening Criteria to Assess and Compare Risks 

The compiled database contained soil concentration data for sites that are known to have metals 
in soil.  The concentrations were compared to human and ecological risk-based screening 
criteria to determine which metals most frequently exceeded the criteria.  The criteria are risk 
based (i.e., derived from toxicity information and assumptions regarding potential exposure 
levels), and are used to determine whether additional study is warranted.  Exceeding screening 
levels suggests the potential need for further evaluation, or the screening levels may serve as 
preliminary remediation goals.  Therefore, by comparing the standardized data to the screening 
criteria, preliminary conclusions could be made for SERDP regarding which metals may 
warrant potential remediation at DoD sites. 

As mentioned above, metal concentration data were compared against two sets of screening 
criteria—human health and ecological.  The human health screening criteria were obtained from 
EPA’s Soil Screening Guidance, which is a tool that the Agency developed to help standardize 
and accelerate the evaluation and cleanup of contaminated soils at sites on the National 
Priorities List for which future land use is slated as residential.  The ecological screening criteria 
were based on Ecological Soil Screening Levels (U.S. EPA 2000) for mammals and birds, if 
available; if not, the Preliminary Remediation Goals for Ecological Endpoints (Efroymson et al. 
1997) for American woodcock were used.  Please refer to the manuscript (Supplemental 
Materials for Section 3) for a more detailed discussion of the methods and criteria that were 
used.  
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3.4 Results 

3.4.1 What metals potentially drive risk-based remedial decisions at 
DoD facilities? 

The first set of analyses was conducted to answer the above question.  After analyzing the 
database that was created by assembling data from five different sources, the database was first 
queried to determine which metals most frequently exceeded the health-based screening criteria.  
For the human health screening, the metal concentrations were compared to residential and 
industrial criteria, and for the ecological screening, the metal concentrations were compared to 
mammalian and avian criteria.  The results denoting the percentage of sites that exceeded 
criteria are presented in Figures 3-1 and 3-2.   

Figure 3-1 indicates that lead, arsenic, chromium, cadmium, and antimony most commonly 
exceed residential and industrial human health screening criteria.  Figure 3-2 suggests that lead, 
zinc, mercury, chromium, selenium, and cadmium most commonly exceed avian and 
mammalian ecological screening criteria.   

3.4.2 For facilities where more than one metal exceeds risk-based 
screening criteria, what are the metals of concern, and how do 
they compare in perceived importance? 

In the second set of analyses, the five sites presenting the highest potential concern were 
selected from the compiled database.  For those five sites with the highest overall ratio of 
screening level to site soil concentrations, we determined what metals were present at 
concentrations above screening values.  This portion of the research was undertaken to 
determine the relative contribution from metals in soil at facilities where multiple metals exceed 
screening criteria, thereby helping to distinguish how metals at DoD facilities compare in 
perceived importance.   

The results indicated that lead consistently appears as a metal that exceeds screening criteria for 
human receptors, and selenium consistently appeared as the metal that exceeded screening 
criteria when avian receptors were the focus of the screening assessments.  Other than that, none 
of the metals shows an ordered pattern in terms of driving exceedances.   

3.4.3 For the metals that most often exceed the screening criteria, what 
is the receptor of greatest concern (human or ecological)? 

The final analysis was designed to determine what receptor (human in a residential setting, or 
human in an industrial setting, or ecological mammalian or ecological avian) is of primary 
importance for the metals associated with the highest exceedance of screening criteria, across all 
DoD sites evaluated.  Screening criteria for ecological receptors (mammalian and avian) were 
exceeded at more sites than those for human receptors (residential and industrial).  The results 
could be interpreted to indicate that ecological receptors are at greater risk from metals present 
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in soil at DoD sites than are humans, but these results more likely reflect the conservative nature 
and uncertainty associated with the ecological screening criteria.   

3.4.4 Agency Staff Interviews 

In addition to the database that was created to provide SERDP with information regarding what 
metals drive remedial decisions at DoD sites, we also contacted professional staff (either 
regional toxicologists or the Regional Contact for the FFRRO) within each EPA region.  Five 
specific questions were posed to each contact: 

• Which DoD facilities present risks from potential exposures to metals in 
soils? 

• Which specific metals are of concern? 

• Which receptors (human or ecological) are of concern for metals in soils? 

• Which human and ecological exposure pathways are potentially of concern 
for metals in soils? 

• Which human exposure scenarios (e.g., workers, residents, trespassers) are 
potentially of concern for exposure to metals in soils? 

 
The information from these individuals was generally anecdotal, and none of the individuals had 
compiled information from the DoD sites within their region.  For some regions, anecdotal 
evidence suggests that metals are not driving risks at DoD facilities, but rather, organic 
compounds are the primary concern, and in nearly all instances, human receptors were driving 
remedial decisions, and ingestion of soils was the exposure pathway of concern.  Ecological 
receptors or other exposure pathways were rarely mentioned. 

3.4.5 Overall Conclusions 

Based on this research that was conducted for SERDP, lead was the most frequent soil 
contaminant associated with DoD sites that exceeded screening criteria, for both human health 
and ecological scenarios.  Agency staff interviews also indicated that lead was the top metal of 
concern for human health.  Other metals that have been determined to be of concern for human 
health include arsenic, chromium, cadmium, and antimony (Figure 3-1).  The most frequent 
metals of concern based on the ecological screening criteria were lead, zinc, mercury, 
chromium, and selenium for birds, and arsenic for mammals (Figure 3-2).  For a more detailed 
report on these findings, please refer to the paper that was published in the International Journal 
of Human and Ecological Risk Assessment (Supplemental Materials for Section 3).   
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Source: Navy, Air Force, Army, RMIS, and CERCLIS data sets.

Disclaimer: The results presented in this figure 
are only as accurate as the data provided in the 
database. For more information, please see text.

Figure 3-1.  Indicates that lead, arsenic, chromium, cadmium, and antimony most commonly exceed residential and industrial 
human health screening criteria
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Figure 3-2.  Suggests that lead, zinc, mercury, chromium, selenium, and cadmium most commonly exceed avian and mammalian    
ecological screening criteria



 

4 Oral Bioavailability of Metals to Humans 

Based on the research that was conducted for SERDP and reported in Section 3, lead was the 
most frequent soil contaminant associated with DoD sites that exceeded screening criteria for 
human health exposure scenarios.  Other metals that were determined to be of concern for 
human health include arsenic, cadmium, chromium, and antimony.  Because EPA and others 
have already devoted substantial effort to developing research methods and in vitro approaches 
to estimate the relative oral bioavailability of lead, this metal was not deemed a priority for the 
SERDP research for human receptors.  Instead, efforts were focused on evaluating some of the 
other metals that were identified as priorities—specifically, arsenic and cadmium.  Initially, 
some effort was also directed toward understanding absorption associated with exposures to 
chromium.  However, early evaluations indicated that bioavailability was a less important issue 
for chromium than understanding the form of chromium (i.e., trivalent or hexavalent) that is 
absorbed by biological systems.  Because elucidating the form of absorbed chromium was 
beyond the scope of this SERDP-funded research, attention was instead focused on arsenic and 
cadmium. 

4.1 Arsenic 

The protocol for the oral arsenic study (included in Supplemental Materials for Section 4) was 
finalized and received DoD approval.  Originally, the intent of the research design was to 
measure arsenic bioavailability from soils using the Cebus monkey, as described previously 
(Roberts et al. 2002).  The Cebus monkeys used in the published study were being retired from 
research, and replacements were needed.  We experienced difficulty finding a source for Cebus 
monkeys at the time, and consequently explored the possibility of changing monkey species.  
Ultimately, cynomolgus monkeys were selected for the replacements, for a number of reasons:   

1. They were readily available from commercial suppliers. 

2. A previous study (Freeman et al. 1995) had used cynomolgus monkeys 
successfully to measure the relative oral bioavailability of arsenic from soils. 

3. The Cebus monkeys were prone to vomit their doses, and several of the 
dosings had to be repeated.  Experience of others with cynomolgus monkeys 
suggested that vomiting of doses would not be a problem, allowing more 
expeditious completion of the experiments. 

4. Cynomolgus monkeys could be obtained that were chair-trained, offering the 
opportunity to modify the experimental protocol to eliminate some of the 
sedative drugs that were used in the Cebus protocol.  Reducing the use of 
sedative drugs was considered desirable, in that it would more closely mimic 
circumstances of human exposure.   

 
Seven cynomolgus monkeys were received at the University of Florida and passed an initial 
quarantine period.  All monkeys were successfully dosed via gavage, and urine samples were 
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collected and sent to Battelle for analysis.  Battelle conducted trial analyses on the urine and 
changed the analytical procedure from graphite furnace atomic absorption spectrometry 
(GFAAS) to inductively coupled plasma/mass spectroscopy (ICP/MS), to decrease by two 
orders of magnitude the practical quantitation limit for arsenic in monkey urine.   

Initial problems related to poor urinary arsenic recovery from Plexiglass trays positioned 
beneath the metabolism cages were resolved, and the improved procedure for recovery from 
Plexiglass was developed and implemented.  The 0.5-mg/kg body weight and 0.1-mg/kg body 
weight dose of sodium arsenate were administered to the monkeys.  Data from these trials 
indicated acceptable recovery rates, and are included in the Supplemental Materials for 
Section 4, as are the research protocol and the DoD approval form.  The testing of soil samples 
commenced in January 2004.   

Below is a summary of the research, including methods and results.  Included in the 
Supplemental Materials for Section 4 is a preliminary draft manuscript of the research, which 
provides additional detail.  Additional soil samples were obtained recently from industrial 
entities that co-funded this research.  Once these additional soils have been dosed to the 
monkeys and the results obtained from the laboratory, a total of 13 soil substrates will have been 
tested in this research model.  At that time, the latest data will be incorporated into the draft 
manuscript.  Analyses are expected to be complete by July 2005, with submission of a 
manuscript for journal publication prior to September 2005. 

4.1.1 Introduction 

When assessing potential risks from arsenic contamination in soil, contemporary models and 
assumptions generally regard incidental soil ingestion as the dominant route of exposure.  The 
default assumption typically used in risk assessments is that the extent of gastrointestinal 
absorption of arsenic from soil is equivalent to its absorption from water.  Absorption from 
water is the relevant comparison in the case of arsenic, because the cancer slope factor used to 
estimate excess cancer risks was developed from studies of individuals exposed to arsenic in 
drinking water.  Assuming equivalent absorption is the same as stating that the relative oral 
bioavailability (RBA) of arsenic from soil [compared to water] is 1.0, or 100%. 

Although the principal of reduced bioavailability of arsenic from soils is well established, 
understanding of the factors that dictate bioavailability is limited.  One of the obstacles in 
conducting research on factors that influence arsenic bioavailability is the limited number of soil 
samples for which bioavailability has been measured.  Many of the soil samples for which 
bioavailability data have been published are no longer available or are inaccessible for research 
for other reasons.  Consequently, there is a need for characterization of additional soils in terms 
of arsenic bioavailability, not only to support additional research on this topic, but also to better 
define the range of arsenic bioavailabilities that may exist in contaminated soils.  For this 
project, RBA values for arsenic in soil from 10 different contaminated sites were measured in 
cynomolgus monkeys.  Four of the 10 samples were from sites where the arsenic RBA in soils 
had been reported previously, allowing a comparison of RBA results in two different 
experimental models.  Although there are obvious limitations in such a comparison, it 
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nonetheless offers the first look at the comparability of the in vivo bioavailability measurements 
in swine and monkey.  

4.1.2 Materials and Methods 

4.1.2.1 Animals and Animal Care 

Seven young adult male cynomolgus (Macaca fascicularis) monkeys, 4–5 kg body weight, were 
purchased from Primate Products, Inc. (Miami, Florida).  Prior to and during the studies, the 
monkeys were fed a low-arsenic pelletized diet (Bio-Serv, Frenchtown, New Jersey).  This diet 
was necessary because background exposures to arsenic from the diet can obscure detection of 
arsenic from soils.  All procedures involving the animals were approved by the Institutional 
Animal Care and Use Committee of the University of Florida. 

4.1.2.2 Soil Samples 

Some of the soil samples tested had been included in previous studies of arsenic bioavailability 
or bioaccessibility.  These soil samples had been previously sieved to 250 µm, and no further 
processing was conducted.  Other samples were collected from selected arsenic-contaminated 
sites.  Soils were dried for at least 3 days at 30–38 °C, and sieved to 250 µm or less.  The total 
arsenic concentration in an aliquot of the 250-µm sieved soil was measured using EPA 
Method 6010.  

4.1.2.3 Animal Dosing and Sampling 

At the beginning of each experiment, monkeys were fed a low-arsenic diet starting five days 
prior to the arsenic dose.  Three days after initiating the diet, the animals were sedated and 
transferred to metal-free metabolic cages, where urine was collected for baseline arsenic levels 
prior to dosing.  Each monkey was fasted overnight before dosing, but the low-arsenic diet was 
restored four hours after the animal was dosed and continued while the animal remained in the 
metabolism cage.  Soil doses were administered as a slurry in metal-free, deionized water from a 
60-mL irrigating syringe attached to the gastric tube.  The mass of soil administered did not 
exceed 1 g per kg body weight.  Sodium arsenate was administered from a 1.0-mg As/mL stock 
solution in deionized water, and the volume was adjusted to provide a dose no greater than 
1.0 mg As/kg body weight.  The syringe and gastric tube were flushed twice with metal-free, 
deionized water to ensure complete transfer of the dose to the stomach.  Urine and feces were 
then collected for 4 days.  After collection of urine and feces was complete, each animal was 
returned to its home cage for a period of 3 weeks before the next dosing period.  This “wash-
out” period ensured that urinary and fecal arsenic concentrations returned to baseline levels.  
Evaluation of pre-dosing urine samples collected over the course of the study confirmed that no 
arsenic was carried over from one dose to the next under these conditions.   

In one experiment, each animal was administered intravenously a single dose of sodium 
arsenate (1 mg As, as sodium arsenate, per kg body weight in sterile saline).  Animals were 
placed in the metabolism cage and fed a low-arsenic diet as detailed above.  At the time of 
dosing, an intravenous line was placed in the leg via the saphenous vein.  The arsenic dose was 
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introduced through the intravenous line over a period of about five minutes.  The animal was 
then returned to the metabolism cage, where urine and feces were collected. 

4.1.2.4 Quantification of Arsenic in Plasma, Urine, and Feces 

Baseline urine samples were analyzed by ICP/MS.  The limit of quantification for arsenic in 
urine was 0.3 µg/L.  Urine samples collected after the dose, and all fecal samples, were analyzed 
by inductively coupled plasma–atomic emission spectrometry (ICP-AES).  The limits of 
quantification for urine and feces using this method were 2.3 µg/L and 0.5 µg/g, respectively. 

4.1.2.5 Calculation of Bioavailability 

The relative oral bioavailability of arsenic from each test soil was measured in five individual 
animals using urinary excretion data.  As described in Section 4.1.3 - Results, each animal 
received, on separate occasions, three doses of sodium arsenate by gavage—0.25, 0.5, and 
1.0 mg/kg (as arsenic).  Measurements of arsenic in urine over two days prior to dosing were 
used to establish the baseline arsenic excretion due to diet for each subject in each experiment.  
This “background” was subtracted from the total arsenic excreted in urine after the dose to 
calculate the excretion resulting from arsenic administration.  The percent of arsenic dose 
recovered in urine following each of the sodium arsenate doses was averaged for each animal.  
This average recovery was used as the reference value to adjust for urinary recovery following 
administration of arsenic in soil.  For each soil sample, five animals were selected randomly, 
and a dose of the test soil was administered by gavage.  The percent of administered arsenic in 
soil (based on arsenic concentration and administered soil volume) was divided by the sodium 
arsenate reference value for that animal to calculate the relative bioavailability of arsenic from 
soil.  When total arsenic recovery was less than 70% after a soil dose in an animal, the RBA 
value was flagged, and the soil sample was re-administered.  In all such instances, total recovery 
from the subsequent dose was greater than 70%, and the resultant RBA replaced the original, 
low-recovery value. 

4.1.3 Results 

Samples of arsenic-contaminated soil were obtained from 10 different sites.  Information 
regarding the mineralogy of the soil was available for some, but not all, of the samples 
(Table 4-1).  Total arsenic content for the soils tested ranged from 125 to 1,500 mg/kg 
(Table 4-1).  The relative oral bioavailability (RBA) of arsenic in the soil sample was calculated 
for each subject.  Mean (±SD) values obtained for each soil are presented in Table 4-2, along 
with the coefficient of variation (COV).  The mean RBA values for the 10 soil samples varied 
from 5% to 31%.  The COVs were less than 50%, except for the soil with the lowest RBA, 
which had a COV of 81% (RBA ranged from 0% to 11%).  The RBA for arsenic for some of the 
soil samples had been determined previously in other animal models.  For those soil samples, 
the RBA, as determined elsewhere, is also shown for comparison. 

Because the RBA values for the various soil samples tested were all relatively low, and in some 
instances were less than that observed for the same or similar soil samples in the swine, an 
additional experiment was conducted to verify that this monkey model is, in fact, capable of 
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measuring high oral bioavailability.  For this experiment, a low-arsenic-content soil (3.6 mg/kg) 
was spiked with sodium arsenate three hours before dosing.  The spiked soil was administered 
to three animals by gavage in the same manner as the test soils.  Urinary recovery of arsenic 
from the spiked soil (Table 4-3) was much higher than that observed for the test soils from 
contaminated sites, resulting in RBA values that averaged about 0.8, indicating that this research 
model is capable of demonstrating high RBA values for soluble forms of arsenic in soil. 

4.1.4 Discussion 

Two previous studies have used primates to evaluate the relative bioavailability of arsenic from 
soil.  A Battelle study measured the relative oral bioavailability of arsenic from one soil and one 
house-dust sample collected near a Montana smelter site in female cynomolgus monkeys 
(Freeman et al. 1995).  Roberts et al. (2002) used five male Cebus monkeys to measure the 
relative bioavailability of arsenic from five soil samples collected from contaminated sites in 
Florida.  The urinary and fecal recovery of intravenously administered arsenic in female 
cynomolgus monkeys in the Battelle study matched closely the recoveries observed in male 
cynomolgus monkeys reported here.  In the Battelle study, 76.5% ± 2.5% of the arsenic dose 
was recovered in urine, 3.2% ± 1.9% was recovered in feces, and total arsenic recovery was 
79.7% ± 4.0% (mean ±SD).  Cebus monkeys in the Florida study also excreted almost the entire 
intravenous dose in the urine, with an average total recovery for four animals of 66.8 ± 6.5%.  

The percent of arsenic dose recovered in urine following a gavage dose of sodium arsenate was 
about 40% in cynomolgus monkeys in this study, compared with about 50% in Cebus monkeys 
in the Florida study, and almost 70% on average for cynomolgus monkeys in the Battelle study.  
The reason for the substantial difference in urinary excretion following oral sodium arsenate 
doses, particularly between studies using the same monkey species, is unclear.  Total arsenic 
recoveries were also different, although the margin was smaller (about 80% in this study versus 
95% in the Battelle study), suggesting that at least part of the difference lies in lower 
gastrointestinal absorption of arsenic in water by the monkeys used in this study.  The difference 
cannot be explained by dose— the Battelle study used a gavage dose (0.62 mg/kg) in the middle 
of the range of doses (0.25–1.0 mg/kg) used in the study reported here.  It is also difficult to 
explain based on experimental protocol.  Both studies administered the sodium arsenate dose by 
gavage tube without anesthesia, followed by recovery of urine and feces in metabolism cages 
for similar lengths of time (five days in the Battelle study and four days in this study).  Cage 
washes recovered nearly 90% of arsenic in urine (see Section 4.1.2 - Materials and Methods), so 
under-recovery of arsenic from the metabolism cages can be ruled out.  The differences might 
be due to the sex of the animals (females in the Battelle study versus males in this study).  
Unfortunately, there are no studies of arsenic bioavailability that have included animals of both 
sexes to examine this possibility.  It is also possible that different cynomolgus monkey strains 
were used in the two studies.  Even though urinary arsenic recoveries following dosing with 
sodium arsenate in water vary among studies, each serves as a valid point of comparison within 
the study.   

Among the 10 soil samples tested in this study, the mean RBA values ranged from 0.05 to 0.31.  
For some soil samples, the RBA values obtained from different subjects were variable, and the 
coefficient of variation was near 50% for half of the samples.  Based on the variability in 
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recoveries following gavage treatment with sodium arsenate (Table 4-4), much of this 
variability may be intra-subject; that is, reflecting differences in absorption of arsenic on 
different experiment days.  However, it is interesting to note that variability was small for the 
cattle dip vat soil, and that when tested previously in Cebus monkeys, this soil sample also 
produced very tight results.  This suggests that some attribute of the soil may also influence 
variability in RBA results among different experimental subjects. 

Four soil samples included in the study had RBA estimates available from other studies or 
models (Table 4-2).  The Florida cattle dip vat soil was also tested in a previous study using the 
Cebus monkey (Roberts et al. 2002), with similar results (0.25 ± 0.03 in the Cebus versus 
0.31 ± 0.04 in the cynomolgus monkey).  The RBA for a Montana smelter soil, measured in the 
Battelle cynomolgus monkey study, was not substantially different from a soil sample from the 
same site measured here.  The differences were larger for soils from two sites previously 
assessed using the swine model, with lower RBAs measured in the monkey.  For the Colorado 
residential soil, the differences might simply reflect the fact that soil samples from different 
locations at the site were compared.  In fact, in the swine studies conducted on soils from this 
site, the overall average estimate of RBA was determined to be 0.31; however, for the five soils 
from different areas of the site that were evaluated in the swine study, the range of RBA 
estimates extended from 0.18 to 0.45.  The lowest RBA (“best estimate”) of 0.18 from the 
samples from this site that were tested in the swine model, is quite close to the 0.17 (average) 
measured here in the monkey.  It is not clear whether the difference between the findings from 
monkeys represents a different result, or consistent results but site variability.  The difference 
for the Western iron slag sample is more difficult to explain, because splits from the same soil 
sample were used in both models.1  The swine model uses a somewhat different protocol, 
involving multiple doses of arsenic in soil, but there is no reason to suspect a priori that the 
frequency of administration would affect absorption across the gastrointestinal tract.  One 
important difference between the monkey and swine protocols is the volume of soil 
administered relative to body weight, with larger volumes administered to the monkey.  To test 
whether this soil volume might interfere with arsenic absorption, leading to underestimates of 
relative bioavailability, spiked soil samples were tested in the monkey model.  These spiked 
samples showed high bioavailability (Table 4-3), as would be expected, suggesting that the 
higher soil volume in the monkey model is not affecting the RBA estimates from this model.  
Strict comparisons between the two models are difficult to make based on the samples dosed in 
both models.  Therefore, conclusions regarding tendencies or accuracy of the monkey and swine 
model are premature. 

This study demonstrates reduced bioavailability of arsenic from soil samples from 10 sites, with 
RBA values ranging from 5% to about 30%.  This is consistent with previous reports of the 
relative bioavailability of arsenic from soils in the literature.  Soil samples differed in the RBA 
for arsenic due to properties that have yet to be completely elucidated.  However, the presence 
of arsenic in insoluble mineralogy forms is likely a factor in controlling the RBA.  The 
measurements provided in this study, and reference soils created, will be a valuable asset in 
understanding the variables that control the oral bioavailability of arsenic, as predictive tools to 
enhance the risk assessment of arsenic-contaminated sites.  
                                                 
1  Note, the sample tested in this study was a split from the same bulk soil that was tested in swine, but it was not a 

split of the sieved fraction that was dosed to swine. 
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4.2 Cadmium 

4.2.1 Background 

Cadmium is a ubiquitous soil constituent, and may be present at higher concentrations in lead, 
zinc, and copper ores.  Although ingestion of cadmium in food is the primary exposure route for 
humans, residents and workers in the vicinity of smelter sites and other industrial operations that 
use cadmium-containing materials may incur additional exposure to cadmium in soil.  The study 
reported herein examined the influence of cadmium mineralogy and soil characteristics on the 
bioavailability of ingested soil cadmium relative to the bioavailability of a water-soluble form of 
cadmium (i.e., the relative bioavailability), using a swine model. 

It has been estimated that environmental exposure to cadmium results in renal disease in 1% to 
7% of the world’s population (Klaassen et al. 1999; Satarug et al. 2000), principally due to 
consumption of rice and other foods that accumulate cadmium, with smokers being at higher 
risk due to having higher body burdens.  Renal disease is thought to be triggered after renal 
cortex concentrations exceed some threshold concentration, often late in life (Goyer and 
Clarkson 2001).  

The potential for chronic exposure to cadmium from soil to significantly increase body burden 
and lead to increased incidence or earlier onset of disease depends partly on the bioavailability 
of cadmium in this matrix.  The relative bioavailability of metals from soil depends on multiple 
factors, including what metal phases are present and the characteristics of the specific soil.  
Cadmium can occur in soil as a complex mixture of solid-phase compounds of varying particle 
size and morphology, including discrete mineral phases, coprecipitated and sorbed species 
associated with soil minerals or organic matter, and dissolved species that may be complexed by 
a variety of organic and inorganic ligands.  These characteristics affect the solubility, and hence, 
the relative bioavailability of metals from soil.  For example, cadmium carbonate in soil is 
highly soluble, whereas cadmium sulfate and cadmium sulfide complexes are less soluble 
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(Kelley et al.. 2002).  The soil pH is another important factor, with cadmium solubility in soil 
decreasing as soil pH increases, due to cadmium adsorption to soil particles and formation of 
irreversibly insoluble complexes.   

Studies that have demonstrated reduced relative bioavailability of cadmium from soil have been 
conducted in rats (Kelley et al. 2002) and in juvenile swine (Schroder et al. 2003).  An in vitro 
bioaccessibility model has also been used (Schroder et al. 2003).  Swine are useful in assessing 
bioavailability because of the similarity in gastrointestinal parameters between swine and 
humans.  Feeding behavior, gastrointestinal anatomy, acid secretion, and the development of 
small-intestinal absorption mechanisms are quite similar between swine and humans (Weis and 
LaVelle 1991).  For these reasons, swine have been used as a surrogate for humans in the fields 
of pharmaceutical research and nutrition (Dodds 1982; Miller and Ullrey 1987).  Juvenile 
animals are preferred, because metal absorption is frequently greater in younger animals, and 
thus, this model predicts uptake in children, who may have greater exposure than adults.  The 
juvenile swine model has been used to assess the oral bioavailability of both lead and arsenic in 
soil, and the results from these studies have been used to develop relative bioavailability 
adjustments (RBA) for human health risk assessment by the U.S. Environmental Protection 
Agency (Kelley et al. 2002; NRC 2003); however, the model has not been modified to reflect 
the toxicokinetic behavior of cadmium.  As noted above, cadmium accumulates in the kidney 
and liver.  Thus, cadmium concentrations in blood, kidney, and liver may be used to estimate 
relative bioavailability of test substrates.  In addition to assessing the relative bioavailability of 
cadmium from soils, this study examined the effects of dose and time-since-administration on 
blood levels of cadmium following ingestion.   

The materials and methods used to conduct the study and analyze the data are described in depth 
in the manuscript that was submitted to the journal Environmental Science and Technology 
(Schoof et al.) and in the project report by Casteel et al. (see Supplemental Materials for 
Section 4).  The soils used in this study were surficial samples (0–3 in.) from sites with elevated 
levels of cadmium in the soil, including Point Mugu, California (sample PTMG), smelter sites in 
Colorado (sample CO-SCS) and Oklahoma (sample OK-SS), and Dugway Proving Ground in 
Utah (sample DPGC).  Anhydrous cadmium chloride (CdCl2, Sigma) was used as the soluble 
cadmium reference material.  The samples were tested for pH; total organic carbon (TOC); total 
carbon, from which total inorganic carbon (TIC) was calculated; cation exchange capacity 
(CEC); cadmium concentration (in triplicate); and metals concentrations (arsenic, chromium, 
copper, iron, lead, manganese, mercury, nickel, phosphorus, and zinc).   

4.2.2 Results 

4.2.2.1 Soil Chemistry and Cadmium Mineralogy 

Soil chemistry and metals concentrations in the soil samples are tabulated in the manuscript 
(Supplemental Materials for Section 4).  The reported cadmium concentrations were used to 
prepare soil doses that would achieve the target dose levels.  Cadmium concentrations were far 
higher in the PTMG soil (4,109 mg/kg) than in the other soils (47 to 452 mg/kg), and the PTMG 
soil was also high in chromium, nickel, and phosphorus.  The OK-SS soil had exceptionally 
high zinc concentrations.  Values of pH in three of the four test soils were near neutral (7.43 to 
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7.55), while the DPGC soil exhibited a more basic pH (9.06).  TOC values ranged from 1.90% 
to 4.98%, while TIC ranged from less than 0.05% to 1.51%.  CEC values did not range widely 
among the soils—values were 52.2 to 70.1 meq/100 g.   

Each test soil exhibited distinct cadmium mineralogy, with only a few forms dominating the 
cadmium-bearing mineral assemblage.  These mineralogic forms are cadmium oxide (PTMG), 
cadmium-calcium-metal oxide (PTMG and CO-SCS), cadmium-metal oxide (CO-SCS), 
cadmium-metal sulfate (DPGC), and cadmium-iron oxide (OK-SS).  All other cadmium-bearing 
phases were found to account for less than 8% of cadmium mineral mass.   

4.2.2.2 Cadmium in Blood 

Blood cadmium concentrations were initially at or below the method detection limit of 0.1 µg/L 
in all groups and remained at or below detection limits in the control-group animals.  In animals 
given repeated oral doses of cadmium chloride and PTMG soil at doses of 60 µg/kg/day or 
greater, blood levels began to rise within 1 to 2 days, and continued to rise until the end of the 
study, day 15.  For the other three soils (CO-SCS, OK-SS, and DPGC), only animals in the 
60-µg/kg/day dose groups were sampled, and even at this dose, blood levels of cadmium were 
predominately at or below the detection limit of 0.1 µg/L for the duration of the study. 

Although the same trends in blood cadmium concentrations were evident in bleed I (collected 
prior to the first daily dose) and bleed II (collected 2 hours after the second daily dose), the 
results for bleed II were more variable.  This result is consistent with the rapidly changing blood 
cadmium concentrations associated with the absorption of cadmium after the dose was given.  
Bleed II was included in this study to try to capture data on peak blood cadmium concentrations, 
and the bleed II values were indeed greater than the bleed I values for the dose groups that 
exhibited a response in bleed I.  As would be expected, the steep slope of the concentration-vs.-
time curve during this interval leads to greater variability in the blood cadmium concentrations.  
Because of this increased variability in bleed II data, RBA calculations were based on data from 
bleed I. 

The measurement endpoint used to quantify the blood cadmium response was the area under the 
curve (AUC) for blood cadmium concentration vs. time for days 0 to 14.  The AUC was 
selected because it is the standard pharmacokinetic index of chemical uptake into the blood 
compartment, and is relatively insensitive to small variations in daily blood cadmium levels.  
The AUC was calculated using the trapezoidal rule to estimate the AUC between each time 
point that a blood cadmium value was measured (days 0, 6, 8, 10, 12, and 14), and summing the 
areas across all time intervals in the study.  The mean AUC for each pig was then plotted against 
the body-weight-adjusted dose for that pig by dosing material.  The dose-response patterns 
appear to be linear for the soluble reference material (cadmium chloride) and for the PTMG soil 
for bleed I.  It was not possible to prepare dose-response curves based on blood data for the 
CO-SCS, OK-SS, and DPGC soils, because blood cadmium results were at or below detection 
limits.   

Liver and kidney data were subjected to the weighted simultaneous linear regression data 
analysis described above.  The RBA values for each response endpoint (liver, kidney, and 
blood) for each soil are presented in Table 4-5.  The RBAs for three of the soils (CO-SCS, OK-
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SS, PTMG) were greater than 0.5, while the RBAs for the DPGC soil were substantially lower.  
For the CO-SCS, OK-SS, and DPGC soils, kidney and liver RBA estimates were in good 
agreement.  For the PTMG soil, kidney and blood AUC RBA estimates were in good 
agreement, while liver estimates were much higher.  The liver results for this soil appear to be 
an anomaly. 

4.2.3 Discussion 

In this study, the bioavailability of cadmium from four contaminated site soils was determined 
relative to soluble cadmium chloride in the blood, kidney, and liver of juvenile swine.  All 
inorganic cadmium forms commonly present in soils induce toxicity by the same mechanism, so 
these forms can be considered together when assessing bioavailability.  The oral toxicity 
reference values for cadmium are based on a number of chronic studies of renal disease in 
humans that formed the basis for a toxicokinetic model that was used to estimate the no-
observed-adverse-effect level (NOAEL) from cumulative lifetime exposures (U.S. EPA 2004).  
Because the kidney is the primary target organ of toxicity for cadmium, RBA results for that 
tissue are considered most relevant for risk assessment.   

Assuming that the kidney results should be given the greatest weight, the three soils with the 
greatest cadmium concentrations (PTMG, CO-SCS, and OK-SS) demonstrated modest 
reductions in bioavailability relative to cadmium chloride (RBA values of 0.60, 0.89, and 0.79, 
for each soil, respectively).  In contrast, the DPGC soil yielded a considerably lower cadmium 
RBA of 0.18 based on kidney data.  An examination of soil characteristics and cadmium 
mineralogy suggests that this outcome may be due to the more basic soil pH and high clay 
content of this soil, and the occurrence of a cadmium form not found in the other soils.  
Cadmium was present in the PTMG, CO-SCS, and OK-SS soils in a variety of cadmium oxide 
phases (cadmium-calcium-metal oxide, cadmium-metal oxide, cadmium oxide, and cadmium-
iron oxide), and in the DPGC soil, as cadmium-metal sulfate.  The basic pH and the high clay 
content in the DPGC soil would decrease metal solubility and may have contributed to the lower 
RBA values.   

The cadmium-containing soils tested in the present study also had elevated concentrations of 
other metals that might induce the expression of metallothioneins (MTs), proteins that have 
been reported to affect cadmium toxicity or toxicokinetics (Klaassen et al. 1999; Miles et al. 
2000; Pinot et al. 2000).  Recently, renal and hepatic MT induction was shown to be increased 
in juvenile swine dosed with soils containing elevated zinc concentrations, while a similar 
induction was not observed in animals receiving cadmium chloride and no excess zinc (Turk et 
al. 2001).  Based on the present study’s finding that the soil with the much higher zinc level 
(OK-SS) has RBAs similar to the other two soils dominated by cadmium oxides, it does not 
appear that MT induction is a critical factor affecting cadmium bioavailability from soil in this 
model.  

The relative bioavailability of soil cadmium has also been assessed in rats, resulting in RBA 
estimates somewhat lower than those from the juvenile swine model.  A comparison of several 
studies to the results from this study revealed that studies in rats tend to produce lower RBA 
values than studies in swine.  Different results are likely due to anatomical and physiological 
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differences between the two animal models, but the results among the several studies evaluated 
reflect sufficient consistency to lend confidence to our reported results. 

This study provides further evidence of the value of the juvenile swine model in assessing the 
relative bioavailability of soil cadmium, as well as arsenic, lead, and perhaps other metals, and 
reinforces the importance of including soil characterization and mineralogical analyses in these 
studies.  The three soils with similar chemical and physical characteristics yielded similar 
kidney RBA values, ranging from 0.60 to 0.89.  Little difference was observed in RBAs for all 
the oxides of cadmium in these neutral-pH soils, regardless of mean particle size for the phase.  
In contrast, the alkaline soil with a cadmium sulfate phase had a much lower RBA, despite 
having the smallest mean particle size.  This finding suggests that the solubility of the 
predominant cadmium phases may be a more significant factor in controlling relative 
bioavailability than is particle size. 
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Table 4-1.  Soil arsenic mineralogy data  
(frequency % / arsenic mass distribution %) 

 MTSS WISS FLCDV CAMT WAOS NYOS COSCS CORS COSS FLCPS 

Arsenopyrite --  -- 9.0/70.4 -- --   --  

As(metals) oxide 0.2/6.4  -- -- -- --   --  

Calcite --  -- -- -- --   --  

Calcium arsenate 
(CaAsO4) 

--  -- -- -- --   --  

CrCuAs --  -- -- -- --   --  

Clay --  93.2/85.5 -- -- --   --  

Iron oxides 
(FeOOH) 

29.3/68.2  5.3/14.4 68.2/27.2 18.6/1.1 9.5/6.9   32.7/22.2  

Iron sulfate 
(FeSO4) 

11.5/23.1  -- 6.7/2.3 -- --   52.1/76.7  

Lead arsenate 
(PbAsO4) 

--  -- -- 44.1/98.3 1.1/37.2   --  

Manganese 
oxides (MnOOH) 

1.5/0.4  -- -- 3.8/0.1 89/54.5   --  

Slag 57.5/1.9  -- -- -- --   --  

           

No. particles 
counted 

130  147 109 215 112   183  

Arsenic 
concentration 
(mg/kg) 

650  189 300 301 125   1492  

MTSS = Montana smelter soil 

WISS = Western iron slag soil 

FLCDV = Florida cattle dip vat soil 

CAMT = California mine tailings 

WAOS = Washington orchard soil 

NYOS = New York orchard soil 

COSCS = Colorado smelter composite soil 

CORS = Colorado residential soil 

COSS = Colorado smelter soil 

FLCPS = Florida chemical plant soil 
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Table 4-2.  Relative oral bioavailability of arsenic from 10 soil 
samples 

  Alternative RBA Measurements 

Soil Sample RBAa RBAb Animal Model Ref.c 

MTSS 0.13 ± 0.05 (36) 0.20 Cynomolgus monkey 1 

WISS 0.13 ± 0.07 (52) 0.29 Swine 2 

FLCDV 0.31 ± 0.04 (14) 0.25 Cebus monkey 3 

CAMT 0.19 ± 0.02 (11) -- -- -- 

WAOS 0.24 ± 0.09 (36) -- -- -- 

NYOS 0.16 ± 0.08 (49) -- -- -- 

COSCS 0.23 ± 0.13 (54) -- -- -- 

CORS 0.17 ± 0.08 (49) 0.18–0.45 Swine 4 

COSS 0.05 ± 0.04 (81) -- -- -- 

FLCPS 0.08 ± 0.04 (50) -- -- -- 
a Results expressed as mean ± SD (N=5); COV in parentheses.  The RBA 
was calculated by dividing the percent of dose excreted in urine by the 
average percent of dose excreted in urine after administration of sodium 
arsenate in water by gavage for each animal.  
b RBA was measured using urinary excretion data, although not necessarily 
using the same experimental approach as in the present study.  RBAs for 
WISS and FLCDV were obtained in splits of the same soil sample.  RBAs for 
MTSS and CORS were obtained from different soil samples from the same 
site.  
c References:  1) Freeman et al. 1995; 2) Rodriguez  et al. 1999;  
3) Roberts et al. 2002; 4) Casteel et al. 2001. 

MTSS = Montana smelter soil 

WISS = Western iron slag soil 

FLCDV = Florida cattle dip vat soil 

CAMT = California mine tailings 

WAOS = Washington orchard soil 

NYOS = New York orchard soil 

COSCS = Colorado smelter composite soil 

CORS = Colorado residential soil 

COSS = Colorado smelter soil 

FLCPS = Florida chemical plant soil 
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Table 4-3.  Arsenic recovery and RBA from a spiked soil samplea 

Subject % Dose in Urine % Dose in Feces % Total Recovery RBA 

7490 32.6 37.9 70.5 0.63 

7630 34.0 35.7 69.7 0.97 

7516 26.6 44.0 70.6 0.84 

Mean ± SD 31.1 ± 3.9 39.2 ± 4.3 70.2 ± 0.5 0.81 ± 0.17 

a Each animal received a single gavage dose of soil spiked with sodium arsenate (0.5 mg As per 
kg body weight, prepared three hours before dosing).  The arsenic dose was calculated based 
on natural arsenic content in the soils (3.6 mg per kg soil) plus the arsenic added as sodium 
arsenate.  The results reflect cumulative excretion in urine and feces over four days, expressed 
as a percent of administered dose.  The RBA was calculated by dividing the percent of dose 
excreted in urine by the average percent of dose excreted in urine after administration of sodium 
arsenate in water by gavage for each animal. 

 

 

Table 4-4.  Urinary and fecal recovery of arsenic after a gavage dose of sodium 
arsenate 

 Sodium Arsenate Dose (as As)a  

 0.25 mg/kg 0.50 mg/kg 1.0 mg/kg Mean ± SD 

% Dose in urine 35.6 ± 8.6 40.9 ± 6.0 45.3 ± 16.7 40.6 ± 10.1 

% Dose in feces 45.9 ± 12.3 40.0 ± 9.2 40.5 ± 8.9 42.1 ± 9.1 

% Total recovery 79.5 ± 5.1 80.9 ± 9.0 81.5 ± 6.2 80.7 ± 4.2 
a Each animal (N=7) received, on separate experimental days, single doses of 0.25, 0.50, and 
1.0 mg/kg As by gavage.  The results reflect cumulative excretion in urine and feces over four 
days after the dose.  There was no significant difference in the % of dose recovered in urine from 
the three sodium arsenate doses, nor was there a significant trend. 
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Table 4-5. Cadmium relative bioavailability estimates 

  
Pt. Mugu Soil 
(PTMG) 

CO Smelter 
Soil (CO-SCS) 

OK Smelter Soil 
(OK-SS) 

Dugway Soil 
(DPGC) 

Kidney         

  RBAa 0.60 0.89 0.79 0.18 

  Lower boundb 0.52 0.61 0.53 0.07 

  Upper bound 0.69 1.19 1.07 0.30 

  Standard error 0.05 0.17 0.16 0.07 

Liver         

  RBA 0.96 0.66 0.76 0.09 

  Lower bound 0.80 0.33 0.40 –0.02 

  Upper bound 1.19 1.03 1.16 0.21 

  Standard error 0.11 0.21 0.22 0.07 

Blood AUC (bleed1)       

  RBAc 0.56 NA NA NA 

  Lower bound 0.40 -- -- -- 

  Upper bound 0.89 -- -- -- 

  Standard error 0.12 -- -- -- 

  

a RBA – Relative bioavailability adjustment 
b The upper- and lower-bound values represent the upper and lower 95th percentile values 
on the RBA estimates (based on application of Fieller’s formula). 
c RBA based on blood area under the curve (AUC) was fit excluding the control (0 dose) 
data, because the response at 0 dose was non-detect.  

  NA – not analyzed       
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5 Dermal Absorption of Metals by Humans 

As described above for oral exposures, analysis of the primary metals of concern for human 
receptors indicates that investigations should focus on arsenic and cadmium.  Therefore, these 
two metals also served as the  metals in soil that were investigated for potential dermal 
absorption.  

5.1 Arsenic 

Exponent coordinated with personnel at the University of California, San Francisco (UCSF) to 
conduct research on dermal absorption of arsenic from soils in Rhesus monkeys.  The monkeys 
were trained at UCSF to accept a low-arsenic diet, and Exponent visited the labs to observe 
dosing procedures and make recommendations on how to improve the administration of test 
substances.  Two “shared funding” sources were secured (through industry groups) that 
provided data on the urinary excretion fraction of an intravenous (i.v.) dose, as well as an 
additional trial for soluble arsenic.2  Data from all research at UCSF that was coordinated by 
Exponent is available to SERDP researchers to facilitate interpretation of data regarding dermal 
absorption of arsenic from soils.   

A study of dermal arsenic absorption from residue on wood treated with chromated copper 
arsenate (CCA) was also completed in this animal model under shared funding.  This work 
yielded valuable insight into working with this dermal arsenic model.  A manuscript presenting 
the initial results of the dermal arsenic study, using soluble arsenic and arsenic from CCA-
treated wood, has been published (Wester et al. 2004).  The manuscript, titled “In Vivo 
Percutaneous Absorption of Arsenic from Water and CCA-Treated Wood Residue,” is included 
in the Supplemental Materials for Section 5.  The results of this research indicated that the 
model produces reliable results.  These findings support that absorption of soluble arsenic in 
solution is consistent with results from prior research using the more sensitive methods that 
required application of radiolabeled arsenic—a requirement that prevented testing of soils from 
existing sites.  Additionally, the results from this research indicate that the absorption of arsenic 
from the complex CCA-wood matrix is negligible (urinary arsenic excretion is not elevated 
above background), indicating that arsenic may exist in the environment in stable forms that are 
not available for dermal absorption. 

Under the SERDP funding, pilot work was conducted to develop a research model that would 
ensure good contact of the test substrate with the skin of the monkeys, and would provide the 
monkeys with a low-arsenic diet to allow detection of small amounts of absorbed arsenic.  
Subsequent to stabilizing the research model, four soil samples have been tested.  Originally, the 
expectation was to evaluate soil samples from four distinct sites.  However, based on critical 
review of early results, a professional reviewer suggested that the dermal absorption of arsenic 
                                                 
2  Some of this funding was also directed toward assessing dermal absorption of arsenic from a CCA-treated wood 

matrix.  This dosing was conducted during a delay in SERDP funding, and did not affect the schedule for 
SERDP samples.  In fact, allowing use of the data from dosing of soluble arsenic under this funding expedited 
the SERDP-funded research. 
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may be controlled by the hydration level of the skin, with dissolution/absorption reactions 
allowed only from the aqueous phase.  Therefore, rather than evaluating samples from four sites, 
the SERDP funding was used to evaluate two soils, each dosed dry and wet. 

5.1.1 In Vivo Model for Percutaneous Absorption 

Female Rhesus monkeys were selected for this research because of their ability to duplicate the 
biodynamics of percutaneous absorption in humans, and because previous studies of 
percutaneous arsenic absorption have used this same model.  Prior research indicates that 
percutaneous absorption in the Rhesus monkey is similar to absorption in humans across a 
variety of chemicals and a range of dermal penetration characteristics (Wester and Maibach 
1975).  This research indicates that measurements from the monkey are just slightly higher than 
their counterparts in the human.  Results from other species (pig, rat, rabbit) are not nearly as 
close to the values measured in man, and indicate that, of the species tested, absorption in the 
monkey is closest to that in the human.  

The monkeys were approximately 20 years old, which is the same approximate age as the 
monkeys used in the previous dermal arsenic absorption research (Wester et al. 1993).  The 
animals reside within the monkey colony maintained by UCSF, and had not been used in active 
research for 18 months.  Prior to the beginning of the SERDP-related research, no topical doses 
had been applied to the skin of these animals for more than 4 years. 

Each topical dose was applied to a pre-measured 100-cm2 area of abdominal skin of three 
monkeys.  The dosing area was demarked by “masking” the boundaries with a single layer of 
TegadermTM (a water-vapor-permeable adhesive membrane available from 3M) 3 and then was 
dosed by spreading the fluid (5 µL/cm2) or residue (4 mg/cm2) evenly across the 100-cm2 
dosing area.  The dosing area was then covered with a layer of TegadermTM  to ensure that the 
material remained in contact with the skin.  The TegadermTM patch over the dosing area 
extended well beyond the boundaries of the exposure area.  In addition to the TegadermTM patch, 
the abdomen of each monkey was wrapped with Spandage Instant Stretch Bandage4 to ensure 
that the applied dose was kept in direct contact with the skin throughout the dosing period.  This 
bandage is of a web construction; most of the TegadermTM was exposed to the open air for 
moisture and air exchange.  Following application of the topical doses, the monkeys were 
placed in metabolic restraint chairs for the duration of the 8-hour dosing period.  The 8-hour 
dosing period was selected to represent an upper bound of time that an individual might remain 
in contact with residues, and is also the upper limit of time that the monkey can remain in the 
metabolic restraint chair.  During this time, the monkeys had free access to water, but were 
restricted from touching their abdominal area.  Researchers remained in the room and interacted 
with the monkeys, and the monkeys were hand-fed bananas and liquid diet during this stage. 

Urine was collected during the 8-hour dosing period in a pan under the metabolic chair.  After 
8 hours, the monkeys were removed from the chairs, the Spandage bandage and TegadermTM 
patch were removed, and the applied doses were removed using a soap and water wash 

                                                 
3  3M TegadermTM (1629) (3M Health Care, St. Paul, Minnesota 55144). 
4  Spandage Instant Stretch Bandage (MEDI-TECH International Corp. Brooklyn, New York 11242). 
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(50/50 v/v, soap and water, followed by water, soap, and two final water washes).  The monkeys 
were then transferred to metabolic cages for continued urine collection over the following 
7 days. 

As with humans, significant exposure to arsenic occurs from the normal diet (Schoof 1999a,b; 
Yost 2003).  Urinary excretion of total arsenic for Rhesus monkeys on the standard diet of 
Purina Monkey Chow falls in the range of 5 to 15 µg/day—levels that would obscure accurate 
detection of the arsenic that might be absorbed following topical application of arsenic.  
Therefore, the monkeys were provided a low-arsenic diet (Primate Liquidiet from BioServe, 
Inc.) for 7 days prior to each dose.  The powdered Liquidiet formulation also was prepared into 
meal bars, which were provided ad libitum to the monkeys during the research period (7 days 
prior to dosing through 7 days after dosing).  The diet was supplemented with pieces of banana 
and apple, which are both known to be low in total arsenic (Schoof et al. 1999a).  De-ionized 
water was provided ad libitum.  The liquid diet was provided as both liquid and solid forms.  
Preference was for the solid form.  The monkeys maintained their body weight during the study. 

The monkey urine samples were preserved with nitric acid (2%) at the time of collection, and 
shipped to Battelle Pacific Northwest Laboratories in Sequim, Washington, for analysis.  At 
Battelle, the urine samples were acidified with an additional 2% (by volume) of concentrated 
nitric acid and analyzed for total arsenic by ICP/MS (Method 1638, U.S. EPA 2002).  This 
method provides a method detection limit (MDL) of approximately 0.1 µg/L arsenic in monkey 
urine.  Quality assurance and quality control (QA/QC) samples included a method blank, 
duplicates, matrix spikes, and a laboratory control sample at a 5% frequency of analysis. 

5.1.2 Study Design 

An open crossover design was used, in which each animal is dosed in each of the trials (soluble 
arsenic in solution applied to the skin, soil applied to the skin, and i.v. injection), with a washout 
period of at least 14 days between each dose.  This design allows for each animal to serve as its 
own internal control. 

The intravenous dose (1,060 µg arsenic/monkey) was administered as a solution of sodium 
arsenate heptahydrate in de-ionized water (2,120 mg/L arsenic).  For the intravenous dose, each 
monkey received 0.5 mL of the dosing solution injected into the saphenous vein.  The 
intravenous dose was given while the monkeys were in their metabolic cages, so the monkeys 
did not spend any time in the metabolic restraint chairs, as they did with the topical doses.  

For the soluble arsenic dose, arsenic was administered in water onto the monkey’s skin at an 
application rate of 5 µL/cm2 evenly applied across 100 cm2 of skin, to achieve a total dermal 
dose of 1,430 µg arsenic.  The solution was prepared from sodium arsenate heptahydrate in de-
ionized water, which was acidified with 1% nitric acid (trace-metal grade).   

The soil samples selected for evaluation in the percutaneous absorption study were surficial soil 
samples, one collected adjacent to a pesticide production facility in Middleport, New York, that 
had historically produced arsenical pesticides, and the other collected from a residential area in 
Denver, Colorado, with a history of herbicide application.  A very fine particle size fraction 
(<150 µm) was selected for study, because the fines are the soil fraction that would be expected 
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to adhere to the surface of the skin, and the smaller particle size has a larger surface area from 
which absorption may occur.  For very fine soil (i.e., silty clay), a loading of 5.4 mg/cm2 of skin 
results in a monolayer (U.S. EPA 2001).  In order not to exceed a monolayer of application, a 
percutaneous soil loading rate of 4 mg/cm2 was selected for the study.  This soil application rate 
resulted in a total dose of 560 µg arsenic and 492 µg arsenic for the two soils, respectively. 

5.1.3 Results 

Table 5-1 provides a summary of the applied doses and associated results of the percutaneous 
absorption research.  Displayed on the table is information identifying the dosing trial, arsenic 
concentration in the dosed substrate, the mass of arsenic applied to the skin, and the calculated 
absorption, expressed as the percent of the applied dose that was absorbed.  This includes a 
summary of the data regarding percutaneous absorption of arsenic when applied as soluble 
arsenic in solution, as well as from dry and wet application of the two soils evaluated.  For 
reference, the 1993 research conducted by Wester, which has served as the basis for regulatory 
default assumptions on dermal absorption of arsenic (using radiolabled arsenic), is provided in 
the Supplemental Materials for Section 5.  For the Middleport soil, the wet application was 
tested in two separate dosing trials.  This was done to evaluate the consistency (i.e., intra-animal 
variability) across dosing trials and to increase the number of doses for this particular soil, in 
order to add statistical power.   

For the soluble dose, absorption rates ranged from 0.32 to 4.3% for the three monkeys in the 
study, with an average absorption rate of 2.9% for the group.  These results are consistent with 
results from Wester et al. (1993), wherein absorption rates were relatively consistent (range of 
2% to 6.4%) despite a five-orders-of-magnitude change in the dose levels applied.  Converse to 
the results for soluble arsenic, data from dermal application of arsenic in soils indicate virtually 
no absorption.  Results from statistical evaluation indicate that the urinary arsenic excretion 
levels in the animal exposed to arsenic in soil are not statistically different than background.  
This is also depicted in Figure 5-1, which shows urinary mass excretion in 24-hour increments 
following each dosing trial for each monkey.  In this figure, the increased urinary arsenic 
excretion following exposure to soluble arsenic in solution is apparent in the first 24 hours post 
dosing, returning to baseline by 48 or 72 hours post dosing.  Following application of arsenic in 
soils, no similar increase in urinary arsenic excretion can be observed. 

5.1.4 Discussion 

The results of this research indicate that the methodology developed under this component of 
the SERDP project can be used to evaluate dermally absorbed arsenic from environmental 
samples.  The development of this method was challenging because of the high degree of 
background arsenic exposure from the diet and the potential for that background exposure to 
obscure any signal from a dermally applied dose.  Use of the low-arsenic diet resulted in an 
approximately 4-fold decrease in urinary arsenic excretion relative to the standard primate diet, 
and allowed for detection above background of a dermally applied soluble arsenic dose, without 
use of radiolabel.  Findings from this research also include: 
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• Repeated dosing of the same soil under the same conditions (i.e., two 
separate dosing trials of the Middleport soil applied wet) resulted in highly 
reproducible results. 

• Percutaneous absorption of arsenic from soils did not result in urinary arsenic 
levels that were distinguishable from background for soils applied either wet 
or dry.  The calculated range of absorption from the wet soils extends higher 
than calculated for dry soils, but remains so low that it is impossible to 
determine whether this indicates a true increase in absorption from wet soils 
or simply variability within the measurements. 

• Calculated values of percutaneous absorption of arsenic from the two soils 
tested were not different: average absorption of 0.24% vs 0.18% for the 
Colorado residential soil and the New York soil applied dry, and 
corresponding averages of 0.50% and 0.39% when applied and wet. 

 
Although the results indicate that the urinary arsenic levels following topical administration of 
arsenic in soils are not distinguishable from background, the non-zero values for background 
urinary arsenic excretion, and the variability of the measured background values, impose some 
limits regarding the sensitivity of the model to detect an absorbed dose.  A statistical evaluation 
using a comparison of means (t-test) for our data indicates that the absorbed dose would need to 
be in the range of 0.10 to 0.14 of the applied dose from Middleport soils, or 0.12 to 0.16 of the 
applied dose for the Denver residential soils.  Thus, while these data suggest that there may not 
be any dermal absorption of arsenic from the soils (no monkey demonstrated urinary arsenic 
excretion that was statistically different from background), the uncertainty associated with the 
research model tells us that dermal absorption of arsenic from soils is at least an order of 
magnitude lower than absorption from soluble arsenic in solution. 

5.1.5 References 

Schoof, R.  1999a.  A market basket survey of inorganic arsenic in  food.  Food Chem. Toxicol.  
37(8):839–846. 

Schoof, R.  1999b.  Dietary exposure to inorganic arsenic.  In:  W.R. Chappell, C.O. Abernathy, 
and R.L. Calderon (Eds.).  Proc. Third International Conference on Arsenic Exposure and 
Health Effects, pp. 81–88.  Elsevier Sciences Ltd. 

U.S. EPA.  2001.  Risk assessment guidance for Superfund.  Volume I:  Human health 
evaluation manual (Part E, Supplemental guidance for dermal risk assessment), Interim Draft, 
September.  U.S. Environmental Protection Agency, Office of Emergency and Remedial 
Response, Washington, DC. 

U.S. EPA.  2002.  Analysis of multi-media, multi-concentration samples for metals by 200-
series metals methods and 1600-series trace metals methods.  U.S. Environmental Protection 
Agency, Office of Water, Washington, DC. 

\\boulder3\data\projects\1191_serdp\final_serdp_report\serdp_final_rpt8.doc 
8601191.002 0101 0405 R289 28



 

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

Wester, R.C., and H.I. Maibach.  1975.  Percutaneous absorption in the rhesus monkey 
compared to man.  Tox. Appl. Pharmacol.  32:394–398. 

Wester, R.C., L. Hui, S. Barbadillo, et al.  2004.  In vivo percutaneous absorption of arsenic 
from water and CCA-treated wood residue.  Toxicol. Sci.  79:287–295. 

Yost, L.J., S.-H. Tao, S.K. Egan, L.M. Barraj, K.M. Smith, J.S. Tsuji, Y.W. Lowney, R.A. 
Schoof, and N.J. Rachman.  2004.  Estimation of dietary intake of inorganic arsenic in U.S. 
children.  Hum. Ecol. Risk Assess. 10:473−483. 

5.2 Cadmium 

Dermal absorption of cadmium in soil was studied in human cadaver skin at the Dermatology 
Department at UCSF.  A study design was prepared, and the pilot study was conducted to 
ensure that cadmium was detectable in the receptor fluid using two aliquots of reference 
material (cadmium chloride mixed with Yolo County soil, <150-µm size fraction) prepared to 
contain 400 and 2000 mg cadmium/kg soil (dry weight).  Each of these reference materials was 
evaluated for percutaneous absorption of cadmium in one cadaver skin type.  The study design 
is provided in the Supplemental Materials for Section 5.   

Following a considerable amount of pilot work conducted with UCSF, it became apparent that 
limitations of the research design would not permit generation of meaningful data on the dermal 
absorption rate for cadmium in soil.  This occurred because of the amount and variability of 
background concentrations of cadmium in the cadaver skin, and candidate receptor fluids that 
are used in the test method.  As a result, the values that this test system provided for dermally 
absorbed cadmium from soil are well above values that would be meaningful, given what is 
already known about absorption of soluble forms of cadmium (i.e., the method is not adequately 
sensitive).    

Given these preliminary results, Exponent conferred with Battelle and SERDP, and it was 
agreed that discontinuation of the dermal absorption research on cadmium was appropriate.  
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Figure 5-1.  Urinary arsenic mass excretion (corrected) in 24-hour increments
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Table 5-1.  Summary of applied arsenic doses and percent absorption for dermal absorption studies

Arsenic Volume of
Concentration Dosing Arsenic Arsenic Mass Percent Absorption

Study in Dosing Material Mass Dosed per Unit Area (0–96 hrs)
Study Dates Material Administered (µg) (µg/cm2) Average Range
Intravenous Jul. 2003 2,120 mg/L 0.5 mL 1,060 -- 82% 80–84%

Soluble dose Apr. 2003 2,860 mg/L 0.5 mL 1,430 14.3 2.9% 0.32–4.3%

Feb. 2005 1,230 µg/g (dry) 0.24% 0.19–0.33%
Mar. 2004 1,230 µg/g (wet) 0.50% 0–0.85%

Nov. 2003 1,400 µg/g (dry) 0.18% 0.04–0.25%
Jan. 2005 1,400 µg/g (wet) 0.39% 0.05–0.74%
Mar. 2005 1,400 µg/g (wet) 0.39% 0.09–0.90%

Note:  --  –  Not available or not applicable

mg 492 4.9Colorado residential soil (<150 µm) 400

New York pesticide facility soil (A1B21, <150 µm) 400 mg 560 5.6
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6 Bioavailability of Metals to Wildlife 

Only limited research has been conducted on the bioavailability of metals from soil to wildlife.  
Given this lack of information, ecological risk assessments generally assume that metals in soil 
are equally bioavailable as in the critical toxicity study, potentially resulting in overestimates of 
risk.  Research was undertaken for SERDP to begin to address this data gap.   

6.1 Relative Oral Bioavailability of Metals in Soil to the 
American Robin 

6.1.1 Objectives 

This summary section details how Exponent designed a research program to evaluate the 
bioavailability of metals in birds exposed to soil via the oral pathway, relative to the 
bioavailability of the same metals when dosed in soluble forms.  The target metals for this 
research are lead, chromium, and cadmium in soil, and soluble spike solutions.  The soil was 
dosed at two different concentrations, and two of three soluble spike dose groups were matched 
to each soil dose group.   

6.1.2 Methods 

6.1.2.1 Species Selection 

The first portion of this research involved selecting an appropriate receptor species to study.  As 
stated above, the American robin (Turdus migratorius) was determined to be an appropriate 
species for evaluating metals bioavailability.  The American robin and American woodcock 
have the greatest potential for soil exposure based on behavior and diet.  

Surrogate avian receptors, such as the quail, European starling, and house sparrow, were 
considered initially for the research.  However, on close examination, none of these species 
appeared to be appropriate.  Quails are considered herbivores, while robins and woodcocks are 
omnivores.  The digestive systems of omnivores rely on particle retention, pH, intestinal surface 
area, transit time, and microbial digestion to aid with digestion, whereas herbivores do not rely 
on gastric acids, but rather, the gizzard.  Therefore, it would not be appropriate to collect data on 
an herbivorous bird and extrapolate the data to an omnivorous species of interest for this study. 

Similarly, the foraging methods, dietary needs, and physiology of the house sparrow are quite 
different from the robin and woodcock, and would likely not provide applicable information if 
used as a surrogate.  European starlings also were not selected as surrogates, because they 
exhibit iron absorption and toxicity that are quite different from other birds, and therefore, may 
handle other metals differently as well.  

\\boulder3\data\projects\1191_serdp\final_serdp_report\serdp_final_rpt8.doc 
8601191.002 0101 0405 R289 30



 

Therefore, the American robin appeared to be the only acceptable avian receptor for this 
research (despite the fact that this causes the research to be more difficult and expensive to 
perform, especially because robins are not acclimated to a laboratory setting).  A more thorough 
discussion of the technical issues associated with selection of the robin as the receptor of choice 
is presented in the memorandum included in the Supplemental Materials for Section 6.  

6.1.2.2 Protocol Development 

After determining that the appropriate avian receptor for SERDP bioavailability research would 
be the American robin, it was necessary to select a laboratory and develop a protocol by which 
the project could be carried out.  The protocol was titled, “Evaluating the Oral Bioavailability of 
Metals from Soil and Earthworms to American Robins” and is included in the Supplemental 
Materials for Section 6.  It was submitted to the DoD for review and approval.   

The protocol describes in detail the experimental design and general procedures, the collection 
of robins, the care and treatment of robins in captivity, the test groups to which the robins would 
be assigned, and the types of dosing regimens that would be undertaken.  The preparation of the 
dosing solutions/vehicles are also described.  Additional information included in the protocol 
includes an examination and justification of the laboratory animals required for the research, 
and a summary of the quality of life to which the animals would be accustomed, as well as 
veterinary care that would be available and the qualifications of the researchers.  Finally, the 
calculation of relative bioavailability and the statistics that would be used were outlined. 

The protocol served as a long-term plan for SERDP, showing the type and extent of research 
that would be carried out by Exponent, and allowing for project evaluations that would result in 
meaningful data.   

6.1.2.3 Research Undertaken 

The first step of the research was to develop a pilot study that would help determine how to best 
assess the bioavailability of heavy metals to American robins prior to initiating the full-scale 
study.  Specifically, the pilot study was conducted to determine how to effectively dose the 
robins in captivity, and to ensure that metal absorption could be measured in the tissues of the 
robins when dosed with DoD soils and associated metal spikes.  The study was performed from 
May 14 through August 19, 2002, at the Genesis Laboratories facility in Wellington, Colorado.  
Sixteen American robins were wild-caught from Larimer and Weld Counties, Colorado, using 
mist nets and Potter traps, between May 13 and June 10, 2002.  The methods used to capture the 
birds and maintain them in captivity are detailed in a memorandum included in the 
Supplemental Materials for Section 6.  A spike solution consisting of six target metals and a 
DoD test soil was provided to Genesis Labs by Exponent, so that these test substances could be 
mixed with the food and served to the birds as feed balls.   

As originally designed, the avian pilot study was going to incorporate the following three groups 
of birds. 
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Pilot Group #1 (Positive Control): 

Six robins were to be dosed with food that was blended with a metals spike solution 
designed to deliver a mass of metals equivalent to the concentrations of the six metals of 
concern in one of three DoD test soils.  The metals of concern were lead, zinc, 
chromium, cadmium, mercury, and selenium. 

Pilot Group #2 (Treatment Group): 

Six robins were to be dosed with food that was blended with DoD test soil.  The metals 
of concern and concentrations were intended to be identical to those used in the spike 
solution for Pilot Group #1.   

Pilot Group #3 (Negative Control): 

Three robins were to be fed clean lab food throughout the study.   

However, early on in the study, it was discovered that the robins did not readily accept the spike 
solutions in their diet, and therefore, the study shifted focus to determine the best way to dose 
the birds.  Specifically, it was important to determine which metals were aversive to the birds, 
and/or how many metals the birds could tolerate in their dosed food.  A full description of the 
methods that were used to encourage the birds to accept food containing spike solutions is 
included in the aforementioned memorandum.   

The next phase of the research was completed in two phases.  Phase 1 consisted of dosing three 
groups of robins (Dose Groups #1, #2, and #3), where each dose group consisted of six robins.   

Dose Group #1 

Dose Group #1 served as the positive control and was dosed with a multiple metal spike 
that consisted of lead, chromium, and cadmium. 

Dose Group #2 

Dose Group #2 consisted of six robins that were dosed with food that was blended with 
DoD test soil (Point Mugu #1b). 

Dose Group #3 

Dose Group #3 served as the negative control and consisted of six robins that were fed 
unamended food for the duration of the study. 

All animals were acclimated to the laboratory setting and were dosed for 28 days, during the 
morning hours, and were fasted for two hours prior to dosing.  Uneaten food was collected and 
recorded and stored in the freezer, so that the mass of uneaten food for each bird could be 
recorded to facilitate accurate evaluation of administered dose.  Dose Group #1 served as the 
positive control for Dose Group #2.  The spike solution was intended to deliver the same mass 
of metals to robins as the birds in Dose Group #2 received from the soil.  Dose Group #3 served 
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as the negative control, and the food that was fed to these birds did not contain any additional 
metals other than those normally present in trace amounts in the regular bird diet.  All feed balls 
were prepared using the same type of food. 

Phase 2 research focused on the same three target metals as Phase 1 (lead, cadmium, and 
chromium) and used the same soil (Point Mugu #1b) that was used in Phase 1.  Phase 2 research 
also consisted of three dose groups (Pilot Dose Groups #4, #5, #6), and each dose group 
consisted of six robins, similar to the Phase I research.  However, the dosing concentrations 
were different from those used in Phase 1 research, and are described below.   

Dose Group #4 

Dose Group #4 served as the positive control for Dose Group #5, and was dosed with a 
multiple metal spike consisting of lead, chromium, and cadmium.  The spike solution 
was administered at three times the amount administered to Dose Group #1.  

Dose Group #5 

Dose Group #5 consisted of six robins that were dosed with food that was blended with 
DoD test soil (Point Mugu #1b).  The soil was added to the food so that robins consumed 
three times more soil than those in Dose Group #2.   

Dose Group #6 

Dose Group #6 consisted of six robins that were dosed with the same multiple metal 
spike as Dose Group #4, except the spike solution was administered at one-half the 
amount currently being administered to Dose Group #1. 

6.1.2.4 Challenges 

The pilot study, as it was initially designed, could not be carried out because the robins did not 
readily consume feed balls dosed with six-metal spike solution, regardless of the strength at 
which the spike solution was served.  Therefore, the pilot study had to shift from mirroring the 
full-scale study that was outlined in the protocol (see Supplemental Materials for Section 6) to 
instead determining whether the robins had an aversion to any of the target metals.  
Additionally, the study metals had to be limited to lead, chromium, and cadmium.   

6.1.3 Results 

The results of the pilot study indicated that when four or more metals are mixed together in a 
spike solution at a concentration equal to 1/30th the LD50, the food becomes unpalatable to the 
birds.  It was discovered that individual metals could be dosed successfully in feed balls, but 
that feed balls would need to be prepared in an alternative manner to allow more thorough 
homogenization of the spike solutions with the food.   

The animals in the six dose groups that were used in the Phase 1 and Phase 2 research were 
sacrificed at the end of the study, and the results from analyzing the carcasses were plotted for 
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each metal in Figures 6-1 through 6-3.  The results from the avian research did not provide 
meaningful information due to a high degree of variability of food ingestion by the birds, and 
the corresponding variability in metal doses administered.  Figure 6-1 presents the data for 
cadmium.  As this figure depicts, there appears to be a dose-related increase in cadmium tissue 
concentrations.  For the data on lead, depicted in Figure 6-2, there also appeared to be a dose-
related increase in lead tissue concentrations; however, the variability in the negative control 
(Dose Group #3) and the low-dose groups (Dose Group #2) make it impossible to extract any 
meaningful information regarding the relative oral bioavailability of lead from soil.  Figure 6-3 
seems to indicate that chromium is not absorbed by the American robin, as there is no dose-
related increase in absorption.   

6.1.4 Overall Conclusions 

Although the pilot study did not answer the original questions as intended, it was successful in 
terms of working through issues and challenges that would have been encountered during the 
full-scale study.  After carrying out the Phase 1 and Phase 2 research, which dealt with dosing 
the captive robins with actual soil and spike solutions, as well as having a negative control, it 
became apparent that wild-caught American robins are not the ideal receptor to use for avian 
bioavailability studies, due to their erratic eating behavior in captivity.  For the type of 
investigation that was undertaken for the SERDP research, the rate of food intake needs to be 
well controlled and consistent across animals, in order to ensure administration of the target 
dose.  To the extent that food consumption was erratic for these animals, the variability in 
dosing makes it impossible to derive meaningful conclusions from the resulting data.  Perhaps 
better results could be obtained with this receptor by acclimating birds to the lab from the time 
they are hatched, so that they are accustomed to a dosing regimen and laboratory food.   
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6.2 Least Shrew Bioavailability Research 

6.2.1 Introduction 

Small mammals such as shrews are among the wildlife receptors for which ecological risk 
assessment models consistently indicate the greatest level of potential exposure to metals in soil.  
These small mammals receive much of their soil exposure from direct soil ingestion during 
foraging and preening activities, or from consumption of soil-laden earthworms.  In assessing 
risks to these receptors from soil contamination, the standard method is to assume that 
contaminants have a relative bioavailability of 100% (i.e., the efficiency of metals absorption 
from ingested soil is equal to that which occurred in the laboratory tests conducted to determine 
toxicity thresholds).  However, as discussed above for human bioavailability, a growing body of 
research indicates that many chemicals—including metals—are less bioavailable from ingested 
soil than from the soluble forms that are typically used in laboratory toxicity tests, when dosed 
in a similar manner.  To evaluate this hypothesis, research was conducted to measure the 
absorption of metals by least shrew (Cryptotis parva) after soil ingestion, relative to the 
absorption of the soluble forms of these metals that have been used in toxicity studies.  The 
purpose of this research was to develop an in vivo model for measuring the relative 
bioavailability of metals in soil to shrews, and to produce data that can be used in ecological risk 
assessments and to develop data that can be used to validate in vitro tests.   

6.2.2 Study Design 

6.2.2.1 Species Selection 

EPA considers the short-tailed shrew to be a good sentinel receptor for the mammalian 
insectivore guild.  This species is also the mammalian receptor that yields the lowest ecological 
soil screening levels (eco-SSLs) for most of the metals that have been evaluated in the eco-SSL 
process, and thus will be important in setting soil screening levels for ecological receptors.  
Short-tailed shrews are not generally used for laboratory research, because they must be wild-
caught, may have diseases, and often do not adjust well to captivity.  No established colonies of 
short-tailed shrew were available for this research.  Therefore, the least shrew, which had 
already been shown to adapt to a laboratory environment, was selected as a surrogate.  Only 
female shrews were used, because the oral bioavailability of lead in other small mammals (e.g., 
rats) has been observed to be dependent on the sex of the animals (Freeman et al. 1992), and 
because females are considered to be more ecologically sensitive than male shrews.  
Information on the care and handling of the least shrews during the course of the experiment is 
provided in the manuscript that presents this work and results.  The manuscript are provided in 
the Supplemental Materials for Section 6. 

6.2.2.2 Soil Characterization 

Because this research was funded by SERDP, the focus was on metals that occur in soils at DoD 
facilities.  As a precursor to this research, metal concentration data for a wide variety of DoD 
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facilities were screened against established regulatory criteria for ecological endpoints.  The 
metals that most frequently exceeded ecological screening criteria, in order, are lead, cadmium, 
mercury, zinc, arsenic, and chromium.  An attempt was made to identify and collect soils from 
sites that contained this suite of metals at concentrations that would yield measurable post-
dosing concentrations in the shrew, but would not be toxic in the sub-acute dosing periods that 
were used in this study.  No soils were found that contained concentrations of mercury that 
would allow for measurement of oral absorption.  In addition, the cat food that constituted the 
basal diet of the least shrew colony used in this study was high in zinc concentration.  As a 
result, the elevated background zinc concentrations in shrew precluded the ability to measure 
zinc absorption from soil in this study.  Thus, mercury and zinc were eliminated from the list, 
and the resultant target metals for this study were lead, cadmium, arsenic, and chromium. 

Four soils containing a mixture of target metals were used in this research.  These included soils 
from the Naval Weapons Air Station located in Point Mugu, California (hereafter referred to as 
DoD-PM soil), a mixture of soils from the Dugway Proving Grounds and Picatinny Arsenal 
(referred to as the DoD-DP soil), an orchard soil from Washington State (Orchard soil), and a 
soil collected in the vicinity of a smelter in Colorado (Smelter soil).  Because none of the test 
soils contained detectable quantities of Cr(VI), the Smelter soil, which contained only 19 mg/kg 
chromium, was spiked with soluble Cr(VI) to achieve a soil concentration of 1,835 mg/kg 
chromium [1,355 mg/kg measured as Cr(VI)].  Metals concentrations and soil characterization 
data for the test substrates are presented in Table 6-1.  The test soils ranged in texture from sand 
to sandy loam, with pH and total organic carbon (TOC) ranging from 5.9 to 8.0 and 0.75% to 
3.26%, respectively.  Arsenic concentrations ranged over a five-fold difference (60 to 
331 mg/kg), while cadmium (2.4 to 1,755 mg/kg), chromium (36 to 8,362 mg/kg), and lead 
(257 to 2,640 mg/kg) covered approximately 3, 2, and 1 order of magnitude in concentration 
ranges, respectively.  Please refer to the manuscript (Supplemental Materials for Section 6) for 
information on the soil handling and analytical methods. 

6.2.2.3 Dosing 

In these experiments, the relative bioavailability from the test soils was assessed by comparing 
the absorption of each target metal after soil ingestion to the absorption of soluble forms of the 
metals.  Both the test soils and the aqueous mixtures of soluble metal salts (or soluble spikes, 
referred to as “reference mixtures”) were mixed with basal diet and dosed to groups of shrews 
for 28 days.  Feed preparation, feeding regimen, and preparation of the reference mixtures are 
described in the manuscript.   

Three dose levels of each test soil or soluble spike reference material were given to assess 
whether any dose-response relationship existed for metal absorption.  For a given test soil, the 
maximum daily mass that could be given safely (estimated from toxicity data and the metal 
concentrations in each soil) was established and is referred to as the “100% soil dose” (this 
ranged from 0.01 to 0.20 g soil/day for the four soils tested, depending on the metal 
concentrations they contained).  The other two soil doses were given at one-half and one-fourth 
of the initial soil dose (referred to as the “50% and 25% soil doses”).  For each of the different 
test soils, that were evaluated during separate dosing trials, a negative-control dose group was 
included and was fed standard shrew diet.  Doses of the target metals given as the reference 
mixtures were matched, to the extent practicable, to those delivered in the three doses for each 
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soil.  However, because each shrew consumed the dosed food ad libitum, doses received by 
individual shrews varied.   

Twelve shrews was selected as the starting value for the number of individual animals in each 
dose group.  As a result of variable shrew mortality rates in the different dose groups, the 
number of shrews varied from six to eleven animals after 28 days of dosing (Table 6-2).  For all 
dose groups with eight or fewer animals surviving for the entire dosing period, all of the 
surviving animals were analyzed.  For dose groups with more than eight surviving animals, 
eight animals were selected at random for analysis.  After the 28-day dosing period, the shrews 
were terminated, and the body burden of the target metals was determined.  (Analytical methods 
are described in the manuscript provided in the Supplemental Materials for Section 6).  Using 
regression methods (described in the attached manuscript), the relative bioavailability was then 
calculated from the concentrations of a target metal in the soil-dosed animals, relative to the 
concentrations in the reference-dosed animals.  The relative bioavailability for each metal in 
each soil was then estimated as the ratio of the slope of the regression for the soil versus that for 
the reference material. 

Average doses delivered to each dose group of shrews are reported in Table 6-3 (calculated 
from metal concentrations measured in each batch of feed and average shrew body weight 
during the study).  Actual doses delivered were consistent with the four-fold target difference 
between the low and high doses for each of the metals, in each of the four test soils, except in 
cases where the dosed feed concentrations were very close to the standard diet concentrations.  
The ratios of metal doses delivered as soil in feed, relative to doses delivered as the matched 
reference mixture in feed (Table 6-3), generally ranged from 0.85 to 1.15, with a few values 
outside this range (0.73 and 1.37 represented the absolute limits of the range).  These results 
indicate that the dose ranges for metals in each soil and reference mixture were approximately 
four-fold, and that similar metal doses were delivered in both the soil-dosed feed and the 
matched reference materials.  

6.2.3 Results 

High shrew mortality was observed in the first dosing trial (43%), and decreased as the study 
progressed (8% during the final dosing trial, which is similar to that observed in the shrew 
colony as a whole on a monthly basis; Table 6-2).  With the exception of the 100% exposure 
group for the Smelter soil, mortality rates were as high for the control groups fed standard diet 
alone as they were for dose groups fed soil or reference mixtures (Table 6-2), indicating that 
mortality was not due to metals exposure.  It is believed that the elevated mortality rates early 
on were due to insufficient food and the effects of isolation.   

During the first dosing trial (using DoD-PM soil), when mortality rates were at their highest, all 
of the dose groups experienced a decrease in body weight during the 28-day period (Table 6-4).  
This was followed by increases in body weight during the DoD-DP dosing trial, consistent with 
the decline in mortality rates.  However, during the last (Smelter soil) dosing trial, body weights 
declined to an even greater extent than during the DoD-PM dosing trial, even though mortality 
rates had decreased to levels seen in the overall shrew colony.  The Smelter soil delivered the 
greatest doses of arsenic, cadmium, and chromium, and the second-highest dose of lead, 

\\boulder3\data\projects\1191_serdp\final_serdp_report\serdp_final_rpt8.doc 
8601191.002 0101 0405 R289 37



 

suggesting that one, or some combination, of these metals may have been responsible for the 
decreases in body weight during the dosing trial with this soil.  It should also be noted that 
shrew mortality was elevated in the 100% Smelter soil dose (36%; Table 6-2), consistent with 
the decreases in body weight (–25%; Table 6-4) in this dose group. 

The shrews exhibited a clear dose-response for arsenic, cadmium, and lead in the test soils 
(insufficient data were available for chromium to make this determination).  Figure 6-4 
summarizes all of the dose vs. tissue concentration data for lead in the four test soils that were 
dosed to the shrews. 

6.2.3.1 Relative Bioavailability 

Arsenic — Relative bioavailability of arsenic from soil ranged from 7% to 49% for the three 
soils in which the regression model yielded significant results (Table 6-5)—dosing of the DoD-
PM soil (82 mg/kg As) and associated spike yielded all non-detect values in the post-dosing 
shrew tissues.  The 7% relative bioavailability value for arsenic in the DoD-DP soil undoubtedly 
has greater uncertainty associated with it than would be implied by the standard error associated 
with this value, because many of the tissue arsenic concentrations from the soil-dosed animals 
were non-detect values, and those that were detects were only slightly greater than the detection 
limit (Figure 6-5).  As a result, the slope of the dose-response curve for the soil-dosed animals is 
less certain than that for the reference material–dosed animals.  In contrast, arsenic 
concentrations in shrew tissues of animals dosed with the Orchard (Figure 6-6) and Smelter 
soils were well above detection limits, yielding more robust estimates of relative bioavailability.  
These results suggest that a dose of approximately 3,500 µg As/kg-day in soil (Table 6-3) 
should be considered the lower limit for arsenic in this shrew model. 

Cadmium — Relative bioavailability of cadmium from soil ranged from 13% to 81% for the 
three soils for which the regression model yielded significant results (Table 6-5)—shrew tissue 
concentrations after dosing of the Orchard soil (2.4 mg/kg Cd) were all non-detect.  Similarly, 
shrew tissue concentrations after dosing with the DoD-DP were largely nondetects (Figure 6-7) 
(analogous to the situation for arsenic in this soil).  Thus, the 13% relative bioavailability value 
for cadmium in this soil is more uncertain than the values for the DoD-PM and Smelter soils, 
but certainly indicates low absorption of cadmium (and arsenic) from this soil, relative to 
exposure to soluble salts of these metals.  Based on these data, a dose of at least 500 µg Cd/kg-
day in soil (Table 6-3) is required for this shrew model. 

Chromium — Chromium(III) does not appear to have been absorbed in the shrew, either from 
soil or the reference mixtures, regardless of dose level.  Doses up to nearly 20,000 µg/kg-day 
were delivered in the DoD-PM soil and its associated reference mixture (the DoD-PM soil 
contained 8,362 mg/kg Cr, almost entirely as Cr(III) [Table 6-2]), and yet no evidence of 
chromium absorption was observed for either the test soil or its reference mixture (Figure 6-8).  
The same was observed with the DoD-DP and Orchard soils, which delivered smaller doses of 
Cr(III) than the DoD-PM soil.  For the Smelter soil, which was spiked with Cr(VI) and 
delivered doses up to nearly 90,000 µg-kg/day of chromium (Table 6-3), uptake into shrew 
tissue was observed (Figure 6-9), and tissue response increased with increasing dose. At the 
intermediate dose of chromium from this soil (42.6 mg/kg-day, or a total dose of 1,192 mg Cr), 
only a very small fraction (approximately 7.4×10–6) of the chromium dose mixed with soil was 
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found in shrew tissues (average of 0.0089 mg Cr/shrew).  In the absence of a soluble reference 
dose, it is not possible to calculate a relative bioavailability value for Cr(VI) from the Smelter 
soil. 

Lead — Relative lead bioavailability from soils ranged from 21% to 60% (Table 6-5), with 
detectable lead concentrations in tissue from all four soils tested.  The analytical results from the 
Orchard soil were anomalous, in that tissue lead concentrations from the soil exceeded those 
from the associated reference mixture (initial relative bioavailability estimate of 129%), 
suggesting that soil lead was more readily absorbed than the lead acetate spike.  Because it 
seemed very unlikely that this could occur, and because the dose-response from the lead 
reference doses associated with the other three soils tested yielded consistent results that 
contradicted results for lead from the Orchard reference mixture, the average dose-response 
from the lead acetate given during the DoD-PM, DoD-DP, and Smelter soil trials was used to 
calculate the relative bioavailability of lead from the Orchard soil.  The anomalous behavior of 
lead in the reference material associated with the Orchard soil may have been due to formation 
of a sparingly soluble precipitate in the reference solution, because the lead concentration in the 
Orchard reference material was greater than in any of the others.  This would explain how lead 
absorption from the Orchard soil could have exceeded that from the reference material.  Based 
on these results, a minimum lead dose from soil of approximately 300 µg/kg-day is required for 
use of the shrew model. 

6.2.3.2 Effect of Soil Parameters on Metal Bioavailability 

The relative bioavailability values from this study (Table 6-5) were compared to the soil 
parameters and soil metal concentrations (Table 6-2) to assess whether a particular soil variable 
appeared to control the relative bioavailability of any target metal.  This analysis was conducted 
both graphically and using Pearson’s correlation at α = 0.05.  The only significant correlations 
were for the relative bioavailability of cadmium, which was inversely correlated with both CEC 
and DCB-extractable extractable iron concentrations of the test soils.  In addition, the graphed 
data suggested that relative lead bioavailability increased with increasing soil lead 
concentration.  However, with only a few data points per metal, it is not possible to have a high 
level of confidence in these correlations. 

6.2.4 Conclusions 

The research described herein involved the development of a novel animal model for assessing 
the relative bioavailability of metals from soil.  The shrew model differs from existing animal 
models for estimating metals bioavailability from soil (e.g., rats, swine, and monkeys) in that 
shrews have very high metabolic and food consumption rates, and are quite fragile.  As 
observed during this study, high mortality occurs with minor changes in diet or habitat.  Despite 
the difficulties in working with this model, this study demonstrates that it is possible to obtain 
reliable estimates of relative metals bioavailability from the shrew.  Results indicate that the 
relative bioavailability of arsenic, cadmium, and lead ranged from 7% to 49%, 13% to 81%, and 
21% to 60%, respectively.  Cr(III) was not absorbed from soil, even at very high doses, and 
Cr(VI) was absorbed to a slight extent from a soil that was spiked with a high concentration of 
Cr(VI). 
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Based on the study results, it is clear that arsenic, cadmium, and lead are absorbed to varying 
extents from different soils in this shrew model, and that site-specific (or soil-specific) factors 
affect the relative absorption of the metals.  Cr(III) was not absorbed in a detectable manner, 
and soluble Cr(VI) spiked into soil was absorbed to a limited extent, the degree of which cannot 
be quantified from the study results. 

The relative bioavailability values for arsenic, cadmium, and lead in soil are generally consistent 
with those observed in other animal models.  For example, relative arsenic bioavailability from 
13 soils has been evaluated in a juvenile swine model, resulting in values ranging from near 0 to 
52% (Casteel et al. 1997).  In addition, five Florida soils were evaluated in a Cebus monkey 
model, yielding relative bioavailability estimates for arsenic of 10% to 25% (Roberts et al. 
2002).  The range of relative arsenic bioavailability values observed in this study (7% to 49%) 
falls within the range observed in juvenile swine, and is somewhat greater than that observed in 
Cebus monkeys. 

The DoD-PM soil used in this study was also evaluated for relative cadmium bioavailability in a 
juvenile swine model, yielding an average relative bioavailability estimate of 78%, based on 
measurement of both kidney and liver endpoints (Schoof et al. 2005).  Given that the DoD-PM 
soil yielded a relative cadmium bioavailability of 81% in the shrew, these two animal models 
appear to be yielding similar results.  The juvenile swine model was developed as a surrogate 
for absorption in human children, and has been used extensively to evaluate relative lead 
bioavailability in soil.  Data from the swine model indicate a broad range of relative 
bioavailability results for lead in soil (19% to 90% [Ruby et al. 1993]).  This is generally 
consistent with results observed in the shrew model, wherein relative lead bioavailability ranged 
from 21% to 67%.  Given the consistent results obtained from this shrew model, and the fact 
that these results are comparable to results from established animal models, the shrew model 
appears to be a useful tool for assessing metals uptake from soil into shrew and other small 
mammals, and for improving the accuracy of ecological risk assessment. 
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Figure 6-4.  Dose-response for lead in all four test soils dosed to shrew
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Figure 6-5.  Dose-response graph for arsenic in the DoD-DP soil
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Figure 6-6.  Dose-response graph for arsenic in the Orchard soil
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Figure 6-8.  Dose-response for chromium in the DoD-PM soil
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Table 6-1. Characterization data for soils dosed to shrews

Chemical Units

Conventionals
pH s.u. 7.6 8.0 5.9 7.5
Total organic carbon % 0.75 3.26 2.98 2.09
Total inorganic carbon % 0.53 1.02 1.27 0.05 U
Cation exchange capacity meq/100g 46.2 71.3 74.0 52.3
DCB extractable iron mg/kg 3,830 12,240 5,630 5,110

Particle Size Distribution
Coarse sand (425 – 2,000 µm) % 42.3 43.1 28.0 19.8
Medium sand (250 – 425 µm) % 30.3 12.1 17.9 13.8
Fine sand (75 – 250 µm) % 21.9 28.3 25.2 35.7
Silt (4 – 75 µm) % 2.2 15.4 26.9 27.5
Clay (< 4 µm) % 3.3 1.1 2.0 3.2

Inorganics
Arsenic mg/kg 82 60 284 331
Cadmium mg/kg 1,755 14 2.4 423
Chromium mg/kg 8,362 79 36 1850
Chromium, hexavalent mg/kg 1.1 0.5 U 0.5 U 1,355
Iron mg/kg 9,330 20,900 22,300 15,800
Lead mg/kg 569 257 2640 585
Manganese mg/kg 78 498 394 479
Mercury mg/kg 0.85 11.3 0.04 7.4
Nickel mg/kg 1,870 41 16 13
Phosphorus mg/kg 1,710 1,560 887 673
Zinc mg/kg 706 356 286 1,200

DoD-PM OrchardDoD-DP Smelter
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Table 6-2.  Shrew mortality rates

Standard Diet 19 6 68% 16 8 50% 12 11 8% 11 11 0%
Soil Exposure 25% 12 9 25% 12 10 17% 12 9 25% 11 10 9%
Reference Material 25% 12 7 42% 12 9 25% 12 10 17% 11 11 0%
Soil Exposure 50% 13 8 38% 12 11 8% 12 9 25% 11 11 0%
Reference Material 50% 12 10 17% 12 10 17% 12 10 17% 11 11 0%
Soil Exposure 100% 17 7 59% 12 7 42% 12 11 8% 11 7 36%
Reference Material 100% 12 8 33% 12 12 0% 12 11 8% 11 10 9%

Total 97 55 43% 88 67 24% 84 71 15% 77 71 8%

Mortality
Rate

DoD-DP Orchard Smelter
Final

n
Mortality

Rate
Mortality

Rate
Final

n
Initial

n
Final

n

DoD-PM
Mortality

Rate
Initial

n
Initial

n
Final

n
Initial

n
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Table 6-3.  Average doses (µg/kg-day) received by each dose group

25% Doses 50% Doses 100% Doses
Standard

Diet Soil
Reference
Material Soil

Reference
Material Soil

Reference
Material

25%
Doses

50%
Doses

100%
Doses

DoD-PM
Arsenic 150 169 212 214 228 308 367 0.80 0.93 0.84
Cadmium 20 1,003 994 1,949 1,865 3,856 3,671 1.01 1.04 1.05
Chromium 595 5,291 5,380 11,025 10,510 18,458 19,873 0.98 1.05 0.93
Lead 73 319 366 726 688 1,252 1,346 0.87 1.05 0.93

DoD-DP
Arsenic 127 768 628 1,536 1,224 3,061 2,227 1.22 1.26 1.37
Cadmium 17 106 117 248 224 455 435 0.91 1.11 1.04
Chromium 506 1,375 1,272 2,371 1,947 3,965 3,363 1.08 1.22 1.18
Lead 62 2,390 2,218 4,979 4,731 10,266 9,224 1.08 1.05 1.11

Orchard
Arsenic 97 1,586 1,808 3,525 3,484 6,236 6,199 0.88 1.01 1.01
Cadmium 16 17 36 20 60 20 87 -- b -- b -- b

Chromium 518 669 518 1,022 514 1,351 477 -- b -- b -- b

Lead 76 12,472 13,792 30,251 29,834 59,056 56,846 0.90 1.01 1.04
Smelter

Arsenic 173 5,042 5,083 7,790 10,702 16,919 18,263 0.99 0.73 0.93
Cadmium 20 4,220 4,319 8,084 9,284 17,174 15,977 0.98 0.87 1.07
Chromium 564 20,127 603 42,556 627 89,738 504 -- a -- a -- a

Lead 56 5,817 6,344 11,898 13,702 25,077 23,288 0.92 0.87 1.08

Ratio of Soil:Reference Material

b Ratio not relevant because Cd and Cr were not added to the reference material matched to the Orchard soil, because there was insufficient 
Cd and Cr in the Orchard soil to be detectable post-dosing in shrew tissue.

a  Ratio not relevant because the soil was spiked with 1,835 mg/kg Cr, but the reference material was not spiked with Cr because it caused a 
precipitate to form (possibly PbCrO4) in the reference solution.
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Table 6-4.  Shrew body-weight changes

Standard Diet 4.5 4.0 -11% 4.5 5.3 18% 4.7 4.4 -6% 4.7 4.6 -2%
Soil Exposure 25% 5.0 4.4 -12% 5.1 5.9 16% 4.9 4.8 -2% 5.0 4.5 -10%
Reference Material 25% 4.6 4.2 -9% 4.6 5.4 17% 4.6 4.6 0% 5.2 4.9 -6%
Soil Exposure 50% 4.7 3.8 -19% 4.4 5.4 23% 4.4 4.3 -2% 4.8 4.2 -13%
Reference Material 50% 4.2 4.1 -2% 4.6 4.9 7% 4.4 4.5 2% 4.8 4.2 -13%
Soil Exposure 100% 4.3 4.1 -5% 4.4 4.7 7% 4.7 4.5 -4% 5.1 3.8 -25%
Reference Material 100% 4.7 4.5 -4% 4.5 5.0 11% 5.0 4.9 -2% 5.7 4.8 -16%

Average 4.6 4.2 -9% 4.6 5.2 14% 4.7 4.6 -2% 5.0 4.4 -12%

Percent 
change

DoD-DP Orchard Smelter
Final
(g)

Percent 
change

Percent 
change

Final
(g)

Initial
(g)

Final
(g)

DoD-PM
Percent 
change

Initial
(g)

Initial
(g)

Final
(g)

Initial
(g)
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Table 6-5. Summary of relative bioavailability estimates

DoD-PM DoD-DP Orchard Smelter
Arsenic

RBA not significant 0.07 0.49 0.31
outliers none 2 none none
Lower bound -- -0.10 0.33 0.20
Upper bound -- 0.21 0.65 0.45
Standard Error -- 0.09 0.10 0.08
p-value (adj. R-sq 0.76 (-2.7%) <0.001 (62%) <0.001 (58%) <0.001 (59%)

Cadmium
RBA 0.81 0.13 not significant 0.66
outliers 1 none 2 3
Lower bound 0.65 -0.003 -- 0.57
Upper bound 0.99 0.24 -- 0.76
Standard Error 0.10 0.07 -- 0.05
p-value (adj. R-sq <0.001 (78%) <0.001 (80%) 0.34 (0.34%) <0.001 (90%)

Chromium
RBA not significant 1.9 not significant -0.02
outliers none 1 none 1
Lower bound -- -- -- --
Upper bound -- -- -- --
Standard Error -- -- -- --
p-value (adj. R-sq 0.76 (-1.7%) 0.028 (7.9%) 0.47 (-0.88%) <0.001 (72%)

Lead
RBA 0.21 0.34 0.60a 0.51
outliers none none 1 1
Lower bound -- 0.26 0.53 0.40
Upper bound -- 0.42 0.69 0.62
Standard Error -- 0.05 0.05 0.06
p-value (adj.R-sq. <0.001 (35%) <0.001 (85%) <0.001 (80%) <0.001 (79%)

 --   Fieller's theorem does not apply or provides uncertain results so no standard error was calculated
a  - As described in text, relative bioavailability of lead in Orchard soil was calculated using the 
average lead
acetate dose response from the other three dosing trials (I.e., those for DoD-PM, DoD-DP, and 
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7 Summary of In Vitro Research 

The overall objective of the research undertaken under this SERDP funding is to use animal (in 
vivo) testing results, described in the prior sections of this report, as the basis to derive a 
benchtop (or in vitro) physiologically-based extraction test (PBET) for each route/receptor pair 
tested.  Such tests have been proposed for several organic chemicals (Bondi et al. 2003; Ruby 
2002) and inorganic chemicals (Kelley et al. 2002; Ruby et al. 1996; Rodriguez et al. 1999) in 
soil, and an in vitro test has been validated for lead to predict oral bioavailability in humans.  In 
order to evaluate the potential for development of an in vitro method for each receptor/pathway 
combination investigated in the in vivo research component of this project, soils were tested in 
vitro under a variety of conditions, and the results were evaluated for correlation to the in vivo 
results.  These results are discussed below, as the “in vivo to in vitro” (IV:IVT) correlations. 

The testing and results discussed below are organized to parallel the discussion of in vivo 
research, above.  Specifically, investigations relevant to human receptors are presented; first for 
oral exposures to arsenic (evaluating correlations with data from in vivo testing in cynomolgus 
monkeys), and then for oral exposures to cadmium (evaluating correlations with data from in 
vivo testing in swine).  This is followed by discussion of the in vitro approaches to estimating 
dermal absorption of arsenic.  Then, results relevant to the ecological receptor—the shrew—are 
presented. 

7.1 Human Exposure – Oral 

The sections that follow discuss research results regarding the development and assessment of 
PBETs, derived from in vivo studies, that would be predictive of relative oral bioavailability 
estimates for arsenic and cadmium. 

7.1.1 Arsenic 

Relative oral bioavailability values for arsenic in soil were derived using a cynomolgus monkey 
model that was developed and implemented at the University of Florida.  Ten test soils, along 
with three reference doses of sodium arsenate in solution, were evaluated in this monkey model.  
The results from this in vivo study, and the resultant relative oral bioavailability research, are 
presented in Section 4.1 of this report, and additional details are included with the Supplemental 
Materials for Section 4.  (It should be noted that this in vivo research continues under funding 
from an industrial source, and four more arsenic-bearing soils are slated to be tested for arsenic 
bioavailability in the cynomolgus monkey model.  These new data will be added to the existing 
database, and a manuscript discussing all findings will be prepared during the first half of 2005.) 

Prior to this study, several researchers have attempted to develop PBETs for arsenic that 
correlate with results from in vivo models, and these previous efforts have been considered in 
development of the research conducted for this project.  For example, Rodriquez et al. (1999) 
reported that both a PBET consisting of a stomach-phase extraction (pH 1.8, 60 min. in a stirred 
beaker at 37 °C, maintained anaerobic with argon gas), or that stomach-phase extraction 
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followed by a small-intestinal phase (pH 5.5, addition of bile acids and pancreatic enzymes, 
60 min. in a stirred beaker at 37 °C, maintained anaerobic with argon gas), correlated equally 
well with RBAs from the juvenile swine model for 13 mining-related samples (r2 = 0.69 and 
0.67, respectively, p <0.01).  These data suggest that the extent of arsenic dissolution during an 
acidic gastric-like extraction is predictive of RBAs in the juvenile swine model.  Subsequent 
research using the PBET protocol developed by the Solubility/Bioavailability Research 
Consortium (SBRC) (published in Kelley et al. 2002) has confirmed that arsenic dissolution in 
an acidic gastric-like extraction is most likely to be predictive of arsenic bioavailability from an 
in vivo model, and the in vitro research reported herein was based on that premise.   

As a starting point, the PBET protocol developed by the SBRC (see Supplemental Materials for 
Section 7) was run at pH values of 1.5 and 2.5 to evaluate arsenic bioaccessibility from the 
10 test soils that had been evaluated for relative arsenic bioavailability in the cynomolgus 
monkey model.  The results from this extraction testing are presented in Table 7-1, and the 
IV:IVT correlations are presented in Figure 7-1. 

A trend of increasing arsenic bioaccessibility with increasing bioavailability is notable at both 
extraction pH values, with the exceptions of the Florida Cattle Dip Vat (FLCDV) and the 
California Mine Tailings (CAMT) soils (the in vitro results for these samples were confirmed by 
an independent laboratory).  The arsenic mineralogy results (presented in Section 2 of this 
report) indicate that the FLCDV soil contains primarily arsenic adsorbed to clay, which would 
be expected to yield a high RBA value (as was seen in the cynomolgus monkeys).  This 
suggests that the in vitro test, as specified under the SBRC method, is underestimating arsenic 
bioaccessibility from this particular soil type.  The CAMT soil also appears anomalous, and in 
this case, the arsenic mineralogy is dominated by the relatively insoluble mineral arsenopyrite, 
suggesting either that the in vivo data are anomalously high (which would be supported by the 
mineralogy results) or that the in vitro test is underestimating arsenic bioaccessibility for this 
arsenic form as well.  [Soils to be tested in the monkeys in upcoming weeks include a pure 
arsenopyrite-spiked sample, which will help resolve remaining questions regarding 
bioavailability of this form of arsenic] 

Eliminating the FLCDV and CAMT samples from the IV:IVT correlation yields good 
correlations at both pH values (r2 = 0.87 and 0.82 for pH 1.5 and 2.5, respectively; Figure 7-2).  
Given the strength of these correlations, it appears that the SBRC in vitro test method is 
predictive of arsenic bioavailability for 8 of the 10 samples tested. 

Based on the arsenic forms in the two soils for which the SBRC in vitro method does not appear 
to provide a good “fit,” additional research was undertaken to improve the correlation between 
the in vivo and in vitro data for the full set of studied soils.  Two modifications were tested:  first 
was to use the standard SBRC in vitro method, buffered to pH 2.5, but with the addition of 
500 mg/L of phosphate.  Secondly, a similar extraction solution was used, but replacing the 
glycine buffer with phosphate, included at the same molarity as the glycine that it replaced 
(0.4N).  Because of the geochemical dynamics between arsenic and phosphate, the addition of 
the phosphate to the system should be effective in displacing adsorbed arsenic.   

Figures 7-3 and 7-4 show the IV:IVT correlations following the addition of phosphate.  The 
results of the phosphate-containing extractions indicated that addition of 500 mg/L of phosphate 
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caused only a minor alteration in the resulting bioaccessibility.  Use of  phosphate as a buffer in 
place of the glycine resulted in more dramatic effects and were evaluated further.  Results for 
the phosphate-buffered extractions and the corresponding SBRC-based extractions are presented 
in Table 7-2.  As anticipated, addition of phosphate to the in vitro extraction system results in a 
higher measured extraction efficiency for the FLCDV soil that contains the sorbed arsenic.  The 
extraction efficiency of the in vitro method increases for this sample with increasing phosphate 
concentration, with the IV:IVT correlation improving for the highest phosphate system.  A 
similar effect was seen for the CAMT soil, for which the addition of phosphate increased 
arsenic solubility from the soil and enhanced the IV:IVT correlation at the highest phosphate 
concentration tested.  Surprisingly, however, addition of phosphate to the extraction fluid 
decreased arsenic solubility for other soil samples in the testing array (specifically for the 
Washington Orchard Soil [WAOS] and for the Western Iron Slag Sample [WISS]).  Because of 
the shift for these two samples toward decreased solubility in the presence of the high-phosphate 
extraction fluid, the resulting IV:IVT correlation for the full set of soils tested was not improved 
by the addition of phosphate.  However, if the maximum value achieved from either the original 
SBRC method at pH 2.5 or the phosphate-buffered extraction is selected for each sample tested, 
the IV:IVT correlation is quite good (r2 value of 0.76) (Figure 7-5).  Based on these findings, a 
preliminary protocol has been developed that specifies parallel extraction of soil samples in a 
glycine-buffered system as well as a phosphate-buffered system, and selection of the maximum 
percent extraction efficiency of the two systems for use in assessing the corresponding estimates 
of relative bioavailability.  As shown in the upper graph in Figure 7-6, the equation for 
regression of the maximum in vitro results from the two extractions against the in vivo results 
indicate a good correlation (r2 = 0.745)  

RBA = 0.23(IV) + 0.058 

where:  

RBA represents the estimate of relative oral bioavailability in vivo 

IV represents the maximum percent extraction found in either in vitro extraction 
procedure. 

It is important to note in this approach that the slope of the line (0.23) is significantly lower than 
the value of 1, indicating that the extraction efficiency of the in vitro methodology is 
significantly higher (i.e., more aggressive) than that of the in vivo system using the cynomolgus 
monkey.  This indicates that the regression equation is important to “convert” the in vitro results 
into the corresponding value for relative oral bioavailability.  It also indicates that use of a 
simple extraction test (e.g., the standard SBRC protocol) generally provides an extreme upper-
end prediction of oral bioavailability, and would overestimate relative bioavailability measured 
in the in vivo system for nearly all samples tested to date.   

The r2 value of 0.745 indicates that the regression equation provided by this IV:IVT correlation 
fits the data quite well (upper graph, Figure 7-6).  For the two samples for which this equation 
would most underpredict relative oral bioavailability based on extraction data, the magnitude of 
the underprediction is approximately 6%; i.e., the “predicted” relative oral bioavailability would 
be 6% lower than the measured relative oral bioavailability value for that sample. 
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In addition to the simple regression modeling described above, a multivariate statistical 
evaluation of the full set of data available for these soils was evaluated in order to understand 
which factors most affect the relative oral bioavailability of arsenic from these samples.  Factors 
included in the analysis include arsenic concentration, soil pH, DCB-extractable iron (proposed 
to be a predictor of arsenic solubility in biological systems [Yang et al. 2002]), mineralogy, all 
soil parameters listed in Table 2-2 of this report, and extraction efficiency in the glycine- and 
phosphate-buffered solutions evaluated above.  This full suite of data was available for 9 of the 
10 soils dosed to the cynomolgus monkeys.   

Results of this multivariate analysis indicate that factors including concentrations of TOC, 
extractable iron oxide, copper, and zinc significantly affected the goodness of fit of predictions 
to the RBA values from the in vivo study.  When all these factors are included, a regression 
equation of  

RBA = –0.045×TOC + 0.00002×(FeO) – 0.00009×Cu – 0.00003×Zn + 0.20 

can be fitted to the data (r2 = 0.927) (lower graph, Figure 7-6).  

In this figure, the depicted diagonal line on the lower graph represents a perfect fit (i.e., one to 
one correlation) between the measured RBA and predictions of various models.  The green 
diamonds indicate the measured RBA vs. the value predicted by the in vitro extraction testing 
specified above and in the attached protocol (r2 = 0.745).  The blue stars  represent the 
predictions of the multivariate regression model (r2 = 0.927).  In addition to depicting the 
regressions derived from our research, this figure also shows the fit using the regression 
equation proposed by Yang et al. (2002).  In their research they identified an equation that relied 
on soil pH and iron oxide content to predict arsenic bioaccessibility from soils.  As 
demonstrated on Figure 7-6, while their model may predict bioaccessibility under the conditions 
they specify, the equation does not appear to serve as a meaningful predictor of relative oral 
bioavailability as measured in the cynomolgus monkey. 

Generally, it appears that there are several factors that affect the relative oral bioavailability of 
arsenic.  These are captured in the diagram below. 
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Schematic of how different arsenic species, particle sizes, and morphologies 
affect arsenic bioavailability 

Finally, as discussed above, four additional soils are currently being tested for relative oral 
bioavailability in the cynomolgus monkey model developed under this SERDP funding.  These 
include three samples (of differing arsenic concentrations and bioaccessibility) from a site in 
upstate New York, and one sample of crystalline arsenopyrite mixed with soil. Although the 
funding for testing these samples is being provided by an alternative source, the results will be 
made available to augment the database developed for SERDP, and will be included in 
publication of the in vivo research results.  Once in vivo testing of those soils has been 
completed, the data will be added to the database, and the IV:IVT correlation will be 
re-examined.  That fuller evaluation will be provided to SERDP when it is available.  If the 
study is reported in the form of a manuscript for publication, that manuscript will be submitted 
to SERDP as soon as it is completed, which is anticipated to be in the summer of 2005. 

7.1.2 Cadmium 

Relative bioavailability values for cadmium in soil were derived using a juvenile swine model 
that was developed and applied at the University of Missouri–Columbia.  Four test soils, along 
with three reference doses of cadmium chloride, were evaluated in this swine model.  The 
results from this in vivo study, and the resultant relative oral bioavailability values, are described 
above in Section 4.2 and the associated Supplemental Materials for Section 4.  In addition, a 
fifth soil (OK Smelter #2) that had been evaluated previously for cadmium bioavailability in the 
swine model at the University of Missouri was obtained from Dr. Nick Basta (Ohio State 
University), and was also subjected to the in vitro testing.  This fifth soil was evaluated only for 
relative cadmium bioavailability based on a measurement endpoint in kidneys of the test 
animals, while the other four test soils studied in the SERDP project were evaluated for 
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endpoints in both kidney and liver.  Because it was unclear whether the kidney- or the liver-
based RBA values represented the superior measure of relative cadmium bioavailability from 
soil, the values from these two endpoints were averaged to provide a single comparison value 
for the in vitro testing results (because the OK Smelter #2 soil had only a kidney-based RBA 
value, this was used alone as the value for comparison against the in vitro results).   

The only previous published research on PBETs that would correlate with relative oral 
bioavailability measurements for cadmium in soil was published during the course of the 
SERDP project work, by Schroder et al. (2003).  In this research, the in vitro extraction method 
described above, from Rodriguez et al. (1999), was used for cadmium in soils.  The best IV:IVT 
correlation reported by Schroder was obtained using a gastric-phase extraction (pH maintained 
at 1.8, 60 min. in a stirred beaker at 37 °C) that was maintained under anaerobic conditions by 
constantly diffusing argon gas through the solution.  Based on an evaluation of 10 soils in this in 
vitro test, a linear IV:IVT correlation with r2 = 0.74 was obtained.  

Based on this previous research, the PBET developed by the SBRC was used as a starting point 
for evaluating cadmium bioaccessibility, and was run at pH values of 1.5 and 2.5.  The major 
limitation to a strong IV:IVT correlation for cadmium in this study is the limited in vivo data set, 
and the fact that four of the five RBA values are clustered at high relative bioavailability values 
(78% to 94%; Figure 7-7).  Despite this, the in vitro test results at both pH 1.5 and 2.5 yielded 
strong, and equivalent, IV:IVT correlations (r2 values of 0.94 and 0.95, respectively).  However, 
the IV:IVT correlation based on the PBET at a pH of 2.5 yields a slope closer to 1.0, suggesting 
that this pH value more closely resembles that of the gastric environment in the juvenile swine.  
In both cases, the Dugway composite soil, which yielded a much lower RBA value than any of 
the other soils, controls the slope of the IV:IVT correlation.   

Thus, the SBRC in vitro test run at a pH of 2.5 provides a PBET that correlates strongly with 
results from the juvenile swine model, based on this limited in vivo data set. The r2 value for the 
research reported herein and that reported by Shroeder (i.e., r2 of 0.94 and 0.74, respectively), 
suggest that either extraction approach should provide in vitro bioaccessibility data that permit a 
reasonable estimation of the relative oral bioavailability of cadmium as measured in the swine.  
The in vitro approaches used by both are based on virtually identical chemical principals (acid 
extraction, agitated at physiological temperatures), and either approach appears to provide data 
that are predictive of relative oral bioavailability of cadmium, thereby each piece of research 
service to corroborate the other.   The r2 value reported herein is higher than that reported by 
Schroeder et al. (2003), but as discussed above, since it is derived from a smaller dataset and is 
largely controlled by one sample, our database is somewhat less robust, despite the larger 
correlation value.  Conversely, because of the added complexity of the in vitro method used by 
Schroeder et al. over the method used herein (i.e., addition of food to the system, constant 
maintenance of pH, and requirement of continuous diffusion of argon into the system to 
maintain the anaerobic environment), the SBRC-based method may be preferred because it is a 
simpler extraction process (and therefore more amenable to use in a variety of analytical labs).  
An appropriate next step in determining the most simple yet effective extraction strategy for 
prediction of the relative oral bioavailability of cadmium would be to share soil samples 
between the labs (i.e., Shroeder and Exponent) to cross validate each datum, and to determine 
whether one model is more predictive than the other.   
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7.2 Human Exposure – Dermal 

7.2.1 Arsenic 

Dermal arsenic absorption from two soils was assessed using the Rhesus monkey model 
described in Wester et al. (2004).  Test soils from the Colorado residential soil, and from a 
pesticide production facility in Middleport, New York (Middleport soil), were evaluated and 
yielded dermal absorption values of arsenic from these soils that were not distinguishable above 
background, with theoretical limits of dermal absorption of approximately 0.16%  and 0.12% of 
the applied doses, for the two soils, respectively.  Complete details of the dermal arsenic in vivo 
study can be found in Section 5.1 and the Supplemental Materials for Section 5. 

These two soils were subjected to an extraction procedure using human sweat, which was based 
on the sweat extraction method developed by Horowitz and Finley (1993).  The extraction 
involved leaching 1.0 g of soil (<150-µm size fraction) in 25 mL of human sweat at 30 °C for 
8 hours, with mixing on a shaker table.  The Colorado residential soil and Middleport soil 
yielded 11% and 1.8% extractable arsenic, respectively.  The results from the sweat extraction 
indicate that the amount of arsenic extractable in human sweat is more than an order of 
magnitude higher than the average fraction of arsenic that is actually dermally absorbed.  This is 
not surprising, because the conditions of the sweat extraction are considerably more aggressive 
and conducive to arsenic dissolution than conditions at the skin surface.  In addition to the two 
site soils tested for dermal absorption in the in vivo research, arsenic extraction in sweat was 
also evaluated for a Yolo County soil that was spiked with soluble arsenic just prior to the 
extraction.  This soil was tested because it represents the same type of soil and arsenic 
conditions that were reported in Wester’s earlier research (1993).  In that research, they 
investigated dermal absorption of radiolabeled arsenic that had been freshly mixed with Yolo 
County soil.  For this soil, the in vivo results indicate dermal absorption of 3.2% to 4.5% of the 
applied dose.  In comparison, the sweat extraction of a similarly-prepared sample (without 
radiolabel) yielded a 72% extraction efficiency.  This finding is consistent with the results for 
the site soils, in that the sweat extraction was more than an order of magnitude higher than the 
dermal absorption efficiency. 

These results indicate that a reasonable estimate of dermal arsenic absorption from soil can be 
obtained by applying the sweat extraction procedure developed for this project, and then 
dividing the fraction of sweat-extractable arsenic by 15 to 20.  Documentation of the extraction 
procedure for using sweat is provided in the Supplemental Materials for Section 7.  It should be 
noted that an estimate of dermal arsenic absorption developed in this manner is based on a 
limited in vivo data set.   

Possibly more important than providing the basis for evaluation of a predictive in vitro method, 
the results of the in vivo testing of dermal absorption of arsenic suggest that absorption from 
“field-derived” arsenic-containing soils does not result in urinary arsenic levels that are 
distinguishable from background, and establishes that dermal absorption of arsenic from 
environmental soils is significantly lower than the default assumption recommended by EPA 
(3% based on testing of soluble arsenic freshly mixed with soil).  These results suggest that 
percutaneous absorption of arsenic from environmental soils does not contribute significantly to 
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total arsenic exposures, and can be appropriately excluded from exposure evaluations.  Other 
risk evaluations conducted recently have come to similar conclusions (Kwon 2004; CPSC 2003; 
U.S. EPA 1996).  Additionally, evidence from biomonitoring studies indicates that the standard 
exposure assessment assumptions for soil ingestion conservatively account for measured soil 
arsenic exposure, and that any additional exposure via percutaneous absorption is negligible.  
Two EPA studies (Glass and SAIC 1992; Walker and Griffin 1998) compared arsenic dose 
estimates via soil ingestion to measured urinary arsenic levels in human populations.  In both 
studies, the calculated exposures either matched or overestimated the actual levels compared to 
the biomonitoring data.  In summary, these studies found no contribution of arsenic dose due to 
percutaneous absorption.  In other words, this indicates that the relative contribution of arsenic 
from the percutaneous pathway is negligible in comparison to the amount of exposure via oral 
intake.  This is a more important conclusion that can be substantiated by the in vivo research 
than simply forming the basis for in vitro simulation methodologies. 

7.3 Wildlife Exposure 

Oral bioavailability to the shrew of arsenic, cadmium, chromium, and lead from four test soils 
was studied; this study and the resultant relative bioavailability values are presented in a 
manuscript by Ruby et al. (see Supplemental Materials for Section 6).  For the in vitro research, 
the PBET developed by the SBRC (see Supplemental Materials for Section 7) was used as a 
starting point for evaluating the bioaccessibility of target metals in soil, and was run at pH 
values of 1.5, 2.5, 3.5, and 4.5.  The in vitro results, and associated IV:IVT correlations for each 
metal, are described below.   Specific extraction procedures that provided the best correlation to 
the in vivo data for each metal (arsenic, cadmium, chromium, and lead) are provided in the 
Supplemental Materials for Section 7. 

7.3.1 Arsenic 

The shrew research yielded RBA values for arsenic for three soils (see Table 5 of Ruby et al. 
included in Supplemental Materials for Section 6), so the in vivo data set on which to base an 
IV:IVT correlation is a limited one.  Comparison of the in vivo RBA results against the in vitro 
values at the four different pH values (Figure 7-8) indicates that the SBRC in vitro test run at a 
pH value of 2.5 yields the best IV:IVT correlation (r2 = 0.83).  The slope of the pH 2.5 IV:IVT 
correlation of close to 0.7 indicates that this in vitro test slightly overestimates the shrew-based 
RBA values for arsenic at this pH value.  The fact that the slope of the line for the IV:IVT 
correlation does not equal one does not mean that the model is not predictive, but rather only 
that the in vitro results cannot be used directly without adjustment to account for the slope of the 
line.  This is consistent with the IV:IVT correlation evaluation conducted by EPA for lead.  In 
their assessment, the linear relation is provided, and the results of the in vitro testing are used to 
estimate in vivo results. 

These results indicate that, based on a limited in vivo data set, the SBRC in vitro test run at a pH 
of 2.5 is capable of predicting the shrew-based RBA values for arsenic in soil.  
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7.3.2 Cadmium 

The shrew research yielded three RBA values for cadmium (see Table 5 of Ruby et al., provided 
in the Supplemental Materials for Section 6), so the in vivo data set on which to base an IV:IVT 
correlation is limited.  Comparison of the in vivo RBA results against the in vitro values at the 
four different pH values (Figure 7-9) indicates that the SBRC in vitro test run at a pH of 4.5 
yields the best IV:IVT correlation (r2 = 0.998), while the extraction at pH 3.5 also yielded a 
reasonable correlation (r2 = 0.88).  The slope of the pH 4.5 IV:IVT correlation of 3.2 indicates 
that the PBET underestimates the shrew-based RBA values for cadmium by about a factor of 
about three (see Section 7.3.1 above regarding the meaning of the slope as it pertains to 
predictiveness). 

Based on this data set, the SBRC in vitro test run at a pH of 4.5 is recommended for estimating 
the oral bioavailability of cadmium in soil to shrew. 

7.3.3 Chromium 

There was not sufficient in vivo data from the shrew study to develop an IV:IVT correlation for 
chromium (see discussion in Ruby et al., in Supplemental Materials for Section 6).  However, 
the limited data set that is available suggests that there is little, if any, dose-response relation 
between the administered dose of chromium and the absorbed dose (or body burden) of 
chromium in the exposed animal.  This suggests that some factor is regulating the uptake of 
chromium into the tissues, and that relative oral bioavailability may not be a concern for this 
metal in soil. 

7.3.4 Lead 

The shrew research yielded four RBA values for lead (see Table 5 of Ruby et al. in 
Supplemental Materials for Section 6).  As described in Ruby et al., the RBA value for lead 
from soil DoD-PM likely has more uncertainty associated with it than do the other three soils.  
Comparison of the in vivo RBA results against the in vitro values at the four different pH values 
(Figure 7-10), indicates a lack of IV:IVT correlation when all four data points are included.  
This is odd because the SBRC in vitro test correlates strongly with oral lead bioavailability in 
the juvenile swine model at both pH 1.5 and 2.5 (r2 values of 0.87 and 0.85, respectively, with 
15 soils tested both in vivo and in vitro).  Given the uncertainty associated with the in vivo data 
for soil DoD-PM, this soil was eliminated from the IV:IVT analysis.  When this change was 
made, the IV:IVT correlation improved for both pH 1.5 and 2.5 (r2 values of 0.69 and 0.66, 
respectively; Figure 7-10).  Thus, it appears that the SBRC in vitro test, which is highly 
effective for predicting the oral bioavailability of lead to juvenile swine, is also useful for 
predicting this endpoint in shrew.  Based on these results, the SBRC in vitro test, run at a pH 
value of 2.5, is recommended for estimating the oral bioavailability of soil lead to shrew. 
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7.3.5 Summary of In Vitro Testing for Wildlife Receptors 

Overall, for the research focused on wildlife receptors, acceptable IV:IVT correlations were 
established for all of the metals evaluated except chromium, for which there appears to be little 
dose-related absorption into tissues.  Standardized methods for conducting these extractions are 
provided in the Supplemental Materials for Section 7.  The standard methods provide adequate 
documentation so that extractions could be replicated in any lab.  As mentioned in each of the 
preceding sections on wildlife results, the primary limitation to developing robust IV:IVT 
correlations for these metals is the limited number of soils that have been tested in the in vivo 
system.  The research conducted under the SERDP funding does appear to have resulted in the 
development of a meaningful animal model for assessing the relative oral absorption of metals 
from soils, as well as a protocol for in vitro estimation of relative oral absorption.  It would be 
useful to expand upon the database that has been started under this project work, to provide a 
stronger database. 
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Figure 7-1.  IV:IVT correlation for relative bioavailability of arsenic in cynomolgus monkeys:
Figure 7-1.  SBRC method at pH 1.5 and 2.5
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Figure 7-2.  IV:IVT correlation for relative bioavailability of arsenic in cynomolgus monkeys:
Figure 7-2.  SBRC method at pH 1.5 and 2.5 without soil samples CDV and CAMT
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Figure 7-3.  IV:IVT correlation of relative oral bioavailability of arsenic in cynomolgus monkeys:
Figure 7-3.  SBRC + 500 mg/L PO4

LEGEND



\\Boulder3\Data\Projects\1191_SERDP\final_SERDP_report\In_vitro\
FROM LARRY Apr2005_in-vitro_ARSENIC_v1.xls Fig Cyno_0.4M KH2PO4 4/22/2005 (11:00 AM)

y = 0.1882x + 9.2557
R2 = 0.4605

0

5

10

15

20

25

30

35

0 20 40 60 80 100

ARSENIC BIOACCESSIBILITY (%)

A
R

SE
N

IC
 B

IO
A

VA
IL

A
B

IL
IT

Y 
(%

)

 pH 2.5

Figure 7-4.  IV:IVT correlation of relative oral bioavailability of arsenic in cynomolgus monkeys:
Figure 7-3.  0.4 M KH2PO4 in place of glycine buffer
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Figure 7-5.  IV:IVT correlation of relative oral bioavailability of arsenic in cynomolgus monkeys:
Figure 7-3.  Highest bioaccessibility of pH 2.5 SBRC method or 0.4 M KH2PO4 
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Note: FL iron slag soil excluded from multi-variable regression because no iron oxide data is presently available.

Figure 7-6.  Regression of predicted vs. measured oral arsenic RBAs

In vitro bioaccessibility vs. measured oral arsenic RBA
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Figure 7-7.  IV:IVT correlation for relative bioavailability of cadmium in swine:
Figure 7-7.  SBRC method at pH 1.5 and 2.5 
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Figure 7-8.  IV:IVT correlation for relative bioavailability of arsenic in shrews:
Figure 7-8.  SBRC method at pH 1.5, 2.5, 3.5, and 4.5 
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Figure 7-9.  IV:IVT correlation for relative bioavailability of cadmium in shrews:
Figure 7-1.  SBRC method at pH 1.5, 2.5, 3.5, and 4.5 
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Figure 7-10.  IV:IVT correlation for relative bioavailability of lead in shrews:
Figure 7-10.  SBRC method at pH 1.5, 2.5, 3.5, and 4.5 without soil sample DoD-PM
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Table 7-1.  In vitro  arsenic extraction of SERDP soil research substrates 

Arsenic Mass of Arsenic
Conc. in Mass of Arsenic in Conc. in Volume of Arsenic Arsenic Arsenic

Substrate Soil Tested Soil Extracted pH Extract Extract in Extract Bioaccessibility Bioavailabilitya

Extraction ID Soil Grain Size (mg/kg) (g) (mg) (s.u.) (mg/L) (L) (mg) (%) (%)

Extraction Fluid pH = 1.5
Shrew

IES013 DoD-PM <500 µm 81.9 1.0438 0.086 1.67 0.217 0.100 0.022 25
IES014 DoD-DP <500 µm 58.2 1.0123 0.059 1.74 0.080 U 0.100 0.008 14 7
IES015 CO Smelter Composite <500 µm 331 1.0054 0.333 1.65 2.491 0.100 0.249 75 31
IES016-17 WA Orchard <500 µm 282 1.0369 b 0.294 b 1.66 b 1.814 b 0.100 b 0.181 b 62 b 49

Monkey - Cebus
IES040 Florida Cattle Dip Vat <250 µm 150 1.0093 0.152 1.64 0.544 0.100 0.054 36 24.7
IES041-42 Florida Power Co. #1 <250 µm 230 1.0028 b 0.230 b 1.66 b 0.897 b 0.100 b 0.090 b 39 b 14.6
IES043, 
S02002 Florida Pesticide #1 <250 µm 273 1.0057 b 0.275 b 1.82 b 2.139 b 0.100 b 0.214 b 78 10.7

IES039 Florida CCA <250 µm 86.3 1.0093 0.087 1.65 0.595 0.100 0.060 68 16.3
IES044, 
S02003 Florida Pesticide #2 <250 µm 653 0.9978 b 0.652 b 1.76 b 6.540 b 0.100 b 0.654 b 100 17

Monkey - Cynos
IES040 Florida Cattle Dip Vat <250 µm 150 1.0093 0.152 1.64 0.251 0.100 0.025 17 31
IES049-50 California Mine Tailings <250 µm 300 1.0078 b 0.302 b 1.71 b 0.390 b 0.100 b 0.039 b 13 b 19
IES051 Montana Smelter <250 µm 647 1.0065 0.651 1.75 2.926 0.100 0.293 45 13
IES052 Rodriguez#8 <250 µm 1,412 1.0038 1.417 1.84 6.488 0.100 0.649 46 13
IES053 WA Orchard <250 µm 301 1.0039 0.302 1.66 3.099 0.100 0.310 103 24
IES054 NY Orchard Soil <250 µm 123 1.0040 0.124 1.67 0.450 0.100 0.045 36 16
IES019 CO Smelter Composite <250 µm 398 1.0209 0.406 1.65 2.735 0.100 0.274 67 18
IES057 VB/I-70 <250 µm 869 1.0046 0.873 1.66 3.567 0.100 0.357 41 17
IES055 Colorado Smelter <250 µm 1,492 1.0042 1.498 1.71 1.071 0.100 0.107 7 5
IES045 Fl Inglis <250 µm 273 1.0058 0.275 1.68 0.251 U 0.100 0.025 9 8

Extras
IES018 DoD-PM <250 µm 165 1.0251 0.169 1.73 0.622 0.100 0.062 37
IES056 CO Smelter Composite <250 µm 398 1.0015 0.399 1.69 3.072 0.100 0.307 77
IES020 OK Smelter <250 µm 77.2 1.0656 0.082 1.77 0.294 0.100 0.029 36
IES021 Dugway Composite <250 µm 8.50 1.0100 0.009 1.89 0.088 0.100 0.009 103

Post-
Test

Mass of
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Table 7-1.  (cont.)

Arsenic Mass of Arsenic
Conc. in Mass of Arsenic in Conc. in Volume of Arsenic Arsenic Arsenic

Substrate Soil Tested Soil Extracted pH Extract Extract in Extract Bioaccessibility Bioavailabilitya

Extraction ID Soil Grain Size (mg/kg) (g) (mg) (s.u.) (mg/L) (L) (mg) (%) (%)

Extraction Fluid pH = 2.5
Shrew

IES026 DoD-PM <500 µm 81.9 1.0023 0.082 2.57 0.106 0.100 0.011 13
IES027 DoD-DP <500 µm 58 1.0196 0.059 2.61 0.080 U 0.100 0.008 13 7
IES028 CO Smelter Composite <500 µm 331 1.0022 0.332 2.54 1.959 0.100 0.196 59 31
IES029 WA Orchard <500 µm 282 1.0042 0.283 2.52 1.686 0.100 0.169 60 49

Monkey - Cebus
IES061 Florida Cattle Dip Vat <250 µm 150 1.0036 0.151 2.57 0.263 0.100 0.026 17 24.7
IES062 Florida Power Co. #1 <250 µm 230 1.0072 0.231 2.56 0.706 0.100 0.071 31 14.6
IES063 Florida Pesticide #1 <250 µm 273 1.0038 0.274 2.63 1.731 0.100 0.173 63 10.7
IES060 Florida CCA <250 µm 86.3 1.0037 0.087 2.63 0.552 0.100 0.055 64 16.3
IES064-65 Florida Pesticide #2 <250 µm 653 1.0018 b 0.654 b 3.00 b 6.537 b 0.100 b 0.654 b 100 b 17

Monkey - Cynos
IES061 Florida Cattle Dip Vat <250 µm 150 1.0036 0.151 2.57 0.251 0.100 0.025 17 31
IES070 California Mine Tailings <250 µm 300 1.0028 0.301 2.63 0.275 0.100 0.028 9 19
IES071-72 Montana Smelter <250 µm 647 1.0042 b 0.650 b 2.66 b 2.075 b 0.100 b 0.207 b 32 b 13
IES073 Rodriguez#8 <250 µm 1,412 1.0084 1.424 2.64 3.518 0.100 0.352 25 13
IES074 WA Orchard <250 µm 301 1.0038 0.302 2.56 2.548 0.100 0.255 84 24
IES075 NY Orchard Soil <250 µm 123 1.0074 0.124 2.56 0.281 0.100 0.028 23 16
IES077 CO Smelter Composite <250 µm 398 1.0009 0.398 2.57 2.449 0.100 0.245 61 18
IES078 VB/I-70 <250 µm 869 1.0043 0.873 2.57 2.813 0.100 0.281 32 17
IES076 Colorado Smelter <250 µm 1,492 1.0061 1.501 2.59 0.720 0.100 0.072 5 5
IES066 Fl Inglis <250 µm 273 1.0047 0.274 2.60 0.251 U 0.100 0.025 U 9 8

Extras
IES030 DoD-PM <250 µm 165 1.0033 0.166 2.64 0.273 0.100 0.027 16
IES031 CO Smelter Composite <250 µm 398 1.0129 0.403 2.54 2.410 0.100 0.241 60
IES032-33 OK Smelter <250 µm 77.2 1.0379 b 0.080 b 2.62 b 0.182 b 0.100 b 0.018 b 23 b

IES034 Dugway Composite <250 µm 8.50 1.0052 0.009 2.70 0.080 U 0.100 0.008 94

Test
Post- Mass of
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Table 7-1.  (cont.)

Arsenic Mass of Arsenic
Conc. in Mass of Arsenic in Conc. in Volume of Arsenic Arsenic Arsenic

Substrate Soil Tested Soil Extracted pH Extract Extract in Extract Bioaccessibility Bioavailabilitya

Extraction ID Soil Grain Size (mg/kg) (g) (mg) (s.u.) (mg/L) (L) (mg) (%) (%)

Extraction Fluid pH = 3.5
Shrew

IES088-89 DoD-PM <500 µm 81.9 1.0009 b 0.082 b 3.47 b 0.118 b,c 0.100 b 0.012 b 14 b

IES090 CO Smelter Composite <500 µm 331 1.0034 0.332 3.49 1.957 0.100 0.196 59 31
S02000-3.5 WA Orchard <500 µm 282 1.0044 0.283 3.24 1.259 c 0.100 0.126 44 49
S02001-3.5 DoD-DP <500 µm 58 1.0005 0.058 3.51 0.081 c 0.100 0.008 14 7

Extraction Fluid pH = 4.5
Shrew

IES080 DoD-PM <500 µm 81.9 1.0047 0.082 5.10 0.045 c 0.100 0.005 5
IES081 CO Smelter Composite <500 µm 331 1.0049 0.333 4.98 1.160 0.100 0.116 35 31
S02000-4.5 WA Orchard <500 µm 282 1.0025 0.283 4.28 0.838 c 0.100 0.084 30 49
S02001-4.5 DoD-DP <500 µm 58 1.0021 0.058 5.90 0.038 c 0.100 0.004 7 7

Notes:  U  –  Undetected; value represents detection limit

a Bioavailability results from in vivo studies.
b Average of duplicate extractions.
c Analyzed by ICP/MS

Post- Mass of
Test
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Table 7-2.  Impact of phosphate buffering on in vitro bioaccessibility of arsenic from soils 

Arsenic Mass of Arsenic
Conc. in Mass of Arsenic in Conc. in Volume of Arsenic Arsenic Arsenic

Substrate Soil Tested Soil Extracted pH Extract Extract in Extract Bioaccessibility Bioavailabilitya

Extraction ID Soil Grain Size (mg/kg) (g) (mg) (s.u.) (mg/L) (L) (mg) (%) (%)

0.4 M Glycine Extraction Fluid pH = 1.5
Monkey - Cynos

IES040 Florida Cattle Dip Vat <250 µm 150 1.0093 0.152 1.64 0.251 0.100 0.025 17 31
IES049-50 California Mine Tailings <250 µm 300 1.0078 b 0.302 b 1.71 b 0.390 b 0.100 b 0.039 b 13 b 19
IES051 Montana Smelter <250 µm 647 1.0065 0.651 1.75 2.926 0.100 0.293 45 13
IES052 Rodriguez#8 <250 µm 1,412 1.0038 1.417 1.84 6.488 0.100 0.649 46 13
IES053 WA Orchard <250 µm 301 1.0039 0.302 1.66 3.099 0.100 0.310 103 24
IES054 NY Orchard Soil <250 µm 123 1.0040 0.124 1.67 0.450 0.100 0.045 36 16
IES019 CO Smelter Composite <250 µm 398 1.0209 0.406 1.65 2.735 0.100 0.274 67 18
IES057 CO Residential Soil <250 µm 869 1.0046 0.873 1.66 3.567 0.100 0.357 41 17
IES055 Colorado Smelter <250 µm 1,492 1.0042 1.498 1.71 1.071 0.100 0.107 7 5
IES045 Fl Inglis <250 µm 273 1.0058 0.275 1.68 0.251 U 0.100 0.025 9 8

0.4 M Glycine Extraction Fluid pH = 2.5
Monkey - Cynos

IES061 Florida Cattle Dip Vat <250 µm 150 1.0036 0.151 2.57 0.251 0.100 0.025 17 31
IES070 California Mine Tailings <250 µm 300 1.0028 0.301 2.63 0.275 0.100 0.028 9 19
IES071-72 Montana Smelter <250 µm 647 1.0042 b 0.650 b 2.66 b 2.075 b 0.100 b 0.207 b 32 b 13
IES073 Rodriguez#8 <250 µm 1,412 1.0084 1.424 2.64 3.518 0.100 0.352 25 13
IES074 WA Orchard <250 µm 301 1.0038 0.302 2.56 2.548 0.100 0.255 84 24
IES075 NY Orchard Soil <250 µm 123 1.0074 0.124 2.56 0.281 0.100 0.028 23 16
IES077 CO Smelter Composite <250 µm 398 1.0009 0.398 2.57 2.449 0.100 0.245 61 18
IES078 CO Residential Soil <250 µm 869 1.0043 0.873 2.57 2.813 0.100 0.281 32 17
IES076 Colorado Smelter <250 µm 1,492 1.0061 1.501 2.59 0.720 0.100 0.072 5 5
IES066 Fl Inglis <250 µm 273 1.0047 0.274 2.60 0.251 U 0.100 0.025 U 9 8

0.4 M KH2PO4 Extraction Fluid pH = 2.5
Monkey - Cynos

IMPO24-26 Florida Cattle Dip Vat <250 µm 150 1.0128 c 0.152 c 2.59 c 1.274 c 0.100 c 0.127 c 84 31
IMPO27 California Mine Tailings <250 µm 300 1.0089 0.302 2.63 0.912 0.100 0.091 30 19
IMPO28 Montana Smelter <250 µm 647 1.0009 0.647 2.66 2.772 0.100 0.277 43 13
IMPO29 Rodriguez#8 <250 µm 1,412 1.0001 1.412 2.64 1.972 0.100 0.197 14 13
IMPO30 WA Orchard <250 µm 301 1.0036 0.302 2.56 0.617 0.100 0.062 20 24

Post-
Test

Mass of
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Table 7-2.  (cont.)

Arsenic Mass of Arsenic
Conc. in Mass of Arsenic in Conc. in Volume of Arsenic Arsenic Arsenic

Substrate Soil Tested Soil Extracted pH Extract Extract in Extract Bioaccessibility Bioavailabilitya

Extraction ID Soil Grain Size (mg/kg) (g) (mg) (s.u.) (mg/L) (L) (mg) (%) (%)

0.4 M KH2PO4 Extraction Fluid pH = 2.5 (cont.)
Monkey - Cynos (cont.)

IMPO31 NY Orchard Soil <250 µm 123 1.0041 0.124 2.56 0.782 0.100 0.078 63 16
IMPO32 CO Smelter Composite <250 µm 398 1.0345 0.412 2.57 2.814 0.100 0.281 68 18
IMPO33 CO Residential Soil <250 µm 869 1.0027 0.871 2.57 3.734 0.100 0.373 43 17
IMPO34 Colorado Smelter <250 µm 1,492 1.0068 1.502 2.59 0.980 0.100 0.098 7 5
IMPO35 Fl Inglis <250 µm 273 1.0085 0.275 2.60 0.209 0.100 0.021 8 8
IMPO36 NY pesticide facility, A1B20 (S0005B) <250 µm 1,000 1.0099 1.010 2.60 5.609 0.100 0.561 56
IMPO37 NY pesticide facility, T5E3 (S0008B) <250 µm 339 1.0014 0.339 2.60 2.446 0.100 0.245 72
IMPO38 NY pesticide facility, T15-E4 (S0013B) <250 µm 549 1.0053 0.552 2.60 2.274 d 0.100 0.227 41

Highest %BIOACCESS of 0.4 M Glycine/0.4 M KH2PO4 Extraction Fluid (pH = 2.5)
IMPO24-26 Florida Cattle Dip Vat <250 µm 150 1.0128 c 0.152 c 2.59 c 1.274 c 0.100 c 0.127 c 84 31
IMPO27 California Mine Tailings <250 µm 300 1.0089 0.302 2.63 0.912 0.100 0.091 30 19
IMPO28 Montana Smelter <250 µm 647 1.0009 0.647 2.66 2.772 0.100 0.277 43 13
IES073 Rodriguez#8 <250 µm 1,412 1.0084 1.424 2.64 3.518 0.100 0.352 25 13
IES074 WA Orchard <250 µm 301 1.0038 0.302 2.56 2.548 0.100 0.255 84 24
IMPO31 NY Orchard Soil <250 µm 123 1.0041 0.124 2.56 0.782 0.100 0.078 63 16
IMPO32 CO Smelter Composite <250 µm 398 1.0345 0.412 2.57 2.814 0.100 0.281 68 18
IMPO33 CO Residential Soil <250 µm 869 1.0027 0.871 2.57 3.734 0.100 0.373 43 17
IMPO34 Colorado Smelter <250 µm 1,492 1.0068 1.502 2.59 0.980 0.100 0.098 7 5
IES066 Fl Inglis <250 µm 273 1.0047 0.274 2.60 0.251 U 0.100 0.025 U 9 8

Notes:  U  –  Undetected; value represents detection limit

a Bioavailability as measured in cyno monkeys.
b Average of duplicate extractions.
c Average of triplicate extractions.
d Average of laboratory duplicates

Test
Post- Mass of
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Table 7-3.  Extraction of arsenic from soils using human sweat

Arsenic Arsenic in Sweat
Soil Percent

Grain Concentration Extract Concentration Extracted
Soil Size (mg/kg) (mg/L) (µmol/L) (%)

NY pesticide facility soil <150 µm 1,610 1.15 15.3 1.8%
CO residential soil <150 µm 1,230 5.33 71.1 11%
Yolo County soila 180–300 µm 3,633 106 1,414 72%

a Soil was spiked with approximately 3,500 mg/kg arsenic 1 hour before the extraction test
  was performed.
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Evaluation of the Metals that Drive  
Risk-Based Remedial Decisions at DoD Sites 

Introduction 
The Department of Defense (DoD) has undertaken the task of cleaning up wastes that have 
resulted from industrial, commercial, training, and weapons testing activities, as well as 
cleaning up and closing military bases so that properties can be transferred to local communities 
for economic revitalization (U.S. EPA 1997).  Among the challenges in this effort is the process 
of prioritizing sites for clean up, and determining what needs to be cleaned up and to what 
extent.  For properties on which soils are contaminated with metals, the amount of the metal in 
soil that could actually be absorbed by human or ecological receptors (i.e., the bioavailability of 
the metal) can be an important factor in determining the degree to which the contaminated soils 
need to be remediated.  This occurs because the bioavailability of metals from soil is generally 
less than that assumed by the default values used in human health and ecological risk 
assessment.   

Frequently, the factors that determine bioavailability are highly site specific.  Because standard 
assays for bioavailability (in vivo [animal] studies) are costly and require three to six months to 
complete, the Exponent team has undertaken a course of research on behalf of the Strategic 
Environmental Research and Development Program (SERDP) to develop simple extraction tests 
that predict human and ecological exposures to metals in soils.  To maximize the applicability of 
this research to DoD sites, the first step has involved determining which metals drive risk-based 
remedial decisions for soils at DoD sites.  In this white paper, we evaluate which metals that 
occur in soil at DoD sites are primarily responsible for driving risk-based remediation decisions, 
and we identify the receptors (i.e., human or ecological) that drive these decisions. 

Exponent used several approaches in conducting this analysis.  Information for this analysis was 
solicited from:  

• Various branches of the military (Army, Navy, Air Force) 

• EPA regional toxicologists 

• Coordinators within the Federal Facilities Restoration and Reuse Office 
(FFRRO) 

• Comprehensive Environmental Response, Compensation and Liability 
Information System (CERCLIS) 

• EPA Records of Decision (RODs) 

• DoD Environmental Cleanup Office. 
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The goal of this exercise was to answer the following three questions:   

1. What metals drive risk-based remedial decisions at DoD facilities? 

2. For facilities where more than one metal poses risk, what are the metals of 
concern and how do they compare in perceived importance? 

3. For the metals that pose the highest risk, what is the receptor of greatest 
concern (human or ecological)? 

 
This document describes the avenues that were pursued to locate useful information, presents 
the information obtained, describes the manner in which these data were assessed, and finally, 
discusses the conclusions that can be drawn regarding the metals and exposure pathways that 
are important determinants for remediation of metals in soils at DoD facilities. 

Sources of Information 
Various sources within the DoD and EPA were contacted to identify sources of information on 
metal concentrations at DoD sites, their potential for health effects on human and ecological 
receptors, and their influence in remedial decisions for soil.  Figure 1 provides a schematic of 
the different agencies and groups that were contacted.  Our goal in contacting these individuals 
was to identify and gain access to databases that would provide answers to the three questions 
posed in the Introduction, above.  Overall, we found that few compiled databases exist that 
contain the entirety of the information we were looking for.  Therefore, partial information from 
several sources was tapped, as well as the subjective opinions of professionals involved in the 
assessment and remediation of federal facilities. 

Databases 
Ultimately, we identified five databases that could be queried to provide information relevant to 
our task.  Three were military databases:  the Environmental Restoration Program Information 
Management System (ERPIMS) database from the Air Force, an unnamed database containing 
metals data from Army sites (provided by Mark Barnett of Auburn University), and the 
Normalization of Environmental Data System (NORM) database from the Navy.  We also 
analyzed the data contained in the Restoration Management Information System (RMIS) 
maintained by the Environmental Cleanup Office of the DoD, and the Comprehensive 
Environmental Response, Compensation and Liability Information System (CERCLIS) database 
maintained by the EPA.  In addition, the Superfund Hazardous Waste Site website (located at 
http://www.epa.gov/superfund/) includes a Resource Center in which databases can be searched 
by the general public.  Using the advanced query option, we extracted information pertaining to 
Site Names, CERCLIS ID, Site ID, City, Metal Contaminants of Concern, and Contaminated 
Media (we selected soil); however, no concentration data were available on this website.   

At the outset of our effort to collect data, we also attempted to obtain information from the 
database on Records of Decision (RODs INFO) maintained by the EPA.  The RODs INFO 

http://www.epa.gov/superfund/
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database provides a compilation of the information that is part of Records Of Decision for sites 
that have been addressed under the Comprehensive Environmental Response, Compensation 
and Liability Act of 1980 (CERCLA, generally referred to as “Superfund”).  While this 
information may have proved quite useful, extracting appropriate data from this database was 
extremely cumbersome.  In addition, the database includes information only for sites where 
RODs have been issued, thus excluding sites where data exist but a remedial approach has not 
been selected and a ROD has therefore not been issued.  Because of these obstacles, the RODs 
INFO search was aborted, and subsequent efforts were focused on the other available databases. 

In each instance, we contacted the database manager to determine the best manner of extracting 
the relevant information.  Five specific questions were posed to each contact: 

• Which DoD facilities present risks from potential exposures to metals in 
soils?  

• Which specific metals are of concern?  

• Which receptors (human or ecological) are of concern for metals in soils?  

• Which human and ecological exposure pathways are potentially of concern 
for metals in soils?  

• Which human exposure scenarios (e.g., workers, residents, trespassers) are 
potentially of concern for exposure to metals in soils? 

 
Ultimately, we received from each of the databases a download of information, hereafter 
referred to as “data sets,” regarding the soil concentration data for sites that are known to have 
metals in soil.  These concentration data were then compared to a consistent set of risk-based 
screening criteria (described below) to determine which metals most frequently exceeded these 
criteria.   

It is important to note that the Exponent team generally relied on the information in the data sets 
as supplied by the various sources.  Aside from very minor modifications required to conduct 
the screening (e.g., standardizing concentrations to be expressed in units of mg/kg), few changes 
were made to the data sets.  It was assumed that the information provided in the data sets was 
technically accurate, and no outside verification of the data was performed.  However, in the 
process of preparing this report, the Exponent team did identify what appear to be errors within 
several of the databases. It is beyond the scope of this evaluation to verify and/or correct the 
data included in the various databases, and any flaws intrinsic to the databases may affect the 
conclusions drawn from the risk-based screening of the data.  These issues, and some specifics 
regarding the flaws identified in the databases, are discussed further in the conclusions section 
of this document.  

Agency Interviews 
In addition to the objective information provided by the data sets, we queried individuals who 
are involved with the risk assessment of federal facilities regarding their opinions on the 
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questions posed in the Introduction.  Specifically, within each of the 10 EPA regions, we 
attempted to contact a Regional Toxicologist and the Regional Contact in the Federal Facilities 
Restoration and Reuse Office (FFRRO).  We were not able to interview both of these persons in 
every region, but we persisted until we had made contact with at least one individual in each 
region.  These individuals were asked the questions listed in the Introduction, and their 
responses were tabulated.  These responses are discussed below. 

Screening Criteria 
As described above, the Army, NORM, ERPIMS, RMIS, and CERCLIS databases were 
successfully queried by their database managers, and query results from each database were 
provided to Exponent.  The data sets that were provided to Exponent included soil metal 
concentration data for sites where metals had been detected.  The concentration data in each 
data set were then compared to health-based screening criteria to determine which sites 
contained metals in soil at concentrations that might present a health risk.  To conduct this 
screening, Exponent compiled health-based screening concentrations for several endpoints.  
Because we are interested in potential risks to both human and wildlife receptors, we screened 
the site concentration data against criteria based on human health (for both industrial and 
residential exposure scenarios) and ecological receptors (mammalian and avian receptors).  This 
section describes the selection of the criteria that were used to screen the data. 

Human Health Criteria 
Human health criteria were obtained from EPA’s Soil Screening Guidance (U.S. EPA 2001), 
which is a tool developed by the EPA to help standardize and accelerate the evaluation and 
cleanup of contaminated soils at sites on the National Priorities List (NPL) with future 
residential land use.  Criteria adopted from the generic Soil Screening Levels (SSLs) that were 
developed for combined ingestion and dermal exposure in a residential scenario were used to 
assess risk to human receptors in a residential setting (U.S. EPA 2001).  Screening criteria that 
would be protective under industrial land use were selected from the generic SSLs provided for 
an outdoor worker scenario (U.S. EPA 2001).  The specifics of the criteria derivation can be 
found in U.S. EPA (2001).   

All values were used exactly as they were reported by EPA, with the exception of arsenic.  For 
arsenic, the health-based screening criteria reported by EPA are 0.4 mg/kg and 2 mg/kg for the 
residential and industrial land use scenario, respectively.  While these values are consistent with 
the specified method for setting screening levels equal to a cancer risk of one in a million, these 
specific values fall below background concentrations for arsenic in soil throughout much of the 
United States (Dragun and Chiasson 1991).  Therefore, both the residential and industrial 
criteria listed by EPA were multiplied by a factor of 10, effectively raising the target cancer risk 
associated with each to one in one hundred thousand, the middle of the acceptable risk range 
specified by EPA.  This was done to ensure that the importance of arsenic in risk-based 
decisions was not artificially elevated due to the unreasonably low screening values for this 
metal.   
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If the EPA guidance did not contain values for the metals that were measured at DoD sites, 
health-based screening values from EPA Region IX Preliminary Remediation Goals (PRGs) 
were incorporated as surrogates (U.S. EPA 2000a).  Table 1 lists the human health-based 
screening criteria, and denotes whether the values were selected from the list of SSLs (U.S. EPA 
2001) or PRGs (U.S. EPA 2000a). 

Ecological Criteria 
Specific screening values for avian and mammalian receptors were selected for each metal.  
Ecological Soil Screening Levels (EcoSSLs; U.S. EPA 2000b) were used, if they were 
available.  If EcoSSLs for avian and mammalian receptors were not available for a particular 
metal, we used the Preliminary Remediation Goals for Ecological Endpoints (Efroymson et al. 
1997)—specifically, American woodcock goals—as a surrogate for avian screening values, and 
short-tail shrew goals as a surrogate for mammalian screening values.  Table 1 lists the specific 
values and the source for each of the ecological screening criteria that were used in this 
evaluation.  Although it is beyond the scope of the current effort to review the technical basis 
and merits of the screening value for each metal, it is important to mention that the screening 
concentration for mercury is highly conservative for use in most contexts.  This is because the 
current screening value (from Efroymson et al. 1997) is based on the assumption that 100% of 
the mercury is present in soils as methyl mercury.  In aerobic soil environments, which are the 
soils of interest for evaluating ingestion by wildlife, mercury exists almost entirely in the 
inorganic form, which is substantially less toxic than the organic form.  Therefore, the SSL 
based on organic mercury is extremely conservative for most sites.   

Data Analysis 
Each data set that was used for this project was subjected to minor modifications to simplify 
data interpretation.  These modifications, primarily name changes, are described in detail in 
Appendix A.  These manipulations were cosmetic and only helped to streamline the data 
analysis.  The integrity of each data set was not compromised in any way.   

Each specific concentration within each of the five data sets was compared to human and 
ecological screening criteria, and the ratios of the concentrations to the criteria were calculated.  
If the calculated ratio was less than or equal to unity (i.e., ≤1), then it was assumed that the 
concentration did not present a potential human or ecological health hazard.  If the ratio of a 
concentration to the screening criterion did exceed unity (i.e., value >1), then this was assumed 
to indicate the potential for adverse effects.  Determining the actual risk of adverse effects 
would require further evaluation, on a site-specific basis.  This approach served as the backbone 
of the data-set queries that were conducted by Exponent.   

Figure 2 is a flow chart that depicts how the data were handled in each data set to generate 
answers to the questions of interest regarding metals of potential concern at DoD sites.  Three 
lines of inquiry were pursued with each data set.   

The first set of analyses was aimed at determining, for each data set, which metal exceeded the 
health-based screening criteria most frequently.  Graphs were constructed to present the 
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percentage of sites in each data set at which any of the four sets of criteria (residential, 
industrial, avian, mammalian) were exceeded at least once.  Each site was counted only once.  
Figures 3a through 3f provide the results of those queries for the Army, ERPIMS, NORM, 
RMIS, CERCLIS, and Superfund data sets, respectively.  These figures show the percentage of 
metal-contaminated sites that exceed the health-based criteria for any of the receptors of 
concern, and they are sorted by metal, from the metal with the lowest percentage of exceedances 
to that with the highest.  This analysis was further refined to examine which metals present risk 
for human receptors versus ecological receptors.  For this analysis, all the data sets were 
combined and screened against either human or ecological criteria.  If data exceeded criteria 
more than once for a particular site, the site was counted only once.  The human health 
screening results are displayed in Figure 3g, and the ecological screening results are displayed in 
Figure 3h.   

In the second set of analyses, the five sites with the highest “risk” (i.e., the highest ratio of site 
average metal concentrations to screening criteria when averaged across all metals for each site) 
were selected from each data set.  Exponent then determined, for those five sites, what metals 
were present at concentrations above screening values.  The goal of this effort was to determine, 
for facilities where more than one metal poses risk, what the metals are and how they compare.  
This analysis was conducted separately for each potential receptor (human and ecological) and 
each data set.  Figures 4a through 4e depict the results based on residential screening criteria 
across the different data sets.  Figures 5a through 5e depict the results based on industrial 
screening criteria.  The results based on the ecological endpoints are also presented—Figures 6a 
through 6e present the analysis based on avian screening criteria, and 7a through 7e, the 
mammalian screening criteria. 

The final issue that Exponent attempted to address in this evaluation was to determine, for the 
metals in each data set that pose the highest risk, what receptor is of primary concern.  To 
accomplish this, we provide a table for each data set that lists the metals that exceed criteria, and 
show the percentage of sites within that data set at which specific criteria are exceeded.  
Tables 2a through 2e present these results for the Army, ERPIMS, NORM, RMIS, and 
CERCLIS data sets, respectively.  Within each table, highlighted values show the specific 
receptor for which the highest percentage of sites exceed the screening criterion.  This was done 
to allow a quick, visual comparison between the different receptor groups (human vs. 
ecological), to determine which receptor results in the highest percentage of exceedances for 
each metal.   

Interviews with Agency Staff 
In addition to requesting database queries, Exponent also interviewed professional staff within 
each EPA region regarding their knowledge or impressions of which metals are driving risk-
based remedial decisions at DoD sites.  The individuals contacted were either regional 
toxicologists, or the Regional Contact for the FFRRO.  One individual within the California 
EPA was also included in the interviews.  The interviewees were asked the same questions as 
were asked of the database managers (see above). 
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Table 3 lists the individuals contacted, along with the information that they provided regarding 
the primary risk drivers at DoD sites, including the metals of concern, receptors, exposure 
scenarios, and exposure pathways of concern. 

The information provided by these individuals was generally anecdotal.  None of the EPA 
personnel indicated that they had compiled information from the DoD sites within the region.  
For some regions (e.g., Region VIII), it appears that metals are not driving risks at the DoD 
facilities, but rather, organic compounds are the primary concern.  In nearly all instances, the 
interviewees indicated that human receptors were driving remedial decisions, and that ingestion 
of soils was the exposure pathway of concern.  Only occasionally were ecological receptors or 
other exposure pathways mentioned. 

Because of the requirement to evaluate human exposures under the scenario of potential future 
residential development, residential receptors were the primary receptors of concern, but 
interviewees indicated that worker, trespasser, and recreational exposure scenarios were also 
risk drivers.  In general, the metals of concern coincide with the historical land use of the site.  
For example, lead is of concern for former firing ranges.  Chromium showed up near former 
plating shops, and arsenic appears to be a problem from historical use of pesticides.  Several 
individuals suggested that the frequent concern regarding chromium may be an artifact of the 
screening process, which incorporates the assumption that all chromium occurs in the more 
toxic hexavalent form, rather than the comparatively benign, but much more environmentally 
common, trivalent form. 

Compilation of the interview results indicates that, overall, lead and arsenic are the metals that 
most frequently present health threats at DoD facilities.  Cadmium and chromium followed next, 
and then beryllium.  No other metals were mentioned consistently during the interviews. 

Results 

What metals drive risk-based remedial cleanup decisions at DoD facilities? 
The data used to answer this question are presented in Figures 3a–f.  These figures display the 
percentage of sites that exceed at least one set of criteria (residential, industrial, avian, or 
mammalian) for each of the six data sets.  The top five metals from each data set were then 
entered into either a human or ecological matrix (Tables 4a and 4b, respectively) to summarize 
the overall results.   

Using the Table 4a and 4b matrices, it is evident that lead is the metal that most commonly 
exceeds risk-based criteria in all the data sets.  For human health risks (Table 4a), lead is 
followed by arsenic, cadmium, chromium, and antimony as metals that present risk at the most 
DoD sites.  To more closely examine the metals that present risk for human and ecological 
receptors, Figures 3g and 3h have been included.  The results suggest that for human receptors 
(Figure 3g), lead, arsenic, chromium, cadmium, and antimony most commonly exceed 
residential and industrial human health criteria.  Lead, zinc, mercury, chromium, selenium, and 
cadmium most commonly exceed avian and mammalian ecological criteria (Figure 3h).  These 
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metals are similarly indicated as those that most commonly exceed ecological risk-based criteria 
in Table 4b.  

These results provide a general overview of the metals that may be causing the most concern at 
DoD sites; however, it is also of interest to compare the metals to each other in terms of risk, 
and to define which receptors are of the most concern, to more effectively determine which 
metals are likely driving remedial decisions at DoD sites.   

For DoD facilities where more than one metal poses risk, what are the 
metals of concern and how do they compare? 
Using one set of figures for each type of screening criteria (residential:  Figures 4a–e; industrial:  
Figures 5a–e; avian:  Figures 6a–e; mammalian:  Figures 7a–e), we intended to determine which 
metals drive remedial decisions at the top five sites with the highest overall risk in each data set.  
Four graphs, one for each set of screening criteria (residential, industrial, avian, mammalian), 
were constructed for each data set.  The residential-based graphs (Figures 4a–e) and industrial-
based graphs (Figures 5a–e) were examined as one set, reflecting human receptors.  These 
graphs indicate that lead poses the highest risk at most DoD sites for human exposures, followed 
by arsenic.  Other metals also appear to pose risk, albeit less frequently, including antimony, 
iron, chromium, and mercury.  Zinc and cadmium did not show particularly high concentrations 
at the five sites with the highest overall risk, although these metals often exceeded criteria, as 
discussed in the previous section.   

The top five sites that exceeded the avian criteria are shown in Figures 6a–e.  Mercury, 
selenium, zinc, and lead appear to have risks associated with them more often than the other 
metals when compared to avian criteria.  Avian criteria for mercury were exceeded often 
because of the highly conservative value used in the screening (0.00051 mg/kg; Table 1).   

For the mammalian screening (Figures 7a–e), a highly conservative screening criterion was also 
used for mercury.  These screening values were adopted from the work of Sample and 
Efroymson at Oak Ridge National Laboratories, and were used because no other mercury 
screening values for birds or small mammals exist.  The use of these values will tend to 
exaggerate the importance of mercury.  Aside from mercury, arsenic, zinc and lead appear to 
have risks associated with them more often than the other metals when compared to mammalian 
criteria.  

Using this information, it appears that lead and arsenic are the major players when human health 
criteria are involved, while for ecological receptors, selenium, zinc, lead, arsenic, and possibly 
mercury, are more apt to drive risk-based remedial decisions.  Arsenic concentrations primarily 
exceeded mammalian screening values, while selenium selenium concentrations mostly 
exceeded avian screening criteria.  
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For the five metals in each data set that pose the highest average risk, 
what is the receptor of concern? 
Based on information from Tables 2a–e, it is evident that the criteria for ecological receptors, 
represented by the screenings performed using the avian and mammalian criteria, were exceeded 
at more sites than those for human receptors, as represented by the residential and industrial 
criteria screenings.  These results could indicate that ecological receptors are at greater risk from 
metals present at DoD sites than are human health receptors, but more likely reflect the 
conservative nature and uncertainty associated with the ecological screening criteria.  

Conclusions 

As discussed above, the screening conducted under this effort relied on data that were supplied 
to Exponent by various sources.  Global verification of the values reported in each data set was 
beyond the scope of the current effort.  However, during the screening of the various data sets, 
the Exponent team concluded that the databases that were queried to provide us with the 
relevant information are not completely accurate.   

For example, the CERCLIS data set that was initially provided by EPA for this analysis reported 
cancer risk for metals that are not carcinogenic.  (After discussions with EPA staff, the original 
CERCLIS data set was replaced with a data set expressing only concentration information rather 
than risks.  The concentration data were then used in the screening, as described above.)  
Another flaw that appeared in the RMIS and Navy data sets involved the reporting of impossible 
metal concentrations in soil media.  This took the form of reporting concentrations greater than 
one million parts per million.  For example, the Navy database contains a single entry for iron at 
30,300,300 ppm.  This error may be due to incorrect data entry or incorrect reporting of units.  
After examining the entire RMIS data set that was provided to us, Exponent found that 
approximately two percent of all the data entries exceed one million parts per million, and that 
this error occurs for 14 separate metals.  These errors most likely originated from incorrect 
reporting of units in the RMIS data set, but confirming the source of the errors is not possible.   

The database managers for the various institutions were contacted and informed of the errors 
that were reported in the data sets we received from their respective institutions.  Unfortunately, 
the contacts were unable to offer a solution to the flawed data sets, so the Exponent team used 
the data exactly as reported, because there was no feasible manner in which to correct them.  
The purpose of this project was to determine which metals are driving risk-based remedial 
decisions at DoD sites.  To subjectively delete various data points or modify the existing data 
sets arbitrarily would have compromised the approach used in determining which metals drive 
remedial decisions.  Knowing the limitations of these data sets prompted a need for other 
avenues of information gathering, such as the agency interviews that are discussed below.  
Therefore, the agency interviews were used to either corroborate or reject the results garnered 
from the data-set analysis.  As a result, the Exponent team is obligated to offer the following 
disclaimer:  
The results and interpretations based on the data sets are no more accurate than the 
accuracy of the data sets that were provided to the Exponent project team. 
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According to EPA’s analysis of the RMIS database (U.S. EPA 1997), lead was the most 
frequent soil contaminant associated with DoD sites that require cleanup.  Following lead were 
nickel, zinc, barium, cadmium, copper, and beryllium.  In our analysis of the various databases, 
the metals that most frequently were associated with human health risk or remedial action at 
DoD facilities are lead, arsenic, cadmium, chromium, and antimony.  This is depicted in 
Table 4a, which ranks the top five metals of human health concern in each of the five data sets.  
Similar results were obtained with the agency staff interviews (Table 3), which indicated an 
order of lead, arsenic, chromium, cadmium, and beryllium for the top five metals of concern for 
human health.  Table 4b ranks the top five metals that most frequently exceeded ecological 
(avian and mammalian) screening criteria.  The metals that were most frequently associated 
with ecological risk at DoD facilities are lead, cadmium, mercury, zinc, arsenic, chromium, and 
selenium. 

Although contaminants other than metals may be driving remedial decisions at DoD sites, the 
purpose of this work was to examine metals only and determine which metals are of the most 
concern.  The potential risk posed by exposure to organic contaminants was not examined as 
part of this effort.  As indicated in the interviews with agency staff, there are many sites at 
which significant contamination exists, but at which metals are not believed to be of concern.  

In evaluating these results, it is important to keep in mind that our analysis relied on data only 
from sites with metals detected in soils.  We did not assess the percentage of sites where metals 
are considered potential contaminants of concern.  Several professionals mentioned that volatile 
or semi-volatile organic compounds (VOCs or SVOCs) or radioactive components are more 
important at DoD sites than metals in soils.  However, EPA indicates that for DoD sites that 
need cleanup, and that have identified soil contamination, the majority (>70%) are contaminated 
with metals (U.S. EPA 1997).  Additionally, the EPA report indicates that for sites with soil 
contamination, metals occur more frequently than any other type of contamination (e.g., VOCs, 
SVOCs, fuels, explosives). 

Based on interviews with Agency staff, it appears that different metals are associated with 
different operations or applications.  For example, as stated above, lead contamination occurs at 
former firing ranges, arsenic in areas of historical pesticide use, and chromium at locations of 
former or current plating shops.  This association results in significant heterogeneity regarding 
what metals are of concern, and suggests that contamination by some metals may be relatively 
localized (e.g., chromium), while others may be dispersed (e.g., arsenic).  These interviews also 
indicate that human health considerations usually drive remedial actions for metals in soils, and 
that ecological receptors typically become an issue only if wetlands and sediments are part of 
the assessment.  However, at sites where more sophisticated assessments have been conducted, 
ecological receptors (e.g., American robin, or burrowing animals) can drive risk for metals in 
soils.  This information from interviews is in contrast to our screening of data against different 
criteria, which indicates that exceedances of risk “thresholds” based on ecological receptors 
occur more frequently than exceedances of human health standards.  The focus on human health 
considerations may simply reflect the interest or technical background of the individuals 
interviewed (more were human health toxicologists than ecologists/ ecotoxicologists), or the 
prioritization of human over ecological health as a general societal trend.  
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According to Agency staff interviews, ingestion exposures typically are of greatest concern, 
while dermal exposure is the second most important pathway, followed by inhalation.  Dermal 
absorption was considered an issue only for arsenic and cadmium in soils.  However, agency 
staff did report that dermal exposures would be more important if point-of-contact symptoms 
(e.g., rashes) were “taken more seriously” in the risk assessment process.   

The primary goals of this research were to identify and prioritize metals for bioavailability 
research, and to identify which metals were relevant to human versus ecological receptors.  
Combined evaluation of the results from the data-set screening and the Agency interviews 
indicates that bioavailability studies for human receptors should be focused on lead, arsenic, 
cadmium, chromium, and beryllium.  However, because both in vivo (young swine model) and 
in vitro (extraction test) assays already exist for determining lead bioavailability in soil, the 
Exponent project team will focus their human bioavailability research on arsenic, cadmium, 
chromium, and beryllium.  A similar evaluation for ecological receptors indicates that 
bioavailability research should focus on lead, cadmium, mercury, zinc, chromium, arsenic 
(mammalian only), and selenium (avian only).    
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Figure 1.  Information sources for the SERDP white paper.
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Figure 3a.  Percent of metal-contaminated sites exceeding any criteria at least once (124 sites total).

  Source:  Army data set.

Disclaimer: The results presented in this figure 
are only as accurate as the data provided in the 
database. For more information, please see text.
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Figure 3b.  Percent of metal-contaminated sites exceeding any criteria at least once (77sites total).

  Source:  Air Force ERPIMS data set.

Disclaimer: The results presented in this figure are 
only as accurate as the data provided in the 
database. For more information, please see text.
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Figure 3c.  Percent of metal-contaminated sites exceeding any criteria at least once (1893 sites total).

  Source:  Navy data set.

Disclaimer: The results presented in this figure 
are only as accurate as the data provided in the 
database. For more information, please see text.
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Figure 3d.  Percent of metal-contaminated sites exceeding any criteria at least once (752 sites total).

  Source:  RIMS data set.

Disclaimer: The results presented in this figure are 
only as accurate as the data provided in the 
database. For more information, please see text.



Boulder1\data\projects\Xfer_Salatas\Figure 3e 2nd CERCLIS DATABASE FROM HEATHER 10/16/01 CO

0

10

20

30

40

50

60

ALU
MIN

UM

NIC
KEL

BARIU
M

IR
ON

THALL
IU

M

VANADIU
M

MANGANESE

SELE
NIU

M

COPPER

ANTIM
ONY

ZIN
C

CADMIU
M

MERCURY

CHROMIU
M

ARSENIC
LE

AD

PE
R

C
EN

T 
O

F 
SI

TE
S 

EX
C

EE
D

IN
G

 A
N

Y 
C

R
IT

ER
IA

Figure 3e.  Percent of metal-contaminated sites exceeding any criteria (84 sites total).

  Source:  CERCLIS data set.

Disclaimer: The results presented in this figure 
are only as accurate as the data provided in the 
database. For more information, please see text.
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Figure 3f.  Percent of metal-contaminated sites (86 sites total) where each metal is considered a Figure 
3f.             contaminant of concern in the Superfund Hazardous Waste Site Advanced Query website.

  Source:  Superfund data set.

Disclaimer: The results presented in this figure 
are only as accurate as the data provided in the 
database. For more information, please see text.



Boulder1\data\projects\Xfer_Salatas\Figure 3g BIG GRAPH 10/16/01 CO

0

5

10

15

20

25

30

35

Boro
n

Lit
hiu

m

Zinc
 ph

os
ph

ide

Stro
nti

um Tin

Moly
bd

en
um

Cob
alt

Tha
lliu

m
Silve

r

Van
ad

ium

Merc
ury

Bery
lliu

m

Alum
inu

m
Bari

um
Nick

el

Sele
niu

m
Zinc

Man
ga

ne
se

Anti
mon

y

Cad
mium

Cop
pe

r

Chro
mium Iro

n

Arse
nic

Le
ad

PE
R

C
EN

T 
O

F 
SI

TE
S 

EX
C

EE
D

IN
G

 A
N

Y 
H

U
M

A
N

 H
EA

LT
H

 C
R

IT
ER

IA

Figure 3g.  Percent of metal contamined sites exceeding any human health criteria (industrial or residential) at 
Figure 3g.  least once for all data sets combined.

Source: Navy, Air Force, Army, RMIS, and CERCLIS data sets.

Disclaimer: The results presented in this figure 
are only as accurate as the data provided in the 
database. For more information, please see text.
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Figure 3h.  Percent of metal contaminated sites exceeding any ecological criteria (avian or mammalian) at least 
Figure 3h.  once for all data sets combined.

Source: Navy, Air Force, Army, RMIS, and CERCLIS data sets.

Disclaimer: The results presented in this figure 
are only as accurate as the data provided in the 
database. For more information, please see text.
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Figure 4a.  Ratio of site-wide average concentrations to Residential Screening Criteria for the 
Figure 2e.  five sites with the highest total risk across all metals.  Source: Army data set.
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Disclaimer: The results presented in this figure 
are only as accurate as the data provided in the 
database. For more information, please see text.
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Figure 4b.  Ratio of site-wide average concentrations to Residential Screening Criteria for the five sites with 
Figure 4d.  the highest total risk across all metals. Source: Air Force ERPIMS data set.

Disclaimer: The results presented in this figure are 
only as accurate as the data provided in the 
database. For more information, please see text.
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Figure 4c.  Ratio of site-wide average concentrations to Residential Screening Criteria for the 
Figure 2c.  five sites with the highest total risk across all metals. Source: Navy data set.
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Disclaimer: The results presented in this figure 
are only as accurate as the data provided in the 
database. For more information, please see text.
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Figure 4d.  Ratio of site-wide average concentrations to Residential Screening Criteria for the five sites 
Figure 2b.  with the highest total risk across all metals.  Source: RMIS data set.

Disclaimer: The results presented in this figure are 
only as accurate as the data provided in the 
database. For more information, please see text.
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Figure 4e.  Ratio of site-wide average concentrations to Residential Screening Criteria for the five sites 
Figure 3a.  with the highest total risk across all metals.  Source: CERCLIS data set.

Disclaimer: The results presented in this figure 
are only as accurate as the data provided in the 
database. For more information, please see text.
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Figure 5a.  Ratio of site-wide average concentrations to Industrial Screening Criteria for the five sites 
Figure 3e.  with the highest total risk across all metals.  Source: Army data set.
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Disclaimer: The results presented in this figure 
are only as accurate as the data provided in the 
database. For more information, please see text.
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Figure 5b.  Ratio of site-wide average concentrations to Industrial Screening Criteria for the five sites with 
Figure 5d.  the highest total risk across all metals. Source: Air Force ERPIMS data set.

Disclaimer: The results presented in this figure are 
only as accurate as the data provided in the 
database. For more information, please see text.
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Figure 5c.  Ratio of site-wide average concentrations to Industrial Screening Criteria for the 
Figure 3c.  five sites with the highest total risk across all metals. Source: Navy data set.
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Disclaimer: The results presented in this figure 
are only as accurate as the data provided in the 
database. For more information, please see text.
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Figure 5d.  Ratio of site-wide average concentrations to Industrial Screening Criteria for the five sites 
Figure 2b.  with the highest total risk across all metals.  Source: RMIS data set.

Disclaimer: The results presented in this figure are 
only as accurate as the data provided in the 
database. For more information, please see text.
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Figure 5e.  Ratio of site-wide average concentrations to Industrial Screening Criteria for the five sites 
Figure 3a.  with the highest total risk across all metals.  Source: CERCLIS data set.

Disclaimer: The results presented in this figure 
are only as accurate as the data provided in the 
database. For more information, please see text.
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Figure 6a.  Ratio of site-wide average concentrations to Avian Screening Criteria for the five sites 
Figure 4e.  with the highest total risk across all metals.  Source: Army data set.
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Disclaimer: The results presented in this figure are 
only as accurate as the data provided in the 
database. For more information, please see text.
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Figure 6b.  Ratio of site-wide average concentrations to Avian Screening Criteria for the five sites with 
Figure 4d.  the highest total risk across all metals. Source: Air Force ERPIMS data set.

Disclaimer: The results presented in this figure are 
only as accurate as the data provided in the 
database. For more information, please see text.
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Figure 6c.  Ratio of site-wide average concentrations to Avian Screening Criteria for the 
Figure 4c.  five sites with the highest total risk across all metals. Source: Navy data set.
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Disclaimer: The results presented in this figure 
are only as accurate as the data provided in the 
database. For more information, please see text.



Boulder1\data\projects\Xfer_Salatas\Avian Fig 6d RMIS-formatted 10/16/01 CO

1

10

100

1000

10000

100000

1E+06

1E+07

1E+08

1E+09

1E+10

1E+11

1E+12

BEALE AIR FORCE BASE POPE AIR FORCE BASE GRANITE MOUNTAIN
RADIO RELAY STATION

ANDERSEN AIR FORCE
BASE

ARNOLD AIR FORCE
BASE

R
A

TI
O

 O
F 

SI
TE

-W
ID

E 
A

VE
R

A
G

E 
C

O
N

C
EN

TR
A

TI
O

N
S

TO
 S

C
R

EE
N

IN
G

 C
R

IT
ER

IA
 (l

og
no

rm
al

 s
ca

le
)

LEGEND
Barium
Cadmium
Chromium
Cobalt
Copper

Lead
Nickel
Selenium
Zinc

Figure 6d.  Ratio of site-wide average concentrations to Avian Screening Criteria for the five sites 
Figure 2b.  with the highest total risk across all metals.  Source: RMIS data set.

Disclaimer: The results presented in this figure are 
only as accurate as the data provided in the 
database. For more information, please see text.
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Figure 6e.  Ratio of site-wide average concentrations to Avian Screening Criteria for the five sites 
Figure 3a.  with the highest total risk across all metals.  Source: CERCLIS data set.

Disclaimer: The results presented in this figure 
are only as accurate as the data provided in the 
database. For more information, please see text.
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Figure 7a.  Ratio of site-wide average concentrations to Mammalian Screening Criteria for the 
Figure 5e.  five sites with the highest total risk across all metals.  Source: Army data set.
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Disclaimer: The results presented in this figure 
are only as accurate as the data provided in the 
database. For more information, please see text.
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Figure 7b.  Ratio of site-wide average concentrations to Mammalian Screening Criteria for the five sites 
Figure 7d.  with the highest total risk across all metals. Source: Air Force ERPIMS data set.

Disclaimer: The results presented in this figure are 
only as accurate as the data provided in the 
database. For more information, please see text.
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Figure 7c.  Ratio of site-wide average concentrations to Mammalian Screening Criteria for the 
Figure 5c.  five sites with the highest total risk across all metals. Source: Navy data set.
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Disclaimer: The results presented in this figure 
are only as accurate as the data provided in the 
database. For more information, please see text.
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Figure 7d.  Ratio of site-wide average concentrations to Mammalian Screening Criteria for the five sites 
Figure 2b.  with the highest total risk across all metals.  Source: RMIS data set.

Disclaimer: The results presented in this figure are 
only as accurate as the data provided in the 
database. For more information, please see text.



Boulder1\data\projects\Xfer_Salatas\Mammal fig 7e 2nd CERCLIS DATABASE FROM HEATHER 10/16/01 CO

1

10

100

1000

10000

100000

1000000

DAVISVILLE NAVAL
CONSTRUCTION

BATTALION CENTER

ABERDEEN PROVING
GROUND (EDGEWOOD

AREA)

FORT DEVENS PUGET SOUND NAVAL
SHIPYARD COMPLEX

ROCKY MOUNTAIN
ARSENAL (USARMY)

R
A

TI
O

 O
F 

SI
TE

-W
ID

E 
A

VE
R

A
G

E 
C

O
N

C
EN

TR
A

TI
O

N
S

TO
 S

C
R

EE
N

IN
G

 C
R

IT
ER

IA
 (l

og
no

rm
al

 s
ca

le
)

LEGEND
Antimony
Arsenic
Cadmium
Chromium

Copper
Lead
Mercury
Zinc

Figure 7e.  Ratio of site-wide average concentrations to Mammalian Screening Criteria for the five sites 
Figure 4a.  with the highest total risk across all metals.  Source: CERCLIS data set.

Disclaimer: The results presented in this figure 
are only as accurate as the data provided in the 
database. For more information, please see text.
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Table 1.  Screening criteria proposed for the SERDP screening exercise

Human Health Criteria Ecological Receptor Criteria
Metal Residential Industrial Avian Mammalian

Arsenic 4 a,b 20 a,b 102 c 9.9 c

Lead 400 b 750 b 40.5 c 740 c

Cadmium 70 b 900 b 4.2 c 6 c

Copper 2900 d 76000 d 515 c 370 c

Chromium 230 b 3,400 b 21 e 360 e

Nickel 1,600 b 23,000 b 121 c 246 c

Zinc 23,000 b 340,000 b 8.5 c 1,600 c

Mercury 23 b 340 b 0.00051 c 0.146 c

Aluminum 76,000.00 d 100,000 d -- --
Antimony 31 b 450 b -- 21 e

Barium 5,500 b 79,000 b 283 c 329 c

Beryllium 160 b 2,300 b -- --
Boron 5,500 d 79,000 d -- --
Cobalt 4,700 d 100,000 d 32 e 340 e

Iron 23,000 d 100,000 d -- --
Lithium 1,600 d 41,000 d -- 390
Manganese 1,800 d 32,000 d -- --
Molybdenum 390 d 10,000 d 44 c 4.75 c

Selenium 390 b 5,700 b 0.000001 c --
Silver 390 b 5,700 b -- --
Strontium 47,000 d 100,000 d -- --
Thallium 6 b 91 b -- 2.1 c

Tin 47,000 d 100,000 d -- --
Vanadium 550 b 7,900 b -- 55 c

Zinc phosphide 23 d 610 d -- --

Notes:  Chromium(VI) values were used to screen chromium.  However, since Cr(VI) criterion was not available for
Notes:  avian receptors, we used Cr(III) criterion instead.
Notes:  -- - data not available
a  Increased original value by one order of magnitude.SSL

b  U.S. EPA 2001
c  Efroymson et al. 1997
d  Region IX PRG (U.S. EPA 2001)
e  U.S. EPA 2000b
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Table 2a.  Percentage of Army sites exceeding specific criteria, in descending ordera

Metal Residential Industrial Avian Mammalian

Lead 67 59 84 59

Arsenic 70 46 23 59

Chromium 27 5 58 21

Cadmium 21 6 45 43

Zinc 9 0 44 21

Copper 17 3 30 31

Nickel 3 1 13 9

Source:  Army data set
Note:  For each metal, the receptor with the greatest percentage of sites exceeding criteria is bolded. 
a For example, arsenic concentrations exceeded the residential screening criterion 70% more than any other
screening criterion.
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Table 2b.  Percentage of Air Force sites exceeding specific criteria, in descending ordera

Metal Residential Industrial Avian Mammalian

Lead 38 34 74 34

Zinc -- 0 73 10

Arsenic 70 44 9 51

Chromium 16 0 69 10

Mercury 1 0 53 42

Cadmium 8 0 38 30

Barium 1 0 38 38

Iron 36 8 -- --

Vanadium -- 0 -- 21

Copper 5 1 17 19

Molybdenum -- 0 4 17

Thallium 10 0 -- 14

Nickel -- 0 14 8

Manganese 14 0 -- --

Antimony 12 3 -- 14

Cobalt -- 0 8 0

Silver 3 0 -- --

Aluminum 3 1 -- --

Source:  Air Force ERPIMS data set
Notes:  For each metal, the receptor with the greatest percentage of sites exceeding criteria is bolded. 
Notes:   --  -  no criteria
a For example, lead concentrations exceeded the avian screening criterion at 74% of all sites in the Air Force data set. 
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Table 2c.  Percentage of Navy sites exceeding specific criteria, in descending ordera

Metal Residential Industrial Avian Mammalian

Lead 25 18 52 18

Zinc 1 0 47 7

Mercury 2 0.32 34 27

Chromium 6 1 28 4

Vanadium 1 0.11 -- 18

Cadmium 3 0.16 18 15

Iron 16 2 -- --

Barium 1 0.05 12 11

Arsenic 12 8 1 8

Copper 5 0 9 11

Nickel 2 0 10 6

Antimony 6 1 -- 8

Manganese 2 0.05 -- --

Aluminum 1 1 -- --

Thallium 0.42 0 -- 1

Molybdenum 0 0 0.11 1

Silver 0.26 0 -- --

Zinc Phosphide 0.11 0.05 -- --

Lithium 0.05 0 -- 0.11

Boron 0.05 0 -- --

Beryllium 0.05 0.05 -- --

Source:  Navy data set
Notes:  For each metal, the receptor with the greatest percentage of sites exceeding criteria is bolded. 
Notes:   --  -  no criteria
a For example, lead concentrations exceeded the avian screening criterion at 52% of all sites in the Navy 
data set.
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Table 2d.  Percentage of RMIS sites exceeding specific criteria, in descending ordera

Metal Residential Industrial Avian Mammalian

Lead 43 39 59 39

Zinc 11 4 32 16

Chromium 16 9 30 14

Selenium 4 2 26 --

Cadmium 16 10 25 24

Mercury 1 0.13 24 10

Barium 9 5 20 19

Copper 12 4 16 16

Nickel 9 5 14 12

Iron 11 5 -- --

Vanadium 5 5 -- 10

Manganese 10 6 -- --

Antimony 9 5 -- 10

Beryllium 8 2 -- --

Aluminum 5 5 -- --

Silver 4 2 -- --

Cobalt 1 0 3 1

Thallium 3 1 -- 3

Molybdenum 1 0.27 1 1

Tin 0.13 0.13 -- --

Strontium 0.13 0.13 -- --

Lithium 0.13 0 -- 0.13

Source:  RMIS data set.
Notes:  For each metal, the receptor with the greatest percentage of sites exceeding criteria is bolded. 
Notes:  -- - no criteria
a For example, lead concentrations exceeded the avian screening critierion at 59% of the sites in the RMIS data set.
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Table 2e.  Percentage of CERCLIS sites exceeding specific criteria, in descending ordera

Metal Residential Industrial Avian Mammalian

Lead 36 31 50 31

Arsenic 48 33 8 38

Chromium 13 5 29 13

Mercury 6 1 26 24

Cadmium 8 2 25 25

Zinc 4 0 24 10

Antimony 14 5 -- 17

Copper 7 1 14 14

Selenium 0 0 13 --

Manganese 8 0 -- --

Vanadium 1 0 -- 7

Thallium 4 1 -- 5

Iron 5 0 -- --

Barium 1 0 5 4

Nickel 1 0 4 1

Aluminum 1 0 -- --

Source:  CERCLIS data set
Notes:  For each metal, the receptor with the greatest percentage of sites exceeding criteria is bolded. 
Note:  -- - no criteria
a For example, lead concentrations exceeded the avian screening criterion at 50% of all sites in the CERLIS data set.
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Table 3.  Information provided by contacts within EPA regional offices

Primary Risk Drivers
EPA Region Contact Metals Receptors Scenario Pathway
Region 1 Sarah Levinson Mn, As, Tl, Cr, Be, Cd residential, recreational, worker ingestion

Region 2 Mark Maddaloni Pb, As, Hg, Cd, Be Human worker, resident, trespassers ingestion
Bob Wing Pb, As, Hg, Cd, Be Human, eco workers, residents, children ingestion

Region 3 Jennifer Hubbard Al, As, Cr, Pb, Mn, Fe Human various
Region 4 Ted Simon As, Pb, Cr Human and Eco (shrew) recreational (golf courses), occupational 

(shooting ranges)
ingestion

Region 5 Patricia VanLeeuwen

Mark Johnson Pb, As, Cr, Tl, Be Human and Eco future recreational, worker, trespasser
Region 6 Michael Overbay Pb, Cr Human future worker, some residential ingestion, dermal, inhalation

Ba Eco
Region 7 Scott Marquess Pb, some Cd, Cr, but not driving 

risks
Human future industrial, current industrial ingestion

Region 8 Susan Griffin metals not driving risks residential (required) ingestion, homegrown 
produce (concern of public)

Region 9 Dan Stralka Pb, Be, As, Al, Cr, Cu, Cd, Hg Human (unless estuary)

Michael Work Pb Eco (American robin) ingestion/food chain
Region 10 Nancy Harney Pb Human 
California EPA Michael Anderson Pb Human ingestion

Pb, As, Cd, Ni, Se, Cr Eco food chain
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Table 3. (cont.)

EPA Region Contact Comments Sites from this Region to Include As Cd Cr Mn Tl Pb Be Hg Fe Al Ba Cu Ni Se
Region 1 Sarah Levinson Thallium artifact of analytical, all Cr 

considered Cr(VI)
Portsmouth Shipyard, Kittering 
Maine, New London Sub Base, 

x x x x x  x

Region 2 Mark Maddaloni x x x x x
Bob Wing Seneca, Ft. Dix, Plattsburgh x x x x x

Region 3 Jennifer Hubbard Metals rarely drivers. x x x x x x
Region 4 Ted Simon Pb at shooting ranges, arsenic pesticides on 

golf courses, chromium (at plating shops)
x x x

Region 5 Patricia VanLeeuwen If firing range, testing facility, or plating shop, 
then metals a concern.  Thallium from 

rodenticide along fencelines.

x x x x x

Mark Johnson
Region 6 Michael Overbay Bergstrom AFB, Austin, TX; England 

AFB, Alexandria LA; Kelly AFB, San 
Antonio, TX; Eaker AFB, Blytheville, 

AK

x x

x
Region 7 Scott Marquess Lead from shooting ranges and lead-based 

initiating compounds.  Cd, Cr on occasion, 
but not driving cleanup.  Bioavailability of 

explosives in soil would be very interesting.

Lake City, Iowa.  x

Region 8 Susan Griffin

Region 9 Dan Stralka Low PRGs make drivers.  Lead at shooting 
ranges, operational beryllium, arsenic from 
rodenticide use, aluminum from fumigant, 
chromium from Navy paints, copper and 

cadmium from Navy repair facilities.  Mercury 
at Air Force bases.

x x x x x x x x

Michael Work Presidio -- cleanup 2 years ago. x
Region 10 Nancy Harney Metals in soil rarely risk drivers.  x
California EPA Michael Anderson x

x x x x x x

As Cd Cr Mn Tl Pb Be Hg Fe Al Ba Cu Ni Se
Totals: 8 6 6 2 2 12 5 3 1 2 1 1 1 1
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Table 4a. Matrix summarizing top five metals from each data set screened 
for human health receptors 

 
 
Data Set 

Most 
Common 

Metal 

Second Most 
Common 

Metal 

Third Most 
Common 

Metal 

Fourth Most 
Common 

Metal 

Fifth Most 
Common 

Metal 

ARMY Lead Arsenic Chromium Cadmium Copper 

AIR FORCE Arsenic Lead Iron Chromium Antimony 

NAVY Lead Arsenic Iron Chromium, 
Antimony 

Copper 

RMIS Lead Cadmium Chromium Copper, Iron, 
Manganese 

Barium, 
Nickel, 

Antimony 

CERCLIS Arsenic Lead Antimony Chromium Cadmium 
 

 

Table 4b. Matrix summarizing top five metals from each data set screened for 
ecological receptors 

 
 
Data Set 

Most 
Common 

Metal 

Second Most 
Common 

Metal 

Third Most 
Common 

Metal 

Fourth Most 
Common 

Metal 

Fifth Most 
Common 

Metal 

ARMY Lead Cadmium Arsenic Chromium Zinc 

AIR FORCE Lead Mercury Zinc Chromium Barium 

NAVY Lead Mercury Zinc Cadmium Chromium 

RMIS Lead Cadmium Zinc Chromium Barium 

CERCLIS Lead Cadmium, 
Mercury 

Arsenic Chromium Zinc 

 

 



 

 
 

 
 
 
 
 
 
Appendix A 
 
Modifications to the  
DoD Data Sets 
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Modifications to the DoD Data Sets 

Each data set acquired by Exponent was subjected to minor modifications to simplify data 
interpretation.  These slight revisions to some of the data sets did not compromise the integrity 
of any dataset in any way.  The exact modifications made to each data set are described below. 

ROD Search 
Record of Decision (ROD) abstracts were obtained from the Superfund website.  All of the 
abstracts were examined to determine which DoD sites mentioned metals of potential concern.  
If metals were mentioned in the abstract, an effort was made to obtain the full text of the ROD.  
After obtaining a few RODs, the length of each document and lack of any easily located 
concentration data for metals at the DoD sites were impediments to this search.  Meanwhile, it 
was discovered that the electronic databases that were being queried provided the type of 
information we needed, and therefore, the ROD search was no longer vital.  Hence, the ROD 
search was suspended, and efforts were refocused on the database analyses. 

Air Force ERPIMS Data Set 
Concentration data were provided in the ERPIMS data set.  We compared the residential, 
industrial, avian, mammalian, and soil invertebrate criteria to the metal concentrations provided, 
except for the elements calcium, potassium, magnesium, sodium, titanium, and zirconium.  
Criteria were not available for these metals, so they were omitted from the data set.   

Army Data Set  
The Army data set includes site names, site IDs, brief site descriptions, contact names and 
phone numbers, Chemical Abstracts (CAS) ID numbers, maximum concentrations, 
concentration units, and brief remedial action descriptions.  Additional fields are provided, but 
their meaning and significance were not clear.  Nickel, lead, chromium, arsenic, cadmium, 
copper, and zinc were the only metals included in the data set.  No modifications were needed.   

CERCLIS Data Set  
Initially, the CERCLIS data set that was provided to us reported on 84 sites; however, not all 
sites fell under the jurisdiction of the DoD.  Therefore, facilities governed by the Federal 
Aviation Facility, Small Business Administration, Department of Transportation, Department of 
Energy, and Department of the Interior were eliminated, reducing the data set to 68 DoD sites.  
The remaining sites were limited to the jurisdiction of the Department of Logistic Affairs, 
Department of Defense, National Guard, U.S. Air Force, U.S. Navy, and U.S. Army.  We also 
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 A-2 

eliminated any data entries associated with subsurface soils, but this did not result in any further 
reduction of the number of relevant DoD sites.   

The data set provided detailed information, including EPA identification codes, site names, 
National Priorities List (NPL) status, federal agency, media, contaminant, scenario, land use, and 
exposure route.  Human health-related hazard indices and cancer risks were listed for some 
entries in the data set, but no ecological receptor information was included.  However, the 
cancer risk data provided by CERCLIS was perplexing, because risks greater than 0.000001 
were reported for non-carcinogenic metals, such as silver, mercury, iron, vanadium, aluminum, 
and chromium.  Inquiries were made to determine whether there was a potential error in the 
database, but apparently no errors were made, and site managers enter the data into the 
CERCLIS database.  Other information was included in the data set provided to us (for example, 
cross media, operable unit, sign date, after-cleanup cancer risk, and hazard index), but was not 
deemed relevant for this stage of data analysis.   

In the original database, chromium was usually reported generically as “chromium.”  Only 
occasionally was chromium(III) or chromium(VI) specified, but due to the lack of consistent 
terminology, all chromium-related cells in the data set were changed to “chromium.”  Similarly, 
lead occasionally was reported as “lead, inorganic,” but these cells were changed to “lead.” 

Because we believed that the cancer risk and hazard index data provided by the CERCLIS data 
set were questionable, we applied our own set of industrial, residential, avian, mammalian, and 
soil invertebrate criteria to the limited concentration data that were provided.  We first converted 
all concentration data to units of milligrams per kilogram, and then divided each concentration 
by its metal-specific criterion.  If the units were not specified, or if the concentrations were 
reported in liquid units, the records were not used.   

Navy NORM Data Set 
The managers of the Navy database were not able to provide us with actual site names, so site 
names are coded numerically.  The data set initially contained 36 compounds; however, some of 
the compound names were repetitive, so the names were changed to streamline the data and 
simplify analyses.  For example, arsenic was described as arsenic (cancer), arsenic (III), arsenic 
(non-cancer), and arsenic.  All four descriptive terms were changed to ”arsenic and 
compounds.”  Similarly, “barium” and “barium and compounds” were changed to “barium and 
compounds.”  These changes aided in sorting the numerical data and simplifying the graphs, but 
did not compromise or distort the results in any manner.  The only compound removed 
completely from the data set was the radionuclide uranium 238.  For a list of other descriptive 
name changes that were made to compounds in the NORM data set, please see Table A-1.  After 
making the name changes, the data set contained 22 individual compounds.   

Most of the numerical concentration data reported in the original database were reported in units 
of ppm; however, for some data, the units were missing.  We assumed that all concentrations 
were reported in ppm; this assumption was validated by Martha Midgette of the Navy 
Headquarters (pers. comm. [e-mail]).   
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RMIS 
The RMIS data set initially contained 60 analytes; however, not all of these analytes were 
relevant, so some entries were deleted.  The list of metals, radionuclides, and compounds that 
were eliminated is provided below: 

Plutonium 239 

Potassium cyanide 

Radium 226 

Thorium 228, 229, 232, 234 

Uranium 238 

Copper cyanide 

Zinc cyanide 

Cyanide of sodium 

Hydrocyanic acid, potassium salt 

Barium cyanide. 
 
The other small technical change we made to the data set was to change “chromium,” 
“chromium (total),” and “chromium VI” to simply “chromium and compounds.”   

Superfund Hazardous Waste Site Advanced Query Form 
The Superfund Hazardous Waste Site website (located at http://www.epa.gov/superfund/) 
includes a Resource Center section that contains databases that can be searched by the general 
public.  Using the advanced query option, we extracted information pertaining to:  Site Names, 
CERCLIS ID, Site ID, City, Metal Contaminants of Concern, and Contaminated Media (we 
selected soil).  After retrieving the data, descriptions such as “hexavalent chromium” and 
“chromium (III)” were both changed to “chromium.”  Similarly, lead (inorganic) was changed 
to simply “lead.”  

http://www.epa.gov/superfund/
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Table A-1.  List of descriptive name changes applied to the NORM data set 

Original Names of Compounds from Navy 
Database 

 
Final Compound Names 

Antimony, antimony and compounds Antimony 

Arsenic, arsenic (cancer), arsenic  
(non-cancer), arsenic(III) 

Arsenic 

Barium, barium and compounds Barium 

Beryllium, beryllium and compounds Beryllium 

Cadmium, cadmium and compounds Cadmium 

Chromium, chromium(III), chromium total, 
chromium(VI), and compounds 

Chromium 

Copper, copper and compounds Copper 

Manganese, manganese and compounds Manganese 

Mercury, mercury (inorganic), mercury and 
compounds (inorganic) 

Mercury 

Nickel (soluble salts), nickel and compounds Nickel 

Silver and compounds Silver 

Strontium, stable Strontium 

Vanadium, vanadium oxide, vanadium sulfate Vanadium 
 

 



 

 
 

 
 
 
 
 
 
Acronym List 
 
 
 
 



\\boulder1\data\projects\1191_serdp\task 1 -- white paper\final\acros.doc 

 

Type in QMS QA ID no. 1 

 

Acronyms and Abbreviations 

BRAC  Base Realignment and Closure 

CAS  Chemical Abstracts 

CERCLA  Comprehensive Environmental Response, Compensation and Liability Act of 1980  
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ABSTRACT
This study was undertaken to establish which metals are most likely to drive the

risk-based remedial decision-making process at those U.S. Department of Defense
(DoD) sites that are affected by metals in site soils. Our approach combined queries
of various databases, interviews with U.S. Environmental Protection Agency (USEPA)
experts in each Region, and communication with database administrators and DoD
personnel. The databases that were used were comprehensive for DoD sites, yet
sometimes contained inaccuracies. Metal concentration data for various DoD facil-
ities were screened against established regulatory criteria for both human health
and ecological endpoints. Results from this analysis were compared against the in-
formation gleaned from the interviews. This preliminary analysis indicates that the
five metals that most frequently exceeded risk-based screening criteria for potential
human health concerns at DoD sites, in descending order of frequency, are lead,
arsenic, cadmium, chromium, and antimony. The metals that most frequently ex-
ceeded ecological screening criteria, in order, are lead, cadmium, mercury, zinc,
arsenic, chromium, and selenium. Although the majority of USEPA personnel in-
terviewed indicated that human health risk, rather than ecological endpoints, gen-
erally drives remedial decision-making, the data indicated that ecological screening
thresholds were exceeded more often than human health standards.

Key Words: metals in soil, Department of Defense, human health risk, ecological
risk, remedial decision-making.

INTRODUCTION

The U.S. Department of Defense (DoD) has undertaken the task of cleaning up
wastes that have resulted from industrial, commercial, training, and weapons testing
activities, as well as cleaning up and closing military bases so that properties can be
transferred to local communities for economic revitalization (USEPA 1997a). It is
estimated that DoD is responsible for remediation of approximately 8000 sites in
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the United States, a majority of which (67%) contain metal contamination in soils
(USEPA 1997a). Among the challenges in this effort is the process of prioritizing
sites for clean up, and determining what needs to be cleaned up and to what extent.

For properties on which soils are contaminated with metals, the amount of the
metal in soil that could actually be absorbed by human or ecological receptors (i.e .,
the bioavailability of the metal) can be an important factor in determining the
degree to which the contaminated soils need to be remediated. This occurs because
the bioavailability of metals from soil is generally less than that assumed by the default
values used in human health and ecological risk assessment.

Frequently, the factors that determine bioavailability are highly site specific. Thus,
to guide research on bioavailability of metals from soil, the research reported herein
was undertaken to determine which metals potentially drive risk-based remedial
decisions for soils at DoD sites. The research was structured to answer the following
three questions:

1. What metals potentially drive risk-based remedial decisions at DoD facilities?
2. For facilities where more than one metal exceeds risk-based screening crite-

ria, what are the metals of concern, and how do they compare in perceived
importance?

3. For the metals that most often exceed the screening criteria, what is the receptor
of greatest concern (human or ecological)?

To accomplish this, information was solicited from:

� Various branches of the military (Army, Navy, Air Force)
� U.S. Environmental Protection Agency (USEPA) regional toxicologists
� Coordinators within the Federal Facilities Restoration and Reuse Office

(FFRRO)
� Comprehensive Environmental Response, Compensation and Liability Infor-

mation System (CERCLIS)
� USEPA Records of Decision (RODs)
� DoD Environmental Cleanup Office.

This article describes the avenues that were pursued to locate useful information,
presents the data obtained, describes the manner in which these data were assessed,
and discusses the conclusions that can be drawn regarding the metals and exposure
pathways that are important determinants for remediation of metals in soils at DoD
facilities.

METHODS

Various individuals within the DoD and USEPA were contacted to identify sources
of information on metal concentrations at DoD sites, their potential for health ef-
fects on human and ecological receptors, and their influence on remedial decisions
for soil. Our goal in contacting these individuals was to identify and gain access to
databases that would provide answers to the three questions posed in the Introduc-
tion. Overall, we found that no single database exists that contains the entirety of the
information we sought. Therefore, we extracted information from several sources,
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and augmented the data with subjective opinions of professionals involved in the as-
sessment and remediation of federal facilities. Selection of individuals who provided
opinions and information is described in the section titled “USEPA Interviews.”

Databases

Ultimately, we identified five databases that could be queried to provide informa-
tion relevant to our task. Three were military databases: the Environmental Restora-
tion Program Information Management System (ERPIMS) database from the Air
Force, an unnamed database containing metals data from Army sites, and the Nor-
malization of Environmental Data System (NORM) database from the Navy. We
also analyzed the data contained in the Restoration Management Information Sys-
tem (RMIS) maintained by the Environmental Cleanup Office of the DoD, and the
CERCLIS database maintained by the USEPA. In addition, the Superfund Hazardous
Waste Site website (available at http://www.epa.gov/superfund/) includes a Re-
source Center in which databases can be searched by the general public. Using
the advanced query option, we extracted information pertaining to Site Names,
CERCLIS ID, Site ID, City, Metal Contaminants of Concern, and Contaminated
Media (we selected soil); however, no concentration data were available on this
website.

At the outset of our effort to collect data, we also attempted to obtain information
from the database on Records of Decision (RODs INFO) maintained by the USEPA.
The RODs INFO database provides a compilation of the information that is part of
Records of Decision for sites that have been addressed under the Comprehensive
Environmental Response, Compensation and Liability Act of 1980 (CERCLA, gen-
erally referred to as “Superfund”). While this information may have proved quite
useful, extracting appropriate data from this database was extremely cumbersome.
In addition, the database includes information only for sites where RODs have been
issued, thus excluding sites where data exist but a remedial approach has not been
selected, and a ROD has therefore not been issued. Because of these obstacles, the
RODs INFO search was aborted, and subsequent efforts focused on the other avail-
able databases.

Ultimately, we received from each of the databases a download of information,
hereafter referred to as “data sets,” regarding the soil concentration data for sites that
are known to have metals in soil. These concentration data were then compared to
a consistent set of risk-based screening criteria (described later) to determine which
metals most frequently exceeded these criteria.

It is important to note that we generally relied on the information in the data sets
as supplied by the various sources. Aside from very minor modifications required
to streamline the screening (e .g ., standardization of units and spelling of metal
names), few changes were made to the data sets, and the integrity of each data set
was not compromised. It was assumed that the information provided in the data
sets was technically accurate, and no outside verification of the data was performed.
However, we did identify what appeared to be errors within several of the databases.
It was beyond the scope of this evaluation to verify and/or correct the data included
in the various databases; however, specifics regarding the flaws identified in the
databases, and their implications, are discussed further in the Conclusions.
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USEPA Interviews

In addition to the objective information provided by the data sets, we queried
individuals who are involved with the risk assessment of federal facilities regarding
their opinions on the questions posed in the Introduction. Specifically, within each
of the 10 USEPA regions, we attempted to contact a Regional Toxicologist and
the Regional Contact in the FFRRO. We were not able to interview both of these
persons in every region, but we persisted until we had made contact with at least one
individual in each region. These individuals were asked the questions listed in the
Introduction, and their responses are discussed later.

Screening Criteria

As described earlier, the Army, NORM, ERPIMS, RMIS, and CERCLIS databases
were queried by their database managers, and query results from each database were
provided to the authors. The data sets included soil metal concentrations for sites
where metals had been detected. The concentrations in each data set were then
compared to health-based screening criteria to determine which sites contained
metals in soil at concentrations that exceed screening criteria and might, therefore,
suggest a further need for investigative consideration in health risk assessments.

Screening criteria are used during Step 2 of the Superfund Ecological Risk Assess-
ment process, the screening-level risk calculation (USEPA 1997b, 1998, 1999). These
criteria are intentionally conservative and are tools used to facilitate prompt identifi-
cation of contaminants and exposure areas of concern during both remedial actions
and some removal actions under CERCLA (USEPA 1996). The screening values are
risk-based (i.e ., derived from toxicity information and assumptions regarding poten-
tial exposure levels) and are used to determine whether additional study is warranted,
but do not necessarily eliminate the need to conduct site-specific risk assessments.
If environmental concentrations of chemicals are below the screening criteria, then
it is reasonable to assume that the chemicals present no significant potential for ad-
verse health effects. Exceeding the screening levels suggests the potential need for
further evaluation. Additionally, these levels can be used as Preliminary Remediation
Goals (PRGs), provided appropriate conditions are met (USEPA 1999). Therefore,
given the importance of health-based screening levels in the decision-making pro-
cess, these criteria were compared to the soil concentrations provided in the data
sets to draw preliminary conclusions regarding which metals may warrant additional
study and potential remediation at DoD sites.

To conduct this screening, we compiled health-based screening concentrations
for several endpoints. Because we were interested in determining what metals require
further risk investigation for both human and wildlife receptors, we screened the
site concentration data against criteria based on human health (for both industrial
and residential exposure scenarios) and ecological receptors (mammalian and avian
receptors).

Human Health Criteria

Human health criteria were obtained from USEPA’s Soil Screening Guidance
(USEPA 2001), which is a tool developed by USEPA to help standardize and

986 Hum. Ecol. Risk Assess. Vol. 10, No. 6, 2004



Remedial Decisions for Metals in Soil at DoD Sites

accelerate the evaluation and cleanup of contaminated soils at sites on the National
Priorities List (NPL) for which future land use may be residential. Criteria adopted
from the generic Soil Screening Levels (SSLs) that were developed for combined
ingestion and dermal exposure in a residential scenario were used to assess human
receptors in a residential setting (USEPA 2001). Screening criteria that would be
protective under industrial land use were selected from the generic SSLs for an
outdoor worker scenario (USEPA 2001).

All values were used as reported by USEPA, with the exception of arsenic. For
arsenic, the health-based screening criteria reported by USEPA are 0.4 mg/kg and
2 mg/kg for the residential and industrial land use scenario, respectively. Although
these values are consistent with the specified method for setting screening levels
equal to a cancer risk of one in a million, these specific values fall below background
concentrations for arsenic in soil throughout much of the United States (Dragun and
Chiasson 1991). Regulatory agencies have acknowledged this complicating issue with
the standard screening values for arsenic, and they recommend use of alternative
risk-based screening values for arsenic that fall within USEPA’s “acceptable cancer
risk range of 10E-6 to 10E-4” (USEPA 2000a; Washington State Dept. of Ecology
2001). Therefore, both the residential and industrial criteria for arsenic listed by
USEPA were multiplied by a factor of 10, effectively raising the target cancer risk
associated with each to one in one hundred thousand, the middle of the acceptable
risk range specified by USEPA. This was done to ensure that the importance of arsenic
in risk-based decisions was not artificially elevated due to the natural background
concentrations for this metal.

If the USEPA guidance did not contain values for the metals that were measured
at DoD sites, health-based screening values from USEPA Region IX Preliminary Re-
mediation Goals (PRGs) were incorporated as surrogates (USEPA 2000a). These
values were selected as surrogates because of their common use by regulatory agen-
cies outside of Region IX, and because their derivation is similar to the SSLs and
incorporates several routes of potential exposure, thereby resulting in more health-
protective screening values. Table 1 lists the human health-based screening criteria,
and denotes whether the values were selected from the list of SSLs (USEPA 2001)
or PRGs (USEPA 2000a).

Ecological Criteria

Specific screening values for avian and mammalian receptors were selected for
each metal. Ecological Soil Screening Levels (EcoSSLs; USEPA 2000b) were used, if
they were available. If EcoSSLs for avian and mammalian receptors were not available
for a particular metal, we used the Preliminary Remediation Goals for Ecological
Endpoints (Efroymson et al. 1997)—specifically, American woodcock goals—as a
surrogate for avian screening values, and short-tail shrew goals as a surrogate for
mammalian screening values. Table 1 lists the specific values and the source for
each of the ecological screening criteria that were used in this evaluation.

Although it is beyond the scope of this report to review the technical basis and
merits of the screening value for each metal, it is important to mention that the
screening concentration for mercury is highly conservative for use in most contexts.
This is because the current screening value (from Efroymson et al. 1997) is based on
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Table 1. Human health and ecological screening criteria.

Human health criteria Ecological receptor criteria

Metal Residential Industrial Mammalian Avian

Arsenic 4a,b 20a,b 9.9c 102c

Lead 400b 750b 740c 40.5c

Cadmium 70b 900b 6c 4.2c

Copper 2900d 76000d 370c 515c

Chromium 230b 3,400b 360e 21e

Nickel 1,600b 23,000b 246c 121c

Zinc 23,000b 340,000b 1,600c 8.5c

Mercury 23b 340b 0.146c 0.00051c

Aluminum 76,000d 100,000d — —
Antimony 31b 450b 21e —
Barium 5,500b 79,000b 329c 283c

Beryllium 160b 2,300b — —
Boron 5,500d 79,000d — —
Cobalt 4,700d 100,000d 340e 32e

Iron 23,000d 100,000d — —
Lithium 1,600d 41,000d 390c —
Manganese 1,800d 32,000d — —
Molybdenum 390d 10,000d 4.75c 44c

Selenium 390b 5,700b — 0.000001c

Silver 390b 5,700b — —
Strontium 47,000d 100,000d — —
Thallium 6b 91b 2.1c —
Tin 47,000d 100,000d — —
Vanadium 550b 7,900b 55c —
Zinc phosphide 23d 610d — —

Chromium(VI) values were used to screen chromium. However, because Cr(VI) criterion
was not available for avian receptors, we used Cr(III) criterion instead.
—, data not available.
aIncreased original value by one order of magnitude; b USEPA (2001); c Efroymson et al.
(1997); dRegion IX PRG (USEPA 2000a); e U.S. EPA (2000b).

the assumption that 100% of the mercury present in soils exists as methyl mercury. In
aerobic soil environments, which are the soils of interest for evaluating ingestion by
wildlife, mercury exists almost entirely in the inorganic form, which is substantially
less toxic than the organic form. Therefore, the SSL based on organic mercury is
highly conservative for most sites.

DATA ANALYSIS AND RESULTS

Each specific concentration within each of the five data sets was compared to
human and ecological screening criteria, and the ratios of the concentrations to the
criteria were calculated. If the calculated ratio was less than or equal to unity (i.e .,
≤1), then it was assumed that the concentration did not present a potential human
or ecological health hazard. If the ratio of a concentration to the screening criterion
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did exceed unity (i.e ., value >1), then this was assumed to indicate the potential for
affecting risk-based remedial decisions at the site. Fully characterizing the potential
risk of adverse effects would require further evaluation on a site-specific basis, but
this was beyond the scope of the present project. Therefore, this screening-level
approach served as the backbone of the data-set queries that we conducted.

The first set of analyses was aimed at determining, for all data sets combined,
which metals most frequently exceeded the health-based screening criteria. For hu-
man health screening, the metal concentrations were compared to residential and
industrial criteria (Table 1), and for the ecological screening, the metal concentra-
tions were compared to mammalian and avian criteria (Table 1). If data exceeded
criteria more than once for a particular site, the site was counted only once. The
results denoting the percentage of sites that exceeded human health criteria for
each metal are presented in Figure 1, and those that exceeded ecological criteria
are displayed in Figure 2.

In the second set of analyses, the five sites presenting the highest potential concern
(i.e ., the highest ratio of site average metal concentrations to screening criteria when
averaged across all metals for each site) were selected from all data sets combined.
For those five sites with the highest overall ratio of screening level to site soil concen-
trations, we determined what metals were present at concentrations above screening
values. The goal of this effort was to determine the relative contribution from metals
in soil at facilities where more than one metal exceeds screening criteria. This anal-
ysis was conducted separately for each potential receptor (human—residential [Fig-
ure 3], human—industrial [Figure 4], mammalian [Figure 5], and avian [Figure 6]).

Figure 1. Percent of metal-contaminated sites that exceed any human health cri-
teria (industrial or residential) at least once for all data sets combined.
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Figure 2. Percent of metal-contaminated sites that exceed any ecological criteria
(avian or mammalian) at least once for all data sets combined.

The final analysis was designed to determine what receptor (human—residential,
human—industrial, ecological—mammalian, or ecological—avian) is of primary im-
portance for the metals associated with the highest exceedance of screening criteria,
across all DoD sites evaluated. To accomplish this, we constructed a table (Table 2)
of the metals that exceeded criteria in all data sets combined and indicated the per-
centage of sites at which specific criteria were exceeded. For each metal, boldface
values show the specific receptor for which the highest percentage of sites exceeded
the screening criterion.

Interviews With USEPA Staff

Professional staff within each USEPA region were queried regarding their knowl-
edge or impressions of which metals are driving risk-based remedial decisions at DoD
sites. The individuals contacted were either regional toxicologists or the Regional
Contact for the FFRRO. One individual with the California EPA was also included
in the interviews. Five specific questions were posed to each contact:

� Which DoD facilities present risks from potential exposures to metals in soils?
� Which specific metals are of concern?
� Which receptors (human or ecological) are of concern for metals in soils?
� Which human and ecological exposure pathways are potentially of concern for

metals in soils?

990 Hum. Ecol. Risk Assess. Vol. 10, No. 6, 2004



Remedial Decisions for Metals in Soil at DoD Sites

Figure 3. Average ratios of metal concentrations to residential screening criteria
for the five sites with the highest screening criteria exceedances across
all metals.

� Which human exposure scenarios (e .g ., workers, residents, trespassers) are po-
tentially of concern for exposure to metals in soils?

The information provided by these individuals was generally anecdotal. None
of the USEPA personnel indicated that they had compiled information from the
DoD sites within the region. For some regions (e .g ., Region VIII), it appears that
metals are not driving risks at the DoD facilities, but rather, organic compounds
are the primary concern. In nearly all instances, the interviewees indicated that
human receptors were driving remedial decisions, and that ingestion of soils was the
exposure pathway of concern. Only occasionally were ecological receptors or other
exposure pathways mentioned.

Because of the requirement to evaluate human exposures under the scenario
of potential future residential development, residential receptors were the primary
receptors of concern, but interviewees indicated that worker, trespasser, and recre-
ational exposure scenarios could also be risk drivers. In general, the metals of con-
cern coincide with the historical land use of the site. For example, lead is of concern
for former firing ranges, arsenic appears to be a problem from historical use of
pesticides, and chromium occurs near former plating shops. Several individuals sug-
gested that frequent concern about chromium may be an artifact of the screening
process, which incorporates the assumption that all chromium occurs in the more
toxic hexavalent form, rather than the comparatively benign, but much more envi-
ronmentally common, trivalent form.
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Figure 4. Average ratios of metal concentrations to industrial screening criteria
for the five sites with the highest screening criteria exceedances across
all metals.

Compilation of the interview results indicates that, overall, lead and arsenic are
the metals that most frequently present health threats at DoD facilities. Cadmium
and chromium follow next, and then beryllium. No other metals were mentioned
consistently during the interviews.

DISCUSSION

What Metals Potentially Drive Risk-Based Remedial Cleanup Decisions
at DoD Facilities?

Results presented in Figure 1 suggest that, for human receptors, lead, arsenic,
chromium, cadmium, and antimony most commonly exceed residential and in-
dustrial human health screening criteria. Figure 2 results suggest that lead, zinc,
mercury, chromium, selenium, and cadmium most commonly exceed avian and
mammalian ecological screening criteria.

For DoD Facilities Where More Than One Metal Exceeds Screening Criteria, What
are the Metals of Concern and How Do They Compare in Perceived Importance?

The answer to this question is depicted for five DoD sites that consistently ex-
ceed screening criteria in Figures 3 through 6. These graphs indicate that at the
five sites with the highest overall screening criteria exceedances, none of the metals
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Figure 5. Average ratios of metal concentrations to mammalian screening criteria
for the five sites with the highest screening criteria exceedances across
all metals.

consistently show an ordered pattern in terms of driving exceedances, with the ex-
ception of lead. Lead consistently appears as a metal that exceeds screening criteria
in both residential and industrial human receptors (Figures 3 and 4).

For mammalian receptors, none of the metals display an ordered pattern of im-
portance when compared to mammalian screening criteria (Figure 5). However,
selenium consistently appeared as the metal that exceeded screening criteria when
avian receptors are the focus of screening assessments (Figure 6).

For the Metals with the Highest Exceedance of Screening Criteria, What is the
Receptor of Greatest Concern (Human or Ecological)?

Based on the information provided in Table 2, it is evident that screening criteria
for ecological receptors (mammalian and avian) were exceeded at more sites than
those for human receptors (residential and industrial). This can be seen by scanning
the rows for boldface numbers in Table 2, which indicate the receptor that exceeded
criteria for the greatest percentage of sites.

These results could be interpreted to indicate that ecological receptors are at
greater risk from metals present in soil at DoD sites than are humans, but these re-
sults more likely reflect the conservative nature and uncertainty associated with the
ecological screening criteria. For example, screening levels for wildlife are typically
developed for relatively small species with higher metabolic rates, smaller home
ranges, and a clear direct or indirect exposure pathway link to soil. Therefore,
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Figure 6. Average ratios of metal concentrations to avian screening criteria for
the five sites with the highest screening criteria exceedances across all
metals.

exposure could be assumed to be high, providing conservative screening values
for various trophic groups (USEPA 2000b). Additionally, soil-screening levels are de-
veloped to be protective of rare, endangered, and threatened species that may not
be present in the vicinity of a particular site. Also, uncertainty plays a significant role
in setting the screening criteria. For ecological receptors, the available database for
many metals regarding the toxicity or exposure levels is quite limited. In the face of
such uncertainty, conservative (i.e ., health-protective) assumptions are incorporated
into the calculations, thereby forcing the screening values lower.

Uncertainties Associated with the Data Sets

As discussed earlier, the screening conducted under this effort relied on data
supplied by various sources. Global verification of the values reported in each data
set was beyond the scope of the study. However, during the screening of the various
data sets, we concluded that the databases that were queried to provide us with the
relevant information, although comprehensive for DoD sites, are not completely
accurate.

For example, the RMIS and Navy data sets occasionally reported impossible metal
concentrations in soil media. This took the form of reporting concentrations greater
than one million parts per million. After examining the entire RMIS data set that
was provided to us, we found that approximately 2% of all the data entries exceed
one million parts per million, and that this error occurs for 14 separate metals.
These errors may be due to incorrect data entry or incorrect reporting of units. In
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Table 2. Percentage of sites exceeding specific criteria.a

Residential Industrial Mammalian Avian

Lead 32.0 25.9 25.9 55.6
Zinc 3.8 1.0 10.4 42.8
Mercury 1.9 0.27 22.1 30.4
Chromium 10.3 3.3 7.9 30.5
Cadmium 7.2 3.1 19.1 21.5
Arsenic 14.1 8.9 10.4 2.2
Copper 7.4 1.3 13.6 12.3
Barium 2.9 1.4 12.8 14.2
Nickel 3.6 1.4 7.6 10.9
Vanadium 1.8 1.3 14.9 —
Iron 14.5 2.8 — —
Antimony 6.9 2.1 8.3 —
Selenium 1.0 0.44 — 7.2
Manganese 4.4 1.5 — —
Aluminum 2.3 1.8 — —
Thallium 1.4 0.20 1.9 —
Beryllium 2.1 0.55 — —
Molybdenum 0.20 0.068 1.2 0.41
Silver 1.3 0.48 — —
Cobalt 0.24 0 0.38 1.0
Lithium 0.068 0 0.10 —
Zinc Phosphide 0.068 0.034 — —
Strontium 0.034 0.034 — —
Tin 0.034 0.034 — —
Boron 0.034 0 — —

Source: All data sets. Note: — no criteria.
aFor example, lead concentrations exceeded residential screening
crtierion at 32% of the sites. For each metal, the receptor with the
greatest percentage of sites exceeding criteria is bolded.

evaluating this data set, caution was used to ensure that these incorrect data did not
unduly influence the study results.

CONCLUSIONS

According to USEPA’s analysis of the RMIS database (USEPA 1997a), lead was the
most frequent soil contaminant associated with DoD sites that exceeded screening
criteria. Following lead were nickel, zinc, barium, cadmium, copper, and beryllium.
In our analysis of the various databases, the metals that most frequently were asso-
ciated with exceeding human health screening criteria or remedial action criteria
at DoD facilities were lead, arsenic, chromium, cadmium, and antimony (Figure 1).
Similar results were obtained from the USEPA staff interviews, which indicated an
order of lead, arsenic, chromium, cadmium, and beryllium for the top five metals
of concern for human health. The metals at DoD facilities that most frequently ex-
ceeded ecologically based screening criteria were lead, zinc, mercury, chromium,
and selenium for birds, and arsenic for mammals (Figure 2).
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In evaluating these results, it is important to keep in mind that our analysis relied
on data only from sites with metals detected in soils. We did not assess the per-
centage of sites where other compounds are considered potential contaminants of
concern. Several of those contacted mentioned that volatile or semi-volatile organic
compounds (VOCs or SVOCs) or radioactive components are more important at
DoD sites than are metals in soils. However, USEPA indicated that for DoD sites that
need cleanup, and that have identified soil contamination, the majority (>70%) are
contaminated with metals (USEPA 1997a).

As would be expected, different metals are associated with different site oper-
ations. For example, as stated earlier, lead contamination occurs at former firing
ranges, arsenic in areas of historical pesticide use, and chromium at locations of
former or current plating shops. This association results in significant heterogeneity
regarding what metals are of concern, and suggests that contamination by some met-
als may be relatively localized (e .g ., chromium), whereas others may be dispersed
(e .g ., arsenic). These interviews also indicated that human health considerations
usually drive remedial actions for metals in soils, and that ecological receptors typ-
ically become an issue only if wetlands and sediments are part of the assessment.
This information provided to us from interviews contrasted with our screening of
data against different criteria, which indicated that exceedances of screening cri-
teria for ecological receptors occur more frequently than exceedances of human
health criteria. Similarly, at sites where more complete risk assessments have been
conducted, ecological receptors (e .g ., American robin or burrowing animals) can
drive risk for metals in soils. The focus on human health considerations may simply
reflect the interest or technical background of the individuals interviewed (e.g., more
interviewees were human health toxicologists, as opposed to ecologists or ecotoxi-
cologists), or the prioritization of human over ecological health as a general societal
trend.

According to USEPA staff interviews, ingestion exposures typically are of greatest
concern, whereas dermal exposure is the second most important pathway, followed
by inhalation. Dermal absorption was considered an issue only for arsenic and cad-
mium in soils. However, USEPA staff did report that dermal exposures would be more
important if point-of-contact symptoms (e .g ., rashes) were “taken more seriously” in
the risk assessment process.

The primary goals of this research were to identify and prioritize metals for
bioavailability research, and to identify which metals were most relevant to hu-
man and ecological receptors. Combined evaluation of the results from the data set
screening and the USEPA interviews indicated that bioavailability studies for human
receptors should be focused on lead, arsenic, cadmium, chromium, and antimony.
A similar evaluation for ecological receptors indicated that bioavailability research
should focus on lead, cadmium, mercury, zinc, chromium, arsenic (for mammals),
and selenium (for birds).
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Executive Summary 

Young swine were used as test animals to measure the gastrointestinal absorption of cadmium 
from four contaminated soils:  Pt. Mugu soil, Colorado smelter soil, Oklahoma smelter soil, and 
Dugway soil.  Young swine were selected for use in the study, because the gastrointestinal 
physiology and overall size of young swine are similar to those of children, a population of 
concern for exposure to metals in soil.  Groups of five swine were given oral doses of cadmium-
contaminated soil sufficient to deliver doses ranging from 20 to 960 µg of Cd/kg-day for 
15 days.  Other groups of swine were given soluble cadmium (cadmium chloride) orally for 
comparison at doses of 0, 10, 60, or 320 µg Cd/kg-day.  The U.S. Environmental Protection 
Agency (EPA) toxicity value for cadmium is based on human ingestion of soluble cadmium in 
water, and assumes that 5% of this cadmium will be absorbed (IRIS 2004).  Therefore, soluble 
cadmium, as cadmium chloride, was used as the reference material in this relative cadmium 
bioavailability study.   

The amount of cadmium absorbed by each animal was evaluated by measuring the amount of 
cadmium in the blood (only for the control animals, and those receiving cadmium doses of 
60 µg Cd/kg/day or higher) and the amount of cadmium in liver and kidney (for all dose 
groups).  The amount of cadmium present in blood or tissues of animals exposed to test soils 
was compared to that of animals exposed to cadmium chloride, to calculate the relative 
bioavailability of cadmium in soil.  Separate relative bioavailability calculations were based on 
the area under the blood-cadmium-concentration-vs.-time curve (for Pt. Mugu soil only), 
terminal liver cadmium concentration, and terminal kidney cortex cadmium concentration.  The 
relative bioavailability adjustment (RBA) results for the four samples from this investigation are 
summarized in Table ES-1, below. 

The estimates of RBA based on kidney and liver are very similar for three of the soils (Colorado 
smelter soil was 0.89 for kidney and 0.66 for liver, Oklahoma smelter soil was 0.79 for kidney 
and 0.76 for liver, and Dugway soil was 0.18 for kidney and 0.09 for liver).  Results for the Pt. 
Mugu soil are more variable, with the RBA for liver (0.96) being greater than the RBAs for 
kidney (0.60) and blood (0.56).  Because the kidney is the primary target organ of toxicity for 
cadmium, RBA results for that tissue are considered most relevant for risk assessment.  Greater 
reliance on the kidney RBAs is supported by the finding that either liver RBAs (for three soils) 
or blood RBA (for one soil) were in close agreement with the kidney RBA.  The lower relative 
cadmium bioavailability for Dugway soil compared to the other soils may be related to the 
predominance of cadmium sulfate in that soil combined with the low cadmium concentrations 
and the predominance of very fine (clay) particles in the soil.  
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Table ES-1. Relative bioavailability estimates 

    Pt. Mugu Soil 
Colorado 

Smelter Soil 
Oklahoma 

Smelter Soil Dugway Soil 

Kidney     

  RBA 0.60 0.89 0.79 0.18 

  Lower bound 0.52 0.61 0.53 0.07 

  Upper bound 0.69 1.19 1.07 0.30 

  Standard Error 0.05 0.17 0.16 0.07 

Liver     

 RBA 0.96 0.66 0.76 0.09 

 Lower bound 0.80 0.33 0.40 –0.02 

 Upper bound 1.19 1.03 1.16 0.21 

 Standard Error 0.11 0.21 0.22 0.07 

Blood AUC (bleed1)    

 RBAa 0.56 NA NA NA 

 Lower bound 0.40 -- -- -- 

 Upper bound 0.89 -- -- -- 

  Standard Error 0.12 -- -- -- 

 
a RBA (relative bioavailability adjustment) for the blood AUC (area under the curve) was fit 
excluding the control (0 dose) data, because the responses at this dose were all non-detect.  

 NA – not analyzed    
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1 Introduction 

This study was performed in accordance with the protocol titled, Systemic Bioavailability of 
Cadmium in Soil in Juvenile Swine, which was reviewed by the Navy Bureau of Medicine and 
Surgery (assigned Navy Research Database [NRD] No. 307), and approved on November 19, 
2003. 

1.1 Background  

Cadmium is a ubiquitous environmental contaminant associated with renal, skeletal, and 
reproductive diseases in animals and humans.  Cadmium is also classified as a probable human 
carcinogen.  The average adult in the United States ingests approximately 30 µg of cadmium 
daily, and the biological half-life of cadmium is 10 to 30 years in humans (ATSDR 1999).  It is 
estimated that environmental exposure to cadmium results in renal disease in 1% to 7% of the 
world’s population (Klaassen et al. 1999; Satarug et al. 2000). 

The likelihood of adverse health effects from chronic exposure to cadmium, and the potential 
for ingestion of contaminated soil by children, prompted this evaluation of the potential for 
human exposure to cadmium in soil matrices.  Because the chemical form of a metal and its 
associated matrix will influence its intestinal absorption, bioavailability is an important variable 
in assessing exposure to metals in soil.   

1.1.1 In Vivo Studies 

In practice, oral relative bioavailability adjustments (RBAs) for metals in soil are based on the 
differences in specific metal concentrations in biological samples (blood, urine, and/or tissues) 
between animals ingesting metal-contaminated soil and animals orally exposed to a readily 
soluble salt of the metal (i.e., a reference compound).  For the soil and soluble forms of the 
metal, doses that produce equivalent biological responses are used to determine the RBAs. 

Distribution generally refers to the transport of a substance from its point of entry into the body 
to its deposition within the tissues.  The distribution of an ingested metal is taken into 
consideration in determining which biological responses are measured in relative bioavailability 
studies.  While the linear and nonlinear dose-dependent aspects of the distribution of lead within 
the blood, kidneys, liver, and femur of immature pigs have been described (Casteel et al. 
1997a), there is a relative lack of information on the distribution of cadmium following repeated 
oral exposure of juvenile swine.  These data gaps are especially evident with respect to the 
effects of dose, time since administration, and duration of exposure on blood levels of cadmium 
following intestinal absorption.  

Approximately 2.5% and 5% of oral doses of cadmium are absorbed by humans from diet and 
drinking water, respectively (IRIS 2004), and somewhat lower absorption is reported in rats and 
mice.  A substantial portion of an oral cadmium dose is initially retained in the gastrointestinal 
mucosa, and then is slowly excreted in the feces over a period of weeks.  For this reason, whole-
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body retention of cadmium shortly after dosing is not a reliable indicator of cadmium 
absorption.  Cadmium is widely distributed in the body, with the major portion of the body 
burden located in the liver and kidney of humans and laboratory animals (ATSDR 1999).  Most 
absorbed cadmium is excreted very slowly, with biological half-lives ranging from 20% to 50% 
of an animal’s life span.  Blood cadmium levels reflect mainly recent exposure to cadmium, 
rather than body burden.  Thus, cadmium concentrations in blood, kidney, and liver are 
expected to provide indications of the degree of absorption of recent oral doses. 

A literature search revealed a number of studies on cadmium bioavailability, but only a few on 
cadmium bioavailability from soil.  A good review of the literature is available in the Agency 
for Toxic Substances and Disease Registry (ATSDR) toxicological profile for cadmium (ATSDR 
1999).  The two studies of cadmium bioavailability from soil include one in rats (Schoof and 
Freeman 1995) and one in the juvenile swine model that was used in this research (Schroder et 
al. 2003). 

Metals, such as cadmium, occur in soil as a complex mixture of solid-phase compounds of 
varying particle size and morphology.  The occurrence and relative distribution of an element 
among these various solid phases, and the physical relation between the phases and the soil, 
control an element’s solubility and, hence, its bioavailability.  To date, there have been a limited 
number of studies of cadmium bioavailability from soil, and therefore, relatively little is known 
about the factors that control this endpoint.  The soil chemistry and cadmium forms in the soils 
used in this study were characterized, and this information is used to assess the factors that may 
be controlling oral cadmium bioavailability. 

1.1.2 Absolute and Relative Bioavailability 

Bioavailability is a concept that relates to the absorption of chemicals, and how absorption 
depends on the physical-chemical properties of the chemical and its medium (e.g., dust, soil, 
food, water, etc.) and the physiology of the exposed receptor.  Bioavailability is normally 
described as the fraction (or percentage) of a chemical that enters into the blood following an 
exposure of some specified amount, duration, and route.  In some cases, bioavailability may be 
measured using chemical levels in peripheral tissues such as liver, kidney, and bone, rather than 
blood.  The fraction or percentage absorbed can be expressed either in absolute terms 
(i.e., absolute bioavailability) or in relative terms (i.e., relative bioavailability).  Absolute 
bioavailability is measured by comparing the amount of chemical entering the blood (or other 
tissue) following oral exposure to the test material with the amount entering the blood (or other 
tissue) following intravenous exposure to an equal amount of some dissolved form of the 
chemical.  In contrast, relative bioavailability is measured by comparing oral absorption of a test 
material to oral absorption of an appropriate reference material (generally a soluble form of the 
chemical).  For example, if 100 µg of dissolved cadmium were administered in drinking water, 
and a total of 5 µg entered the blood, the absolute bioavailability would be 0.05 (5%).  
Likewise, if 100 µg of cadmium in soil were administered, and 3 µg entered the blood, the 
absolute bioavailability from soil would be 0.03 (3%).  If the cadmium dissolved in water were 
used as the reference material for calculating the relative bioavailability of cadmium absorbed 
from soil, the relative bioavailability would be 0.03/0.05 = 0.60 (60%). 
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1.1.3 Selection of the Animal Model 

Juvenile swine were selected for this study because of the similarity in gastrointestinal 
parameters between swine and humans.  For example, feeding behavior, gastrointestinal 
anatomy, acid secretion, and the development of small-intestinal absorption mechanisms are all 
quite similar between swine and humans (Weis and LaVelle 1991).  For these reasons, swine 
have been used as a surrogate for humans in the fields of pharmaceutical research and nutrition 
(Dodds 1982; Miller and Ullrey 1987).  Juvenile animals were selected, because metals 
absorption is frequently greater in younger animals, and this model is designed to predict uptake 
in the most sensitive population of concern—children.  The young swine model has been used 
to assess the oral bioavailability of both lead and arsenic in soil (Casteel et al. 1997a,b), and the 
results from these studies have been used to develop relative bioavailability adjustments for 
human health risk assessment by the U.S. Environmental Protection Agency (EPA). 

1.1.4 Metallothionein Induction and Potential Effects on the Animal 
Model 

Metallothioneins (MTs) are thought to play a role in a wide variety of physiological processes, 
including absorption and tissue distribution of dietary metals, essential metal homeostasis, 
heavy metal detoxification, free radical scavenging, and regulation of the cell cycle.  MTs are 
low-molecular-weight (6 to 7 kD), heat-stable, metal-binding proteins that have been divided 
into four major isoforms (MT-1, MT-2, MT-3, and MT-4) in mammalian species.  MT-1 and 
MT-2 are the most common MT isoforms and, depending on the species, can be further 
subdivided into subtypes (e.g., MT-1a and 1b, MT-1e to MT-1h, MT-1x and MT-2a in humans; 
MT-1a to -1g and MT-2a and -2b in swine; MT-1 and MT-2 in rodents).  

Exposure to cadmium induces the expression of metallothioneins in a variety of tissues in 
humans and various animal models, including juvenile swine (ATSDR 1999).  In addition to the 
similarities in the complexities of MT expression, humans and swine have 50-fold higher levels 
of hepatic MTs, less biliary excretion of cadmium, and enhanced resistance to cadmium 
toxicosis, compared to rodents.  In addition to cadmium, MT-1 and MT-2 are induced by 
exposure to other metals such as bismuth, copper, mercury, silver, and zinc, as well as by 
hormones, cytokines, other xenobiotics, oxidative damage, inflammation, and stress (Davis and 
Cousins 2000; Ghoshal and Jacob 2001; Miles et al. 2000; Samson and Gedamu 1998).  

Recently, MT induction in the juvenile swine model was shown to be associated with greater 
retention of cadmium within the renal cortices and, therefore, to be a potential determinant of 
the bioavailability of cadmium in soil matrices that contain other inducers of MT expression, 
when renal concentrations of cadmium are used to estimate exposure (Evans et al. 2004).  
Although MT induction was not measured in this study, this issue should be kept in mind when 
interpreting the study data for estimating the relative bioavailability of cadmium.  
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2 Materials and Methods 

2.1 Test Materials 

The samples tested in this study were provided by Exponent, Inc. and were surficial soils  
(0–3 in.) that had been collected from cadmium-contaminated sites.  The test soils were:  1) a 
soil from Pt. Mugu, California (sample PTMG), a composite residential soil from near a smelter 
in Colorado (sample CO-SCS), a soil from near a zinc smelter in Oklahoma (sample OK-SS), 
and a composite soil from Dugway Proving Ground in Utah (sample DPGC).  Anhydrous 
cadmium chloride (CdCl2) was used as the soluble cadmium reference material in this study, 
and was obtained from Sigma. 

Test soils were characterized for the following parameters, all of which were collected on the 
<250-µm size fraction (i.e., the size fraction dosed to the swine), with the exception of particle 
size distribution (sand, silt, clay), which was measured on the <2-mm size fraction:  pH (EPA 
Method 9045C), total organic carbon (TOC; ASTM D4129-82), total carbon (ASTM D4129-82; 
from which total inorganic carbon [TIC] was calculated by difference between total carbon and 
TOC), cation exchange capacity (CEC; EPA Method 9081), cadmium concentration (in 
triplicate; EPA Method 7131), and metals concentrations (arsenic, chromium, copper, iron, lead, 
manganese, mercury, nickel, phosphorus, and zinc; EPA Method 6010B, with the exception of 
arsenic [EPA Method 7060A], lead [EPA Method 7421], and mercury [EPA Method 7471A]).  
Analysis for cadmium concentration was preceded by thorough mixing of the soils exactly as 
they were mixed prior to dose preparation.  The bottle containing the soil was placed on a low-
speed roller apparatus for 30 minutes; it was then removed, inverted five times, and allowed to 
stand a few minutes to settle, and the samples were then taken for analysis.  

In addition, an aliquot of each soil sample was evaluated for cadmium mineralogy by electron 
microprobe, using the method described in Davis et al. (1993).  This method involves 
establishing the chemistry of individual cadmium-bearing grains in the sample, until a 
representative number have been analyzed (generally 100–200), and the distribution of 
cadmium among the different cadmium forms in the soil can be established. 

2.2 Experimental Design and General Procedures 

Intact male pigs weighing 10–12 kg were provided by Chinn Farms (Clarence, Missouri) and 
were housed in individual stainless steel cages.  The animals were weaned onto standard pig 
chow purchased from MFA Inc. (Columbia, Missouri).  To minimize cadmium exposure from 
the diet, the animals were then transitioned gradually from the MFA feed to a special low-metal 
feed (purchased from Zeigler Brothers, Inc., Gardner, Pennsylvania) over the time interval from 
day –7 to day –3; they were maintained on this feed for the duration of the study.  The feed was 
nutritionally complete and met all requirements of the National Institutes of Health – National 
Research Council.  The typical nutritional components and chemical analysis of the feed are 

\\boulder3\data\projects\1191_serdp\oral_studies\cadmium\final_11-
04\oral_cd_bioavail_v5.doc 

 7



Relative bioavailability of cadmium in soil in juvenile swine 

presented in Table 2-1.  Typically, the feed contained approximately 5.7% moisture and 1.7% 
fiber, and provided about 3.4 kcal of metabolizable energy per gram. 

Each animal was given an amount of feed equal to 4% of the mean body weight of all animals in 
the dose group.  Feed was administered in two equal portions at 1100 and 1700 hours daily.  
Drinking water was provided ad libitum via self-activated water nozzles in each cage.  Analysis 
of samples from randomly selected drinking-water nozzles during previous studies has indicated 
that mean cadmium concentration (setting non-detects at one-half the detection limit) is less 
than 0.05 µg/L. 

All doses were delivered daily for 15 consecutive days (Days 0–14 in Table 2) in a low-metal 
moistened feed.  The cadmium chloride (in solution) was pipetted, and the cadmium in soil was 
weighed and placed in the center of a 10- to 20-gram moistened dough ball (prepared by mixing 
the powdered low-metal feed with water).  Animals were given a divided dose at 0900 and 
1500 hours, and were fed 2 hours after dosing.  Animal weights were recorded, and dose and 
feed amounts were adjusted on days –1, 2, and every third day thereafter until study termination, 
to achieve constant doses and feed (as a percent of body weight) during the study.   

For three of the soils (Colorado smelter soil, Oklahoma smelter soil, and Dugway soil), groups 
of four to five swine were given oral doses of 20 and 60 µg Cd/kg-day for 15 days. One soil 
with the highest cadmium concentrations (Pt. Mugu soil) was administered at doses of 240, 480, 
and 960 µg Cd/kg-day.  Other groups of animals were given a soluble cadmium reference dose 
(as cadmium chloride) orally at doses of 0, 10, 60, and 320 µg Cd/kg-day for the same period of 
time.  The doses were given according to the design outlined in Table 3. 

Blood samples (6–8 mL) were drawn from the control animals into a plastic syringe by 
venipuncture of the anterior vena cava, and from those animals that received cadmium doses of 
60 µg Cd/kg/day or higher (i.e., groups 1, 3–7, 9, 11, and 13) on days 0, 6, 8, 10, 12, and 14.  
The blood was then transferred immediately into Vacutainer® tubes containing EDTA.  On each 
of the blood sampling days, blood samples were drawn just prior to the 0900 hour dosing 
(Bleed I) and 2 hours after the 0900 hour dosing (Bleed II). 

On the morning of study day 15, following the last blood collection, all animals were humanely 
euthanized, and representative samples (approximately 30 grams of the medial lobe) of the liver 
and the right kidney cortex were collected and stored in cadmium-free plastic bags at –40 °C 
until being prepared for cadmium analysis.  All animals were subjected to detailed examination 
at necropsy by a certified veterinary pathologist to assess overall animal health. 

Concentrations of cadmium in the blood, liver, and kidney cortex samples were determined after 
acid digestion by graphite furnace atomic absorption spectroscopy (GFAAS), as well as flame 
AAS for liver and kidney samples to confirm the accuracy of dilutions on samples with high 
cadmium concentrations.  The liver values from furnace AAS were used for data analysis, while 
for the kidney data, the cadmium concentrations were so high that the flame AAS values were 
deemed more accurate and were used for data analysis.  Sample preparation and analytical 
methods are described in Appendix A, and the cadmium concentration data for blood (measured 
as described above) and for liver and kidney (measured at sacrifice on day 15) are provided in 
Appendix B.  
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2.3 Data Analysis 

Regression methods were used to estimate the relative oral bioavailability of cadmium from four 
test soils relative to cadmium chloride.  Because the response in the juvenile swine model was 
measured as cadmium concentrations in liver and kidney tissue, and the area-under-the-curve 
for blood cadmium concentration vs. time, relative bioavailability values were determined for 
each of these different types of responses. 

A single simultaneous regression model was used to estimate the slope for each test material 
while restricting the intercept to be equal to the response from the control animals for all the test 
materials.  This is appropriate because at zero dose all of the test materials should yield the same 
response.  As is typical with animal data of this type, the variability in the response increases 
with increasing dose—a property known as heteroscedasticity.  Because heteroscedasticity of 
the data is contrary to the underlying assumption of equal variance for a linear regression to be 
applicable, each dose-group was weighted by the inverse of the predicted variance for that dose 
group (average dose was assumed for each member of a dose group).  The predicted variance is 
an estimate of expected variance as a function of the magnitude of the response data, and is 
considered a more robust measure of variance than the dose-group specific measured variance, 
because it is less affected by individual measurements.  Weighting by the inverse of the 
predicted variance gives less weight to the more variable data points and achieves homogeneous 
variability across all dose-groups.  A simultaneous linear regression model was then fit to each 
endpoint for the weighted data.  The relative bioavailability adjustment (RBA) values for each 
response (liver, kidney, and blood) for each soil were then estimated as the ratio of the slope for 
the soil versus that for cadmium chloride.  Fieller’s formula was then used to estimate the 
uncertainty in these RBA estimates, as represented by the upper and lower 95th percentiles and 
standard error on the RBA estimates. 
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3 Results 

3.1 Test Soil Characterization 

Soil chemistry and metals concentrations in each test soil are provided in Table 4, and the 
cadmium mineralogy results are provided in Table 5.  Reported cadmium concentrations are the 
average of triplicate analyses (Table 4), and were used for preparing soil doses to achieve the 
target dose levels specified in Table 3.  Concentrations of other metals, some of which may 
affect enteric absorption of cadmium, are also presented for each of the test soils in Table 4.   
Cadmium concentrations were far higher in the Pt. Mugu soil compared to the other soils 
(4,109 mg/kg vs. 47–452 mg/kg for the others), and this soil was also high in chromium, nickel 
and phosphorus.  The Oklahoma smelter soil had exceptionally high zinc concentrations. 

Values of pH in three of the four test soils were near neutral (7.43 to 7.55), while the Dugway 
soil exhibited a more basic pH (9.06).  TOC values ranged from 1.90% to 4.98%, while TIC 
ranged from less than 0.05% to 1.51%.  CEC values did not range widely among the soils 
(52.2 to 70.1 meq/100 g).  The Pt. Mugu soil contained the greatest proportion of sand (coarse, 
medium, and fine grained), while the Colorado smelter soil and the Oklahoma smelter soil 
contained greater proportions of silt-size particles.  The Dugway soil was the only one of the 
four test soils that contained an appreciable quantity of clay-sized particles.   

Cadmium mineralogy (Table 5) indicated that only a few forms dominated the cadmium-bearing 
mineral assemblage in these test soils.  These mineralogic forms are cadmium-calcium-metal1 
oxide (Pt. Mugu and Colorado smelter), cadmium-metal oxide (Colorado smelter), cadmium-
metal sulfate (Dugway), and cadmium-iron oxide (Oklahoma smelter).  All other cadmium-
bearing phases were found to account for less than 8% of cadmium mineral mass.  The average 
particle size (based on long-axis dimension) of each cadmium-bearing phase in each sample is 
provided in parentheses in Table 5.  These results suggest that oral cadmium bioavailability 
from soil in this study will be controlled by the solubility of only a few cadmium forms in the 
gastrointestinal tracts of the juvenile swine. 

3.2 Blood Cadmium vs. Time 

Figures 1 and 2 show the group mean blood cadmium concentrations for Bleed I (0800 hours) 
and Bleed II (1100 hours) at different times during the study.  For Bleed I, blood cadmium 
concentrations were initially at or below the method detection limit (0.1 µg/L) in all groups, and 
remained at or below detection limits in the negative control animals.  In animals given repeated 
oral doses of cadmium chloride (Groups 2–4) and Pt. Mugu soil (Groups 5–7) at doses of 
60 µg/kg/day or greater, blood levels began to rise within 1–2 days, and continued to rise until 
the end of the study (day 15).  For the other three soils (Colorado smelter, Oklahoma smelter 

                                                 
1 “Metal” stands for other metals present at low concentrations, and generally consisted of combinations of 

aluminum, iron, lead, antimony, and zinc. 
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Relative bioavailability of cadmium in soil in juvenile swine 

and and Dugway), only animals in the 60-µg/kg/day dose groups were sampled, and even at this 
dose, blood levels of cadmium were predominately at or below the detection limit (0.1 µg/L). 

Although the same trends in blood cadmium concentrations were evident in Bleed II (taken at 
2 hours post-dosing), as in Bleed I, the results were more variable (Figure 2).  This is consistent 
with the rapidly changing blood cadmium concentrations associated with the absorption of 
cadmium after the dose was given (Bleed II was included in this study to try to capture data on 
peak blood cadmium concentrations, and the Bleed II values are indeed greater than the Bleed I 
values).  As would be expected, the steep slope of the concentration-vs.-time curve during this 
interval leads to greater variability in the blood cadmium concentrations.  Because of this 
increased variability, RBA calculations were based on data from Bleed I. 

3.3 Dose-Response Patterns 

3.3.1 Blood Cadmium 

The measurement endpoint used to quantify the blood cadmium response was the area under the 
curve (AUC) for blood cadmium concentration vs. time (days 0–14).  The AUC was selected 
because it is the standard pharmacokinetic index of chemical uptake into the blood 
compartment, and is relatively insensitive to small variations in daily blood cadmium levels.  
The AUC was calculated using the trapezoidal rule to estimate the AUC between each time 
point that a blood cadmium value was measured (days 0, 6, 8, 10, 12, and 14), and summing the 
areas across all time intervals in the study.  This mean AUC for each pig was then plotted 
against the body weight–adjusted dose for that pig by dosing material.   

As indicated in Figure 3, the dose-response patterns appear to be linear for the soluble reference 
material (cadmium chloride) and for the Pt. Mugu soil for Bleed I.  It was not possible to 
prepare dose-response curves for the Colorado smelter, Oklahoma smelter, and Dugway soils, 
because blood cadmium results were at or below detection limits. 

3.3.2 Tissue Cadmium 

Tissue results for swine dosed with each test soil, and with the cadmium chloride reference 
material, were subjected to the weighted simultaneous linear regression data analysis method 
described in the Data Analysis section.  Results from this analysis are shown graphically in 
Figures 4 through 12. 

3.3.3 Relative Cadmium Bioavailability from Test Soils 

Based on the results from the weighted simultaneous regressions described above, the RBA 
values for each response (liver, kidney, and blood) for each soil were calculated as the ratio of 
the slope for the soil versus that for cadmium chloride.  The upper- and lower-bound values in 
Table 6 represent the upper and lower 95th percentile values on the RBA estimates (based on 
application of Fieller’s formula). 
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The estimates of RBA based on kidney and liver are very similar for three of the soils (Colorado 
smelter soil was 0.89 for kidney and 0.66 for liver, Oklahoma smelter soil was 0.79 for kidney 
and 0.76 for liver, and Dugway soil was 0.18 for kidney and 0.09 for liver).  Results for the Pt. 
Mugu soil are more variable, with the RBA for liver (0.96) being greater than the RBAs for 
kidney (0.60) and blood (0.56).  Because the kidney is the primary target organ of toxicity for 
cadmium, RBA results for that tissue are considered most relevant for risk assessment.  Greater 
reliance on the kidney RBAs is supported by the finding that either liver RBAs (for three soils) 
or blood RBA (for one soil) were in close agreement with the kidney RBA.   

Assuming that the kidney results should be given the greatest weight, the three soils with the 
greatest cadmium concentrations (Pt. Mugu, Colorado smelter, and Oklahoma smelter) all yield 
similar RBA values (range of 0.60 to 0.89).  In contrast, the Dugway soil yielded a considerably 
lower cadmium RBA of 0.18.  An examination of soil characteristics and cadmium mineralogy 
suggests that this outcome may be due to the more basic soil pH of the Dugway soil, the high 
clay content of this soil, or the presence of most of the cadmium in the Dugway soil as 
cadmium-metal sulfate (a cadmium phase not found in the other soils). 
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Table 1. Typical feed compositiona

 
Nutrient Name 

 
Amount 

 
Nutrient Name 

 
Amount 

 
Protein 

 
20.1021% 

 
Chlorine 

 
0.1911%  

A rginine 
 
1 .2070% 

 
M agnesium 

 
0 .0533% 

L ysine 1 .4690% S ulfur 0 .0339% 

M ethionine 0 .8370% M anganese 2 0.4719 mg/kg 

M et+Cys 0 .5876% Z inc 1 18.0608 mg/kg 

T ryptophan 0 .2770% I ron 1 35.3710 mg/kg 

H istidine 0 .5580% C opper 8 .1062 mg/kg 

L eucine 1 .8160% C obalt 0 .0110 mg/kg 

I soleucine 1 .1310% I odine 0 .2075 mg/kg 

P henylalanine 1 .1050% S elenium 0 .3196 mg/kg 

Phe+Tyr 2.0500% Nitrogen Free 
xtract E 

60.2340% 

 
T hreonine 

 
0 .8200% V itamin A 

 
5 .1892 kIU/kg 

V aline 1 .1910% V itamin D3 0 .6486 kIU/kg 

F at 4 .4440% V itamin E 8 7.2080 IU/kg 

S aturated Fat 0 .5590% V itamin K 0 .9089 mg/kg 

U nsaturated Fat 3 .7410% T hiamine 9 .1681 mg/kg 

L inoleic 18:2:6 1 .9350% R iboflavin 1 0.2290 mg/kg 

L inoleic 18:3:3 0 .0430% N iacin 3 0.1147 mg/kg 

C rude Fiber 3 .8035% P antothenic Acid 1 9.1250 mg/kg 

A sh 4 .3347% C holine 1 019.8600 mg/kg 

C alcium 0 .8675% P yridoxine 8 .2302 mg/kg 

P hos Total 0 .7736% F olacin 2 .0476 mg/kg 

A vailable Phosphorus 0 .7005% B iotin 0 .2038 mg/kg 

S odium 0 .2448% V itamin B12 2 3.4416 mg/kg 

Potassium 0.3733%   
a Nutritional values provided by Zeigler Bros., Inc. 

 



Table 2. Daily study schedule for dosing, weighing, and collecting blood 

Study Day Weigh 
Dose 
Prep 

Dose 
Administration 

Bleed, Pre-Dose 
Groups 1,3-7, 

9,11,13 

Bleed, 2hrs Post-Dose
Groups 1, 3-7, 9, 11, 

13 

–4 X         

–3           

–2           

–1 X X       

0     X X X 

1     X     

2 X X X     

3     X     

4     X     

5 X X X     

6     X X X 

7     X     

8 X X X X X 

9     X     

10     X X X 

11 X X X     

12     X X X 

13     X     

14 X   X X X 

15   study termination  
 

 



Table 3. Dose administration for the relative cadmium bioavailability  
study 

 
Dose Group 

 
N 

 
Treatment 

Target Cadmium Intake 
(µg/kg/day) 

1 4 Negative Control 0 

2 4 CdCl2 (anhydrous) 10 

3 4 CdCl2 (anhydrous) 60 

4 4 CdCl2 (anhydrous) 320 

5 5 PTMG 
(4109 mg/kg Cd) 

240 

6 5 PTMG 
(4109 mg/kg Cd) 

480 

7 5 PTMG 
(4109 mg/kg Cd) 

960 

8 4 CO-SCS 
(452 mg/kg Cd) 

20 

9 4 CO-SCS 
(452 mg/kg Cd) 

60 

10 4 OK-SS 
(102 mg/kg Cd) 

20 

11 4 OK-SS 
(102 mg/kg Cd) 

60 

12 4 DPGC 
(46.8 mg/kg Cd) 

20 

13 4 DPGC 
(46.8 mg/kg Cd) 

60 

 



Table 4. Test soil characterization 

Chemical Units 

Pt. Mugu 
Soil  

(PTMG)  
CO Smelter Soil  

(CO-SCS) 

OK Smelter 
Soil  

(OK-SS)  
Dugway Soil 

(DPGC) 

Conventionals            

PH s.u. 7.43   7.52  7.55   9.06  

Total organic carbon % 1.90   2.21  4.98   2.87  

Total inorganic carbon % 0.99   0.05 U 0.74   1.51  

Cation exchange capacity meq/100g 65.9   54.1  70.1   52.2  

            

Particle Size Distributiona            

Very coarse sand (850–2,000 µm) % 11.8   9.08  12.9   10.6  

Coarse sand (425–850 µm) % 30.5   10.7  15.7   8.58  

Medium sand (250–425 µm) % 30.3   12.8  15.1   8.18  

Fine sand (106–250 µm) % 20.4   25.7  16.5   29.8  

Very fine sand (75–106 µm) % 1.91   9.97  4.45   9.87  

Percent silt (4–75 µm) % 2.22   27.5  31.8   3.31  

Percent clay (<4 µm) % 3.34   3.18  1.73   29.7  

            

Cadmium Concentrationb mg/kg 4,109 ±375 452 ±7 102 ±0.7 46.8 ±0.4 

            

Other Metal Concentrations            

Arsenic mg/kg 165   416  77.2   8.50  

Chromium mg/kg 16,300   26.0  19.4   41.8  

Copper mg/kg 1,950   89.3  1,300   45.2  

Iron mg/kg 15,600   20,500  22,500   14,100  

Lead mg/kg 1,140   642  1,000   71.3  

Manganese mg/kg 138   510  804   266  

Mercury mg/kg 1.85   8.04  0.900   5.95  

Nickel mg/kg 3,850   16.7  45.1   24.1  

Phosphorus mg/kg 3,310   804  790   1,150  

Silver mg/kg 171   2.0 U 24   2.5  

Zinc mg/kg 1,370   1,310  28,500   394  

Notes: Soils sieved to <250 µm            

            U  –  undetected; value represents reporting limit          
                 a Measured on <2-mm size fraction           
                  b Reported cadmium concentrations are based on triplicate analyses. 



Table 5. Cadmium mineralogy results

CdCa(M) oxide 47.6% 16 31.5% 21 -- -- -- --
CdCl2 5.8% 12 -- -- -- -- -- --
Cd(M) oxide -- -- 44.2% 6.4 -- -- -- --
Cd(M) silicate -- -- 6.7% 14 -- -- -- --
Cd(M) sulfate 1.5% b 18 b 0.4% 2 -- -- 99.4% 2.1
Cd oxide 42.6% 4.2 7.7% 3.0 -- -- -- --
Cd sulfide 1.3% 9 -- -- -- -- -- --
CdFe oxide 0.0% 23 1.7% 23 92.5% 34 0.6% 26
CdFe sulfate 0.1% 13 -- -- 7.5% 24 -- --
CdPb(M) oxide -- 4 7.0% 4.6 -- -- -- --

No. particles counted -- 176 -- 114 -- 110 -- 108

Note:  --  –  Not present
Note:  Forms contributing less than 1% of cadmium mass in any sample are not shown.
Note:  (M) stands for "metals" and generally consisted of a combination of Al, Fe, Pb, Sb, and/or Zn.

a Based on long-axis dimensions.
b Sum of CdMSO4 and CdSO4 values from CU data.

Percent Mass 
Distribution

OK Smelter Soil
(OK-SS)

Dugway Soil
(DPGC)

Average
Particle Sizea

(µm)
Cadmium

Form
Percent Mass 
Distribution

Average
Particle Sizea

(µm)
Percent Mass 
Distribution

Pt. Mugu Soil
(PTMG)

CO Smelter Soil
(CO-SCS)

Average
Particle Sizea

(µm)
Percent Mass 
Distribution

Average
Particle Sizea

(µm)
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Table 6. Cadmium RBA estimates for test soils 

   Pt. Mugu CO-SCS OK-SS Dugway 

Kidney         

  RBA 0.60 0.89 0.79 0.18 

  Lower bound 0.52 0.61 0.53 0.07 

  Upper bound 0.69 1.19 1.07 0.30 

  Standard Error 0.05 0.17 0.16 0.07 

Liver         

  RBA 0.96 0.66 0.76 0.09 

  Lower bound 0.80 0.33 0.40 –0.02 

  Upper bound 1.19 1.03 1.16 0.21 

  Standard Error 0.11 0.21 0.22 0.07 

Blood AUC (bleed1)       

  RBAa 0.56 NA NA NA 

  Lower bound 0.40 -- -- -- 

  Upper bound 0.89 -- -- -- 

  Standard Error 0.12 -- -- -- 

  
a RBA based on blood AUC was fit excluding the control (0 dose) data, because the 
response at 0 dose was non-detect.  

  NA – not analyzed       

 
 



Figure 1.  Bleed I: Group Mean Blood Cadmium by Day

0

1

2

3

4

5

6

7

8

0 61 327 242 484 956 64 63 71

Control CdCl2 PtMugu#1B CO-SCS OK-SS Dugway #1

Cadmium intake (ug/kg-d)

B
lo

od
 c

ad
m

iu
m

 (u
g/

L)

day-0
day-6
day-8
day-10
day-12
day-14



Figure 2.  Bleed II: Group Mean Blood Cadmium Level
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Figure 3.  Blood AUC Dose-Response Relationships for Pt. Mugu Soil and Cadmium Chloride
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Figure 4.  Liver Dose-Response Relationships for Pt. Mugu Soil and Cadmium Chloride
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Figure 5.  Kidney Dose-Response Relationships for Pt. Mugu Soil and Cadmium Chloride
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Figure 6.  Liver Dose-Response Relationships for CO-SCS Soil and Cadmium Chloride
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Figure 7.  Kidney Dose-Response Relationships for CO-SCS Soil and Cadmium Chloride

0

2,000

4,000

6,000

8,000

10,000

12,000

14,000

16,000

18,000

0 50 100 150 200 250 300 350 400

Cadmium intake (ug/kg-d)

Ti
ss

ue
 C

ad
m

iu
m

 c
on

ce
nt

ra
tio

n 
(n

g/
g)

CdCl2

CO-SCS



Figure 8.  Liver Dose-Response Relationships for OK-SS Soil and Cadmium Chloride
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Figure 9.  Kidney Dose-Response Relationships for OK-SS Soil and Cadmium Chloride
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Figure 10.  Liver Dose-Response Relationships for Dugway Soil and Cadmium Chloride
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Figure 11.  Kidney Dose-Response Relationships for Dugway Soil and Cadmium Chloride
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Figure 12.  Liver and Kidney Cadmium Chloride Dose-Response Relationships
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Relative bioavailability of cadmium in soil in juvenile swine 
Appendix A 
 
 

Cadmium Analysis in Tissue, Blood, and Soil Samples 

Sample Preparation 

Tissue 

One gram of tissue (±5% by weight) was placed in a 5-mL Teflon screw-cap container.  Two 
milliliters of trace-metal nitric acid (concentrated) was added and the cap was screwed tight.  
Each container was heated overnight at 90 °C in a laboratory oven.  After the overnight heating, 
samples were allowed to cool and diluted to 10 mL with deionized distilled water.  Analysis was 
performed by graphite furnace atomic absorption spectroscopy (GFAAS), as described below. 

Blood 

Blood was collected in 7-mL purple-top (EDTA) Vacutainers, and stored at 4 °C until analysis.  
One milliliter of gently mixed blood was pipetted into 3 mL of 1 M nitric acid (Trace Metal 
Grade) in a 15-mL Falcon® tube, and mixed by inversion or vortexing.  Samples were then 
centrifuged at 2000 rpm for 10 minutes to settle the precipitate.  Samples were stored at 4 °C 
until analysis.  

Alternative analysis preparation was 1  mL of gently mixed blood pipetted into 3 mL of Matrix 
Modifier (recipe follows) in a 15-mL Falcon tube and mixed by inversion.  Samples were stored 
at 4 °C until analysis. 

The matrix modifier used for the blood analysis was developed by the Centers for Disease 
Control and Prevention (CDC; Miller et al. 1987) and consists of: 

1. Deionized distilled water containing: 

− 0.2% v/v nitric acid 

− 0.5% Triton X-100 

− 0.2% ammonium phosphate, dibasic. 
 
A single batch of matrix modifier was prepared, which was sufficient for the entire study, and 
was used to prepare all standards and blanks during blood analysis (standards and quality 
control [QC] samples were matrix matched).  Blood samples were analyzed by GFAAS, as 
described below. 
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Relative bioavailability of cadmium in soil in juvenile swine 
Appendix A 
 
 
Soil 

Digestion was performed by EPA Method 3050 (U.S. EPA 1997), and analysis by flame 
ionization spectroscopy, as described below. 

GFAAS Analysis 

Analysis was performed by graphite furnace atomic absorption with Zeeman background 
correction using a THGA tube and an appropriate modifier (ammonium nitrate or palladium 
nitrate), if necessary.  Standard conditions from the Perkin-Elmer Analyst 800 manual were 
used as a starting point; however, these instrument parameters were optimized for this project.  

The analytical sequence followed the standard U.S. EPA contract laboratory (CLP) procedures, 
with internal (ICV) and continuing (CCV) calibration verification analyses every 10 samples, 
recalibration every 15 (R value on calibration curve of 0.995 or better) and an instrument spike 
every 20 samples.  If the ICV/CCV was outside the ±10% range, all samples since the last good 
ICV were reanalyzed, with ICV in range.  Acceptable spike recovery range was ±15%.  All 
tissue samples were analyzed in duplicate, and a preparation (or digestion) duplicate was 
performed every 15 samples.  Each blood sample was analyzed singly, with a duplicate 
performed every 20 samples. 

Flame Analysis 

Samples with cadmium concentrations in the parts per million range (soils and kidney samples 
primarily) were analyzed by flame ionization spectroscopy.  Duplicates, spikes, and quality 
control were as specified by EPA CLP procedures. 
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Detailed Data and Summary 

Overview 

Performance of this study involved collection and reduction of a large amount of data.  All of 
these data and the data reduction steps are contained in two Microsoft Excel® spreadsheets 
named “EXPCD-1Liver Kidney Regression Data.xls” and “EXPCD-1Blood Data and Analysis 
Regression.xls.”  Two additional spreadsheets, “EXPCD1MichiganFinalResults.xls” and 
“EXPCD1SwineBloodAUC.xls,” contain the regression results and graphs supplied by 
Exponent.  These files are intended to allow detailed review and evaluation of all aspects of this 
study.  The following sections of this appendix present printouts of selected tables and graphs 
from these Excel files.  These tables and graphs provide more detailed documentation of the 
individual animal data and the data reduction steps performed in this study than was presented 
in the main text.  Any additional details of interest to a reader can be found in the spreadsheets. 

Raw Data and Data Reduction Steps 

Body Weights and Dose Calculations 

Animals were weighed on day –1 (one day before exposure) and every three days thereafter 
during the course of the study (data in Table B-1).  Doses of cadmium for the three days 
following each weighing were based on the group mean body weight, adjusted by addition of 1 
kg to account for the expected weight gain over the interval before the next weighing.  After 
completion of the experiment, body weights were estimated by interpolation for those days 
when measurements were not collected, and the actual administered doses (µg Cd/kg) were 
calculated for each day and then averaged across all days (Table B-2).  If an animal missed a 
dose or was given an incorrect dose, the calculation of average dose was corrected for these 
factors.  Throughout the duration of this study, only one animal was noted to have consumed 
only a partial dose (on one day).  This was adjusted for when calculating the body-weight-
adjusted doses for this experiment. 

Blood Cadmium vs. Time 

Blood cadmium values were measured in each animal on days 0, 6, 8, 10,12, and 14 in the 
negative control animals and in those receiving 60 µg Cd/kg/day or higher.  There were two 
bleedings:  Bleed I, one hour prior to the 0900 hour dose and Bleed II, 2 hours after the 0900 
hour dose.  The raw data, (reported as µg/L of diluted blood) are provided in Table B-3.  These 
data were adjusted as follows:  a) non-detects were evaluated by assuming a value equal to one-
half the method detection limit, and b) the concentrations in diluted blood were converted to 
units of µg/L in whole blood by multiplying by a factor of 4, because 1 mL of blood was diluted 
to 4 mL with matrix modifier for analysis.  The final concentration data are shown in the right-
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hand column of Table B-3.  Tables B-4 and B-5 show tabulated data for Bleeds I and II, 
respectively.  Figures B-1 through B-3 plot the blood cadmium results for individual animals 
organized by group and by day for controls, CdCl2, and Pt. Mugu. 

Blood Cadmium AUC 

The area under the blood-cadmium-vs.-time curve for each animal was calculated by finding the 
area under the curve for each time step using the trapezoidal rule: 

AUC(di to dj) = 0.5*(ri+rj)*(dj-di) 

where: 

d = day number 
r = response (blood cadmium value) on day i (ri) or day j (rj). 

The areas were then summed for each of the time intervals to yield the final AUC for each 
animal.  These calculations are shown in Tables B-6 (Bleed I) and B-7 (Bleed II).  If a blood 
cadmium value was missing (either because of problems with sample preparation/analysis or 
bleeding), the blood cadmium value for that day was estimated by linear interpolation. 

Liver and Kidney Cadmium Data 

At sacrifice (day 15), samples of liver and kidney were removed and analyzed for cadmium 
concentrations.  The raw data (expressed as µg Cd/L and/or mg Cd/L of prepared sample) are 
summarized in Tables B-8 and B-9, respectively.  These data were adjusted as follows:  a) non-
detects were evaluated by assuming a value equal to one-half the method detection limit, and b) 
the concentrations in the prepared sample were converted to units of concentration in the 
original biological sample by dividing by the following factors: 

• Liver: 0.1 kg wet weight/L prepared sample 

• Kidney: 0.1 kg wet weight/L prepared sample. 
 
The resulting values are shown in the right-hand columns of Tables B-8 and B-9. 

Quality Assurance Data 

A number of quality assurance samples were evaluated during this study to ensure the quality of 
the results, including 5% duplicates, 5% standards, and a program of inter-laboratory 
comparison.  These steps are detailed below. 
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Duplicates 

Duplicate samples were prepared and analyzed for about 5% of all samples generated during the 
study.  Table B-10 lists the duplicate values for blood, liver, and kidney and the relative percent 
difference (RPD) for each pair of analyses. 

Standards 

Quality control standards from Environmental Resource Associates were used to verify 
instrument accuracy in the flame and furnace analysis of cadmium.  ERA 697, Potable Water 
Metals was used for furnace analysis, and ERA 508, Flame AA Trace Metals was used for 
flame analysis.  Quality assurance (QA) samples were analyzed every 10 samples, and QA 
results had to be within plus or minus 10% of the certified value for sample results to be 
acceptable.  Cadmium spikes were run on the instrument, and spikes needed to be within ±15% 
to be considered acceptable.  

A certified reference material from the National Research Council Canada, LUTS-1 (non-
defatted lobster hepato-pancreas reference material), was used as a preparation QA material for 
the digestion and analysis of liver and kidney tissue.   
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Figure B-1
Bleed I: Blood Cadmium by Day
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Figure B-2
Bleed I : Blood Cadmium by Day

PtMugu #1B
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Figure B-3
Bleed II: Blood Cadmium by Day
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Figure B-4
Bleed II: Blood Cadmium by Day

PtMugu #1B
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TABLE B-1  BODY WEIGHTS AND ADMINISTERED DOSES, BY DAY
Body weights were measured on days -1, 2, 5, 8, 11.  Weights for other days are estimated, based on linear interpolation between measured values.

Group ID # Day -1 Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9 Day 10 Day 11 Day 12 Day 13 Day 14 Day 15
BW ug Pb BW ug Pb BW ug Pb BW ug Pb BW ug Pb BW ug Pb BW ug Pb BW ug Pb BW ug Pb BW ug Pb BW ug Pb BW ug Pb BW ug Pb BW ug Pb BW ug Pb BW ug Pb BW ug Pb
(kg) per day (kg) per day (kg) per day (kg) per day (kg) per day (kg) per day (kg) per day (kg) per day (kg) per day (kg) per day (kg) per day (kg) per day (kg) per day (kg) per day (kg) per day (kg) per day (kg) per day

1 514 9.90 0 10.2 0 10.4 0 10.70 0 11.1 0 11.6 0 12 0 12.4 0 12.8 0 13.15 0 13.5 0 13.9 0 14.2 0 14.9 0 15.6 0 16.3 0 16.9 0 0.4
1 529 8.45 0 8.7 0 9.0 0 9.30 0 9.6 0 9.9 0 10.2 0 10.5 0 10.9 0 11.2 0 11.7 0 12.1 0 12.6 0 13.3 0 14.0 0 14.7 0 15.3 0 0.4
1 551 8.50 0 8.8 0 9.1 0 9.35 0 9.7 0 10.1 0 10.5 0 10.8 0 11.1 0 11.45 0 11.9 0 12.4 0 12.9 0 13.6 0 14.2 0 14.9 0 15.5 0 0.4
1 555 9.00 0 9.1 0 9.3 0 9.40 0 9.8 0 10.2 0 10.65 0 11.0 0 11.4 0 11.8 0 12.3 0 12.8 0 13.3 0 14.0 0 14.8 0 15.5 0 16.2 0 0.4
2 508 9.65 0 9.9 108 10.1 108 10.35 108 10.7 115 11.1 115 11.45 115 11.9 126 12.4 126 12.9 126 13.4 138 13.9 138 14.35 138 15.0 151 15.6 151 16.2 151 16.8 0 0.4
2 528 9.90 0 10.1 108 10.2 108 10.35 108 10.8 115 11.2 115 11.55 115 11.9 126 12.3 126 12.6 126 12.9 138 13.1 138 13.35 138 14.1 151 14.9 151 15.7 151 16.4 0 0.4
2 540 10.90 0 11.1 108 11.3 108 11.50 108 11.8 115 12.1 115 12.45 115 12.9 126 13.3 126 13.7 126 14.2 138 14.6 138 15.1 138 15.6 151 16.0 151 16.5 151 17.0 0 0.3
2 550 8.60 0 9.0 108 9.3 108 9.70 108 10.1 115 10.5 115 10.85 115 11.3 126 11.7 126 12.05 126 12.5 138 13.0 138 13.45 138 14.2 151 15.0 151 15.7 151 16.5 0 0.4
3 521 10.00 0 10.2 594 10.3 594 10.45 594 10.8 640 11.2 640 11.5 640 11.9 706 12.2 706 12.6 706 13.0 775 13.4 775 13.85 775 14.6 849 15.3 849 16.1 849 16.8 0 0.4
3 535 8.15 0 8.5 594 8.8 594 9.10 594 9.5 640 9.9 640 10.25 640 10.7 706 11.2 706 11.6 706 12.0 775 12.5 775 12.9 775 13.6 849 14.2 849 14.9 849 15.5 0 0.4
3 545 7.75 0 8.1 594 8.4 594 8.70 594 9.1 640 9.5 640 9.95 640 10.3 706 10.7 706 11.1 706 11.6 775 12.1 775 12.55 775 13.1 849 13.6 849 14.1 849 14.6 0 0.4
3 552 9.70 0 9.9 594 10.2 594 10.40 594 10.7 640 11.0 640 11.35 640 11.7 706 12.0 706 12.35 706 12.7 775 13.0 775 13.3 775 14.2 849 15.1 849 16.1 849 17.0 0 0.4
4 519 10.10 0 10.3 3392 10.5 3392 10.65 3392 11.0 3604 11.3 3604 11.55 3604 12.0 3872 12.5 3872 13 3872 13.4 4288 13.8 4288 14.15 4288 15.0 4696 15.8 4696 16.6 4696 17.4 0 0.4
4 520 9.50 0 9.7 3392 9.9 3392 10.15 3392 10.5 3604 10.8 3604 11.15 3604 11.6 3872 12.0 3872 12.45 3872 12.9 4288 13.4 4288 13.85 4288 14.4 4696 15.0 4696 15.6 4696 16.1 0 0.4
4 532 9.15 0 9.4 3392 9.6 3392 9.80 3392 10.1 3604 10.4 3604 10.7 3604 11.1 3872 11.4 3872 11.8 3872 12.2 4288 12.5 4288 12.9 4288 13.6 4696 14.2 4696 14.9 4696 15.5 0 0.4
4 539 9.65 0 9.9 3392 10.2 3392 10.45 3392 10.6 3604 10.8 3604 11 3604 11.5 3872 11.9 3872 12.35 3872 12.8 4288 13.3 4288 13.8 4288 14.4 4696 15.0 4696 15.6 4696 16.2 0 0.4
5 507 10.55 0 10.8 2363 11.1 2363 11.40 2363 11.7 2560 12.0 2560 12.3 2560 12.7 2778 13.1 2778 13.55 2778 14.0 3071 14.4 3071 14.8 3071 15.4 3394 16.0 3394 16.7 3394 17.3 0 0.4
5 515 10.85 0 11.2 2363 11.6 2363 11.90 2363 12.3 2560 12.6 2560 12.95 2560 13.4 2778 13.8 2778 14.15 2778 14.6 3071 15.1 3071 15.6 3071 16.2 3394 16.8 3394 17.4 3394 18.0 0 0.4
5 541 8.45 0 8.7 2363 9.0 2363 9.20 2363 9.5 2560 9.7 2560 9.95 2560 10.4 2778 10.8 2778 11.25 2778 11.7 3071 12.2 3071 12.7 3071 13.4 3394 14.1 3394 14.8 3394 15.4 0 0.4
5 560 7.50 0 7.8 2363 8.1 2363 8.35 2363 8.7 2560 9.1 2560 9.5 2560 10.0 2778 10.5 2778 10.95 2778 11.4 3071 11.8 3071 12.15 3071 12.8 3394 13.5 3394 14.2 3394 14.9 0 0.4
5 565 8.05 0 8.3 2363 8.5 2363 8.75 2363 9.0 2560 9.3 2560 9.55 2560 9.9 2778 10.3 2778 10.6 2778 11.1 3071 11.6 3071 12.15 3071 12.7 3394 13.3 3394 13.9 3394 14.5 0 0.4
6 503 10.80 0 11.1 4440 11.5 4440 11.80 4440 12.2 4782 12.6 4782 13 4782 13.3 5354 13.7 5354 14 5354 14.5 5888 14.9 5888 15.4 5888 16.1 6526 16.8 6526 17.6 6526 18.3 0 0.4
6 536 7.65 0 7.8 4440 8.0 4440 8.20 4440 8.6 4782 9.0 4782 9.35 4782 9.8 5354 10.2 5354 10.6 5354 11.0 5888 11.5 5888 11.9 5888 12.6 6526 13.3 6526 14.0 6526 14.7 0 0.4
6 544 8.10 0 8.4 4440 8.7 4440 8.95 4440 9.4 4782 9.8 4782 10.25 4782 10.7 5354 11.2 5354 11.6 5354 12.1 5888 12.5 5888 12.95 5888 13.5 6526 14.1 6526 14.6 6526 15.2 0 0.4
6 548 8.30 0 8.5 4440 8.8 4440 9.00 4440 9.4 4782 9.8 4782 10.15 4782 10.5 5354 10.9 5354 11.25 5354 11.7 5888 12.2 5888 12.6 5888 13.2 6526 13.8 6526 14.4 6526 14.9 0 0.4
6 553 7.50 0 7.7 4440 7.9 4440 8.05 4440 8.5 4782 8.9 4782 9.35 4782 9.7 5354 10.0 5354 10.35 5354 10.8 5888 11.3 5888 11.75 5888 12.3 6526 12.9 6526 13.5 6526 14.0 0 0.4
7 510 8.60 0 8.7 9526 8.9 9526 9.00 9526 9.3 10257 9.7 10257 10 10257 10.4 11232 10.9 11232 11.3 11232 11.8 12470 12.2 12470 12.7 12470 13.3 13736 13.8 13736 14.4 13736 14.9 0 0.4
7 516 9.80 0 10.2 9526 10.6 9526 10.95 9526 11.4 10257 11.8 10257 12.2 10257 12.6 11232 13.0 11232 13.45 11232 13.8 12470 14.2 12470 14.6 12470 15.2 13736 15.8 13736 16.4 13736 17.0 0 0.4
7 517 9.30 0 9.4 9526 9.6 9526 9.70 9526 10.0 10257 10.3 10257 10.55 10257 11.0 11232 11.5 11232 12 11232 12.5 12470 13.0 12470 13.55 12470 14.3 13736 15.0 13736 15.7 13736 16.4 0 0.4
7 534 9.40 0 9.7 9526 10.0 9526 10.35 9526 10.7 10257 11.0 10257 11.3 10257 11.7 11232 12.0 11232 12.4 11232 12.8 12470 13.2 12470 13.6 12470 14.4 13736 15.1 13736 15.9 13736 16.6 0 0.4
7 538 8.70 0 9.0 9526 9.4 9526 9.70 9526 10.1 10257 10.5 10257 10.85 10257 11.4 11232 11.9 11232 12.35 11232 12.8 12470 13.3 12470 13.8 12470 14.3 13736 14.8 13736 15.4 13736 15.9 0 0.4
8 513 9.15 0 9.5 189 9.8 189 10.10 189 10.4 207 10.7 207 11.05 207 11.4 233 11.8 233 12.15 233 12.6 255 13.0 255 13.35 255 13.8 285 14.3 285 14.8 285 15.3 0 0.3
8 537 8.10 0 8.4 189 8.7 189 9.00 189 9.4 207 9.7 207 10.1 207 10.5 233 10.9 233 11.25 233 11.7 255 12.2 255 12.65 255 13.2 285 13.8 285 14.4 285 14.9 0 0.4
8 559 6.70 0 7.0 189 7.2 189 7.45 189 7.9 207 8.4 207 8.9 207 9.3 233 9.7 233 10.1 233 10.7 255 11.2 255 11.75 255 12.3 285 12.8 285 13.3 285 13.8 0 0.4
8 562 8.50 0 8.8 189 9.1 189 9.35 189 9.8 207 10.3 207 10.75 207 11.0 233 11.3 233 11.6 233 12.1 255 12.6 -255 13.1 255 14.0 285 14.8 285 15.7 285 16.5 0 0.5
9 501 9.00 0 9.3 609 9.5 609 9.80 609 10.2 660 10.6 660 11 660 11.5 728 12.0 728 12.45 728 13.0 807 13.5 807 13.95 807 14.5 892 15.1 892 15.7 892 16.3 0 0.4
9 511 9.25 0 9.5 609 9.8 609 10.05 609 10.5 660 11.0 660 11.4 660 11.8 728 12.2 728 12.55 728 13.0 807 13.5 807 13.95 807 14.7 892 15.5 892 16.2 892 17.0 0 0.4
9 522 9.65 0 9.9 609 10.2 609 10.40 609 10.7 660 11.0 660 11.25 660 11.7 728 12.1 728 12.5 728 12.9 807 13.2 807 13.55 807 14.1 892 14.7 892 15.3 892 15.9 0 0.4
9 543 7.20 0 7.5 609 7.8 609 8.10 609 8.4 660 8.7 660 9.05 660 9.5 728 9.9 728 10.3 728 10.8 807 11.3 807 11.8 807 13.1 892 14.3 892 15.6 892 16.9 0 0.6
10 505 8.20 0 8.5 218 8.7 218 9.00 218 9.3 235 9.6 235 9.95 235 10.4 260 10.8 260 11.2 260 11.7 282 12.1 282 12.55 282 13.3 311 14.1 311 14.8 311 15.6 0 0.4
10 518 10.50 0 10.7 218 10.9 218 11.10 218 11.6 235 12.0 235 12.5 235 12.7 260 13.0 260 13.2 260 13.7 282 14.2 282 14.65 282 15.3 311 15.9 311 16.6 311 17.2 0 0.4
10 533 9.60 0 10.0 218 10.3 218 10.65 218 11.1 235 11.6 235 12 235 12.4 260 12.7 260 13.1 260 13.6 282 14.0 282 14.45 282 15.1 311 15.7 311 16.3 311 16.9 0 0.4
10 546 9.75 0 10.0 218 10.3 218 10.60 218 11.0 235 11.4 235 11.75 235 12.2 260 12.6 260 13.05 260 13.5 282 14.0 282 14.45 282 15.2 311 16.0 311 16.8 311 17.6 0 0.4
11 502 10.65 0 11.0 646 11.3 646 11.60 646 12.1 694 12.5 694 12.95 694 13.4 783 13.8 783 14.25 783 14.7 864 15.2 864 15.7 864 16.7 951 17.7 951 18.7 951 19.7 0 0.5
11 509 8.40 0 8.6 646 8.7 646 8.90 646 9.4 694 9.8 694 10.3 694 10.8 783 11.3 783 11.8 783 12.4 864 12.9 864 13.45 864 14.2 951 14.9 951 15.6 951 16.3 0 0.5
11 542 9.35 0 9.5 646 9.7 646 9.85 646 10.4 694 11.0 694 11.55 694 11.9 783 12.3 783 12.65 783 13.0 864 13.4 864 13.8 864 14.6 951 15.5 951 16.3 951 17.1 0 0.4
11 556 9.20 0 9.6 646 10.0 646 10.35 646 10.8 694 11.2 694 11.6 694 12.0 783 12.5 783 12.9 783 13.4 864 13.8 864 14.25 864 15.4 951 16.6 951 17.7 951 18.9 0 0.5
12 526 9.20 0 9.6 220 9.9 220 10.25 220 10 240 11.1 240 11.5 240 12.1 271 12.6 271 13.15 271 13.7 302 14.3 302 14.8 302 15.4 338 16.0 338 16.6 338 17.2 0 0.5
12 527 8.30 0 8.6 220 8.9 220 9.20 220 9.6 240 10.1 240 10.5 240 10.9 271 11.3 271 11.7 271 12.2 302 12.7 302 13.2 302 13.7 338 14.2 338 14.7 338 15.2 1 0.4
12 549 8.00 0 8.3 220 8.6 220 8.85 220 9.3 240 9.7 240 10.15 240 10.6 271 11.0 271 11.45 271 12.0 302 12.5 302 13.05 302 13.8 338 14.6 338 15.3 338 16.1 2 0.5
12 564 8.05 0 8.3 220 8.5 220 8.70 220 9.2 240 9.6 240 10.1 240 10.5 271 10.9 271 11.25 271 11.7 302 12.2 302 12.7 302 13.3 338 13.8 338 14.4 338 15.0 3 0.4
13 506 9.55 0 9.7 711 9.8 711 9.95 711 10.6 747 11.2 747 11.75 747 12.4 850 13.0 850 13.6 850 14.1 970 14.5 970 14.95 970 15.8 1085 16.7 1085 17.5 1085 18.4 4 0.5
13 524 10.30 0 10.3 711 10.3 711 10.35 711 10.7 747 11.1 747 11.5 747 12.2 850 12.9 850 13.55 850 14.1 970 14.7 970 15.25 970 16.0 1085 16.7 1085 17.4 1085 18.1 5 0.5
13 531 8.05 0 8.4 711 8.8 711 9.15 711 9.7 747 10.3 747 10.8 747 11.3 850 11.8 850 12.25 850 12.8 970 13.4 970 13.95 970 14.7 1085 15.4 1085 16.1 1085 16.8 6 0.5
13 558 8.60 0 8.8 711 8.9 711 9.10 711 9.5 747 10.0 747 10.4 747 10.9 850 11.4 850 11.85 850 12.5 970 13.1 970 13.7 970 14.3 1085 15.0 1085 15.6 1085 16.2 7 0.4



Table B-2.  Body Weight Adjusted Doses
(Dose for Day/BW for Day)

Group ID # Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9 Day 10 Day 11 Day 12 Day 13 Day 14
Avg 

Dose
Target 
Dose

% 
Target

Avg
 %

Group 
Mean Avg 

dose

1 514 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0
1 529 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0
1 551 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0
1 555 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 0
2 508 10.89 10.64 10.40 10.71 10.35 10.02 10.54 10.13 9.75 10.32 9.96 9.63 10.08 9.69 9.33 10.16 10 102
2 528 10.71 10.55 10.40 10.67 10.29 9.94 10.57 10.27 9.98 10.75 10.54 10.35 10.67 10.12 9.62 10.36 10 104
2 540 9.70 9.52 9.36 9.71 9.46 9.22 9.77 9.47 9.18 9.75 9.44 9.15 9.68 9.39 9.13 9.46 10 95
2 550 12.00 11.53 11.10 11.38 10.96 10.58 11.18 10.79 10.44 11.04 10.64 10.27 10.61 10.08 9.59 10.81 10 108 102 10
3 521 58.52 57.67 56.84 59.24 57.38 55.63 59.47 57.69 56.01 59.52 57.67 55.94 58.22 55.43 52.90 57.21 60 95
3 535 70.16 67.63 65.27 67.46 64.84 62.41 65.96 63.30 60.84 64.38 62.15 60.06 62.66 59.79 57.17 63.60 60 106
3 545 73.64 70.85 68.28 70.17 67.11 64.30 68.30 65.86 63.58 66.88 64.21 61.73 65.06 62.66 60.43 66.20 60 110
3 552 59.80 58.43 57.12 59.70 57.98 56.37 60.41 58.73 57.15 61.16 59.67 58.25 59.72 56.10 52.90 58.23 60 97 102 61
4 519 329.85 324.08 318.50 329.13 320.36 312.03 321.77 309.35 297.85 320.40 311.48 303.04 313.76 297.53 282.89 312.80 320 98
4 520 349.09 341.48 334.19 343.78 333.19 323.23 334.27 322.22 311.00 331.97 320.40 309.60 325.73 313.41 301.99 326.37 320 102
4 532 362.14 353.95 346.12 356.83 346.54 336.82 349.88 338.66 328.14 352.44 342.13 332.40 346.57 330.70 316.23 342.64 320 107
4 539 342.05 333.09 324.59 338.93 333.19 327.64 338.17 325.38 313.52 334.13 322.00 310.72 326.11 313.07 301.03 325.57 320 102 102 327
5 507 218.10 212.54 207.26 218.77 213.30 208.10 218.42 211.49 204.99 219.85 213.48 207.47 220.16 211.69 203.85 212.63 100 213
5 515 210.96 204.57 198.55 208.95 203.15 197.65 208.06 202.01 196.30 209.84 203.13 196.83 209.51 202.03 195.06 203.11 100 203
5 541 271.58 263.99 256.82 270.86 263.88 257.25 267.51 256.79 246.90 261.70 251.35 241.78 253.61 241.29 230.11 255.69 100 256
5 560 303.56 292.90 282.96 293.09 280.76 269.43 278.23 265.38 253.66 270.54 261.33 252.73 264.47 251.10 239.02 270.61 100 271
5 565 285.24 277.42 270.03 283.88 275.72 268.02 280.57 270.99 262.04 276.22 263.95 252.73 266.55 254.88 244.18 268.83 100 269 242 242
6 503 398.76 387.17 376.23 391.94 379.50 367.82 401.52 391.73 382.40 407.01 394.29 382.34 404.90 387.66 371.83 388.34 200 194
6 536 566.74 553.78 541.40 557.09 533.28 511.41 548.16 525.73 505.06 533.66 513.50 494.80 517.91 490.65 466.12 523.95 200 262
6 544 529.56 512.25 496.03 509.60 487.10 466.51 500.34 480.15 461.52 488.64 471.05 454.68 483.38 464.46 446.96 483.48 200 242
6 548 520.25 506.41 493.28 509.60 489.60 471.11 509.06 491.91 475.88 503.25 484.62 467.31 494.99 474.02 454.75 489.74 200 245
6 553 577.81 564.34 551.49 563.66 536.27 511.41 552.87 534.47 517.26 544.35 521.84 501.11 529.82 506.52 485.18 533.23 200 267 242 484
7 510 1090.76 1074.35 1058.44 1098.99 1061.10 1025.73 1076.58 1033.65 994.01 1059.77 1019.34 981.89 1036.66 995.34 957.19 1037.59 400 259
7 516 935.44 901.51 869.95 902.40 870.49 840.76 890.28 861.82 835.12 901.44 877.14 854.11 903.67 869.35 837.54 876.73 400 219
7 517 1009.82 995.74 982.06 1027.44 999.08 972.25 1018.04 975.31 936.03 996.27 956.78 920.29 963.91 918.78 877.68 969.97 400 242
7 534 980.37 949.43 920.38 961.62 933.89 907.72 962.77 933.44 905.84 974.22 944.70 916.91 957.19 909.65 866.61 934.98 400 234
7 538 1054.53 1017.00 982.06 1017.25 979.99 945.37 989.64 947.88 909.50 971.69 936.42 903.62 959.42 926.00 894.84 962.35 400 241 239 956
8 513 20.00 19.36 18.75 19.90 19.31 18.76 20.39 19.75 19.16 20.33 19.70 19.11 20.60 19.90 19.25 19.62 20 98
8 537 22.54 21.77 21.04 22.13 21.30 20.52 22.20 21.42 20.69 21.77 20.94 20.17 21.56 20.67 19.86 21.24 20 106
8 559 27.25 26.30 25.42 26.13 24.63 23.29 25.03 24.00 23.04 23.95 22.78 21.71 23.23 22.29 21.43 24.03 20 120
8 562 21.56 20.89 20.25 21.12 20.16 19.28 21.10 20.57 20.07 21.08 -20.25 19.47 20.43 19.25 18.21 17.55 20 88 103 21
9 501 65.76 63.93 62.19 64.71 62.27 60.01 63.39 60.83 58.46 62.34 60.03 57.88 61.40 59.03 56.84 61.27 60 102
9 511 64.04 62.29 60.64 62.86 60.28 57.90 61.77 59.83 58.00 62.03 59.88 57.88 60.70 57.75 55.08 60.06 60 100
9 522 61.56 60.04 58.60 61.79 60.19 58.67 62.39 60.24 58.23 62.83 61.16 59.58 63.14 60.63 58.32 60.49 60 101
9 543 81.26 78.13 75.24 78.42 75.58 72.94 76.89 73.65 70.67 74.76 71.45 68.42 68.29 62.25 57.20 72.34 60 121 106 64
10 505 25.72 24.93 24.20 25.21 24.38 23.60 25.08 24.11 23.21 24.25 23.35 22.51 23.40 22.15 21.03 23.81 20 119
10 518 20.35 19.98 19.62 20.30 19.52 18.79 20.42 20.05 19.69 20.64 19.94 19.28 20.36 19.55 18.81 19.82 20 99
10 533 21.89 21.14 20.45 21.16 20.33 19.57 21.02 20.42 19.84 20.85 20.18 19.55 20.66 19.84 19.09 20.40 20 102
10 546 21.70 21.11 20.54 21.38 20.66 19.99 21.34 20.60 19.92 20.90 20.20 19.55 20.43 19.43 18.53 20.42 20 102 106 21
11 502 58.93 57.28 55.71 57.63 55.56 53.63 58.51 56.67 54.95 58.63 56.77 55.02 56.93 53.72 50.84 56.05 60 93
11 509 75.44 74.00 72.62 74.14 70.62 67.42 72.50 69.29 66.36 69.94 66.96 64.22 67.11 63.88 60.95 69.03 60 115
11 542 67.91 66.74 65.61 66.67 63.23 60.13 65.71 63.74 61.90 66.28 64.38 62.59 64.97 61.47 58.33 63.98 60 107
11 556 67.44 64.84 62.44 64.50 62.10 59.87 65.07 62.81 60.70 64.70 62.59 60.62 61.74 57.45 53.72 62.04 60 103 105 63
12 526 23.00 22.19 21.43 23.40 21.64 20.86 22.45 21.47 20.58 22.01 21.16 20.38 21.94 21.11 20.35 21.60 20 108
12 527 25.54 24.68 23.88 24.90 23.83 22.84 24.82 23.94 23.13 24.72 23.75 22.85 24.66 23.79 22.98 24.02 20 120
12 549 26.52 25.64 24.82 25.84 24.68 23.63 25.56 24.56 23.63 25.17 24.09 23.11 24.48 23.22 22.08 24.47 20 122
12 564 26.57 25.89 25.25 26.17 24.90 23.75 25.81 24.90 24.05 25.70 24.68 23.75 25.47 24.42 23.46 24.98 20 125 119 24
13 506 73.40 72.40 71.43 70.78 66.97 63.55 68.76 65.49 62.52 69.01 66.87 64.86 68.70 65.19 62.03 67.47 60 112
13 524 68.90 68.78 68.67 69.57 67.17 64.94 69.79 66.09 62.75 68.69 66.04 63.58 68.05 65.19 62.56 66.72 60 111
13 531 84.45 80.92 77.68 76.98 72.85 69.14 75.36 72.26 69.41 75.65 72.45 69.51 74.01 70.56 67.42 73.91 60 123
13 558 81.08 79.56 78.11 78.33 74.93 71.80 78.13 74.81 71.76 77.78 74.11 70.78 75.73 72.53 69.58 75.27 60 125 118 71



Table B-3  RAW AND ADJUSTED BLOOD CADMIUM DATA
EXPCD-1, MAY 2003 Detection Limit (DL) 0.1ug/L 1ml blood, 3ml 1MHNO3
BLEEDS I AND II possible outlier

matrix index group Material Administered Dosage pig number tag number Qualifier Result 
(ug/L) day

Dilution 
Adjusted Value 

ug/L)

blood 1 1 Control 0.0 514 EXPCD-1-0149 < 0.1 0-I 0.2
blood 2 1 Control 0.0 529 EXPCD-1-0150 < 0.1 0-I 0.2
blood 3 1 Control 0.0 551 EXPCD-1-0126 < 0.1 0-I 0.2
blood 4 1 Control 0.0 555 EXPCD-1-0135 < 0.1 0-I 0.2
blood 5 3 CdCl2 61.3 521 EXPCD-1-0156 < 0.1 0-I 0.2
blood 6 3 CdCl2 61.3 535 EXPCD-1-0132 < 0.1 0-I 0.2
blood 7 3 CdCl2 61.3 545 EXPCD-1-0152 < 0.1 0-I 0.2
blood 8 3 CdCl2 61.3 552 EXPCD-1-0153 < 0.1 0-I 0.2
blood 9 4 CdCl2 326.8 519 EXPCD-1-0148 < 0.1 0-I 0.2
blood 10 4 CdCl2 326.8 520 EXPCD-1-0160 < 0.1 0-I 0.2
blood 11 4 CdCl2 326.8 532 EXPCD-1-0136 < 0.1 0-I 0.2
blood 12 4 CdCl2 326.8 539 EXPCD-1-0139 < 0.1 0-I 0.2
blood 13 5 PtMugu#1B 242.2 507 EXPCD-1-0120 < 0.1 0-I 0.2
blood 14 5 PtMugu#1B 242.2 515 EXPCD-1-0157 < 0.1 0-I 0.2
blood 15 5 PtMugu#1B 242.2 541 EXPCD-1-0143 < 0.1 0-I 0.2
blood 16 5 PtMugu#1B 242.2 560 EXPCD-1-0141 < 0.1 0-I 0.2
blood 17 5 PtMugu#1B 242.2 565 EXPCD-1-0125 < 0.1 0-I 0.2
blood 18 6 PtMugu#1B 483.7 503 EXPCD-1-0129 < 0.1 0-I 0.2
blood 19 6 PtMugu#1B 483.7 536 EXPCD-1-0155 < 0.1 0-I 0.2
blood 20 6 PtMugu#1B 483.7 544 EXPCD-1-0140 < 0.1 0-I 0.2
blood 21 6 PtMugu#1B 483.7 548 EXPCD-1-0159 < 0.1 0-I 0.2
blood 22 6 PtMugu#1B 483.7 553 EXPCD-1-0147 < 0.1 0-I 0.2
blood 23 7 PtMugu#1B 956.3 510 EXPCD-1-0158 < 0.1 0-I 0.2
blood 24 7 PtMugu#1B 956.3 516 EXPCD-1-0131 < 0.1 0-I 0.2
blood 25 7 PtMugu#1B 956.3 517 EXPCD-1-0137 < 0.1 0-I 0.2
blood 26 7 PtMugu#1B 956.3 534 EXPCD-1-0130 < 0.1 0-I 0.2
blood 27 7 PtMugu#1B 956.3 538 EXPCD-1-0123 < 0.1 0-I 0.2
blood 28 9 CO-SCS 63.5 501 EXPCD-1-0142 < 0.1 0-I 0.2
blood 29 9 CO-SCS 63.5 511 EXPCD-1-0151 < 0.1 0-I 0.2
blood 30 9 CO-SCS 63.5 522 EXPCD-1-0146 < 0.1 0-I 0.2
blood 31 9 CO-SCS 63.5 543 EXPCD-1-0138 < 0.1 0-I 0.2
blood 32 11 OK-SS 62.8 502 EXPCD-1-0128 < 0.1 0-I 0.2
blood 33 11 OK-SS 62.8 509 EXPCD-1-0124 < 0.1 0-I 0.2
blood 34 11 OK-SS 62.8 542 EXPCD-1-0133 < 0.1 0-I 0.2
blood 35 11 OK-SS 62.8 556 EXPCD-1-0154 < 0.1 0-I 0.2
blood 36 13 Dugway #1 70.8 506 EXPCD-1-0122 < 0.1 0-I 0.2
blood 37 13 Dugway #1 70.8 524 EXPCD-1-0134 < 0.1 0-I 0.2
blood 38 13 Dugway #1 70.8 531 EXPCD-1-0121 < 0.1 0-I 0.2
blood 39 13 Dugway #1 70.8 558 EXPCD-1-0145 < 0.1 0-I 0.2
blood 49 11 2556 EXPCD-1-0161 < 0.1 0-I 0.2
blood 50 7 2517 EXPCD-1-0144 < 0.1 0-I 0.2
blood 51 4 2519 EXPCD-1-0127 < 0.1 0-I 0.2
blood 54 1 Control 0.0 514 EXPCD-1-0178 < 0.1 0-II 0.2
blood 55 1 Control 0.0 529 EXPCD-1-0167 < 0.1 0-II 0.2
blood 56 1 Control 0.0 551 EXPCD-1-0180 < 0.1 0-II 0.2
blood 57 1 Control 0.0 555 EXPCD-1-0187 < 0.1 0-II 0.2
blood 58 3 CdCl2 61.3 521 EXPCD-1-0195 < 0.1 0-II 0.2
blood 59 3 CdCl2 61.3 535 EXPCD-1-0194 < 0.1 0-II 0.2
blood 60 3 CdCl2 61.3 545 EXPCD-1-0189 < 0.1 0-II 0.2
blood 61 3 CdCl2 61.3 552 EXPCD-1-0170 0.1 0-II 0.2
blood 62 4 CdCl2 326.8 519 EXPCD-1-0201 < 0.1 0-II 0.2
blood 63 4 CdCl2 326.8 520 EXPCD-1-0200 0.152 0-II 0.609
blood 64 4 CdCl2 326.8 532 EXPCD-1-0173 0.268 0-II 1.074
blood 65 4 CdCl2 326.8 539 EXPCD-1-0164 0.1 0-II 0.2
blood 66 5 PtMugu#1B 242.2 507 EXPCD-1-0183 0.1 0-II 0.2
blood 67 5 PtMugu#1B 242.2 515 EXPCD-1-0162 < 0.1 0-II 0.2
blood 68 5 PtMugu#1B 242.2 541 EXPCD-1-0191 < 0.1 0-II 0.2
blood 69 5 PtMugu#1B 242.2 560 EXPCD-1-0177 0.1 0-II 0.2
blood 70 5 PtMugu#1B 242.2 565 EXPCD-1-0174 < 0.1 0-II 0.2
blood 71 6 PtMugu#1B 483.7 503 EXPCD-1-0192 < 0.1 0-II 0.2
blood 72 6 PtMugu#1B 483.7 536 EXPCD-1-0199 < 0.1 0-II 0.2
blood 73 6 PtMugu#1B 483.7 544 EXPCD-1-0163 0.218 0-II 0.872
blood 74 6 PtMugu#1B 483.7 548 EXPCD-1-0175 < 0.1 0-II 0.2
blood 75 6 PtMugu#1B 483.7 553 EXPCD-1-0179 < 0.1 0-II 0.2
blood 76 7 PtMugu#1B 956.3 510 EXPCD-1-0166 0.1 0-II 0.2
blood 77 7 PtMugu#1B 956.3 516 EXPCD-1-0184 2.166 0-II 8.663
blood 78 7 PtMugu#1B 956.3 517 EXPCD-1-0186 0.45 0-II 1.801
blood 79 7 PtMugu#1B 956.3 534 EXPCD-1-0202 0.578 0-II 2.312
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Table B-3  RAW AND ADJUSTED BLOOD CADMIUM DATA
EXPCD-1, MAY 2003 Detection Limit (DL) 0.1ug/L 1ml blood, 3ml 1MHNO3
BLEEDS I AND II possible outlier

matrix index group Material Administered Dosage pig number tag number Qualifier Result 
(ug/L) day

Dilution 
Adjusted Value 

ug/L)

blood 80 7 PtMugu#1B 956.3 538 EXPCD-1-0169 1.502 0-II 6.07
blood 81 9 CO-SCS 63.5 501 EXPCD-1-0185 < 0.1 0-II 0.2
blood 82 9 CO-SCS 63.5 511 EXPCD-1-0193 < 0.1 0-II 0.2
blood 83 9 CO-SCS 63.5 522 EXPCD-1-0176 < 0.1 0-II 0.2
blood 84 9 CO-SCS 63.5 543 EXPCD-1-0171 < 0.1 0-II 0.2
blood 85 11 OK-SS 62.8 502 EXPCD-1-0172 < 0.1 0-II 0.2
blood 86 11 OK-SS 62.8 509 EXPCD-1-0203 < 0.1 0-II 0.2
blood 87 11 OK-SS 62.8 542 EXPCD-1-0196 < 0.1 0-II 0.2
blood 88 11 OK-SS 62.8 556 EXPCD-1-0197 < 0.1 0-II 0.2
blood 89 13 Dugway #1 70.8 506 EXPCD-1-0182 < 0.1 0-II 0.2
blood 90 13 Dugway #1 70.8 524 EXPCD-1-0190 < 0.1 0-II 0.2
blood 91 13 Dugway #1 70.8 531 EXPCD-1-0168 < 0.1 0-II 0.2
blood 92 13 Dugway #1 70.8 558 EXPCD-1-0198 < 0.1 0-II 0.2
blood 93 4 2532 EXPCD-1-0188 0.239 0-II 0.956
blood 94 7 2516 EXPCD-1-0181 1.915 0-II 7.662
blood 95 1 2555 EXPCD-1-0165 < 0.1 0-II 0.2
blood 96 1 Control 0.0 514 EXPCD-1-0236 < 0.1 6-I 0.2
blood 97 1 Control 0.0 529 EXPCD-1-0216 < 0.1 6-I 0.2
blood 98 1 Control 0.0 551 EXPCD-1-0240 < 0.1 6-I 0.2
blood 99 1 Control 0.0 555 EXPCD-1-0238 < 0.1 6-I 0.2
blood 100 3 CdCl2 61.3 521 EXPCD-1-0245 < 0.1 6-I 0.2
blood 101 3 CdCl2 61.3 535 EXPCD-1-0212 < 0.1 6-I 0.2
blood 102 3 CdCl2 61.3 545 EXPCD-1-0207 < 0.1 6-I 0.2
blood 103 3 CdCl2 61.3 552 EXPCD-1-0243 < 0.1 6-I 0.2
blood 104 4 CdCl2 326.8 519 EXPCD-1-0209 0.376 6-I 1.504
blood 105 4 CdCl2 326.8 520 EXPCD-1-0232 0.526 6-I 2.104
blood 106 4 CdCl2 326.8 532 EXPCD-1-0227 0.246 6-I 0.984
blood 107 4 CdCl2 326.8 539 EXPCD-1-0234 0.207 6-I 0.828
blood 108 5 PtMugu#1B 242.2 507 EXPCD-1-0225 < 0.1 6-I 0.2
blood 109 5 PtMugu#1B 242.2 515 EXPCD-1-0235 < 0.1 6-I 0.2
blood 110 5 PtMugu#1B 242.2 541 EXPCD-1-0220 < 0.1 6-I 0.2
blood 111 5 PtMugu#1B 242.2 560 EXPCD-1-0228 contaminate 6-I 0.2
blood 112 5 PtMugu#1B 242.2 565 EXPCD-1-0222 < 0.1 6-I 0.2
blood 113 6 PtMugu#1B 483.7 503 EXPCD-1-0211 0.172 6-I 0.688
blood 114 6 PtMugu#1B 483.7 536 EXPCD-1-0241 0.311 6-I 1.244
blood 115 6 PtMugu#1B 483.7 544 EXPCD-1-0204 0.345 6-I 1.38
blood 116 6 PtMugu#1B 483.7 548 EXPCD-1-0217 0.737 6-I 2.948
blood 117 6 PtMugu#1B 483.7 553 EXPCD-1-0239 0.17 6-I 0.68
blood 118 7 PtMugu#1B 956.3 510 EXPCD-1-0242 0.155 6-I 0.62
blood 119 7 PtMugu#1B 956.3 516 EXPCD-1-0244 0.609 6-I 2.436
blood 120 7 PtMugu#1B 956.3 517 EXPCD-1-0205 0.666 6-I 2.664
blood 121 7 PtMugu#1B 956.3 534 EXPCD-1-0208 0.655 6-I 2.62
blood 122 7 PtMugu#1B 956.3 538 EXPCD-1-0214 1.034 6-I 4.136
blood 123 9 CO-SCS 63.5 501 EXPCD-1-0224 < 0.1 6-I 0.2
blood 124 9 CO-SCS 63.5 511 EXPCD-1-0237 0.039 6-I 0.2
blood 125 9 CO-SCS 63.5 522 EXPCD-1-0206 0.138 6-I 0.552
blood 126 9 CO-SCS 63.5 543 EXPCD-1-0221 < 0.1 6-I 0.2
blood 127 11 OK-SS 62.8 502 EXPCD-1-0213 < 0.1 6-I 0.2
blood 128 11 OK-SS 62.8 509 EXPCD-1-0219 < 0.1 6-I 0.2
blood 129 11 OK-SS 62.8 542 EXPCD-1-0215 < 0.1 6-I 0.2
blood 130 11 OK-SS 62.8 556 EXPCD-1-0229 < 0.135 6-I 0.54
blood 131 13 Dugway #1 70.8 506 EXPCD-1-0223 < 0.1 6-I 0.2
blood 132 13 Dugway #1 70.8 524 EXPCD-1-0231 0.1 6-I 0.2
blood 133 13 Dugway #1 70.8 531 EXPCD-1-0233 < 0.1 6-I 0.2
blood 134 13 Dugway #1 70.8 558 EXPCD-1-0230 < 0.1 6-I 0.2
blood 135 13 2558 EXPCD-1-0210 < 0.1 6-I 0.2
blood 136 9 2543 EXPCD-1-0218 < 0.1 6-I 0.2
blood 137 5 2565 EXPCD-1-0226 < 0.1 6-I 0.2
blood 138 1 Control 0.0 514 EXPCD-1-0269 < 0.1 6-II 0.2
blood 139 1 Control 0.0 529 EXPCD-1-0271 < 0.1 6-II 0.2
blood 140 1 Control 0.0 551 EXPCD-1-0249 < 0.1 6-II 0.2
blood 141 1 Control 0.0 555 EXPCD-1-0282 < 0.1 6-II 0.2
blood 142 3 CdCl2 61.3 521 EXPCD-1-0285 < 0.1 6-II 0.2
blood 143 3 CdCl2 61.3 535 EXPCD-1-0278 < 0.1 6-II 0.2
blood 144 3 CdCl2 61.3 545 EXPCD-1-0260 < 0.1 6-II 0.2
blood 145 3 CdCl2 61.3 552 EXPCD-1-0273 < 0.1 6-II 0.2
blood 146 4 CdCl2 326.8 519 EXPCD-1-0254 0.442 6-II 1.768
blood 147 4 CdCl2 326.8 520 EXPCD-1-0259 0.905 6-II 3.62
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Table B-3  RAW AND ADJUSTED BLOOD CADMIUM DATA
EXPCD-1, MAY 2003 Detection Limit (DL) 0.1ug/L 1ml blood, 3ml 1MHNO3
BLEEDS I AND II possible outlier

matrix index group Material Administered Dosage pig number tag number Qualifier Result 
(ug/L) day

Dilution 
Adjusted Value 

ug/L)

blood 148 4 CdCl2 326.8 532 EXPCD-1-0263 0.622 6-II 2.488
blood 149 4 CdCl2 326.8 539 EXPCD-1-0251 0.682 6-II 2.728
blood 150 5 PtMugu#1B 242.2 507 EXPCD-1-0279 0.371 6-II 1.484
blood 151 5 PtMugu#1B 242.2 515 EXPCD-1-0277 < 0.1 6-II 0.2
blood 152 5 PtMugu#1B 242.2 541 EXPCD-1-0252 < 0.1 6-II 0.2
blood 153 5 PtMugu#1B 242.2 560 EXPCD-1-0270 0.324 6-II 1.296
blood 154 5 PtMugu#1B 242.2 565 EXPCD-1-0287 < 0.1 6-II 0.2
blood 155 6 PtMugu#1B 483.7 503 EXPCD-1-0246 0.305 6-II 1.22
blood 156 6 PtMugu#1B 483.7 536 EXPCD-1-0284 0.738 6-II 2.952
blood 157 6 PtMugu#1B 483.7 544 EXPCD-1-0247 0.508 6-II 2.032
blood 158 6 PtMugu#1B 483.7 548 EXPCD-1-0265 0.491 6-II 1.964
blood 159 6 PtMugu#1B 483.7 553 EXPCD-1-0256 0.317 6-II 1.268
blood 160 7 PtMugu#1B 956.3 510 EXPCD-1-0280 0.458 6-II 1.832
blood 161 7 PtMugu#1B 956.3 516 EXPCD-1-0253 2.036 6-II 8.144
blood 162 7 PtMugu#1B 956.3 517 EXPCD-1-0258 1.566 6-II 6.264
blood 163 7 PtMugu#1B 956.3 534 EXPCD-1-0267 0.621 6-II 2.484
blood 164 7 PtMugu#1B 956.3 538 EXPCD-1-0275 1.551 6-II 6.204
blood 165 9 CO-SCS 63.5 501 EXPCD-1-0261 < 0.1 6-II 0.2
blood 166 9 CO-SCS 63.5 511 EXPCD-1-0286 < 0.1 6-II 0.2
blood 167 9 CO-SCS 63.5 522 EXPCD-1-0262 < 0.1 6-II 0.2
blood 168 9 CO-SCS 63.5 543 EXPCD-1-0248 < 0.1 6-II 0.2
blood 169 11 OK-SS 62.8 502 EXPCD-1-0281 < 0.1 6-II 0.2
blood 170 11 OK-SS 62.8 509 EXPCD-1-0272 < 0.1 6-II 0.2
blood 171 11 OK-SS 62.8 542 EXPCD-1-0276 < 0.1 6-II 0.2
blood 172 11 OK-SS 62.8 556 EXPCD-1-0283 < 0.1 6-II 0.2
blood 173 13 Dugway #1 70.8 506 EXPCD-1-0255 < 0.1 6-II 0.2
blood 174 13 Dugway #1 70.8 524 EXPCD-1-0274 < 0.1 6-II 0.2
blood 175 13 Dugway #1 70.8 531 EXPCD-1-0264 < 0.1 6-II 0.2
blood 176 13 Dugway #1 70.8 558 EXPCD-1-0250 < 0.1 6-II 0.2
blood 177 9 2511 EXPCD-1-0268 < 0.1 6-II 0.2
blood 178 1 2551 EXPCD-1-0266 < 0.1 6-II 0.2
blood 179 13 2531 EXPCD-1-0257 < 0.1 6-II 0.2
blood 180 1 Control 0.0 514 EXPCD-1-0329 < 0.1 8-I 0.2
blood 181 1 Control 0.0 529 EXPCD-1-0314 < 0.1 8-I 0.2
blood 182 1 Control 0.0 551 EXPCD-1-0289 < 0.1 8-I 0.2
blood 183 1 Control 0.0 555 EXPCD-1-0327 < 0.1 8-I 0.2
blood 184 3 CdCl2 61.3 521 EXPCD-1-0302 < 0.1 8-I 0.2
blood 185 3 CdCl2 61.3 535 EXPCD-1-0318 < 0.1 8-I 0.2
blood 186 3 CdCl2 61.3 545 EXPCD-1-0324 < 0.1 8-I 0.2
blood 187 3 CdCl2 61.3 552 EXPCD-1-0308 < 0.1 8-I 0.2
blood 188 4 CdCl2 326.8 519 EXPCD-1-0304 0.339 8-I 1.356
blood 189 4 CdCl2 326.8 520 EXPCD-1-0321 1.01 8-I 4.04
blood 190 4 CdCl2 326.8 532 EXPCD-1-0322 0.568 8-I 2.272
blood 191 4 CdCl2 326.8 539 EXPCD-1-0315 0.476 8-I 1.904
blood 192 5 PtMugu#1B 242.2 507 EXPCD-1-0323 0.201 8-I 0.804
blood 193 5 PtMugu#1B 242.2 515 EXPCD-1-0290 0.121 8-I 0.484
blood 194 5 PtMugu#1B 242.2 541 EXPCD-1-0301 0.102 8-I 0.408
blood 195 5 PtMugu#1B 242.2 560 EXPCD-1-0320 0.482 8-I 1.928
blood 196 5 PtMugu#1B 242.2 565 EXPCD-1-0316 0.145 8-I 0.58
blood 197 6 PtMugu#1B 483.7 503 EXPCD-1-0328 0.639 8-I 2.556
blood 198 6 PtMugu#1B 483.7 536 EXPCD-1-0326 0.94 8-I 3.76
blood 199 6 PtMugu#1B 483.7 544 EXPCD-1-0319 0.81 8-I 3.24
blood 200 6 PtMugu#1B 483.7 548 EXPCD-1-0292 0.453 8-I 1.812
blood 201 6 PtMugu#1B 483.7 553 EXPCD-1-0294 0.531 8-I 2.124
blood 202 7 PtMugu#1B 956.3 510 EXPCD-1-0311 0.193 8-I 0.772
blood 203 7 PtMugu#1B 956.3 516 EXPCD-1-0296 1.554 8-I 6.216
blood 204 7 PtMugu#1B 956.3 517 EXPCD-1-0303 1.143 8-I 4.572
blood 205 7 PtMugu#1B 956.3 534 EXPCD-1-0313 1.157 8-I 4.628
blood 206 7 PtMugu#1B 956.3 538 EXPCD-1-0299 1.61 8-I 6.44
blood 207 9 CO-SCS 63.5 501 EXPCD-1-0305 < 0.1 8-I 0.2
blood 208 9 CO-SCS 63.5 511 EXPCD-1-0307 < 0.1 8-I 0.2
blood 209 9 CO-SCS 63.5 522 EXPCD-1-0310 < 0.1 8-I 0.2
blood 210 9 CO-SCS 63.5 543 EXPCD-1-0300 < 0.1 8-I 0.2
blood 211 11 OK-SS 62.8 502 EXPCD-1-0295 < 0.1 8-I 0.2
blood 212 11 OK-SS 62.8 509 EXPCD-1-0288 < 0.1 8-I 0.2
blood 213 11 OK-SS 62.8 542 EXPCD-1-0317 < 0.1 8-I 0.2
blood 214 11 OK-SS 62.8 556 EXPCD-1-0298 < 0.1 8-I 0.2
blood 215 13 Dugway #1 70.8 506 EXPCD-1-0325 0.116 8-I 0.464
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Table B-3  RAW AND ADJUSTED BLOOD CADMIUM DATA
EXPCD-1, MAY 2003 Detection Limit (DL) 0.1ug/L 1ml blood, 3ml 1MHNO3
BLEEDS I AND II possible outlier

matrix index group Material Administered Dosage pig number tag number Qualifier Result 
(ug/L) day

Dilution 
Adjusted Value 

ug/L)

blood 216 13 Dugway #1 70.8 524 EXPCD-1-0297 < 0.1 8-I 0.2
blood 217 13 Dugway #1 70.8 531 EXPCD-1-0306 < 0.1 8-I 0.2
blood 218 13 Dugway #1 70.8 558 EXPCD-1-0291 < 0.1 8-I 0.2
blood 219 6 2536 EXPCD-1-0293 0.83 8-I 3.32
blood 220 9 2501 EXPCD-1-0312 < 0.1 8-I 0.2
blood 221 5 2515 EXPCD-1-0309 < 0.1 8-I 0.2
blood 222 1 Control 0.0 514 EXPCD-1-0358 < 0.1 8-II 0.2
blood 223 1 Control 0.0 529 EXPCD-1-0366 < 0.1 8-II 0.2
blood 224 1 Control 0.0 551 EXPCD-1-0360 < 0.1 8-II 0.2
blood 225 1 Control 0.0 555 EXPCD-1-0337 < 0.1 8-II 0.2
blood 226 3 CdCl2 61.3 521 EXPCD-1-0330 < 0.1 8-II 0.2
blood 227 3 CdCl2 61.3 535 EXPCD-1-0363 < 0.1 8-II 0.2
blood 228 3 CdCl2 61.3 545 EXPCD-1-0352 < 0.1 8-II 0.2
blood 229 3 CdCl2 61.3 552 EXPCD-1-0341 < 0.1 8-II 0.2
blood 230 4 CdCl2 326.8 519 EXPCD-1-0365 0.661 8-II 2.644
blood 231 4 CdCl2 326.8 520 EXPCD-1-0354 1.164 8-II 4.656
blood 232 4 CdCl2 326.8 532 EXPCD-1-0353 0.946 8-II 3.784
blood 233 4 CdCl2 326.8 539 EXPCD-1-0346 0.595 8-II 2.38
blood 234 5 PtMugu#1B 242.2 507 EXPCD-1-0348 0.272 8-II 1.088
blood 235 5 PtMugu#1B 242.2 515 EXPCD-1-0362 0.284 8-II 1.136
blood 236 5 PtMugu#1B 242.2 541 EXPCD-1-0355 0.231 8-II 0.924
blood 237 5 PtMugu#1B 242.2 560 EXPCD-1-0350 0.355 8-II 1.42
blood 238 5 PtMugu#1B 242.2 565 EXPCD-1-0359 < 0.1 8-II 0.2
blood 239 6 PtMugu#1B 483.7 503 EXPCD-1-0347 0.901 8-II 3.604
blood 240 6 PtMugu#1B 483.7 536 EXPCD-1-0339 1.163 8-II 4.652
blood 241 6 PtMugu#1B 483.7 544 EXPCD-1-0344 1.046 8-II 4.184
blood 242 6 PtMugu#1B 483.7 548 EXPCD-1-0351 0.74 8-II 2.96
blood 243 6 PtMugu#1B 483.7 553 EXPCD-1-0345 0.628 8-II 2.512
blood 244 7 PtMugu#1B 956.3 510 EXPCD-1-0338 1.405 8-II 5.62
blood 245 7 PtMugu#1B 956.3 516 EXPCD-1-0335 2.467 8-II 9.868
blood 246 7 PtMugu#1B 956.3 517 EXPCD-1-0340 3.164 8-II 12.656
blood 247 7 PtMugu#1B 956.3 534 EXPCD-1-0357 2.218 8-II 8.872
blood 248 7 PtMugu#1B 956.3 538 EXPCD-1-0371 5.055 8-II 20.22
blood 249 9 CO-SCS 63.5 501 EXPCD-1-0361 < 0.1 8-II 0.2
blood 250 9 CO-SCS 63.5 511 EXPCD-1-0349 < 0.1 8-II 0.2
blood 251 9 CO-SCS 63.5 522 EXPCD-1-0332 < 0.1 8-II 0.2
blood 252 9 CO-SCS 63.5 543 EXPCD-1-0368 < 0.1 8-II 0.2
blood 253 11 OK-SS 62.8 502 EXPCD-1-0356 < 0.1 8-II 0.2
blood 254 11 OK-SS 62.8 509 EXPCD-1-0364 0.271 8-II 1.084
blood 255 11 OK-SS 62.8 542 EXPCD-1-0331 < 0.1 8-II 0.2
blood 256 11 OK-SS 62.8 556 EXPCD-1-0333 < 0.1 8-II 0.2
blood 257 13 Dugway #1 70.8 506 EXPCD-1-0367 < 0.1 8-II 0.2
blood 258 13 Dugway #1 70.8 524 EXPCD-1-0334 < 0.1 8-II 0.2
blood 259 13 Dugway #1 70.8 531 EXPCD-1-0369 < 0.1 8-II 0.2
blood 260 13 Dugway #1 70.8 558 EXPCD-1-0336 0.1 8-II 0.2
blood 261 3 2521 EXPCD-1-0342 < 0.1 8-II 0.2
blood 262 1 2529 EXPCD-1-0343 < 0.1 8-II 0.2
blood 263 6 2544 EXPCD-1-0370 1.088 8-II 4.352
blood 264 1 Control 0.0 514 EXPCD-1-0393 < 0.1 10-I 0.2
blood 265 1 Control 0.0 529 EXPCD-1-0398 < 0.1 10-I 0.2
blood 266 1 Control 0.0 551 EXPCD-1-0404 < 0.1 10-I 0.2
blood 267 1 Control 0.0 555 EXPCD-1-0401 < 0.1 10-I 0.2
blood 268 3 CdCl2 61.3 521 EXPCD-1-0409 < 0.1 10-I 0.2
blood 269 3 CdCl2 61.3 535 EXPCD-1-0408 < 0.1 10-I 0.2
blood 270 3 CdCl2 61.3 545 EXPCD-1-0395 < 0.1 10-I 0.2
blood 271 3 CdCl2 61.3 552 EXPCD-1-0376 < 0.1 10-I 0.2
blood 272 4 CdCl2 326.8 519 EXPCD-1-0402 0.261 10-I 1.044
blood 273 4 CdCl2 326.8 520 EXPCD-1-0372 0.865 10-I 3.46
blood 274 4 CdCl2 326.8 532 EXPCD-1-0387 0.558 10-I 2.232
blood 275 4 CdCl2 326.8 539 EXPCD-1-0378 0.324 10-I 1.296
blood 276 5 PtMugu#1B 242.2 507 EXPCD-1-0389 0.257 10-I 1.028
blood 277 5 PtMugu#1B 242.2 515 EXPCD-1-0412 < 0.1 10-I 0.2
blood 278 5 PtMugu#1B 242.2 541 EXPCD-1-0400 < 0.1 10-I 0.2
blood 279 5 PtMugu#1B 242.2 560 EXPCD-1-0388 0.413 10-I 1.652
blood 280 5 PtMugu#1B 242.2 565 EXPCD-1-0375 0.134 10-I 0.536
blood 281 6 PtMugu#1B 483.7 503 EXPCD-1-0394 0.417 10-I 1.668
blood 282 6 PtMugu#1B 483.7 536 EXPCD-1-0407 0.514 10-I 2.056
blood 283 6 PtMugu#1B 483.7 544 EXPCD-1-0377 0.544 10-I 2.176
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Table B-3  RAW AND ADJUSTED BLOOD CADMIUM DATA
EXPCD-1, MAY 2003 Detection Limit (DL) 0.1ug/L 1ml blood, 3ml 1MHNO3
BLEEDS I AND II possible outlier

matrix index group Material Administered Dosage pig number tag number Qualifier Result 
(ug/L) day

Dilution 
Adjusted Value 

ug/L)

blood 284 6 PtMugu#1B 483.7 548 EXPCD-1-0373 0.465 10-I 1.86
blood 285 6 PtMugu#1B 483.7 553 EXPCD-1-0390 0.608 10-I 2.432
blood 286 7 PtMugu#1B 956.3 510 EXPCD-1-0405 0.325 10-I 1.3
blood 287 7 PtMugu#1B 956.3 516 EXPCD-1-0399 1.241 10-I 4.964
blood 288 7 PtMugu#1B 956.3 517 EXPCD-1-0374 0.932 10-I 3.728
blood 289 7 PtMugu#1B 956.3 534 EXPCD-1-0381 1.109 10-I 4.436
blood 290 7 PtMugu#1B 956.3 538 EXPCD-1-0410 1.046 10-I 4.184
blood 291 9 CO-SCS 63.5 501 EXPCD-1-0379 < 0.1 10-I 0.2
blood 292 9 CO-SCS 63.5 511 EXPCD-1-0392 < 0.1 10-I 0.2
blood 293 9 CO-SCS 63.5 522 EXPCD-1-0380 < 0.1 10-I 0.2
blood 294 9 CO-SCS 63.5 543 EXPCD-1-0385 < 0.1 10-I 0.2
blood 295 11 OK-SS 62.8 502 EXPCD-1-0406 < 0.1 10-I 0.2
blood 296 11 OK-SS 62.8 509 EXPCD-1-0411 < 0.1 10-I 0.2
blood 297 11 OK-SS 62.8 542 EXPCD-1-0413 < 0.1 10-I 0.2
blood 298 11 OK-SS 62.8 556 EXPCD-1-0384 < 0.1 10-I 0.2
blood 299 13 Dugway #1 70.8 506 EXPCD-1-0386 < 0.1 10-I 0.2
blood 300 13 Dugway #1 70.8 524 EXPCD-1-0403 < 0.1 10-I 0.2
blood 301 13 Dugway #1 70.8 531 EXPCD-1-0383 < 0.1 10-I 0.2
blood 302 13 Dugway #1 70.8 558 EXPCD-1-0391 < 0.1 10-I 0.2
blood 303 13 2506 EXPCD-1-0396 2.103 10-I 8.412
blood 304 13 2524 EXPCD-1-0397 < 0.1 10-I 0.2
blood 305 11 2502 EXPCD-1-0382 < 0.1 10-I 0.2
blood 306 1 Control 0.0 514 EXPCD-1-0450 < 0.1 10-II 0.2
blood 307 1 Control 0.0 529 EXPCD-1-0435 < 0.1 10-II 0.2
blood 308 1 Control 0.0 551 EXPCD-1-0451 < 0.1 10-II 0.2
blood 309 1 Control 0.0 555 EXPCD-1-0427 < 0.1 10-II 0.2
blood 310 3 CdCl2 61.3 521 EXPCD-1-0434 < 0.1 10-II 0.2
blood 311 3 CdCl2 61.3 535 EXPCD-1-0445 < 0.1 10-II 0.2
blood 312 3 CdCl2 61.3 545 EXPCD-1-0447 < 0.1 10-II 0.2
blood 313 3 CdCl2 61.3 552 EXPCD-1-0423 < 0.1 10-II 0.2
blood 314 4 CdCl2 326.8 519 EXPCD-1-0453 1.138 10-II 4.552
blood 315 4 CdCl2 326.8 520 EXPCD-1-0441 1.131 10-II 4.524
blood 316 4 CdCl2 326.8 532 EXPCD-1-0431 0.698 10-II 2.792
blood 317 4 CdCl2 326.8 539 EXPCD-1-0433 0.417 10-II 1.668
blood 318 5 PtMugu#1B 242.2 507 EXPCD-1-0421 0.38 10-II 1.52
blood 319 5 PtMugu#1B 242.2 515 EXPCD-1-0446 0.248 10-II 0.992
blood 320 5 PtMugu#1B 242.2 541 EXPCD-1-0437 0.223 10-II 0.892
blood 321 5 PtMugu#1B 242.2 560 EXPCD-1-0440 0.45 10-II 1.8
blood 322 5 PtMugu#1B 242.2 565 EXPCD-1-0444 0.21 10-II 0.84
blood 323 6 PtMugu#1B 483.7 503 EXPCD-1-0438 0.699 10-II 2.796
blood 324 6 PtMugu#1B 483.7 536 EXPCD-1-0428 1.326 10-II 5.304
blood 325 6 PtMugu#1B 483.7 544 EXPCD-1-0454 1.017 10-II 4.068
blood 326 6 PtMugu#1B 483.7 548 EXPCD-1-0439 0.935 10-II 3.74
blood 327 6 PtMugu#1B 483.7 553 EXPCD-1-0430 0.935 10-II 3.74
blood 328 7 PtMugu#1B 956.3 510 EXPCD-1-0449 1.785 10-II 7.14
blood 329 7 PtMugu#1B 956.3 516 EXPCD-1-0436 2.847 10-II 11.388
blood 330 7 PtMugu#1B 956.3 517 EXPCD-1-0417 1.246 10-II 4.984
blood 331 7 PtMugu#1B 956.3 534 EXPCD-1-0424 2.247 10-II 8.988
blood 332 7 PtMugu#1B 956.3 538 EXPCD-1-0415 2.557 10-II 10.228
blood 333 9 CO-SCS 63.5 501 EXPCD-1-0414 < 0.1 10-II 0.2
blood 334 9 CO-SCS 63.5 511 EXPCD-1-0418 < 0.1 10-II 0.2
blood 335 9 CO-SCS 63.5 522 EXPCD-1-0448 < 0.1 10-II 0.2
blood 336 9 CO-SCS 63.5 543 EXPCD-1-0420 < 0.1 10-II 0.2
blood 337 11 OK-SS 62.8 502 EXPCD-1-0442 < 0.1 10-II 0.2
blood 338 11 OK-SS 62.8 509 EXPCD-1-0443 < 0.1 10-II 0.2
blood 339 11 OK-SS 62.8 542 EXPCD-1-0422 < 0.1 10-II 0.2
blood 340 11 OK-SS 62.8 556 EXPCD-1-0429 < 0.1 10-II 0.2
blood 341 13 Dugway #1 70.8 506 EXPCD-1-0425 < 0.1 10-II 0.2
blood 342 13 Dugway #1 70.8 524 EXPCD-1-0426 < 0.1 10-II 0.2
blood 343 13 Dugway #1 70.8 531 EXPCD-1-0419 < 0.1 10-II 0.2
blood 344 13 Dugway #1 70.8 558 EXPCD-1-0432 < 0.1 10-II 0.2
blood 345 7 2510 EXPCD-1-0416 1.585 10-II 6.34
blood 346 1 2514 EXPCD-1-0455 < 0.1 10-II 0.2
blood 347 3 2545 EXPCD-1-0452 < 0.1 10-II 0.2
blood 348 1 Control 0.0 514 EXPCD-1-0457 0.1 12-I 0.2
blood 349 1 Control 0.0 529 EXPCD-1-0461 0.1 12-I 0.2
blood 350 1 Control 0.0 551 EXPCD-1-0487 0.1 12-I 0.2
blood 351 1 Control 0.0 555 EXPCD-1-0465 0.1 12-I 0.2
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Table B-3  RAW AND ADJUSTED BLOOD CADMIUM DATA
EXPCD-1, MAY 2003 Detection Limit (DL) 0.1ug/L 1ml blood, 3ml 1MHNO3
BLEEDS I AND II possible outlier

matrix index group Material Administered Dosage pig number tag number Qualifier Result 
(ug/L) day

Dilution 
Adjusted Value 

ug/L)

blood 352 3 CdCl2 61.3 521 EXPCD-1-0492 0.1 12-I 0.2
blood 353 3 CdCl2 61.3 535 EXPCD-1-0480 0.1 12-I 0.2
blood 354 3 CdCl2 61.3 545 EXPCD-1-0464 0.1 12-I 0.2
blood 355 3 CdCl2 61.3 552 EXPCD-1-0497 0.1 12-I 0.2
blood 356 4 CdCl2 326.8 519 EXPCD-1-0495 0.695 12-I 2.78
blood 357 4 CdCl2 326.8 520 EXPCD-1-0473 1.341 12-I 5.366
blood 358 4 CdCl2 326.8 532 EXPCD-1-0475 0.698 12-I 2.791
blood 359 4 CdCl2 326.8 539 EXPCD-1-0482 0.487 12-I 1.948
blood 360 5 PtMugu#1B 242.2 507 EXPCD-1-0474 0.279 12-I 1.116
blood 361 5 PtMugu#1B 242.2 515 EXPCD-1-0493 0.205 12-I 0.82
blood 362 5 PtMugu#1B 242.2 541 EXPCD-1-0470 0.184 12-I 0.737
blood 363 5 PtMugu#1B 242.2 560 EXPCD-1-0460 0.459 12-I 1.835
blood 364 5 PtMugu#1B 242.2 565 EXPCD-1-0463 0.19 12-I 0.762
blood 365 6 PtMugu#1B 483.7 503 EXPCD-1-0483 0.618 12-I 2.472
blood 366 6 PtMugu#1B 483.7 536 EXPCD-1-0469 1.138 12-I 4.551
blood 367 6 PtMugu#1B 483.7 544 EXPCD-1-0466 0.689 12-I 2.755
blood 368 6 PtMugu#1B 483.7 548 EXPCD-1-0467 0.685 12-I 2.742
blood 369 6 PtMugu#1B 483.7 553 EXPCD-1-0481 0.944 12-I 3.776
blood 370 7 PtMugu#1B 956.3 510 EXPCD-1-0477 0.715 12-I 2.86
blood 371 7 PtMugu#1B 956.3 516 EXPCD-1-0485 2.024 12-I 8.097
blood 372 7 PtMugu#1B 956.3 517 EXPCD-1-0459 1.235 12-I 4.94
blood 373 7 PtMugu#1B 956.3 534 EXPCD-1-0491 1.832 12-I 7.329
blood 374 7 PtMugu#1B 956.3 538 EXPCD-1-0489 1.757 12-I 7.03
blood 375 9 CO-SCS 63.5 501 EXPCD-1-0472 0.1 12-I 0.2
blood 376 9 CO-SCS 63.5 511 EXPCD-1-0471 0.1 12-I 0.2
blood 377 9 CO-SCS 63.5 522 EXPCD-1-0496 0.1 12-I 0.2
blood 378 9 CO-SCS 63.5 543 EXPCD-1-0486 0.1 12-I 0.2
blood 379 11 OK-SS 62.8 502 EXPCD-1-0484 0.1 12-I 0.2
blood 380 11 OK-SS 62.8 509 EXPCD-1-0476 0.1 12-I 0.2
blood 381 11 OK-SS 62.8 542 EXPCD-1-0488 0.1 12-I 0.2
blood 382 11 OK-SS 62.8 556 EXPCD-1-0458 0.1 12-I 0.2
blood 383 13 Dugway #1 70.8 506 EXPCD-1-0494 0.1 12-I 0.2
blood 384 13 Dugway #1 70.8 524 EXPCD-1-0479 0.1 12-I 0.2
blood 385 13 Dugway #1 70.8 531 EXPCD-1-0468 0.1 12-I 0.2
blood 386 13 Dugway #1 70.8 558 EXPCD-1-0478 0.1 12-I 0.2
blood 387 3 2535 EXPCD-1-0462 0.1 12-I 0.2
blood 388 9 2522 EXPCD-1-0456 0.1 12-I 0.2
blood 389 11 2542 EXPCD-1-0490 0.1 12-I 0.2
blood 390 1 Control 0.0 514 EXPCD-1-0522 0.1 12-II 0.2
blood 391 1 Control 0.0 529 EXPCD-1-0530 0.1 12-II 0.2
blood 392 1 Control 0.0 551 EXPCD-1-0537 0.1 12-II 0.2
blood 393 1 Control 0.0 555 EXPCD-1-0518 0.1 12-II 0.2
blood 394 3 CdCl2 61.3 521 EXPCD-1-0505 0.1 12-II 0.2
blood 395 3 CdCl2 61.3 535 EXPCD-1-0521 0.1 12-II 0.2
blood 396 3 CdCl2 61.3 545 EXPCD-1-0525 0.1 12-II 0.2
blood 397 3 CdCl2 61.3 552 EXPCD-1-0539 0.1 12-II 0.2
blood 398 4 CdCl2 326.8 519 EXPCD-1-0514 0.654 12-II 2.614
blood 399 4 CdCl2 326.8 520 EXPCD-1-0504 1.342 12-II 5.367
blood 400 4 CdCl2 326.8 532 EXPCD-1-0531 0.476 12-II 1.905
blood 401 4 CdCl2 326.8 539 EXPCD-1-0515 0.683 12-II 2.732
blood 402 5 PtMugu#1B 242.2 507 EXPCD-1-0532 0.243 12-II 0.972
blood 403 5 PtMugu#1B 242.2 515 EXPCD-1-0508 0.177 12-II 0.707
blood 404 5 PtMugu#1B 242.2 541 EXPCD-1-0538 0.147 12-II 0.59
blood 405 5 PtMugu#1B 242.2 560 EXPCD-1-0516 0.337 12-II 1.347
blood 406 5 PtMugu#1B 242.2 565 EXPCD-1-0519 0.157 12-II 0.627
blood 407 6 PtMugu#1B 483.7 503 EXPCD-1-0511 0.582 12-II 2.329
blood 408 6 PtMugu#1B 483.7 536 EXPCD-1-0528 1.083 12-II 4.333
blood 409 6 PtMugu#1B 483.7 544 EXPCD-1-0509 0.599 12-II 2.394
blood 410 6 PtMugu#1B 483.7 548 EXPCD-1-0535 0.525 12-II 2.102
blood 411 6 PtMugu#1B 483.7 553 EXPCD-1-0513 0.759 12-II 3.036
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Table B-3  RAW AND ADJUSTED BLOOD CADMIUM DATA
EXPCD-1, MAY 2003 Detection Limit (DL) 0.1ug/L 1ml blood, 3ml 1MHNO3
BLEEDS I AND II possible outlier

matrix index group Material Administered Dosage pig number tag number Qualifier Result 
(ug/L) day

Dilution 
Adjusted Value 

ug/L)

blood 412 7 PtMugu#1B 956.3 510 EXPCD-1-0527 0.534 12-II 2.136
blood 413 7 PtMugu#1B 956.3 516 EXPCD-1-0520 1.223 12-II 4.89
blood 414 7 PtMugu#1B 956.3 517 EXPCD-1-0529 1.285 12-II 5.138
blood 415 7 PtMugu#1B 956.3 534 EXPCD-1-0499 2.62 12-II 10.48
blood 416 7 PtMugu#1B 956.3 538 EXPCD-1-0500 2.922 12-II 11.69
blood 417 9 CO-SCS 63.5 501 EXPCD-1-0524 0.1 12-II 0.2
blood 418 9 CO-SCS 63.5 511 EXPCD-1-0533 0.1 12-II 0.2
blood 419 9 CO-SCS 63.5 522 EXPCD-1-0526 0.1 12-II 0.2
blood 420 9 CO-SCS 63.5 543 EXPCD-1-0498 0.1 12-II 0.2
blood 421 11 OK-SS 62.8 502 EXPCD-1-0510 0.1 12-II 0.2
blood 422 11 OK-SS 62.8 509 EXPCD-1-0512 0.1 12-II 0.2
blood 423 11 OK-SS 62.8 542 EXPCD-1-0523 0.1 12-II 0.2
blood 424 11 OK-SS 62.8 556 EXPCD-1-0534 0.1 12-II 0.2
blood 425 13 Dugway #1 70.8 506 EXPCD-1-0506 0.1 12-II 0.2
blood 426 13 Dugway #1 70.8 524 EXPCD-1-0536 0.1 12-II 0.2
blood 427 13 Dugway #1 70.8 531 EXPCD-1-0502 0.1 12-II 0.2
blood 428 13 Dugway #1 70.8 558 EXPCD-1-0501 0.1 12-II 0.2
blood 429 6 2503 EXPCD-1-0503 0.659 12-II 2.635
blood 430 7 2538 EXPCD-1-0517 1.7 12-II 6.801
blood 431 7 2534 EXPCD-1-0507 2.074 12-II 8.295
blood 432 1 Control 0.0 514 EXPCD-1-0548 0.1 14-I 0.2
blood 433 1 Control 0.0 529 EXPCD-1-0576 0.1 14-I 0.2
blood 434 1 Control 0.0 551 EXPCD-1-0575 0.1 14-I 0.2
blood 435 1 Control 0.0 555 EXPCD-1-0551 0.1 14-I 0.2
blood 436 3 CdCl2 61.3 521 EXPCD-1-0561 0.1 14-I 0.2
blood 437 3 CdCl2 61.3 535 EXPCD-1-0581 0.1 14-I 0.2
blood 438 3 CdCl2 61.3 545 EXPCD-1-0569 0.1 14-I 0.2
blood 439 3 CdCl2 61.3 552 EXPCD-1-0550 0.1 14-I 0.2
blood 440 4 CdCl2 326.8 519 EXPCD-1-0557 0.613 14-I 2.453
blood 441 4 CdCl2 326.8 520 EXPCD-1-0563 1.205 14-I 4.82
blood 442 4 CdCl2 326.8 532 EXPCD-1-0572 0.953 14-I 3.813
blood 443 4 CdCl2 326.8 539 EXPCD-1-0578 0.754 14-I 3.015
blood 444 5 PtMugu#1B 242.2 507 EXPCD-1-0555 0.264 14-I 1.055
blood 445 5 PtMugu#1B 242.2 515 EXPCD-1-0570 0.249 14-I 0.994
blood 446 5 PtMugu#1B 242.2 541 EXPCD-1-0552 0.209 14-I 0.835
blood 447 5 PtMugu#1B 242.2 560 EXPCD-1-0559 0.699 14-I 2.797
blood 448 5 PtMugu#1B 242.2 565 EXPCD-1-0543 0.305 14-I 1.218
blood 449 6 PtMugu#1B 483.7 503 EXPCD-1-0545 0.819 14-I 3.275
blood 450 6 PtMugu#1B 483.7 536 EXPCD-1-0579 1.511 14-I 6.043
blood 451 6 PtMugu#1B 483.7 544 EXPCD-1-0562 0.787 14-I 3.148
blood 452 6 PtMugu#1B 483.7 548 EXPCD-1-0540 0.896 14-I 3.583
blood 453 6 PtMugu#1B 483.7 553 EXPCD-1-0565 0.972 14-I 3.888
blood 454 7 PtMugu#1B 956.3 510 EXPCD-1-0553 0.683 14-I 2.731
blood 455 7 PtMugu#1B 956.3 516 EXPCD-1-0571 3.183 14-I 12.73
blood 456 7 PtMugu#1B 956.3 517 EXPCD-1-0556 1.569 14-I 6.275
blood 457 7 PtMugu#1B 956.3 534 EXPCD-1-0558 2.031 14-I 8.124
blood 458 7 PtMugu#1B 956.3 538 EXPCD-1-0547 1.887 14-I 7.548
blood 459 9 CO-SCS 63.5 501 EXPCD-1-0541 0.1 14-I 0.2
blood 460 9 CO-SCS 63.5 511 EXPCD-1-0574 0.1 14-I 0.2
blood 461 9 CO-SCS 63.5 522 EXPCD-1-0577 0.1 14-I 0.2
blood 462 9 CO-SCS 63.5 543 EXPCD-1-0573 0.1 14-I 0.2
blood 463 11 OK-SS 62.8 502 EXPCD-1-0568 0.1 14-I 0.2
blood 464 11 OK-SS 62.8 509 EXPCD-1-0567 0.1 14-I 0.2
blood 465 11 OK-SS 62.8 542 EXPCD-1-0554 0.1 14-I 0.2
blood 466 11 OK-SS 62.8 556 EXPCD-1-0546 0.1 14-I 0.2
blood 467 13 Dugway #1 70.8 506 EXPCD-1-0564 0.1 14-I 0.2
blood 468 13 Dugway #1 70.8 524 EXPCD-1-0566 0.1 14-I 0.2
blood 469 13 Dugway #1 70.8 531 EXPCD-1-0580 0.1 14-I 0.2
blood 470 13 Dugway #1 70.8 558 EXPCD-1-0542 0.1 14-I 0.2
blood 471 4 2520 EXPCD-1-0549 1.642 14-I 6.497
blood 472 3 2552 EXPCD-1-0560 0.1 14-I 0.2
blood 473 6 2553 EXPCD-1-0544 0.986 14-I 3.945
blood 474 1 Control 0.0 514 EXPCD-1-0597 <dl 14-II 0.2
blood 475 1 Control 0.0 529 EXPCD-1-0585 <dl 14-II 0.2
blood 476 1 Control 0.0 551 EXPCD-1-0584 <dl 14-II 0.2
blood 477 1 Control 0.0 555 EXPCD-1-0617 <dl 14-II 0.2
blood 478 3 CdCl2 61.3 521 EXPCD-1-0618 <dl 14-II 0.2
blood 479 3 CdCl2 61.3 535 EXPCD-1-0620 <dl 14-II 0.2
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Table B-3  RAW AND ADJUSTED BLOOD CADMIUM DATA
EXPCD-1, MAY 2003 Detection Limit (DL) 0.1ug/L 1ml blood, 3ml 1MHNO3
BLEEDS I AND II possible outlier

matrix index group Material Administered Dosage pig number tag number Qualifier Result 
(ug/L) day

Dilution 
Adjusted Value 

ug/L)

blood 480 3 CdCl2 61.3 545 EXPCD-1-0595 <dl 14-II 0.2
blood 481 3 CdCl2 61.3 552 EXPCD-1-0602 <dl 14-II 0.2
blood 482 4 CdCl2 326.8 519 EXPCD-1-0590 1.181 14-II 4.724
blood 483 4 CdCl2 326.8 520 EXPCD-1-0589 1.837 14-II 7.348
blood 484 4 CdCl2 326.8 532 EXPCD-1-0605 1.665 14-II 6.66
blood 485 4 CdCl2 326.8 539 EXPCD-1-0586 0.986 14-II 3.944
blood 486 5 PtMugu#1B 242.2 507 EXPCD-1-0609 0.535 14-II 2.14
blood 487 5 PtMugu#1B 242.2 515 EXPCD-1-0610 1.634 14-II 6.536
blood 488 5 PtMugu#1B 242.2 541 EXPCD-1-0588 0.456 14-II 1.824
blood 489 5 PtMugu#1B 242.2 560 EXPCD-1-0604 0.445 14-II 1.78
blood 490 5 PtMugu#1B 242.2 565 EXPCD-1-0583 0.479 14-II 1.916
blood 491 6 PtMugu#1B 483.7 503 EXPCD-1-0587 1.23 14-II 4.92
blood 492 6 PtMugu#1B 483.7 536 EXPCD-1-0615 2.117 14-II 8.468
blood 493 6 PtMugu#1B 483.7 544 EXPCD-1-0582 1.17 14-II 4.68
blood 494 6 PtMugu#1B 483.7 548 EXPCD-1-0591 1.33 14-II 5.32
blood 495 6 PtMugu#1B 483.7 553 EXPCD-1-0606 1.255 14-II 5.02
blood 496 7 PtMugu#1B 956.3 510 EXPCD-1-0614 1.745 14-II 6.98
blood 497 7 PtMugu#1B 956.3 516 EXPCD-1-0603 3.518 14-II 14.072
blood 498 7 PtMugu#1B 956.3 517 EXPCD-1-0621 3.099 14-II 12.396
blood 499 7 PtMugu#1B 956.3 534 EXPCD-1-0608 3.273 14-II 13.092
blood 500 7 PtMugu#1B 956.3 538 EXPCD-1-0622 4.31 14-II 17.24
blood 501 9 CO-SCS 63.5 501 EXPCD-1-0623 0.047 14-II 0.2
blood 502 9 CO-SCS 63.5 511 EXPCD-1-0616 <dl 14-II 0.2
blood 503 9 CO-SCS 63.5 522 EXPCD-1-0601 <dl 14-II 0.2
blood 504 9 CO-SCS 63.5 543 EXPCD-1-0611 <dl 14-II 0.2
blood 505 11 OK-SS 62.8 502 EXPCD-1-0593 <dl 14-II 0.2
blood 506 11 OK-SS 62.8 509 EXPCD-1-0600 0.114 14-II 0.456
blood 507 11 OK-SS 62.8 542 EXPCD-1-0613 <dl 14-II 0.2
blood 508 11 OK-SS 62.8 556 EXPCD-1-0607 0.174 14-II 0.696
blood 509 13 Dugway #1 70.8 506 EXPCD-1-0619 <dl 14-II 0.2
blood 510 13 Dugway #1 70.8 524 EXPCD-1-0594 <dl 14-II 0.2
blood 511 13 Dugway #1 70.8 531 EXPCD-1-0592 <dl 14-II 0.2
blood 512 13 Dugway #1 70.8 558 EXPCD-1-0596 <dl 14-II 0.2
blood 513 5 2560 EXPCD-1-0612 <dl 14-II 0.2
blood 514 11 2509 EXPCD-1-0598 <dl 14-II 0.2
blood 515 6 2548 EXPCD-1-0599 <dl 14-II 0.2
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TABLE B-4 BLOOD CADMIUM VALUES

Bleed I ug/L
Raw Data Bleeding I

group Material 
Administered

Dosage
(BW Adjusted) pig number 0 6 8 10 12 14

1 Control 0.00 514 0.2 0.2 0.2 0.2 0.2 0.2
1 Control 0.00 529 0.2 0.2 0.2 0.2 0.2 0.2
1 Control 0.00 551 0.2 0.2 0.2 0.2 0.2 0.2
1 Control 0.00 555 0.2 0.2 0.2 0.2 0.2 0.2
3 CdCl2 57.21 521 0.2 0.2 0.2 0.2 0.2 0.2
3 CdCl2 63.60 535 0.2 0.2 0.2 0.2 0.2 0.2
3 CdCl2 66.20 545 0.2 0.2 0.2 0.2 0.2 0.2
3 CdCl2 58.23 552 0.2 0.2 0.2 0.2 0.2 0.2
4 CdCl2 312.80 519 0.2 1.504 1.356 1.044 2.78 2.453
4 CdCl2 326.37 520 0.2 2.104 4.04 3.46 5.366 4.82
4 CdCl2 342.64 532 0.2 0.984 2.272 2.232 2.791 3.813
4 CdCl2 325.57 539 0.2 0.828 1.904 1.296 1.948 3.015
5 PtMugu#1B 212.63 507 0.2 0.2 0.804 1.028 1.116 1.055
5 PtMugu#1B 203.11 515 0.2 0.2 0.484 0.2 0.82 0.994
5 PtMugu#1B 255.69 541 0.2 0.2 0.408 0.2 0.737 0.835
5 PtMugu#1B 270.61 560 0.2 0.2 1.928 1.652 1.835 2.797
5 PtMugu#1B 268.83 565 0.2 0.2 0.58 0.536 0.762 1.218
6 PtMugu#1B 388.34 503 0.2 0.688 2.556 1.668 2.472 3.275
6 PtMugu#1B 523.95 536 0.2 1.244 3.76 2.056 4.551 6.043
6 PtMugu#1B 483.48 544 0.2 1.38 3.24 2.176 2.755 3.148
6 PtMugu#1B 489.74 548 0.2 2.948 1.812 1.86 2.742 3.583
6 PtMugu#1B 533.23 553 0.2 0.68 2.124 2.432 3.776 3.888
7 PtMugu#1B 1037.59 510 0.2 0.62 0.772 1.3 2.86 2.731
7 PtMugu#1B 876.73 516 0.2 2.436 6.216 4.964 8.097 12.73
7 PtMugu#1B 969.97 517 0.2 2.664 4.572 3.728 4.94 6.275
7 PtMugu#1B 934.98 534 0.2 2.62 4.628 4.436 7.329 8.124
7 PtMugu#1B 962.35 538 0.2 4.136 6.44 4.184 7.03 7.548
9 CO-SCS 61.27 501 0.2 0.2 0.2 0.2 0.2 0.2
9 CO-SCS 60.06 511 0.2 0.2 0.2 0.2 0.2 0.2
9 CO-SCS 60.49 522 0.2 0.552 0.2 0.2 0.2 0.2
9 CO-SCS 72.34 543 0.2 0.2 0.2 0.2 0.2 0.2
11 OK-SS 56.05 502 0.2 0.2 0.2 0.2 0.2 0.2
11 OK-SS 69.03 509 0.2 0.2 0.2 0.2 0.2 0.2
11 OK-SS 63.98 542 0.2 0.2 0.2 0.2 0.2 0.2
11 OK-SS 62.04 556 0.2 0.54 0.2 0.2 0.2 0.2
13 Dugway #1 67.47 506 0.2 0.2 0.464 0.2 0.2 0.2
13 Dugway #1 66.72 524 0.2 0.2 0.2 0.2 0.2 0.2
13 Dugway #1 73.91 531 0.2 0.2 0.2 0.2 0.2 0.2
13 Dugway #1 75.27 558 0.2 0.2 0.2 0.2 0.2 0.2



TABLE B-5 BLOOD CADMIUM OUTLIERS

Bleed II ug/L

Raw Data Bleeding II

group Material 
Administered

Dosage
(BW Adjusted) pig number 0 6 8 10 12 14

1 Control 0.00 514 0.2 0.2 0.2 0.2 0.2 0.2
1 Control 0.00 529 0.2 0.2 0.2 0.2 0.2 0.2
1 Control 0.00 551 0.2 0.2 0.2 0.2 0.2 0.2
1 Control 0.00 555 0.2 0.2 0.2 0.2 0.2 0.2
3 CdCl2 57.21 521 0.2 0.2 0.2 0.2 0.2 0.2
3 CdCl2 63.60 535 0.2 0.2 0.2 0.2 0.2 0.2
3 CdCl2 66.20 545 0.2 0.2 0.2 0.2 0.2 0.2
3 CdCl2 58.23 552 0.2 0.2 0.2 0.2 0.2 0.2
4 CdCl2 312.80 519 0.2 1.768 2.644 4.552 2.614 4.724
4 CdCl2 326.37 520 0.609 3.62 4.656 4.524 5.367 7.348
4 CdCl2 342.64 532 1.074 2.488 3.784 2.792 1.905 6.66
4 CdCl2 325.57 539 0.2 2.728 2.38 1.668 2.732 3.944
5 PtMugu#1B 212.63 507 0.2 1.484 1.088 1.52 0.972 2.14
5 PtMugu#1B 203.11 515 0.2 0.2 1.136 0.992 0.707 6.536
5 PtMugu#1B 255.69 541 0.2 0.2 0.924 0.892 0.59 1.824
5 PtMugu#1B 270.61 560 0.2 1.296 1.42 1.8 1.347 1.78
5 PtMugu#1B 268.83 565 0.2 0.2 0.2 0.84 0.627 1.916
6 PtMugu#1B 388.34 503 0.2 1.22 3.604 2.796 2.329 4.92
6 PtMugu#1B 523.95 536 0.2 2.952 4.652 5.304 4.333 8.468
6 PtMugu#1B 483.48 544 0.872 2.032 4.184 4.068 2.394 4.68
6 PtMugu#1B 489.74 548 0.2 1.964 2.96 3.74 2.102 5.32
6 PtMugu#1B 533.23 553 0.2 1.268 2.512 3.74 3.036 5.02
7 PtMugu#1B 1037.59 510 0.2 1.832 5.62 7.14 2.136 6.98
7 PtMugu#1B 876.73 516 8.663 8.144 9.868 11.388 4.89 14.072
7 PtMugu#1B 969.97 517 1.801 6.264 12.656 4.984 5.138 12.396
7 PtMugu#1B 934.98 534 2.312 2.484 8.872 8.988 10.48 13.092
7 PtMugu#1B 962.35 538 6.07 6.204 20.22 10.228 11.69 17.24
9 CO-SCS 61.27 501 0.2 0.2 0.2 0.2 0.2 0.2
9 CO-SCS 60.06 511 0.2 0.2 0.2 0.2 0.2 0.2
9 CO-SCS 60.49 522 0.2 0.2 0.2 0.2 0.2 0.2
9 CO-SCS 72.34 543 0.2 0.2 0.2 0.2 0.2 0.2
11 OK-SS 56.05 502 0.2 0.2 0.2 0.2 0.2 0.2
11 OK-SS 69.03 509 0.2 0.2 1.084 0.2 0.2 0.456
11 OK-SS 63.98 542 0.2 0.2 0.2 0.2 0.2 0.2
11 OK-SS 62.04 556 0.2 0.2 0.2 0.2 0.2 0.696
13 Dugway #1 67.47 506 0.2 0.2 0.2 0.2 0.2 0.2
13 Dugway #1 66.72 524 0.2 0.2 0.2 0.2 0.2 0.2
13 Dugway #1 73.91 531 0.2 0.2 0.2 0.2 0.2 0.2
13 Dugway #1 75.27 558 0.2 0.2 0.2 0.2 0.2 0.2



TABLE B-6  Area Under Curve Determinations

Bleed I Calculated using interpolated values for excluded data. 

Bleeding I AUC (ug/dL-days) For Time Span Shown
Material 
Administered group pig# 0-6 6-8 8-10 10-12 12-14

AUC Total
(ug/dL-days)

Control 1 514 1.2 0.4 0.4 0.4 0.4 2.8
Control 1 529 1.2 0.4 0.4 0.4 0.4 2.8
Control 1 551 1.2 0.4 0.4 0.4 0.4 2.8
Control 1 555 1.2 0.4 0.4 0.4 0.4 2.8
CdCl2 3 521 1.2 0.4 0.4 0.4 0.4 2.8
CdCl2 3 535 1.2 0.4 0.4 0.4 0.4 2.8
CdCl2 3 545 1.2 0.4 0.4 0.4 0.4 2.8
CdCl2 3 552 1.2 0.4 0.4 0.4 0.4 2.8
CdCl2 4 519 5.112 2.86 2.4 3.824 5.233 19.429
CdCl2 4 520 6.912 6.144 7.5 8.826 10.186 39.568
CdCl2 4 532 3.552 3.256 4.504 5.023 6.604 22.939
CdCl2 4 539 3.084 2.732 3.2 3.244 4.963 17.223
PtMugu#1B 5 507 1.2 1.004 1.832 2.144 2.171 8.351
PtMugu#1B 5 515 1.2 0.684 0.684 1.02 1.814 5.402
PtMugu#1B 5 541 1.2 0.608 0.608 0.937 1.572 4.925
PtMugu#1B 5 560 1.2 2.128 3.58 3.487 4.632 15.027
PtMugu#1B 5 565 1.2 0.78 1.116 1.298 1.98 6.374
PtMugu#1B 6 503 2.664 3.244 4.224 4.14 5.747 20.019
PtMugu#1B 6 536 4.332 5.004 5.816 6.607 10.594 32.353
PtMugu#1B 6 544 4.74 4.62 5.416 4.931 5.903 25.61
PtMugu#1B 6 548 9.444 4.76 3.672 4.602 6.325 28.803
PtMugu#1B 6 553 2.64 2.804 4.556 6.208 7.664 23.872
PtMugu#1B 7 510 2.46 1.392 2.072 4.16 5.591 15.675
PtMugu#1B 7 516 7.908 8.652 11.18 13.061 20.827 61.628
PtMugu#1B 7 517 8.592 7.236 8.3 8.668 11.215 44.011
PtMugu#1B 7 534 8.46 7.248 9.064 11.765 15.453 51.99
PtMugu#1B 7 538 13.008 10.576 10.624 11.214 14.578 60
CO-SCS 9 501 1.2 0.4 0.4 0.4 0.4 2.8
CO-SCS 9 511 1.2 0.4 0.4 0.4 0.4 2.8
CO-SCS 9 522 2.256 0.752 0.4 0.4 0.4 4.208
CO-SCS 9 543 1.2 0.4 0.4 0.4 0.4 2.8
OK-SS 11 502 1.2 0.4 0.4 0.4 0.4 2.8
OK-SS 11 509 1.2 0.4 0.4 0.4 0.4 2.8
OK-SS 11 542 1.2 0.4 0.4 0.4 0.4 2.8
OK-SS 11 556 2.22 0.74 0.4 0.4 0.4 4.16
Dugway #1 13 506 1.2 0.664 0.664 0.4 0.4 3.328
Dugway #1 13 524 1.2 0.4 0.4 0.4 0.4 2.8
Dugway #1 13 531 1.2 0.4 0.4 0.4 0.4 2.8
Dugway #1 13 558 1.2 0.4 0.4 0.4 0.4 2.8



TABLE B-7  Area Under Curve Determinations

BLEED II Calculated using interpolated values for excluded data. 
Bleeding II AUC (ug/dL-days) For Time Span Shown

Material
Administered group pig# 0-6 6-8 8-10 10-12 12-14

AUC Total
(ug/dL-days)

Control 1 514 1.2 0.4 0.4 0.4 0.4 2.8
Control 1 529 1.2 0.4 0.4 0.4 0.4 2.8
Control 1 551 1.2 0.4 0.4 0.4 0.4 2.8
Control 1 555 1.2 0.4 0.4 0.4 0.4 2.8
CdCl2 3 521 1.2 0.4 0.4 0.4 0.4 2.8
CdCl2 3 535 1.2 0.4 0.4 0.4 0.4 2.8
CdCl2 3 545 1.2 0.4 0.4 0.4 0.4 2.8
CdCl2 3 552 1.2 0.4 0.4 0.4 0.4 2.8
CdCl2 4 519 5.904 4.412 7.196 7.166 7.338 32.016
CdCl2 4 520 12.687 8.276 9.18 9.891 12.715 52.749
CdCl2 4 532 10.686 6.272 6.576 4.697 8.565 36.796
CdCl2 4 539 8.784 5.108 4.048 4.4 6.676 29.016
PtMugu#1B 5 507 5.052 2.572 2.608 2.492 3.112 15.836
PtMugu#1B 5 515 1.2 1.336 2.128 1.699 7.243 13.606
PtMugu#1B 5 541 1.2 1.124 1.816 1.482 2.414 8.036
PtMugu#1B 5 560 4.488 2.716 3.22 3.147 3.127 16.698
PtMugu#1B 5 565 1.2 0.4 1.04 1.467 2.543 6.65
PtMugu#1B 6 503 4.26 4.824 6.4 5.125 7.249 27.858
PtMugu#1B 6 536 9.456 7.604 9.956 9.637 12.801 49.454
PtMugu#1B 6 544 8.712 6.216 8.252 6.462 7.074 36.716
PtMugu#1B 6 548 6.492 4.924 6.7 5.842 7.422 31.38
PtMugu#1B 6 553 4.404 3.78 6.252 6.776 8.056 29.268
PtMugu#1B 7 510 6.096 7.452 12.76 9.276 9.116 44.7
PtMugu#1B 7 516 50.421 18.012 21.256 16.278 18.962 124.929
PtMugu#1B 7 517 24.195 18.92 17.64 10.122 17.534 88.411
PtMugu#1B 7 534 14.388 11.356 17.86 19.468 23.572 86.644
PtMugu#1B 7 538 36.822 26.424 30.448 21.918 28.93 144.542
CO-SCS 9 501 1.2 0.4 0.4 0.4 0.4 2.8
CO-SCS 9 511 1.2 0.4 0.4 0.4 0.4 2.8
CO-SCS 9 522 1.2 0.4 0.4 0.4 0.4 2.8
CO-SCS 9 543 1.2 0.4 0.4 0.4 0.4 2.8
OK-SS 11 502 1.2 0.4 0.4 0.4 0.4 2.8
OK-SS 11 509 1.2 1.284 1.284 0.4 0.656 4.824
OK-SS 11 542 1.2 0.4 0.4 0.4 0.4 2.8
OK-SS 11 556 1.2 0.4 0.4 0.4 0.896 3.296
Dugway #1 13 506 1.2 0.4 0.4 0.4 0.4 2.8
Dugway #1 13 524 1.2 0.4 0.4 0.4 0.4 2.8
Dugway #1 13 531 1.2 0.4 0.4 0.4 0.4 2.8
Dugway #1 13 558 1.2 0.4 0.4 0.4 0.4 2.8
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Table B-8
EXPCD-1, MAY 2003

Liver Furnace and Flame Data 
Furnace   

DL=.04ug/L
Flame 

DL=.02mg/L

Matrix Index Group Pig Number Treatment

Cadmium 
Intake

ug/kg/day Sample Number Tag Number

Furnace Cd, 
ug/L(corrected 
for 1/10dilution)

Furnace 
Cd, ng/g

Flame Cd, 
mg/L

Flame,Cd, 
ng/g

liver 580 1 514 Control 0 EXPCD-1-514-(15)-L EXPCD-1-0749 <dl 2 <dl <dl
liver 581 1 529 Control 0 EXPCD-1-529-(15)-L EXPCD-1-0733 <dl 2 <dl <dl
liver 582 1 551 Control 0 EXPCD-1-551-(15)-L EXPCD-1-0761 <dl 2 <dl <dl
liver 583 1 555 Control 0 EXPCD-1-555-(15)-L EXPCD-1-0714 <dl 2 <dl <dl
liver 584 2 508 CdCl2 10 EXPCD-1-508-(15)-L EXPCD-1-0760 1.185 11.85 <dl <dl
liver 585 2 528 CdCl2 10 EXPCD-1-528-(15)-L EXPCD-1-0711 4.342 43.42 0.012 120
liver 586 2 540 CdCl2 10 EXPCD-1-540-(15)-L EXPCD-1-0743 2.112 21.12 <dl <dl
liver 587 2 550 CdCl2 10 EXPCD-1-550-(15)-L EXPCD-1-0751 1.167 11.67 <dl <dl
liver 588 3 521 CdCl2 60 EXPCD-1-521-(15)-L EXPCD-1-0738 18.67 186.7 0.026 260
liver 589 3 535 CdCl2 60 EXPCD-1-535-(15)-L EXPCD-1-0737 23.72 237.2 0.032 320
liver 590 3 545 CdCl2 60 EXPCD-1-545-(15)-L EXPCD-1-0709 21.38 213.8 0.026 260
liver 591 3 552 CdCl2 60 EXPCD-1-552-(15)-L EXPCD-1-0736 16.35 163.5 0.017 170
liver 592 4 519 CdCl2 320 EXPCD-1-519-(15)-L EXPCD-1-0728 91.07 910.7 0.093 930
liver 593 4 520 CdCl2 320 EXPCD-1-520-(15)-L EXPCD-1-0744 148.8 1488 0.156 1560
liver 594 4 532 CdCl2 320 EXPCD-1-532-(15)-L EXPCD-1-0731 130.9 1309 0.134 1340
liver 595 4 539 CdCl2 320 EXPCD-1-539-(15)-L EXPCD-1-0725 122 1220 0.128 1280
liver 596 5 507 Pt. Mugu #1B 234 EXPCD-1-507-(15)-L EXPCD-1-0720 90.33 903.3 0.091 910
liver 597 5 515 Pt. Mugu #1B 234 EXPCD-1-515-(15)-L EXPCD-1-0724 84.96 849.6 0.097 970
liver 598 5 541 Pt. Mugu #1B 234 EXPCD-1-541-(15)-L EXPCD-1-0730 59.5 595 0.062 620
liver 599 5 560 Pt. Mugu #1B 234 EXPCD-1-560-(15)-L EXPCD-1-0755 92.88 928.8 0.094 940
liver 600 5 565 Pt. Mugu #1B 234 EXPCD-1-565-(15)-L EXPCD-1-0715 64.52 645.2 0.071 710
liver 601 6 503 Pt. Mugu #1B 468 EXPCD-1-503-(15)-L EXPCD-1-0753 133 1330 0.128 1280
liver 602 6 536 Pt. Mugu #1B 468 EXPCD-1-536-(15)-L EXPCD-1-0732 155.5 1555 0.161 1610
liver 603 6 544 Pt. Mugu #1B 468 EXPCD-1-544-(15)-L EXPCD-1-0719 109.5 1095 0.124 1240
liver 604 6 548 Pt. Mugu #1B 468 EXPCD-1-548-(15)-L EXPCD-1-0708 162.5 1625 0.163 1630
liver 605 6 553 Pt. Mugu #1B 468 EXPCD-1-553-(15)-L EXPCD-1-0722 137.2 1372 0.145 1450
liver 606 7 510 Pt. Mugu #1B 936 EXPCD-1-510-(15)-L EXPCD-1-0739 207 2070 0.23 2300
liver 607 7 516 Pt. Mugu #1B 936 EXPCD-1-516-(15)-L EXPCD-1-0707 466.6 4666 0.399 3990
liver 608 7 517 Pt. Mugu #1B 936 EXPCD-1-517-(15)-L EXPCD-1-0763 367.9 3679 0.297 2970
liver 609 7 534 Pt. Mugu #1B 936 EXPCD-1-534-(15)-L EXPCD-1-0710 461.9 4619 0.39 3900
liver 610 7 538 Pt. Mugu #1B 936 EXPCD-1-538-(15)-L EXPCD-1-0756 489.4 4894 0.369 3690
liver 611 8 513 CO-SCS 20.8 EXPCD-1-513-(15)-L EXPCD-1-0752 3.488 34.88 <dl <dl
liver 612 8 537 CO-SCS 20.8 EXPCD-1-537-(15)-L EXPCD-1-0762 6.038 60.38 0.004 40
liver 613 8 559 CO-SCS 20.8 EXPCD-1-559-(15)-L EXPCD-1-0706 3.956 39.56 0.011 110
liver 614 8 562 CO-SCS 20.8 EXPCD-1-562-(15)-L EXPCD-1-0757 3.383 33.83 <dl <dl
liver 615 9 501 CO-SCS 62.4 EXPCD-1-501-(15)-L EXPCD-1-0750 18.41 184.1 0.021 210
liver 616 9 511 CO-SCS 62.4 EXPCD-1-511-(15)-L EXPCD-1-0758 17.14 171.4 0.012 120
liver 617 9 522 CO-SCS 62.4 EXPCD-1-522-(15)-L EXPCD-1-0721 15.27 152.7 0.015 150
liver 618 9 543 CO-SCS 62.4 EXPCD-1-543-(15)-L EXPCD-1-0717 14.4 144 0.018 180
liver 619 10 505 OK-SS 20.6 EXPCD-1-505-(15)-L EXPCD-1-0713 6.785 67.85 0.013 130
liver 620 10 518 OK-SS 20.6 EXPCD-1-518-(15)-L EXPCD-1-0746 8.635 86.35 0.011 110
liver 621 10 533 OK-SS 20.6 EXPCD-1-533-(15)-L EXPCD-1-0723 4.778 47.78 0.011 110
liver 622 10 546 OK-SS 20.6 EXPCD-1-546-(15)-L EXPCD-1-0754 6.286 62.86 0.005 50
liver 623 11 502 OK-SS 61.8 EXPCD-1-502-(15)-L EXPCD-1-0726 19.07 190.7 0.028 280
liver 624 11 509 OK-SS 61.8 EXPCD-1-509-(15)-L EXPCD-1-0741 17.41 174.1 0.026 260
liver 625 11 542 OK-SS 61.8 EXPCD-1-542-(15)-L EXPCD-1-0748 13.98 139.8 0.017 170
liver 626 11 556 OK-SS 61.8 EXPCD-1-556-(15)-L EXPCD-1-0745 16.56 165.6 0.023 230
liver 627 12 526 Dugway #1 23.4 EXPCD-1-526-(15)-L EXPCD-1-0735 1.799 17.99 0.006 60
liver 628 12 527 Dugway #1 23.4 EXPCD-1-527-(15)-L EXPCD-1-0734 1.905 19.05 0.004 40
liver 629 12 549 Dugway #1 23.4 EXPCD-1-549-(15)-L EXPCD-1-0716 <dl 2 <dl <dl
liver 630 12 564 Dugway #1 23.4 EXPCD-1-564-(15)-L EXPCD-1-0740 0.508 5.08 0.007 70
liver 631 13 506 Dugway #1 70.2 EXPCD-1-506-(15)-L EXPCD-1-0742 0.701 7.01 <dl <dl
liver 632 13 524 Dugway #1 70.2 EXPCD-1-524-(15)-L EXPCD-1-0727 6.264 62.64 0.01 100
liver 633 13 531 Dugway #1 70.2 EXPCD-1-531-(15)-L EXPCD-1-0729 1.08 10.8 0.01 100
liver 634 13 558 Dugway #1 70.2 EXPCD-1-558-(15)-L EXPCD-1-0747 1.363 13.63 0.023 230

Duplicates
liver 635 4 2539 EXPCD-1-2539-(15)-L EXPCD-1-0718 129.1 1291 0.132 1320
liver 636 5 2541 EXPCD-1-2541-(15)-L EXPCD-1-0712 58.59 585.9 0.064 640
liver 637 5 2507 EXPCD-1-2507-(15)-L EXPCD-1-0759 91.92 919.2 0.091 910

Flame dl is .02mg/L=200ng/g
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Table B-9
EXPCD-1, MAY 2003

Kidney Raw Furnace and Flame Data 
Furnace   

DL=.04ug/L 1g in 10ml
Flame 

DL=.02mg/L

Matrix Index Group Pig Number Treatment
Cadmium 

Intake
ug/kg/day

Sample Number Tag Number
Furnace Cd, 

ug/L (corrected 
for 1/10dilution)

Furnace 
Cd, ng/g

Flame 
Cd, 
mg/L

Flame & Furnace 
combined Cd, 

ng/g

kidney 529 1 514 Control 0 EXPCD-1-514-(15)-K EXPCD-1-0652 <dl 2 <dl 2
kidney 530 1 529 Control 0 EXPCD-1-529-(15)-K EXPCD-1-0654 <dl 2 <dl 2
kidney 531 1 551 Control 0 EXPCD-1-551-(15)-K EXPCD-1-0700 <dl 2 <dl 2
kidney 532 1 555 Control 0 EXPCD-1-555-(15)-K EXPCD-1-0690 <dl 2 <dl 2
kidney 533 2 508 CdCl2 10 EXPCD-1-508-(15)-K EXPCD-1-0659 18.73 187.3 0.023 187.3
kidney 534 2 528 CdCl2 10 EXPCD-1-528-(15)-K EXPCD-1-0680 32.26 322.6 0.029 290
kidney 535 2 540 CdCl2 10 EXPCD-1-540-(15)-K EXPCD-1-0672 27.04 270.4 0.029 290
kidney 536 2 550 CdCl2 10 EXPCD-1-550-(15)-K EXPCD-1-0694 15.1 151 <dl 151
kidney 537 3 521 CdCl2 60 EXPCD-1-521-(15)-K EXPCD-1-0650 151.5 1515 0.158 1580
kidney 538 3 535 CdCl2 60 EXPCD-1-535-(15)-K EXPCD-1-0682 122.9 1229 0.142 1420
kidney 539 3 545 CdCl2 60 EXPCD-1-545-(15)-K EXPCD-1-0669 105.9 1059 0.115 1150
kidney 540 3 552 CdCl2 60 EXPCD-1-552-(15)-K EXPCD-1-0695 101.8 1018 0.103 1030
kidney 541 4 519 CdCl2 320 EXPCD-1-519-(15)-K EXPCD-1-0681 140.3 1403 0.606 6060
kidney 542 4 520 CdCl2 320 EXPCD-1-520-(15)-K EXPCD-1-0667 1576 15760 1.366 13660
kidney 543 4 532 CdCl2 320 EXPCD-1-532-(15)-K EXPCD-1-0678 892.8 8928 0.744 7440
kidney 544 4 539 CdCl2 320 EXPCD-1-539-(15)-K EXPCD-1-0691 1214 12140 0.736 7360
kidney 545 5 507 Pt. Mugu #1B 234 EXPCD-1-507-(15)-K EXPCD-1-0648 395.9 3959 0.367 3670
kidney 546 5 515 Pt. Mugu #1B 234 EXPCD-1-515-(15)-K EXPCD-1-0660 450.9 4509 0.345 3450
kidney 547 5 541 Pt. Mugu #1B 234 EXPCD-1-541-(15)-K EXPCD-1-0674 487.1 4871 0.419 4190
kidney 548 5 560 Pt. Mugu #1B 234 EXPCD-1-560-(15)-K EXPCD-1-0663 691.1 6911 0.465 4650
kidney 549 5 565 Pt. Mugu #1B 234 EXPCD-1-565-(15)-K EXPCD-1-0702 475.3 4753 0.41 4100
kidney 550 6 503 Pt. Mugu #1B 468 EXPCD-1-503-(15)-K EXPCD-1-0675 863.7 8637 0.688 6880
kidney 551 6 536 Pt. Mugu #1B 468 EXPCD-1-536-(15)-K EXPCD-1-0661 1387 13870 0.984 9840
kidney 552 6 544 Pt. Mugu #1B 468 EXPCD-1-544-(15)-K EXPCD-1-0703 983.9 9839 0.863 8630
kidney 553 6 548 Pt. Mugu #1B 468 EXPCD-1-548-(15)-K EXPCD-1-0662 1231 12310 0.87 8700
kidney 554 6 553 Pt. Mugu #1B 468 EXPCD-1-553-(15)-K EXPCD-1-0649 931.4 9314 0.738 7380
kidney 555 7 510 Pt. Mugu #1B 936 EXPCD-1-510-(15)-K EXPCD-1-0688 1123 11230 0.952 9520
kidney 556 7 516 Pt. Mugu #1B 936 EXPCD-1-516-(15)-K EXPCD-1-0656 1730 17300 1.541 15410
kidney 557 7 517 Pt. Mugu #1B 936 EXPCD-1-517-(15)-K EXPCD-1-0686 1599 15990 1.419 14190
kidney 558 7 534 Pt. Mugu #1B 936 EXPCD-1-534-(15)-K EXPCD-1-0698 2088 20880 1.573 15730
kidney 559 7 538 Pt. Mugu #1B 936 EXPCD-1-538-(15)-K EXPCD-1-0697 1700 17000 1.31 13100
kidney 560 8 513 CO-SCS 20.8 EXPCD-1-513-(15)-K EXPCD-1-0657 39.48 394.8 0.042 420
kidney 561 8 537 CO-SCS 20.8 EXPCD-1-537-(15)-K EXPCD-1-0664 59.92 599.2 0.061 610
kidney 562 8 559 CO-SCS 20.8 EXPCD-1-559-(15)-K EXPCD-1-0665 47.24 472.4 0.047 470
kidney 563 8 562 CO-SCS 20.8 EXPCD-1-562-(15)-K EXPCD-1-0676 25.88 258.8 0.025 250
kidney 564 9 501 CO-SCS 62.4 EXPCD-1-501-(15)-K EXPCD-1-0666 282.8 2828 0.226 2260
kidney 565 9 511 CO-SCS 62.4 EXPCD-1-511-(15)-K EXPCD-1-0670 102.5 1025 0.109 1090
kidney 566 9 522 CO-SCS 62.4 EXPCD-1-522-(15)-K EXPCD-1-0683 37.15 371.5 0.124 1240
kidney 567 9 543 CO-SCS 62.4 EXPCD-1-543-(15)-K EXPCD-1-0696 140.6 1406 0.133 1330
kidney 568 10 505 OK-SS 20.6 EXPCD-1-505-(15)-K EXPCD-1-0699 61.28 612.8 0.057 570
kidney 569 10 518 OK-SS 20.6 EXPCD-1-518-(15)-K EXPCD-1-0658 86.15 861.5 0.081 810
kidney 570 10 533 OK-SS 20.6 EXPCD-1-533-(15)-K EXPCD-1-0705 31.38 313.8 0.025 250
kidney 571 10 546 OK-SS 20.6 EXPCD-1-546-(15)-K EXPCD-1-0692 49.07 490.7 0.045 450
kidney 572 11 502 OK-SS 61.8 EXPCD-1-502-(15)-K EXPCD-1-0653 135 1350 0.138 1380
kidney 573 11 509 OK-SS 61.8 EXPCD-1-509-(15)-K EXPCD-1-0685 169.5 1695 0.156 1560
kidney 574 11 542 OK-SS 61.8 EXPCD-1-542-(15)-K EXPCD-1-0677 94.94 949.4 0.093 930
kidney 575 11 556 OK-SS 61.8 EXPCD-1-556-(15)-K EXPCD-1-0655 83.83 838.3 0.093 930
kidney 576 12 526 Dugway #1 23.4 EXPCD-1-526-(15)-K EXPCD-1-0668 23.61 236.1 0.024 240
kidney 577 12 527 Dugway #1 23.4 EXPCD-1-527-(15)-K EXPCD-1-0679 20.68 206.8 0.021 210
kidney 578 12 549 Dugway #1 23.4 EXPCD-1-549-(15)-K EXPCD-1-0693 8.111 81.11 <dl 81.11
kidney 579 12 564 Dugway #1 23.4 EXPCD-1-564-(15)-K EXPCD-1-0651 17.74 177.4 0.024 240
kidney 580 13 506 Dugway #1 70.2 EXPCD-1-506-(15)-K EXPCD-1-0671 31.93 319.3 0.036 360
kidney 581 13 524 Dugway #1 70.2 EXPCD-1-524-(15)-K EXPCD-1-0684 37.18 371.8 0.032 320
kidney 582 13 531 Dugway #1 70.2 EXPCD-1-531-(15)-K EXPCD-1-0687 25.56 255.6 0.025 250
kidney 583 13 558 Dugway #1 70.2 EXPCD-1-558-(15)-K EXPCD-1-0689 23.13 231.3 0.016 231.3

Duplicates
kidney 584 10 2505 EXPCD-1-2505-(15)-K EXPCD-1-0673 62.41 624.1 0.063 630
kidney 585 2 2528 EXPCD-1-2528-(15)-K EXPCD-1-0701 31.48 314.8 0.027 270
kidney 586 8 2562 EXPCD-1-2562-(15)-K EXPCD-1-0704 30.09 300.9 0.021 210

Range 0.5-10ug/L
From Furnace,1/10dilution, many samples 
out of range



Table B-10  Intralaboratory Duplicates
EXPCD-1, MAY 2003 RPD=Relative % difference=100*(Orig-Dup)/((Orig+Dup)/2)
BLEEDS I AND II

Matrix Pig Number Day

Original Dilution 
Adjusted Value

(ug/L)

Duplicate Dilution 
Adjusted Value 

(ug/L) RPD
Avg RPD 
for tissue

blood 519 0-I 0.2 0.2 0%
blood 517 0-I 0.2 0.2 0%
blood 556 0-I 0.2 0.2 0%
blood 555 0-II 0.2 0.2 0%
blood 532 0-II 1.074 0.956 12%
blood 516 0-II 8.663 7.662 12%
blood 565 6-I 0.2 0.2 0%
blood 543 6-I 0.2 0.2 0%
blood 558 6-I 0.2 0.2 0%
blood 551 6-II 0.2 0.2 0%
blood 511 6-II 0.2 0.2 0%
blood 531 6-II 0.2 0.2 0%
blood 515 8-I 0.484 0.2 83%
blood 536 8-I 3.76 3.32 12%
blood 501 8-I 0.2 0.2 0%
blood 529 8-II 0.2 0.2 0%
blood 521 8-II 0.2 0.2 0%
blood 544 8-II 4.184 4.352 -4%
blood 502 10-I 0.2 0.2 0%
blood 506 10-I 0.2 8.412 -191%
blood 524 10-I 0.2 0.2 0%
blood 514 10-II 0.2 0.2 0%
blood 545 10-II 0.2 0.2 0%
blood 510 10-II 7.14 6.34 12%
blood 535 12-I 0.2 0.2 0%
blood 522 12-I 0.2 0.2 0%
blood 542 12-I 0.2 0.2 0%
blood 503 12-II 2.329 2.635 -12%
blood 534 12-II 10.48 8.295 23%
blood 538 12-II 11.69 6.801 53%
blood 552 14-I 0.2 0.2 0%
blood 520 14-I 4.82 6.497 -30%
blood 553 14-I 3.888 3.945 -1%
blood 560 14-II 1.78 0.2 160%
blood 548 14-II 5.32 0.2 186%
blood 509 14-II 0.456 0.2 78% 11%
liver 539 15 1220 1291 -6%
liver 507 15 903.3 919.2 -2%
liver 541 15 595 585.9 2% -2%

kidney 528 CdCl2 290 270 7%
kidney 505 OK-SS 570 630 -10%
kidney 559 CO-SCS 470 210 76% 25%
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ABSTRACT  

A juvenile swine model was used to assess the relative oral bioavailability of cadmium in soil from four 

sites with varying soil characteristics.  Groups of swine were given oral doses of soil containing 20 to 

960 µg of Cd/kg-day for 15 days.  The reference material was soluble cadmium chloride, administered 

at doses of 10, 60, or 320 µg Cd/kg day.  Concentrations of cadmium in blood, liver, and kidney were 

evaluated to determine the bioavailability of cadmium from soils relative to the reference material.  

Results indicate that soil-specific factors control the relative bioavailability of cadmium: three of the 

soils studied exhibited modest reductions in bioavailability relative to cadmium chloride, while a fourth 

soil yielded considerably lower relative bioavailability.  In order to understand the factors controlling 

the bioavailability of cadmium, each test sample was evaluated for soil chemistry, including cadmium 

mineralogy.  Results indicate that the reduced bioavailability may be due to the occurrence of cadmium 

as less soluble cadmium-metal sulfates, with a higher soil pH possibly contributing to the formation of 

these less soluble phases.  Particle size evaluation suggests that the solubility of the predominant 

cadmium phases may be a more significant factor in controlling relative bioavailability than is particle 

size. 

KEYWORDS cadmium, oral bioavailability, juvenile swine 
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Introduction 

Cadmium is a ubiquitous soil constituent, and may be present at higher concentrations in lead, zinc, 

and copper ores.  Although ingestion of cadmium in food is the primary exposure route for humans, 

residents and workers in the vicinity of smelter sites and other industrial operations using cadmium 

containing materials may have increased potential for exposure to cadmium in soil.  The study reported 

herein examines the influence of cadmium mineralogy and soil characteristics on the bioavailability of 

ingested soil cadmium relative to the bioavailability of a water soluble form of cadmium, i.e., the 

relative bioavailability.  

The oral bioavailability of cadmium is low, with approximately 3-5 % of an oral dose of cadmium 

absorbed from diet or drinking water by humans, and somewhat lower absorption reported in rats and 

mice (1).  A substantial portion of an oral cadmium dose is initially retained in the gastrointestinal 

mucosa, and then slowly excreted over a period of weeks.  For this reason whole body retention of 

cadmium shortly after dosing is not a reliable indicator of cadmium absorption.  Absorbed cadmium is 

accumulated in kidney cortex and liver, and is slowly excreted, with a biological half-life of 20 to 50 

percent of an animal’s lifetime (1).   

It has been estimated that environmental exposure to cadmium results in renal disease in 1% to 7% of 

the world’s population (2, 3), principally due to consumption of rice and other foods that accumulate 

cadmium, with smokers being at higher risk due to having higher body burdens.  Renal disease is 

thought to be triggered after renal cortex concentrations exceed some threshold concentration, often late 

in life (4).  

The potential for chronic exposure to cadmium from soil to significantly increase body burden and 

lead to increased incidence or earlier onset of disease will be partly dependent on the bioavailability of 

cadmium in this matrix.  The relative bioavailability of metals from soil is dependent on multiple 

factors, including metal phases present and soil characteristics.  In soil, cadmium can occur as a 

complex mixture of solid-phase compounds of varying particle size and morphology including discrete 
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mineral phases, coprecipitated and sorbed species associated with soil minerals or organic matter, and 

dissolved species that may be complexed by a variety of organic and inorganic ligands.  These 

characteristics affect the solubility, and hence, relative bioavailability of metals from soil.  For example, 

cadmium carbonate in soil is highly soluble while cadmium sulfate and cadmium sulfide complexes are 

less soluble (5).  pH is another important factor, with cadmium solubility in soil decreasing as soil pH 

increases due to cadmium adsorption to soil particles and formation of irreversibly insoluble complexes.   

Studies that have demonstrated reduced relative bioavailability of cadmium from soil have been 

conducted in rats (5) and in juvenile swine (6).  An in vitro bioaccessibility model has also been used 

(6).  Swine are useful in assessing bioavailability because of the similarity in gastrointestinal parameters 

between swine and humans.  Feeding behavior, gastrointestinal anatomy, acid secretion, and the 

development of small-intestinal absorption mechanisms are quite similar between swine and humans 

(7).  For these reasons, swine have been used as a surrogate for humans in the fields of pharmaceutical 

research and nutrition (8, 9).  Juvenile animals are preferred because metal absorption is frequently 

greater in younger animals and thus predicts uptake in children, who may have greater exposure than 

adults.  The juvenile swine model has been used to assess the oral bioavailability of both lead and 

arsenic in soil, and the results from these studies have been used to develop relative bioavailability 

adjustments (RBA) for human health risk assessment by the U.S. Environmental Protection Agency (5, 

10); however, the model has not previously been modified to reflect the toxicokinetic behavior of 

cadmium. As note above, cadmium accumulates in the kidney and liver.  Thus, cadmium concentrations 

in blood, kidney and liver may be used to estimate relative bioavailability of test substrates. While the 

linear and nonlinear dose-dependent aspects of the distribution of lead within the blood, kidneys, liver, 

and femur of immature pigs have been described (11), there is a relative lack of information on the 

distribution of cadmium following repeated oral exposure of juvenile swine.  In addition to assessing 

relative bioavailability of cadmium from soils, this study examines the effects of dose and time-since-

administration on blood levels of cadmium following ingestion.   
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Materials and Methods 

Test Materials. The samples tested in this study were surficial soils (0–3 in.) from sites with elevated 

levels of cadmium in the soil, including Pt. Mugu, California (sample PTMG), smelter sites in Colorado 

(sample CO-SCS) and Oklahoma (sample OK-SS), and Dugway Proving Ground in Utah (sample 

DPGC).  Anhydrous cadmium chloride (CdCl2, Sigma) was used as the soluble cadmium reference 

material. The samples were sieved to <2 mm, and the particle size distribution was measured.  The 

samples were then sieved to <250 µm (the size fraction used in oral bioavailability studies because it is 

more likely to adhere to hands and be ingested) and tested for the following parameters: pH (EPA 

Method 9045C); total organic carbon (TOC; ASTM D4129-82); total carbon (ASTM D4129-82), from 

which total inorganic carbon (TIC) was calculated by difference between total carbon and TOC; cation 

exchange capacity (CEC; EPA Method 9081); cadmium concentration (in triplicate; EPA Method 

7131); and metals concentrations (arsenic, chromium, copper, iron, lead, manganese, mercury, nickel, 

phosphorus, and zinc; EPA Method 6010B, with the exception of arsenic [EPA Method 7060A], lead 

[EPA Method 7421], and mercury [EPA Method 7471A]).   

Analysis for cadmium concentration was preceded by thorough mixing of the soils by placing a bottle 

containing the soil on a low-speed roller apparatus for 30 minutes inverting it five times, and allowing it 

to stand a few minutes to settle prior to sampling.  The same mixing procedure was followed prior to 

dose preparation. An aliquot of each soil sample was also evaluated for cadmium mineralogy by 

electron microprobe, using the method described in Davis et al. (12).  This method involves establishing 

the chemistry of individual cadmium-bearing grains in the sample, until a representative number have 

been analyzed (generally 100–200), and the distribution of cadmium among the different cadmium 

forms in the soil can be established. 

Experimental Design and General Procedures. Intact male pigs weighing 10–12 kg were provided by 

Chinn Farms (Clarence, Missouri) and were housed in individual stainless steel cages.  The animals 

were weaned onto standard pig chow purchased from MFA Inc. (Columbia, Missouri).  To minimize 



 

6

cadmium exposure from the diet, the animals were transitioned gradually from the MFA feed to a 

special low-metal feed (purchased from Zeigler Brothers, Inc., Gardner, Pennsylvania) over the time 

interval from day –7 to day –3.  They were maintained on this feed for the duration of the study.  The 

feed was nutritionally complete and met all requirements of the National Institutes of Health – National 

Research Council. Each animal was given an amount of feed equal to 4% of the mean body weight of 

all animals in the dose group.  Drinking water was provided ad libitum via self-activated water nozzles 

in each cage.  Analysis of samples from randomly selected drinking-water nozzles during previous 

studies has indicated that mean cadmium concentration (setting non-detects at one-half the detection 

limit) is less than 0.05 µg/L. 

All doses were delivered daily for 15 consecutive days.  The cadmium chloride (in solution) was 

pipetted, and the cadmium in soil was weighed and placed in the center of a 10- to 20-gram moistened 

dough ball (prepared by mixing the powdered low-metal feed with water).  Animals were given a 

divided dose at 0900 and 1500 hours, and were fed 2 hours after dosing.  Animal weights were 

recorded, and dose and feed amounts were adjusted on days –1, 2, and every third day thereafter until 

study termination, to achieve constant doses and feed (as a percent of body weight) during the study.   

For three of the soils (CO-SCS soil, OK-SS soil, and DPGC soil), groups of four swine were given 

oral doses of 20 and 60 µg Cd/kg-day for 15 days.  One soil with the highest cadmium concentrations 

(PTMG soil) was administered to groups of five swine at doses of 240, 480 and 960 µg Cd/kg-day.  

Cadmium chloride was administered orally to groups of four swine at doses of 10, 60, and 320 µg 

Cd/kg-day for the same period of time. 

Blood samples (6–8 mL) were drawn from the control animals into a plastic syringe by venipuncture 

of the anterior vena cava, and from those animals that received cadmium doses of 60 µg Cd/kg/day or 

higher on days 0, 6, 8, 10, 12, and 14.  The blood was then transferred immediately into Vacutainer® 

tubes containing EDTA.  On each of the blood sampling days, blood samples were drawn just prior to 

the 0900 hour dosing (bleed I) and 2 hours after the 0900 hour dosing (bleed II). 
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On the morning of study day 15, following the last blood collection, all animals were humanely 

euthanized, and representative samples of the liver (approximately 30 grams of the medial lobe), and the 

right kidney cortex were collected and stored in cadmium-free plastic bags at –40 °C until being 

prepared for cadmium analysis.  All animals were subjected to detailed examination at necropsy by a 

certified veterinary pathologist to assess overall animal health. 

Concentrations of cadmium in the blood, liver, and kidney cortex samples were determined after acid 

digestion by graphite furnace atomic absorption spectroscopy (GFAAS), as well as flame AAS for liver 

and kidney samples to confirm the accuracy of dilutions on samples with high cadmium concentrations.  

The liver values from furnace AAS were used for data analysis, while for the kidney tissue data the 

cadmium concentrations were so high that the flame AAS values were deemed more accurate.   

Data Analysis. Regression methods were used to estimate the oral bioavailability of cadmium from 

four test soils relative to cadmium chloride based on cadmium concentrations in liver and kidney tissue, 

and the area-under-the-curve for blood cadmium concentration vs. time.  A single simultaneous 

regression model was used to estimate the slope for each test material while restricting the intercept to 

be equal to the response from the control animals for all the test materials.  This model is appropriate 

because at zero dose all of the test materials should yield the same response.  As is typical with animal 

data of this type, the variability in the response increases with increasing dose, a property known as 

heteroscedasticity.  Because heteroscedasticity of the data is contrary to the underlying assumption of 

equal variance for a linear regression to be applicable, each dose-group was weighted by the inverse of 

the predicted variance for that dose group (average dose was assumed for each member of a dose group) 

and analyzed according to procedures from USEPA (13).  The predicted variance is an estimate of 

expected variance as a function of the magnitude of the response data, and is considered a more robust 

measure of variance than the dose-group specific measured variance because it is less affected by 

individual measurements.  Weighting by the inverse of the predicted variance gives less weight to the 

more variable data points and achieves homogeneous variability across all dose-groups.  A simultaneous 

linear regression model was then fit to each endpoint for the weighted data.  The RBA values for each 
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response (liver, kidney, and blood) for each soil were then estimated as the ratio of the slope for the soil 

vs. that for cadmium chloride.  Fieller’s formula was then used to estimate the uncertainty in these RBA 

estimates, as represented by the upper and lower 95th percentiles and standard error on the RBA 

estimates. 

Results 

Soil chemistry and metals concentrations in each test soil are provided in Table 1.  Reported cadmium 

concentrations are the average of triplicate analyses and were used for preparing soil doses to achieve 

the target dose levels.  Concentrations of other metals, some of which may affect enteric absorption of 

cadmium, are also presented for each of the test soils in Table 1.  Cadmium concentrations were far 

higher in the PTMG soil (4,109 mg/kg) compared to the other soils (47 to 452 mg/kg) and the PTMG 

soil was also high in chromium, nickel and phosphorus.  The OK-SS soil had exceptionally high zinc 

concentrations.  Values of pH in three of the four test soils were near neutral (7.43 to 7.55), while the 

DPGC soil exhibited a more basic pH (9.06).  TOC values ranged from 1.90% to 4.98%, while TIC 

ranged from less than 0.05% to 1.51%.  CEC values did not range widely among the soils, 52.2 to 70.1 

meq/100 g.  The PTMG soil contained the greatest proportion of sand (coarse, medium, and fine 

grained), while the CO-SCS and OK-SS soils contained greater proportions of silt-size particles.  The 

DPGC soil was the only one of the four test soils that contained an appreciable quantity of clay-sized 

particles.   

Each test soil exhibited distinct cadmium mineralogy (Table 2) with only a few forms dominating the 

cadmium-bearing mineral assemblage.  These mineralogic forms are cadmium oxide (PTMG), 

cadmium-calcium-metal oxide (PTMG and CO-SCS), cadmium-metal oxide (CO-SCS), cadmium-metal 

sulfate (DPGC), and cadmium-iron oxide (OK-SS).  All other cadmium-bearing phases were found to 

account for less than 8% of cadmium mineral mass.  The average particle sizes based on long-axis 

dimension of each predominant cadmium-bearing phase ranged from 2.1 to 34 microns (Table 2).   
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Blood cadmium concentrations were initially at or below the method detection limit of 0.1 µg/L in all 

groups and remained at or below detection limits in the control group animals.  In animals given 

repeated oral doses of cadmium chloride and PTMG soil at doses of 60 µg/kg/day or greater, blood 

levels began to rise within 1 to 2 days, and continued to rise until the end of the study, day 15 (bleed I 

data for all days shown in Figure 1).  For the other three soils (CO-SCS, OK-SS, and DPGC), only 

animals in the 60 µg/kg/day dose groups were sampled, and even at this dose, blood levels of cadmium 

were predominately at or below the detection limit of 0.1 µg/L for the duration of the study. 

Although the same trends in blood cadmium concentrations were evident in bleed I (collected prior to 

the first daily dose) and bleed II (collected 2 hours after the second daily dose), the results for bleed II 

were more variable (data not shown).  This result is consistent with the rapidly changing blood 

cadmium concentrations associated with the absorption of cadmium after the dose was given.  Bleed II 

was included in this study to try to capture data on peak blood cadmium concentrations, and the bleed II 

values were indeed greater than the bleed I values for the dose groups exhibiting a response in bleed I.  

As would be expected, the steep slope of the concentration vs. time curve during this interval leads to 

greater variability in the blood cadmium concentrations.  Because of this increased variability in bleed 

II data, RBA calculations were based on data from bleed I. 

The measurement endpoint used to quantify the blood cadmium response was the area-under-the-

curve (AUC) for blood cadmium concentration vs. time for days 0 to 14.  The AUC was selected 

because it is the standard pharmacokinetic index of chemical uptake into the blood compartment, and is 

relatively insensitive to small variations in daily blood cadmium levels.  The AUC was calculated using 

the trapezoidal rule to estimate the AUC between each time point that a blood cadmium value was 

measured (days 0, 6, 8, 10, 12, and 14), and summing the areas across all time intervals in the study.  

The mean AUC for each pig was then plotted against the body weight–adjusted dose for that pig by 

dosing material.  The dose-response patterns appear to be linear for the soluble reference material 

(cadmium chloride) and for the PTMG soil for bleed I (Figure 2).  It was not possible to prepare dose-
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response curves based on blood data for the CO-SCS, OK-SS, and DPGC soils, because blood cadmium 

results were at or below detection limits.   

Liver and kidney data were subjected to the weighted simultaneous linear regression data analysis 

described above.  Results from this analysis for kidney are shown graphically in Figure 3.  The RBA 

values for each response endpoint (liver, kidney, and blood) for each soil are presented in Table 3.  The 

RBAs for three of the soils (CO-SCS, OK-SS, PTMG) were greater than 0.5, while the RBAs for the 

DPGC soil were substantially lower.  For the CO-SCS, OK-SS and DPGC soils, kidney and liver RBA 

estimates were in good agreement.  For the PTMG soil, kidney and blood AUC RBA estimates were in 

good agreement, while liver estimates were much higher.  The liver results for this soil appear to be an 

anomaly.  

Discussion  

In this study, the bioavailability of cadmium from four contaminated site soils was determined 

relative to soluble cadmium chloride in the blood, kidney, and liver of juvenile swine.  All inorganic 

cadmium forms commonly present in soils induce toxicity by the same mechanism, so these forms may 

be considered together when assessing bioavailability.  The oral toxicity reference values for cadmium 

are based on a number of chronic studies of renal disease in humans that formed the basis for a 

toxicokinetic model that was used to estimate the no observed adverse effect level (NOAEL) from 

cumulative lifetime exposures (14).  Because the kidney is the primary target organ of toxicity for 

cadmium, RBA results for that tissue are considered most relevant for risk assessment.   

Assuming that the kidney results should be given the greatest weight, the three soils with the greatest 

cadmium concentrations (PTMG, CO-SCS, and OK-SS) demonstrate modest reductions in 

bioavailability relative to cadmium chloride (RBA values of 0.60, 0.89, and 0.79, for each soil, 

respectively).  In contrast, the DPGC soil yielded a considerably lower cadmium RBA of 0.18 based on 

kidney data.  An examination of soil characteristics and cadmium mineralogy suggests that this outcome 

may be due to the more basic soil pH, high clay content of this soil, and the occurrence of a cadmium 
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form not found in the other soils.  Cadmium was present in the PTMG, CO-SCS, and OK-SS soils in a 

variety of cadmium oxide phases (cadmium-calcium-metal oxide, cadmium-metal oxide, cadmium 

oxide, and cadmium-iron oxide) and for the DPGC soil as cadmium-metal sulfate.  The basic pH in 

DPGC soil coupled with the high clay content decreases metal solubility and may have contributed to 

the lower RBA values.  Schroder et al. (6) reported greater variation in RBAs for juvenile swine 

exposed to cadmium in ten soils, with RBA values ranging from 10 percent to greater than 100 percent.  

The soil origin, characteristics and mineralogy were not reported so that study does not yield insights to 

the factors controlling relative bioavailability of cadmium from soil.   

The cadmium containing soils tested in the present study also had elevated concentrations of other 

metals that might induce the expression of metallothioneins (MTs), proteins that have been reported to 

affect cadmium toxicity or toxicokinetics (2, 15, 16).  Recently, renal and hepatic MT induction was 

shown to be increased in juvenile swine dosed with soils containing elevated zinc concentrations, while 

a similar induction was not observed in animals receiving cadmium chloride and no excess zinc (17).  

Based on the present study's finding that the soil that had much higher zinc (OK-SS) has RBAs similar 

to the other two soils dominated by cadmium oxides, it does not appear that MT induction is a critical 

factor affecting cadmium bioavailability from soil in this model.  The ten soils tested by Schroder et al. 

(6) also included a mixture of high and low zinc soils, and reported RBA values did not correlate with 

zinc concentration.   

The relative bioavailability of soil cadmium has also been assessed in rats, resulting in RBA estimates 

somewhat lower than those from the juvenile swine model.  Schilderman et al. (18) tested an artificial 

soil that had been spiked with cadmium chloride and mixed on a mechanical rotator for a two-week 

period (final concentration of 4,400 mg/kg).  The soil mixture was administered with 5 percent gum 

acacia to 8-week-old male rats in a single gavage dose.  Bioavailability for the soil mixture was 

estimated to be 43 percent relative to cadmium in saline based on the area under the curve of blood 

concentration vs. time.  Cadmium concentrations in the liver and kidneys of the soil cadmium-treated 

rats were significantly lower than in those of the saline cadmium dosed group. Another study evaluated 
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the absorption of cadmium from a residential soil sample with 174 mg/kg cadmium collected from 

residential yards near a historic zinc smelter (19).  Four-week-old weanling rats were fed diets 

containing four dose levels of either soil cadmium or soluble cadmium chloride for a period of 30 days.  

Based on a comparison of liver and kidney data, cadmium in soil was estimated to be 33 percent 

bioavailable relative to soluble cadmium.  Soil characteristics for this zinc smelter soil were generally 

similar to the zinc smelter soil tested in the present study (OK-SS), and cadmium was present primarily 

as cadmium metal oxides and sphalerite (ZnS) (unpublished data). 

Anatomic and physiologic differences between rats and swine may account for differences in reported 

relative bioavailability for similar soils. As discussed in Weis and LaVelle (7), swine consume discrete, 

periodic meals, followed by a period of gastric emptying whereas rodents are continuous feeders.  

Additionally, swine do not exhibit coprophagic behavior that contributes uncertainty associated with 

dose of the test substance and intake of essential nutrients.  The anatomy of the swine gastrointestinal 

system more closely resembles that of humans than do rodents, which have a forestomach that does not 

secrete digestive acids and stores gastric flora.  High biliary excretion of lead by rats results in 

uncertainty associated with body burden estimates and may also be a factor for cadmium absorption by 

rats.  Swine, like humans, do not exhibit the levels of biliary excretion seen in rats.  Nevertheless, both 

animal models produce relative bioavailability estimates that are not markedly different.  Because the 

same soil has not be dosed across the different animal models, it is impossible to determine whether the 

differences in reported RBAs from the different models result from responses of the animals, or from 

differences in bioavailability from the specific soils tested. 

This study provides further evidence of the value of the juvenile swine model in assessing the relative 

bioavailability of soil cadmium, as well as arsenic, lead, and perhaps other metals, and reinforces the 

importance of including soil characterization and mineralogic analyses in these studies.  The three soils 

with similar chemical and physical characteristics yielded similar kidney RBA values, ranging from 

0.60 to 0.89.  Little difference was observed in RBAs for all the oxides of cadmium in these neutral pH 

soils regardless of mean particle size for the phase.  In contrast, the alkaline soil with a cadmium sulfate 
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phase had a much lower RBA despite having the smallest mean particle size.  This finding suggests that 

the solubility of the predominant cadmium phases may be a more significant factor in controlling 

relative bioavailability than is particle size. 
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Figure 1.  Group mean blood cadmium by day for bleed I.  The time course of changes in blood 

cadmium concentrations are shown for the cadmium chloride reference groups and the Pt. Mugu soil 

group.  Group means are shown. 
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Figure 2.  Blood cadmium AUC dose-response for Pt. Mugu soil and cadmium chloride.  AUC was 

calculated using the trapezoidal rule to estimate the AUC at each time point (i.e., days 0, 6, 8, 10, 12, 

and 14), and summing the areas across all time intervals in the study.  Individual animal mean AUC is 

shown plotted against the body weight-adjusted dose for that animal, along with regression lines from 

weighted simultaneous linear regression, with each dose group weighted by the inverse of the predicted 

variance. 
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Figure 3.  Kidney cadmium dose-response.   

Panel A shows kidney cadmium concentration vs. cadmium intakes for the cadmium chloride 

reference group vs. Pt. Mugu soil, and panel B shows kidney cadmium concentration vs. cadmium 

intakes for the other three soils as compared to the cadmium chloride reference group.  Individual 
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animal data points are shown along with regression lines from weighted simultaneous linear regression, 

with each dose group weighted by the inverse of the predicted variance and the soil intercept restricted 

to be equal to the response from the control animals. 
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Table 1.  Soil Characterization 

Chemical Units 

Pt. Mugu 
Soil  

(PTMG)  
CO Smelter Soil  

(CO-SCS) 

OK 
Smelter 

Soil  
(OK-SS)  

Dugway Soil 
(DPGC) 

Conventionals            
PH s.u. 8   8  8   9  

Total organic carbon % 2   2  5   3  
Total inorganic carbon % 1   0 U 1   2  

Cation exchange capacity 
meq/100
g 66   54  70   52  

Particle Size Distributiona            
Very coarse sand (850–2,000 
µm) % 12   9  13   11  
Coarse sand (425–850 µm) % 31   11  16   9  
Medium sand (250–425 µm) % 30   13  15   8  
Fine sand (106–250 µm) % 20   26  17   30  
Very fine sand (75–106 µm) % 2   10  4   10  
Percent silt (4–75 µm) % 2   28  32   3  
Percent clay (<4 µm) % 3   3  2   30  

Cadmium Concentrationb mg/kg 4,109 ±375 452 ±7 102 ±0.7 47 ±0.4 
Other Metal Concentrations            
Arsenic mg/kg 165   416  77   9  
Chromium mg/kg 16,300   26  19   42  
Copper mg/kg 1,950   89  1,300   45  

Iron mg/kg 15,600   
20,50
0  22,500   

14,10
0  

Lead mg/kg 1,140   642  1,000   71  
Manganese mg/kg 138   510  804   266  
Mercury mg/kg 2   8  0.900   6  
Nickel mg/kg 3,850   17  45   24  
Phosphorus mg/kg 3,310   804  790   1,150  
Silver mg/kg 171   2 U 24   3  
Zinc mg/kg 1,370   1,310  28,500   394  
Notes: Soils sieved to <250 µm 
            U  –  undetected; value represents reporting limit 
                 a Measured on <2-mm size fraction 
                  b Reported cadmium concentrations are based on triplicate analyses. 
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Table 2. Cadmium Mineralogy 

Pt. Mugu Soil 
(PTMG)  

CO Smelter Soil 
(CO-SCS)  

OK Smelter Soil 
(OK-SS)  

Dugway Soil 
(DPGC) 

Cadmium 
Form 

Percent 
Mass 

Distribution

Average
Particle 

Sizea 
(µm)  

Percent 
Mass 

Distribution 

Average 
Particle 

Sizea 
(µm)  

Percent 
Mass 

Distribution 

Average 
Particle 

Sizea 
(µm)  

Percent 
Mass 

Distribution 

Average 
Particle 

Sizea 
(µm) 

CdCa(M) oxide 47.6%  16   31.5%  21   --  --   --  --  

CdCl2 5.8%  12   --  --   --  --   --  --  

Cd(M) oxide --  --   44.2%  6.4   --  --   --  --  

Cd(M) silicate --  --   6.7%  14   --  --   --  --  

Cd(M) sulfate 1.5% b 18 b  0.4%  2   --  --   99.4%  2.1  

Cd oxide 42.6%  4.2   7.7%  3.0   --  --   --  --  

Cd sulfide 1.3%  9   --  --   --  --   --  --  

CdFe oxide 0.0%  23   1.7%  23   92.5%  34   0.6%  26  

CdFe sulfate 0.1%  13   --  --   7.5%  24   --  --  

CdPb(M) oxide --  4   7.0%  4.6   --  --   --  --  

No. particles counted --  176   --  114   --  110   --  108  

Note:  --  –  Not present 

Note:  Forms contributing less than 1% of cadmium mass in any sample are not shown. 
Note:  (M) stands for "metals" and generally consisted of a combination of Al, Fe, Pb, Sb, and/or Zn. 
a Based on long-axis dimensions. 
b Sum of CdMSO4 and CdSO4 data. 
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Table 3.  Cadmium Relative Bioavailability Estimates 

  

Pt. Mugu Soil 

(PTMG) 

CO Smelter 

Soil (CO-SCS) 

OK Smelter 

Soil (OK-SS) 

Dugway Soil 

(DPGC) 

Kidney         

  RBAa 0.60 0.89 0.79 0.18 

  Lower boundb 0.52 0.61 0.53 0.07 

  Upper bound 0.69 1.19 1.07 0.30 

  Standard error 0.05 0.17 0.16 0.07 

Liver         

  RBA 0.96 0.66 0.76 0.09 

  Lower bound 0.80 0.33 0.40 –0.02 

  Upper bound 1.19 1.03 1.16 0.21 

  Standard error 0.11 0.21 0.22 0.07 

Blood AUC (bleed1)       

  RBAc 0.56 NA NA NA 

  Lower bound 0.40 -- -- -- 

  Upper bound 0.89 -- -- -- 

  Standard error 0.12 -- -- -- 

  

a RBA – Relative bioavailability adjustment 
b The upper- and lower-bound values represent the upper and lower 95th percentile 

values on the RBA estimates (based on application of Fieller’s formula). 
c RBA based on blood area–under-the-curve (AUC) was fit excluding the control 

(0 dose) data, because the response at 0 dose was non-detect.  

  NA – not analyzed       
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Study Design:  Dermal Absorption of Cadmium from Soil 
in Human Cadaver Skin 
 

Introduction 
 
The physical form of cadmium occurring in soils (i.e., its speciation) is believed to 
determine the extent to which this element may be absorbed into a human receptor.  To 
date, there have been no studies of dermal cadmium absorption from environmentally 
contaminated soil, and little is therefore known about the mineralogical and soil factors 
that control this endpoint.  In the Wester et al. (1992) study, dermal cadmium uptake was 
measured using cadmium chloride freshly mixed with soil.  In this study, cadmium 
chloride was dissolved in water and mixed with the test soil (Yolo County loam; 180–300 
µm size fraction) in the laboratory, and then applied to human cadaver skin in vitro 
(loadings of 4 and 40 mg/cm2) for 16 hours.  Dermal absorption of cadmium was estimated 
to be 0.08 to 0.20%, based on the percent of the applied dose present in the skin and 
receptor fluid combined. 
 
The in vitro studies conducted for this project will use a similar approach to the Wester et 
al. (1992) study, but will use environmentally contaminated soils to provide estimates of 
dermal cadmium absorption from soils as they exist in the environment.  Exposure 
conditions in this study have been chosen to be representative of human exposures in the 
environment.  These include a 24-hour exposure period, use of the fine soil fraction (i.e., 
<150 µm), and a soil loading rate of 4 mg/cm2.  The resultant data will be used to 
evaluate whether cadmium weathered into soil exhibits significantly lower dermal 
absorption than cadmium freshly mixed with soil. 
 
 

Study Design 
 
Dermal absorption of cadmium in soil will be studied in human cadaver skin at the 
Dermatology Department, University of California, San Francisco.  The goal of this study 
is to replicate the work of Wester et al. (1992), while using cadmium-bearing soils from 
two environmental sites (provided by Exponent).  Experimental procedures will generally 
be those provided in Wester et al. (1992), with the exceptions specified below. 
  
The test soils for this research will each be sieved to <150 µm (100 mesh) prior to use, 
and total cadmium concentration will be determined on triplicate aliquots of each sieved 
soil.  The two environmentally contaminated soils to be used in this study will contain 
cadmium concentrations in the range of 200–1,500 mg cadmium/kg soil.  The reference 
material, consisting of cadmium chloride freshly mixed with Yolo County loam (<150 
µm size fraction) (per the method of Wester et al. 1993) will have a concentration in the 



range of the environmental soils.  Immediately prior to topical application, each test soil 
will be moistened with 15% (w/w) of de-ionized water. 
 

This study will evaluate two environmentally contaminated soils, and a reference material 
consisting of cadmium chloride freshly mixed with Yolo County loam (per the method 
described in Wester et al. 1993).  A negative control, consisting of the Yolo County loam 
with no cadmium applied will also be evaluated.  Each of the four substrates will be 
tested in duplicate using human cadaver skin obtained from four different sources (Table 
1).  This will result in 32 tests. 
 

Table 1. Study matrix for dermal cadmium absorption study 

Human Skin Formulations 

Source: A A B B C C D D 

1 X X X X X X X X 

2 X X X X X X X X 

3 X X X X X X X X 

4 X X X X X X X X 

 
A and B are cadmium-bearing soils (supplied by Exponent), C is the Yolo County soil 
(used in Wester et al. 1992) mixed with cadmium chloride, and D is the blank control.  
 
Human cadaver skin from four different sources will be dermatomed to 500 µm and 
stored refrigerated.  Flow-through cells with a 5-cm2 skin surface area will be used, with 
Eagles MEM (flow rate of 3.0 mL/hr) as the receptor fluid.  The test soil (20 mg, <150 
µm) will be evenly distributed on the skin surface with a glass rod, to achieve a loading 
rate of 4 mg/cm2.  Receptor fluid will be collected for a 24-hour exposure period (72 mL 
sample).  At the end of the 24-hour period, the experiment will be stopped, the post-
exposure soil will be collected, and the skin surface will be washed once with 1 mL of 
liquid soap and twice with 1 mL of distilled water.  The wash waters will be pooled for 
analysis.  The skin will be completely solubilized in Soluene 350 and 1M HCl, in 
preparation for analysis.  This will result in four analytical samples (1 receptor fluid, 1 
post-exposure soil, 1 wash water, and 1 skin sample) per test. 
 
To ensure that cadmium will be detectable in the receptor fluid using the above design, a 
pilot study will be performed using two different aliquots of the reference material 
(cadmium chloride mixed with Yolo County soil; <150 µm size fraction) prepared to 
contain 400 and 2,000 mg cadmium/kg soil (dry weight).  Each of these reference 
materials will be evaluated for percutaneous absorption of cadmium in one cadaver skin 
type, with each test conducted in duplicate.  Duplicate blank control samples (Yolo 
County soil alone) will also be evaluated during this pilot study.  The receptor fluid and 
skin from these six tests, along with the two samples of reference material, will be 
analyzed for total cadmium concentration. 



 

All samples generated during this study will be shipped to Battelle Pacific NW Labs in 
Sequim, Washington, for analysis of total cadmium concentration by inductively coupled 
plasma/mass spectrometry (ICP/MS; EPA Method 1638).  This method will achieve a 
detection limit of 0.02 ug/g (dry weight) for solid samples (soil and skin), and 0.05 ug/L 
for the skin wash solution.  Receptor fluid samples will be subjected to a 
preconcentration step (using iron/palladium coprecipitation) to reduce the detection limit 
in these samples to approximately 0.006 ug/L. 

 

Detection Limit Calculation 
Assuming exposure to 24 mg of soil (soil loading of 4 mg/cm2 on 6 cm2) with 200 mg 
Cd/kg soil, and 0.02% absorption into the receptor fluid, we’d have 9.6E-7 mg Cd in the 
72 mL of fluid, or about 0.013 ug/L.  This is about 2-fold higher than Eric’s detection 
limit for Cd in receptor fluid (even with the preconcentration step).  We should be in 
good shape with the skin samples.  I calculate that with 0.1% absorption into the skin 
sample, we’d have about 0.50 ug Cd/g skin (dry weight, assuming skin density is 0.8 g/cc 
and 75% water content), or about 25-fold over Eric’s detection limit.  
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This study was conducted to evaluate the dermal absorption of
arsenic from residues present on the surface of wood preserved
with chromated copper arsenate (CCA). The research reported
herein used methods parallel to those of earlier research on the
dermal absorption of radiolabeled arsenic (R. C. Wester et al.,
1993, Fund. Appl. Toxicol. 20, 336–340), with modifications to
allow use of environmental matrices that are not radiolabeled.
These modifications include the surface area of application and
dietary intake of arsenic, thus maximizing the potential for detec-
tion of dermally absorbed arsenic in exposed animals above diet-
associated background levels of exposure. Two forms of arsenic
were administered in this work. The first, arsenic in solution, was
applied to the skin of monkeys to calibrate the model against prior
absorption research and to serve as the basis of comparison for
absorption of arsenic from CCA-treated wood residues. The sec-
ond substrate was residue that resides on the surface of CCA-
treated wood. Results from this research indicate that this study
methodology can be used to evaluate dermally absorbed arsenic
without the use of a radiolabel. Urinary excretion of arsenic above
background levels can be measured following application of solu-
ble arsenic, and absorption rates (0.6–4.4% absorption) are con-
sistent with prior research using the more sensitive, radiolabeled
technique. Additionally, the results show that arsenic is poorly
absorbed from CCA-treated wood residues (i.e., does not result in
urinary arsenic excretion above background levels).

Key Words: dermal arsenic absorption; CCA; arsenic exposure;
environmental arsenic.

Prior research on the dermal absorption of soluble arsenic
administered in water, and soluble arsenic mixed with soil, in
Rhesus monkeys (Wester et al., 1993) produced mean dermal
absorption rates for soluble arsenic in the range of 2.0–6.4% of
the applied dose. Percent absorption did not vary across five
orders of magnitude in the applied dose. Also, in Wester et al.

(1993), the absorption rates for arsenic from the test soil fell
within the range of the rates for percutaneous absorption of the
arsenic administered in water. The research method was based
on dermal application and subsequent urinary excretion of
radiolabeled arsenic (As73), thereby permitting detection of
very small amounts of absorbed arsenic in the urine. Subse-
quent to this research, questions arose as to whether the data on
dermal absorption of soluble arsenic mixed with soil immedi-
ately prior to dermal application are representative of arsenic
absorption from environmental media (U.S. EPA, 2001a). Spe-
cifically, this issue affects the ongoing discussion of dermal
absorption of arsenic from wood treated with chromated cop-
per arsenate (CCA). Currently, the U.S. EPA is evaluating
whether children who repeatedly contact playground equip-
ment or decks made from CCA-treated wood may face in-
creased risks from the associated arsenic exposures (U.S. EPA
2001a, 2003). The U.S. EPA assessment currently relies on
dermal arsenic absorption data generated for soluble arsenic
and soluble arsenic mixed with soil, and may not be represen-
tative of exposures associated with contact with CCA-treated
wood. This paper used a methodology similar to that used by
Wester et al. (1993) to assess dermal arsenic absorption from
the residues that would adhere to an individual’s skin after
contacting the surface of CCA-treated wood.

Among several challenges associated with studying expo-
sure to arsenic from environmental media is the large degree of
exposure to background levels of arsenic from the diet (Schoof,
1999a,b; Yost et al., 2004). Typical daily urinary arsenic
excretion for Rhesus monkeys consuming the standard diet of
Purina monkey chow is 5–15 �g As/day. In the Wester et al.
(1993) research, the use of a radiolabeled arsenic source cir-
cumvented the confounding effects of concomitant dietary
exposures and associated difficulties in data interpretation. For
study of environmental samples (e.g., contaminated soils or
treated wood), it is not practicable to use a radiolabeled source.
Therefore, a new research protocol was designed, incorporat-
ing a low-arsenic diet. Urine samples were analyzed using
inductively coupled plasma/mass spectrometry, which pro-
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vided an adequately low detection limit for total arsenic in
urine. This alteration in the study design allows for a sensitive
evaluation of dermal arsenic absorption from natural environ-
mental media.

The research reported herein describes the use of the Rhesus
monkey model to measure the dermal absorption of arsenic
from water and from residues collected from the surface of
CCA-treated wood. The Rhesus monkey is a relevant animal
model for in vivo human percutaneous absorption (Wester and
Maibach, 1975, 1989).

MATERIALS AND METHODS

Formulations and dosing rates. An open crossover design was used, in
which each animal is dosed in each of the trials (soluble arsenic in solution
applied to the skin, CCA residue applied to the skin, and iv injection), with a
washout period of at least 14 days between each dose. This design allows for
each animal to serve as its own internal control.

The iv dose (1060 �g arsenic/monkey) was administered as a solution of
sodium arsenate heptahydrate in deionized (DI) water (2120 mg/l arsenic). For
the iv dose, each monkey received 0.5 ml of the dosing solution injected into
the saphenous vein. The iv dose was given while the monkeys were in their
metabolic cages, so the monkeys did not spend any time in the metabolic
restraint chairs, as they did with the topical doses.

For the soluble arsenic dose, arsenic was administered in water onto the
monkey’s skin at an application rate of 5 �l/cm2 evenly applied across 100 cm2

of skin, to achieve a total dermal dose of 1430 �g arsenic (Table 1). The
solution was prepared from sodium arsenate heptahydrate in DI water, which
was acidified with 1% nitric acid (trace-metal grade). The soluble arsenic dose
was designed to match the arsenic dose applied in the CCA-treated wood
residue.

The CCA residue used in this study is the easily dislodgeable material
present on the surface of CCA-treated wood, and was collected from the
surface of CCA-treated wood that had been weathered in the environment. This
represents the material that a human might contact during play or use of a
CCA-treated wooden structure. Consideration was given to using an actual
piece of CCA-treated wood in this research, but we elected to use the “col-
lected residue” for the following reasons:

● If actual wood were used, it would be impossible to accurately charac-
terize the dose of arsenic applied to the skin.

● There was concern that the environment of the skin (e.g., transdermal
water loss, irritation) may be modified if a solid structure such as wood
was applied directly.

● We could not ensure adequate wood-to-skin contact for a solid wood
material. If the wood was not held in good contact with the skin, then the
results would be biased low.

● Prior to using the “collected residue,” we evaluated the chemical structure
of arsenic in the residue and on the surface of CCA-treated wood (new and
aged). These results indicate that the nature of the arsenic in the residue
is identical to the arsenic on the surface of the wood (Nico et al., 2003).

● Because the form of arsenic in the residue was the same as in the treated
wood samples, and because use of the residue circumvented the issues
associated with items 1–3 above, we determined that use of the residue
provided the best study matrix.

The residue, in the form of a fine particulate, was supplied by the American
Chemistry Council (ACC, 2003), and represents the material present on the
surface of CCA-treated wood, which an individual might contact during use of,
or play on, structures made of treated wood. In collecting the “residue” from
the surface of the wood, efforts were made to collect the material on the surface
of the wood that might be dislodged during direct human contact with the
wood. Specifically, CCA-treated boards consisting of either Southern Yellow
Pine or Ponderosa Pine were removed from in-service residential decks in
Michigan and Georgia. Deck structures ranged from one to four years of age
and had no coatings applied. Aged structures were selected, because they were
believed to best represent the material that an individual might contact over
time. As described below, recent chemical characterization work indicates that
the chemical structure of the arsenic in the residue collected from the surface
of decks is indistinguishable from the form of arsenic in newly treated or aged
CCA-treated wood structures. A total of 1456 board sections (each 2 ft. long)
were collected and shipped to Michigan State University, where the residue
was collected as a single composite from multiple boards. The residue was
collected by wiping the boards with a soft-bristle test-tube brush while rinsing
with DI water. The rinsate and residue collected in this manner were filtered
through glass wool, concentrated by rotary evaporation under vacuum at 46°C,
and then air dried in a fume hood at 22°C and 65% humidity. The dried residue
was irradiated using Cobalt-60 irradiation for 3 h, to eliminate possible
microbial contamination of the sample.

Duplicate aliquots of the residue material used in the dermal dosing studies
were analyzed for arsenic, chromium, copper, iron, and manganese concen-
trations, which involved digestion in refluxing nitric acid and analysis by
inductively coupled plasma mass spectroscopy (ICP-MS; EPA Method 6010B;
U.S. EPA, 1997). This analytical method was used to ensure adequate sensi-
tivity for all metals of interest. As a means of comparing the composition of the

TABLE 1
Arsenic Doses Given during This Study and Earlier Dermal Absorption Studies

Study Concentrationa Volumeb

Arsenic mass

Dosed (�g) Per unit area (�g/cm2)

Soluble dose 2860 mg/lc 0.5 ml 1430 14.3
CCA residue 3555 mg/kgc 400 mg 1422 14.2
Intravenous dose 2120 mg/l 0.5 ml 1060 —
Soluble dose (Wester et al., 1993)

High dose — 0.06 ml 76 2.1
Low dose — 0.06 ml 0.00086 0.000024

Note. —, not available or not applicable.
aArsenic concentration in dosing material.
bVolume of dosing material administered.
cAverage of duplicate analyses.
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CCA residue with the composition of treated wood, samples (a 1-cm2 wood
chip from the top 0.2 cm of wood surface) of newly treated wood and a sample
of weathered wood from a five-year-old CCA-treated residential deck were
subjected to identical digestion and analyses.

For very fine soil (i.e., silty clay), a loading of 5.4 mg/cm2 of skin results in
a monolayer (U.S. EPA, 2001b). Because the residue appears similar in
particle size distribution to silty clay, and a loading rate of 4 mg/cm2 of the
residue provides complete coverage on a flat surface, a loading rate of 4
mg/cm2 was selected for this study. Application of 4 mg/cm2 on 100 cm2 of
skin area resulted in a total dose of 1422 �g arsenic (Table 1). The residue was
applied as a dry powder, and spread in an even layer across the exposure area.

In Vivo Model. Female Rhesus monkeys were selected for this research
because of their ability to duplicate the biodynamics of percutaneous absorp-
tion in humans, and because previous studies of percutaneous arsenic absorp-
tion have used this same model. Prior research indicates that percutaneous
absorption in the Rhesus monkey is similar to absorption in humans across a
variety of chemicals and range of dermal penetration characteristics (Wester
and Maibach, 1975). This research indicates that measurements from the
monkey are just slightly higher than their counterparts in the human. Results
from other species (pig, rat, rabbit) are not nearly as close to the values
measured in humans, and indicate that, of the species tested, absorption in the
monkey is closest to that in the human.

The monkeys were approximately 20 years old, which is the same approx-
imate age as the monkeys used in the previous dermal arsenic absorption
research (Wester et al., 1993). The animals reside within the monkey colony
maintained by the University of California, San Francisco, and have not been
used for active research for 18 months. Prior to the beginning of the current
series of studies, no topical doses had been applied to the skin of these animals
for more than four years.

Each topical dose was applied to a pre-measured 100-cm area of abdominal
skin of three monkeys. The dosing area was demarked by “masking” the
boundaries with a single layer of Tegaderm (a water-vapor-permeable adhesive
membrane available from 3M Health Care, St. Paul, MN) and then was dosed
by spreading the fluid (5 �l/cm2) or residue (4 mg/cm2) evenly across the
100-cm2 dosing area. The dosing area was then covered with a layer of
Tegaderm to ensure that the material remained in contact with the skin. The
Tegaderm patch over the dosing area extended well beyond the boundaries of
the exposure area. In addition to the Tegaderm patch, the abdomen of each
monkey was wrapped with Spandage Instant Stretch Bandage (MEDI-TECH
International Corp., Brooklyn, NY) to ensure that the applied dose was kept in
direct contact with the skin throughout the dosing period. This bandage is of
a web construction; most of the Tegaderm was exposed to the open air for
moisture and air exchange. Following application of the topical doses, the
monkeys were placed in metabolic restraint chairs for the duration of the
eight-h dosing period. The eight-h dosing period was selected to represent an
upper bound of time that an individual might remain in contact with residues,
and is also the upper limit of time that the monkey can remain in the metabolic
restraint chair. During this time, the monkeys had free access to water, but
were restricted from touching their abdominal area. Researchers remained in
the room and interacted with the monkeys, and the monkeys were hand fed
bananas and liquid diet during this stage.

Urine was collected during the 8-h dosing period in a pan under the
metabolic chair. After 8 h, the monkeys were removed from the chairs, the
Spandage bandage and Tegaderm patch were removed, and the applied doses
were removed using a soap and water wash (50/50 v/v, soap and water,
followed by water, soap, and two final water washes). The monkeys were then
transferred to metabolic cages for continued urine collection over the following
seven days.

As with humans, significant exposure to arsenic occurs from the normal diet
(Schoof, 1999a,b; Yost, 2004). Urinary excretion of total arsenic for Rhesus
monkeys on the standard diet of Purina Monkey Chow falls in the range of 5
to 15 �g/day—levels that would obscure accurate detection of the arsenic that
might be absorbed following topical application of arsenic. Therefore, the
monkeys were provided a low-arsenic diet (Primate Liquidiet from BioServe,

Inc.) for seven days prior to each dose. The powdered Liquidiet formulation
also was prepared into meal bars, which were provided ad libitum to the
monkeys during the research period (seven days prior to dosing through seven
days after dosing). The diet was supplemented with pieces of banana and
apple, which are both known to be low in total arsenic (Schoof et al., 1999a).
DI water was provided ad libitum. The liquid diet was provided as both liquid
and solid forms. Preference was for the solid form. The monkeys maintained
their body weight during the study.

The monkey urine samples were preserved with nitric acid (2%) at the time
of collection, and shipped to Battelle Pacific Northwest Laboratories in Se-
quim, Washington, for analysis. At Battelle, the urine samples were acidified
with an additional 2% (by volume) of concentrated nitric acid and analyzed for
total arsenic by ICP/MS (Method 1638, U.S. EPA, 2002). This method
provides a method detection limit (MDL) of approximately 0.1 �g/l arsenic in
monkey urine. Quality assurance and quality control (QA/QC) samples in-
cluded a method blank, duplicates, matrix spikes, and a laboratory control
sample at a 5% frequency of analysis.

RESULTS

Total metals concentrations of arsenic, chromium, and cop-
per in the residue are presented in Table 2, along with corre-
sponding data for a sample of newly treated wood (recently
purchased from a local retailer), and a sample of weathered
wood from a five-year-old residential deck. The relative con-
centrations of these three metals are similar for all three sam-
ples, indicating that the residue contains a proportion of the
CCA metals that is similar to both freshly treated and aged
wood. As expected, concentrations of all three metals are
somewhat lower in the wood-chip samples than in residue.
Although the residue is largely composed of decayed wood
from the wood surface, larger wood fragments were removed
from the sample during preparation of the residue, when the
residue is filtered through glass wool. In contrast, the wood-
chip samples contained a larger proportion of wood matter.
More instructive is the ratio of the different metals from these
analyses, which are similar across the samples.

Data for the mass of urinary arsenic excreted by the mon-
keys following dermal dosing are presented in Table 3 (soluble
arsenic), Table 4 (CCA residue), and Table 5 (iv dose). Data on
the background arsenic excretion for each monkey for the days
prior to the dosing period are included. The value reported for
the 0- to 24-h period is the combined arsenic mass from the
urine collected during the 8-h dosing period, a wash of the

TABLE 2
Metal Concentrations in CCA Residue and Wood

Sample
Arsenic
(mg/kg)

Chromium
(mg/kg)

Copper
(mg/kg)

CCA residue
Sample 1 3600 4120 2260
Sample 2 3510 4070 2220

Weathered CCA-treated wood 1760 2700 942
Freshly-treated CCA wood 2730a 3080a 1545a

aAverage of lab duplicates.
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urine collection pan, and the urine collected from 8 h to 24 h
after the monkeys were returned to their cages. The right-most
column in each of these tables presents the mass of arsenic
excreted for each 24-h period, corrected for background levels

TABLE 3
Urinary Arsenic Data following Dermal Application of

Arsenic in Soluble Dose

24-h Mass excreted

(�g)
Correcteda

(�g)

Animal 1
Background

24–48 h 5.07 0.00
0–24 h 1.56 0.00

0–24 h 41.58b 35.50
24–48 h 7.22 1.13
48–72 h 8.08 1.99
72–96 h 7.21 1.12
Total arsenic mass excreted (0–96 h) 39.74
Total arsenic mass excreted with urinary arsenic

excretion fraction correction (0–96 h) 48.41c

Percent absorption (0–96 h) 3.4%d

Animal 2
Background

24–48 h 6.30 0.82
0–24 h 7.08 1.61

0–24 h 10.22b 4.75
24–48 h 6.96 1.48
48–72 h 5.32 0.00
72–96 h 6.53 1.05
Total arsenic mass excreted (0–96 h) 7.28
Total arsenic mass excreted with urinary arsenic

excretion fraction correction (0–96 h) 8.87c

Percent absorption (0–96 h) 0.62%d

Animal 3
Background

24–48 h 5.20 1.79
0–24 h 3.07 0.00

0–24 h 30.35b 26.94
24–48 h 20.98 17.56
48–72 h 4.52 1.10
72–96 h 9.16 5.75
Total arsenic mass excreted (0–96 h) 51.35
Total arsenic mass excreted with urinary arsenic

excretion fraction correction (0–96 h) 62.55c

Percent absorption (0–96 h) 4.4%d

aCorrected mass calculated by subtracting median of the eight background
arsenic masses for each monkey. If corrected mass is calculated less than zero,
corrected mass is set to zero.

bSum of (0–8 h), pan wash, and (8–24 h). Pan wash concentration is
calculated using pan wash concentration minus average of wash water con-
centrations.

cCalculated by correcting excreted mass for fractional excretion of arsenic
from iv dose (i.e., 0.821 or 82.1%).

dPercent absorption calculated using soluble applied dose mass of 1430 �g.

TABLE 4
Urinary Arsenic Data following Dermal Application of

Arsenic in CCA Residue

24-h Mass excreted

(�g)
Correcteda

(�g)

Animal 1
Background

96–120 h 7.88 1.79
48–72 h 6.44 0.35
0–24 h 5.73 0.00

0–24 h 4.84b 0.00
24–48 h 4.90 0.00
48–72 h 4.86 0.00
72–96 h 5.89c 0.00
Total arsenic mass excreted (0–96 h) 0.00
Total arsenic mass excreted with urinary arsenic

excretion fraction correction (0–96 hs) 0.00d

Percent absorption (0–96 h) 0.00%e , f

Animal 2
Background

96–120 h 5.79 0.32
48–72 h 1.92 0.00
0–24 h 4.59 0.00

0–24 h 4.17b 0.00
24–48 h 2.93 0.00
48–72 h 3.77 0.00
72–96 h 3.78c 0.00
Total arsenic mass excreted (0–96 h) 0.00
Total arsenic mass excreted with urinary arsenic

excretion fraction correction (0–96 h) 0.00d

Percent absorption (0–96 h) 0.00%e , f

Animal 3
Background

96–120 h 4.40 0.99
48–72 h 4.88 1.47
0–24 h 3.44 0.03

0–24 h 4.24b 0.83
24–48 h 3.26 0.00
48–72 h 3.94 0.53
72–96 h 3.39c 0.00
Total arsenic mass excreted (0–96 h) 1.37
Total arsenic mass excreted with urinary arsenic

excretion fraction correction (0–96 h) 1.66d

Percent absorption (0–96 h) 0.12%e , f

aCorrected mass calculated by subtracting median of the eight background
arsenic masses for each monkey. If corrected mass is calculated less than zero,
corrected mass is set to zero.

bSum of (0–8 h), pan wash, and (8–24 h). Pan wash concentration is
calculated using pan wash concentration minus average of wash water con-
centrations.

c24-h mass excreted is estimated as 1⁄4 of 72–168 h sample mass.
dCalculated by correcting excreted mass for fractional excretion of arsenic

from iv dose (i.e., 0.821 or 82.1%).
ePercent absorption calculated using CCA residue applied dose mass of

1422 �g.
fNot statistically different from background.
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of arsenic in urine by subtracting out the median of the eight
background data points for each monkey, on a monkey-specific
basis. (In other words, the eight background values for each
monkey were compiled, and the median was calculated for
each monkey. The median values of 6.09, 5.48, and 3.41 �g
arsenic/24-h period for monkeys 1, 2, and 3, respectively, were
subtracted out of the 24-h urine value to yield “background-
corrected” values.) The median value was selected because it is

the best representation of the central tendency of background
urinary arsenic excretion over time, and is less sensitive to
potential outlier effects (Fig. 1). This correction was applied to
the data to reduce the influence of dietary arsenic on the
excreted arsenic mass. The mass of arsenic excreted that is
associated with the dermally applied dose is calculated by
adding the mass excreted from the time of dosing through 96 h
after dosing. After 96 h, the arsenic excretion has returned to
background levels.

Prior research indicates that for female Rhesus monkeys,
urinary excretion of an iv dose of arsenic was 80 � 6.7% of the
administered dose (Wester et al., 1993). The iv dose given
during this study resulted in 82.1 � 2.2% of the administered
arsenic dose excreted in urine (Table 5). The average urinary
arsenic excretion value from this study (82.1%) was used to
adjust the assumed total mass of arsenic excreted over the 96-h
collection period, by dividing the calculated mass excreted by
0.821. This correction is intended to account for the fraction of
arsenic that might be retained within the body or excreted by
other routes (e.g., feces). This calculated mass excreted was
then divided by the applied dose to calculate the percent of the
applied dose that was absorbed for each animal and each
dosing substrate. The percent absorption of arsenic was calcu-
lated in the following manner:

Percent absorption �

�Corrected mass excreted0 –96 hours

� Urinary Excretion Fraction�

Applied dose
� 100

(1)

For the soluble dose, absorption rates were 3.4, 0.62, and
4.4% for the three monkeys in the study (Table 3). Dosing
levels used in our earlier research on the dermal absorption of
arsenic are compared to those used in this study in Table 1.
Despite the nearly seven-fold difference in the dermal loading
rate between the two studies, the average absorption rate for
the group dosed with soluble arsenic (2.8%) is consistent with
results from Wester et al. (1993) (Table 6). These results are
consistent with the previous study, wherein absorption rates
were relatively consistent (range of 2–6.4%) despite a five-
orders-of-magnitude change in the dose levels (i.e., an applied
dose range of 0.000024 to 2.1 �g/cm2). These data strongly
support the suggestion that the difference in the measured
absorption rates in the Wester et al. (1993) research reflects
experimental variability rather than dose-related differences in
absorption (U.S. EPA, 2001b). This is consistent with our
understanding of individual variability in percutaneous absorp-
tion in humans and animals (Wester and Maibach, 1991, 1997).

Converse to the results for soluble arsenic, data from dermal
application of CCA residue indicate virtually no absorption.
Absorption rates following dermal application of residue are
presented in Table 4. These data show that urinary excretion of
arsenic following dermal application of the CCA residue does

TABLE 5
Urinary Arsenic Data following Intravenous Arsenic Dose

24-h Mass excreted

�g
Correcteda

(�g)

Animal 1
Background

96–120 h 5.14 0.00
48–72 h 8.64 2.55
0–24 h 7.10 1.01

0–24 h 767.28b 761.19
24–48 h 65.88 59.79
48–72 h 19.54c 13.45
72–96 h 19.54c 13.45
Total arsenic mass excreted (0–96 h) 847.88
Percent absorption (0–96 h) 80.0%d

Animal 2
Background

96–120 h 5.16 0.00
48–72 h 7.26 1.79
0–24 h 4.54 0.00

0–24 h 761.84b 756.36
24–48 h 80.45 74.97
48–72 h 24.60c 19.13
72–96 h 24.60c 19.13
Total arsenic mass excreted (0–96 h) 869.59
Percent absorption (0–96 h) 82.0%d

Animal 3
Background

96–120 h 2.25 0.00
48–72 h 2.91 0.00
0–24 h 3.38 0.00

0–24 h 706.09b 702.68
24–48 h 123.50 120.09
48–72 h 38.68c 35.26
72–96 h 38.68c 35.26
Total arsenic mass excreted (0–96 h) 893.29
Percent absorption (0–96 h) 84.3%d

aCorrected mass calculated by subtracting median of the eight background
arsenic masses for each monkey. If corrected mass is calculated less than zero,
corrected mass is set to zero.

bSum of (0–8 h), cage wash, and (8–24 h). Cage wash concentration is
calculated using cage wash concentration minus average of wash water con-
centrations. [iv-dosed monkeys did not use the metabolic chair, and the cage
wash was collected from below the cages after collection of the (0–8 h)
sample.]

c24-h mass excreted is estimated as 1⁄2 of 48–96 hr sample mass.
dPercent absorption calculated using intravenous dose of 1060 �g.
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not cause a detectable increase in urinary arsenic excretion,
despite the fact that equivalent doses of arsenic were applied
for both soluble arsenic and residue.

The time profiles for urinary arsenic excretion by each
monkey are provided in Figure 2. These charts show a consis-
tent time course for the three monkeys; peak excretion of
arsenic occurs within 24 h of the dermal application of the
soluble dose, with a rapid return to near-background levels of
excretion within 48 to 72 h. Peak 24-h urinary arsenic excre-
tion following the soluble dose ranged up to a maximum value
of 41.6 �g. The time profile for arsenic excretion following
dermal application of the CCA residue is also consistent across
all three monkeys. Figure 2 depicts that, following application
of the CCA residue, there is no increase in urinary arsenic
excretion, followed out through time.

Because the number of animals that can be used in pri-
mate research is constrained, the crossover study design—
wherein each individual animal is dosed in each dose group,
and data from each individual monkey can be used as its
own “comparison control”—was specifically selected for
use in this research. This study design optimizes the poten-
tial to observe statistically significant results despite the
small sample size. It does necessitate, however, use of
specific statistical approaches that are consistent with the
study design. To determine whether the difference in the

FIG. 1. Background urinary arsenic mass excretion in comparison to excretion following dosing with CCA residue.

TABLE 6
Summary of Dermal Arsenic Absorption Values from Various

Dosing Substrates

Substrate

Percent absorption

Average � SD (Range)

Soluble dose 2.8 � 1.9 (0.62–4.4)
CCA residue 0.04 � 0.07a (0.00–0.12)
Wester et al. (1993)

Soluble
Low dose 6.4 � 3.9 —
High dose 2.0 � 1.2 —

Soluble mixed with soil
Low dose 4.5 � 3.2 —
High dose 3.2 � 1.9 —

Note. —, not available or not applicable.
aNot statistically different from background for any monkey.
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results for the two dermal exposure groups was statistically
different from background or from each other, an ANOVA
analysis followed by a Tukey’s multiple comparison test
was conducted. In a study with a small number of animals,
the variability between animals could be greater than the
differences in absorption for different treatment groups;
thus, statistical differences should be assessed after account-
ing for overall differences between monkeys. Because of the
sequential nature of the data generated (i.e., at specified time
points after dosing), analyses must also account for any
time-dependent patterns present over the sampling period
evaluated (e.g., comparing data within a given timepoint).
The ANOVA model used to evaluate these data included
factors for monkey, time, and treatment group. The factor
for monkey controls for inter-monkey differences in mass
excreted, allowing each monkey to serve as its own control.
Monkey number was included as a random factor, because
the monkeys tested were not specifically of interest but

rather a random selection of monkeys. In order to incorpo-
rate the sampling order, time period was included in the
ANOVA model as an ordered factor. After accounting for
monkey and time period differences, the treatment factor
(i.e., soluble or residue dose group) was assessed for sig-
nificance and followed by Tukey’s multiple comparison test
to identify which treatments are different from one another,
using an overall significance level of 0.05 or 95% confi-
dence. Results indicate that the urinary arsenic excretion
levels in the animals exposed to the CCA residue are not
statistically greater than background. This is also depicted in
Figure 1, which shows a scatter plot of the daily urinary
excretion values for each monkey, including background
urinary excretion for each animal (i.e., prior to dosing
trials), in comparison to the daily urinary excretion follow-
ing exposure to the CCA residue. This figure demonstrates
that the range of daily urinary excretion following exposure
to CCA residue falls well within the range of background

FIG. 2. Urinary arsenic mass excre-
tion in 24-h increments.
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urinary arsenic excretion. Conversely, the urinary arsenic
excretion in the animals exposed to soluble arsenic in solu-
tion is significantly greater than background, and signifi-
cantly greater than the residue exposure group.

DISCUSSION

The results from this research indicate that the method-
ology described above can be used to evaluate dermally
absorbed arsenic from environmental samples. The devel-
opment of this method was challenging because of the high
degree of background arsenic exposure from the diet, and
the potential for that background exposure to obscure any
signal from a dermally applied dose. Use of the low-arsenic
diet resulted in an approximately four-fold decrease in uri-
nary arsenic excretion relative to the standard primate diet,
and allowed for detection above background of a dermally
applied dose of arsenic.

Although the results indicate that the urinary arsenic levels
following topical administration of arsenic in CCA residues are
not distinguishable from background, the non-zero values for
background urinary arsenic excretion, and the variability of the
measured background values, impose some limits regarding
the sensitivity of the model to detect an absorbed dose. A
statistical evaluation using a comparison of means (t-test) for
our data indicates that the absorbed dose would need to be in
the range of 0.10 to 0.16% of the applied dose, at the dosing
levels used in this study, for daily arsenic excretion levels to be
detectable above background. Thus, while these data suggest
that there may not be any dermal absorption of arsenic from
CCA residue (no monkey demonstrated urinary arsenic excre-
tion that was statistically different from background), the un-
certainty associated with this research model tells us that
dermal absorption of arsenic from CCA residues is at least an
order of magnitude lower than absorption of soluble arsenic
from solution.

Extensive chemical analyses indicate that the arsenic present
in the CCA residue used in this study is structurally and
chemically identical to the arsenic present on the surface of
newly treated or aged CCA-treated wood (Nico et al., 2003),
thus making it an appropriate study substrate for understanding
the potential dermal absorption of arsenic following contact
with CCA-treated wood. The negligible absorption of arsenic
from the CCA residues derives from the fact that this arsenic is
chemically bound with other metals (particularly chromium)
and ultimately to the wood structure (Bull, 2001; Nico et al.,
2003). The physico-chemical conditions on the surface of the
skin do not result in the liberation of arsenic from the residue,
thus precluding absorption. These results indicate that percu-
taneous absorption of arsenic from environmental media can be
significantly different from soluble arsenic or even soluble
arsenic mixed with environmental media (Table 6). Therefore,
it is not appropriate to apply generic assumptions regarding
dermal absorption to these unique matrices, and medium-

specific analysis may be required to understand the dermal
absorption from them (and potential associated risks). This
appears to be true for arsenic, and may be true for other metals
that form similarly stable complexes in the environment. The
latter point should not be overgeneralized until additional met-
als have been thoroughly studied.
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TO: Mike Ruby, Yvette Lowney, Dr. Evelyn Tiffany-Castiglioni 

FROM: Johanna Salatas 

DATE: January 25, 2002 

CONTRACT: 8601191.001 0301 0102 R575 

SUBJECT: Selecting an appropriate avian receptor for SERDP bioavailability research 
 
 

The American robin (Turdus migratorius) and American woodcock (Scolopax minor) are the two 
avian receptors that consistently indicate the greatest level of potential soil exposure according to 
exposure models.  Therefore, the SERDP research needs to ensure that the avian species selected 
for our laboratory studies accurately represents the exposures that may be incurred by these 
target receptors.  Since determining that the quail was not an adequate surrogate for the target 
species, we have discussed using sparrows, starlings, or robins.  Below is discussion of several 
issues regarding the suitability of each of these species for our research. 
 
The House Sparrow (Passer domesticus) has been considered as a surrogate research receptor for 
the robin and woodcock due to its widespread availability and the fact that it is easy to capture.  
However, the diet and foraging strategies of the sparrow, and the associated gastrointestinal 
physiology, are not comparable to those of the robin and woodcock, making the sparrow a 
potentially inappropriate surrogate for the study.   
 
 
Significant Species Differences 

Diet 

The house sparrow typically consumes grains and seeds (Lowther and Cink 1992).  In the spring 
and summer, only 9% of the house sparrow diet consists of invertebrates.  In contrast, the 
woodcock consumes 80% invertebrates by volume, with earthworms predominating in the diet 
(Keppie and Whiting 1994).  Similarly, in the spring and summer, the robin is generally 
considered a ground feeder on terrestrial invertebrates, primarily soft invertebrates such as 
earthworms (Sallabanks and James 1999).  The sparrow is probably not as efficient at digesting 
invertebrates and associated soil as the woodcock and robin.   
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Foraging Strategies 

The foraging strategies of the house sparrow include foraging on the ground for seeds, and 
perching on stems to reach seed heads (Lowther and Cink 1992).  Although they do consume 
invertebrates, these prey are typically captured by aerial fly-catching or by gleaning insects from 
the bark of trees.  The sparrow therefore does not typically consume soil invertebrates, whereas 
the woodcock and starling do.  The food choice and foraging behavior differs greatly from that 
of the robin and woodcock, which probe the ground with their bills when foraging for 
earthworms.  The robin displays a bill pouncing behavior when capturing earthworms, thrusting 
its bill quickly into the ground (Sallabanks and James 1999).  Because both the robin and 
woodcock are exposed to the soil through their probing behaviors and diet choices, whereas the 
sparrow gleans seeds from the ground and insects from the air, the sparrow is unlikely to be 
exposed to soil in quantities similar to the robin and woodcock.   
 
 
Gastro-Intestinal Physiology 

As part of an effort to understand what might control bioavailability among different animals, 
Menzie-Cura and Associates compared the gastrointestinal physiology of several birds and 
mammals.  According to their document (Menzie-Cura 2000), omnivorous birds such as the 
robin and woodcock rely on particle retention, pH (acid digestion), intestinal surface area, transit 
time, and microbial digestion to aid with digestion, whereas granivorous birds such as sparrow-
like birds have complicated digestive systems, rely on heavily muscled gizzard and grit to assist 
in digesting very tough, fibrous foods, and do not rely on gastric acids to help digest.  This is 
important because the acidity of the gastric fluid is known to be the most important factor 
controlling the oral bioavailability of lead in mammals.  In the Menzie-Cura (2000) document, 
the authors also state, “The physical, chemical, and biological features of wildlife digestive 
systems vary such that caution should be exercised when extrapolating among species.”   
 
The differences in the foraging methods, dietary needs, and physiology of the house sparrow 
when compared to the robin and woodcock suggest potential criticisms by study reviewers, and 
suggest that the sparrow will not be a good surrogate species for assessing the bioavailability of 
metals to robins and woodcocks.   
 
 
Appropriateness of the Starling as a Surrogate 

The starling is an adaptable bird with a broad diet (Perrins 1996).  Between 41% and 73% of the 
annual diet of the starling consists of animal matter.  In the fall and winter, the starling switches 
from an invertebrate diet to a fruit diet (Cabe 1993), similar to the American robin.  The head 
and bill musculature of starlings is well adapted to foraging for invertebrate prey in soil and short 
vegetation (Cabe 1993).  Foraging behavior is similar to that of the woodcock and robin, because 
the starling also inserts its bill into the ground while hunting, allowing the bird to dig for soil 
invertebrates.  The diet and foraging behavior of the starling suggest many similarities to the 
robin and woodcock, and the omnivorous aspect of their diet composition also implies that the 
starling may serve as an adequate surrogate for robin or woodcock bioavailability studies.  It is 
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important to know that one complication with using the starling is the difficulty with sexing the 
animals.  The plumage of male and female starlings is nearly identical, and they usually have to 
be transported to the laboratory to be sexed.  This necessitates capturing extra animals to ensure 
an adequate number of a single sex. 
 
 
Schedule/Permit Issues for Wild Birds 

For most avian species, mist netting is not allowed during the height of the breeding season; 
therefore, birds will need to be collected during February and March, or we must wait until July.  
It is important to note that if American robins are selected for the SERDP research, permits will 
be required.  Also, Genesis Laboratories, in Wellington, Colorado, could assist us with catching 
either starlings or robins, if necessary.  They would be able to catch robins and ship them to 
Texas for a fee of $34,207 (they would trap 200 birds to account for mortality from stress during 
transport).  Alternatively, Genesis could perform all of the capturing, housing, and dosing 
aspects of the study for $44,812.  The contact at the lab, Jeff Borchert, mentioned that it would 
take approximately 30 days to obtain a permit for catching robins, because they already have 
other permits in place.   
 
 
Conclusion 

In summary, the House Sparrow (Passer domesticus) does not appear to be a good surrogate for 
American robin and woodcock for the purpose of conducting a metals bioavailability study from 
soil.  This is due to differences in diet, foraging strategies, and digestive physiology and 
chemistry.  In contrast, the European starling (Sturnus vulgaris) does appear to be an appropriate 
surrogate for American robin and woodcock.  However, if conducting the study using starlings is 
no more expensive than conducting the study using American robins, then the robin would be the 
preferred test species, given that they are the ultimate ecological receptor of concern. 
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TO: Mike Ruby, Yvette Lowney, Rob Pastorok 
FROM: Johanna Salatas 
DATE: August 29, 2002 

CONTRACT: 8601191.002.0401 

SUBJECT: Pilot Study for Evaluating the Oral Bioavailability of Metals from Soils and 
Earthworms to American Robins (Turdus migratorius) 

 
 

INTRODUCTION 

 
The objective of the pilot study was to determine how to best assess the bioavailability of heavy 
metals to American robins (Turdus migratorius) prior to initiating the full-scale study.  
Specifically the pilot study was conducted to determine how to effectively dose the robins in 
captivity, and to ensure that metal absorption can be measured in the tissues of the robins when 
dosed with DoD soils and associated metal spikes.  The study was performed from May 14, 
2002-August 19, 2002 at the Genesis Laboratories facility in Wellington, Colorado.  This 
memorandum describes the study that was initiated, the problems encountered, and the results 
obtained.   
 

OBJECTIVES 

As originally designed, the avian pilot study was going to incorporate the following three groups 
of birds: 
 
Pilot Group #1 (Positive Control): 
Six robins were to be dosed with food that was blended with a metals spike solution designed to 
deliver a mass of metals equivalent to the concentrations of the six metals of concern in one of 
three DoD test soils.  The metals of concern included:  lead, zinc, chromium, cadmium, mercury 
and selenium. 
 
Pilot Group #2 (Treatment Group): 
Six robins were to be dosed with food that was blended with DoD test soil.  The metals of 
concern and concentrations were intended to be identical to those used in the spike solution for 
Pilot Group #1.   
 
Pilot Group #3 (Negative Control): 
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Three robins were to be fed clean lab food throughout the study.   
 
However, early on in the study it was discovered that the robins did not readily accept the spike 
solutions in their diet, and therefore the objectives of the study switched to determine the best 
way to dose the birds.  Specifically it was important to determine which metals were aversive to 
the birds, and/or how many metals the birds could tolerate in their dosed food.  A full description 
of the problems encountered during the study and different methods that were used to encourage 
the birds to accept food containing spike solutions are included in the results section of this 
memo.   
 
METHODS 

Capture, Housing, Laboratory Environment 

Sixteen American robins (Turdus migratorius) were wild caught from Larimer and Weld 
Counties, Colorado, using mist nests and Potter traps between May 13 and June 10, 2002.  Birds 
were captured near tree rows on agricultural land, on golf courses and in cemeteries.  State and 
federal permits were obtained prior to collection (Colorado Division of Wildlife Permit #02-
TR821A1, U.S. Fish and Wildlife Collection Permit # MB817084-3).  Sixteen adult female 
robins were retained for the study, and all other birds were released.  Sexing was based on 
plumage using guidelines from National Geographic Society (1987), Pearson (1936), Peterson, 
R.T. (1990), Sallanbanks and James (1999), Sibley (2000), Terres (1991), Tyler (1949) and 
Udvardy (1977).   Each bird was uniquely identified with a numbered leg band prior to the 
initiation of acclimation.  The initial average body weight of the female robins used in the study 
was approximately 79 grams, ranging from 63-93 grams.  On June 26, 2002, a veterinarian 
evaluated the birds for health status.  All birds used in the study appeared healthy. 
 
The birds were held in captivity for 69 to 97 days (depending on when birds were captured).  
During acclimation and holding, food and water was provided ad libitum.   The maintenance diet 
used throughout the study included Mazuri Zulife Soft-Billed Diet 5M12 and deionized water.  
Water cups were disinfected every day using either Lysol or placed in a dishwasher.  Feed cups 
were disinfected at least once per week using the same methods.   Feed and water cups were made 
of PVC plastic.  The diet was stored in rodent proof containers and the temperature and humidity 
of the feed storage area was monitored and recorded.  Samples of the Mazuri diet were submitted 
for analysis.  
 
Test animals were housed individually in 45.5 cm3 galvanized steel cages coated with a latex 
sealer (SealTech water-based waterproofing sealer, Ace Hardware Corp, Oak Brook, IL) to 
prevent leaching of metals and subsequent exposure to the birds.  Cages were equipped with a 
PVC or wood perch.  Beneath each row of pens a galvanized steel tray containing absorbent 
material was used to collect waste.  The pens were cleaned twice per week by removing the 
woodchips underneath the cages and replacing them with fresh ones.   
 
Temperature and humidity were maintained monitored throughout the study.  Adequate 
ventilation was maintained using an exhaust system at 10-15 air exchanges per hour.   Full 
spectrum lighting was provided in the test rooms with a photoperiod of 16L:8D for the duration 
of the study.   
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Spike Solution Preparation 

Exponent initially provided Genesis Labs with a spike solution consisting of the six target 
metals, including cadmium, chromium, lead, zinc, mercury and selenium.  Although the spike 
solution was going to be prepared to match the metal concentrations present in a DoD test soil, it 
was decided to prepare the spike solution at 1/30th of the LD-50 for each target metal.  This was 
decided because in the mammalian counterpart of this study, 1/30th of the mammalian LD-50 
was the metal spike dose that was tolerated by the shrews.    
 
The six-metal spike solution was prepared on 21 June 2002.  First, one 25 ml volumetric flask 
was cleaned with 10% HCl and rinsed with deionized water.  Each metal compound was added 
to the clean 25 mL volumetric flask that contained 50 µL HNO3 (0.2%) preservative.  The target 
masses of each metal compound and the actual mass of compounds added to the 25 ml 
volumetric flask are presented in Table 1.  The spike solution was prepared based on the 
assumption that 4 mls of spike solution would be mixed into bird food to create 1000 grams of 
food, further described below. 
 
Test Diet Preparation 

Pilot Group #1 (Positive Control): 
On 21 June 2002, the six-metal spike solution described above was shipped from Exponent to 
Genesis Labs.  Genesis received the spike solution on 24 June 2002.  The following ingredients 
were used to construct 1000 grams of robin test diet: 
 
580 grams Mazuri soft-billed bird diet  
4 grams pre-mixed spike solution 
416 grams deionized water 
 
The Mazuri soft-billed bird diet was first ground into a powder like consistency using a UDY 
Mill (UDY Corp, Ft. Collins, CO).  In a table-top Kitchenaid mixer, 580 grams of the ground-up 
Mazuri diet was added.  Based on the concentrations of the metals spike solution, the amount 
required (4 mls/1000 grams of test food) was first added to 46 mL of deionized water and added 
to the Mazuri diet in the mixer.  Subsequently, another 50 mL of deionized water were gradually 
added to the mixer.  The food, water and spike solution was blended on speed 2 for 10 minutes.  
After blending for 10 minutes, the final 320 mls of deionized water were added and the mixture 
was blended on speed 3 until dough was formed.  The dough was kneaded for 5 minutes and then 
formed into 4.0 g (wet weight) balls, bagged in zip-lock freezer bags and placed in a freezer until 
used in the dosing experiments.   
 
Pilot Group #2 (Treatment Group): 
Initially the pilot study was planned to incorporate Pilot Group #2, which would have been dosed 
with soil in the test diet as opposed to spike solution.  That diet was going to be prepared in a 
similar manner to the diet prepared for Pilot Group #1, above, except a portion of DoD test soil 
was going to be used in lieu of the entire amount of Mazuri soft-billed bird diet.  Although this 
aspect of the pilot study was not carried out, the ingredients would have included the following: 
 
430 grams Mazuri soft-billed bird diet  
150 grams soil 
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420 grams deionized water 
 
[Note:  The amount of soil added to the diet (150 grams dry weight) would have represented 
15% of the robin diet.  This value will probably be increased to 20% for the main study.] 
 
Pilot Group #3 (Negative Control):   
For Pilot Group #3, the control diet was prepared in a similar manner to the diet prepared for 
Pilot Group #1, except only the following ingredients were used.   
 
580 grams Mazuri soft-billed bird diet 
420 grams deionized water 
 
Method of Administration  

Prior to test substance exposure, all birds were acclimated to non-dosed feed balls so that they 
would readily accept the balls as part of their diet.  At the beginning of the light cycle period, just 
prior to when the lights are set to come on, the maintenance food (Mazuri diet) was removed 
from the cage.  The birds were fasted for 1-2 hours.  One 4-gram feed ball (either dosed with 
spike solution if birds were part of Pilot Group #1, or not dosed if birds belonged to Pilot Group 
#3) was placed in each cage, in a feed cup surrounded by a few pieces of maintenance diet 
kibble.  The weight of the feed ball was determined before placement into the cages.  The feed 
balls remained in cages for four hours at which time the maintenance diet was placed back in the 
cages.   
 
Parameters Investigated 

Body weights were measured for each test animal at the beginning of acclimation and on the day 
the diets were first offered.  Feed ball consumption was recorded every day a feed ball was 
offered during the study.  Successful consumption of the feed ball was noted as either not 
consumed, ¼ consumed, ½ consumed, ¾ consumed, or fully consumed.  Mortality, moribundity 
and signs and symptoms of intoxication were recorded by making observations of each group 
once daily.   
 
Results 

During the study, the mean minimum and maximum daily temperatures were 19oC (±1oC) and 
26oC (±2oC), respectively.  Temperatures ranged from 16-29 oC.  The mean minimum daily 
relative humidity was 36% (±9%), and the mean maximum daily relative humidity was 58% 
(±9%).  Humidity ranged from 22-72%.  No test-substance related mortality, moribundity, or 
signs of intoxication were observed in the vehicle control or treatment group.   Occasionally, 
birds were noted to have minor abrasions unrelated to the test substance.  On July 13, pen 
number 8 (bird # 333) which was intended to belong to Pilot Group #3 (Negative Control Group) 
was noted to have ataxia and tremors.  The bird was euthanized two days later and replaced with 
pen #9 (bird #  334).  The average body weight of the birds during the study was 79 grams when 
initially captured.   
 



 
 
 

5 

Experimental Working Groups 

After the robins were fasted for 1-2 hours, food balls were then presented to the birds, in their 
feed cups, surrounded by a few pieces of maintenance kibble.  Birds were checked often during 
exposure.  If the feed balls were found elsewhere in the cage or if they had fallen through the 
cage into the bedding, they were reformed and again placed into the cages.  Birds were 
acclimated for at least 10 days prior to test substance exposure.  All birds successfully ate non-
dosed 4 g feed balls prior to the onset of the dosing experiments.  
 
Pilot Group #1 (Positive Control).   
Initially the positive control group was exposed to full strength feed balls that were formulated as 
described above.  Full strength feed balls were presented to the six robins in Pilot Group #1 for 8 
days (26 June to 7 July 2002).  Out of a possible 48 feed balls, only 18 were partially or wholly 
consumed.  The amount of food consumed by each bird ranged from 4 to 20 grams of food 
during the 8-day period.  Due to the sporadic, inconsistent, and minimal consumption of the feed 
balls, it was inferred that the full strength spiked diet was unpalatable to the birds.  The birds 
would not consume feed balls, even if not dosed with spike solution, implying that the robins had 
developed an aversion to the appearance of the feed balls (Figure 1). 
 
Pilot Groups #1a and #1b:  Reduced Dosages.  The robins used in Pilot Group #1 were divided 
into two groups (Pilot Groups #1a and #1b) after it was discovered that they would not accept a 
full-strength spike in their diet (Figure 1).  On 11 July 2002, Genesis began offering food dosed 
with ½ the full-strength spike solution to three of the birds in Pilot Group #1a.  Despite the 
reduced concentration in the feed balls, the birds did not reliably consume the feed balls (Figure 
1).  From 12 July to 16 July 2002, Genesis then offered the other three birds (Pilot Group #1b) 
feed balls dosed with ¼ of the spike solution, and the other three birds from Pilot Group #1a 
were offered 1/8 of the spike solution.  The birds again did not consume the feed balls.  On 18 
July 2002 the birds in Pilot Groups #1a and #1b were offered non-dosed feed balls, but did not 
consume the feed balls, again implying that the robins had developed an aversion to the 
appearance of the feed balls.  From 18 July to 11 August 2002, Genesis tried to re-condition the 
birds to accept non-dosed feed balls as part of their diet.  This was accomplished best by 
applying peanut oil to the feed balls.  Sunflower oil was also used but the peanut oil was more 
palatable to the robins.   
  
Pilot Group #3:  ¼ Dosage. 
Because the robins in Pilot Group #1 did not accept feed balls whether they were full-strength, 
½, 1/4th, or 1/8 dosages, it was next decided to determine if birds that were previously not 
exposed to the spike solution would accept feed balls if they only contained ¼ the full-strength 
six-metal spike solution.  
 
On 18 July 2002, the three birds that were going to constitute Pilot Group #3 were offered feed 
balls dosed at ¼ the full strength dosage (Figure 1).  These birds were already acclimated to the 
feed ball diet, but did not have previous contact with any feed balls that were dosed.  Only two of 
the three birds consumed the food, and those two birds each only consumed 50% of their feed 
balls.  Therefore these three birds consumed between 0 to 2 grams of dosed food.  Subsequently, 
these three birds were placed on non-dosed feed balls again, which they readily accepted. 
 
Pilot Group #3:  Nitric Acid.   
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The next objective was to determine if the nitric acid solution (the preservative used in the spike 
solution) caused an aversion to the birds.  From 22 July to 24 July 2002, the three robins in Pilot 
Group #3 were offered feed balls that contained either ¼ nitric acid or full strength nitric acid 
(Figure 1).  The birds did not show any aversion to the nitric acid augmented feed balls, and 
therefore nitric acid was ruled out as the aversive agent in the diet.   
 
Final Treatment Groups 

The final aspect of the pilot study involved using all 15 robins that were initially intended to 
comprise Pilot Groups #1, #2, and #3.  It was necessary to shift directions away from testing the 
effectiveness of dosing soil to the robins because it was imperative that we discover how to get 
the robins to consume the spike solutions.  Because the robins showed aversion to diets 
containing a combination of all six metals, but were not offended by solution containing the 
nitric acid preservatives, it was hypothesized that multiple metals in the diet were causing an 
aversion to the diet.   
 
To better explore the food aversion phenomenon, four individual spike solutions were prepared 
by Exponent and sent to Genesis.  Prior to the onset of the pilot study, lead, zinc, chromium and 
cadmium were determined to be the priority metals of interest, in that order.  Therefore, at this 
stage, mercury and selenium were dropped as target metals.   
 
On 24 July 2002, the four individual spike solutions were prepared in the same manner as the 
initial six-metal spike solution was prepared.   Four 25 ml volumetric flasks were cleaned with 
10% HCl and rinsed with deionized water.  The target masses of each metal compound and the 
actual mass of compounds added to the 25 ml volumetric flask are presented in Table 1.  The 
spike solution was prepared based on the assumption that 4 mls of spike solution would be mixed 
into bird food to create 1000 grams of food. 
 
By 12 August 2002, all 15 robins were again acclimated to consuming non-dosed feed balls.  The 
15 robins were divided into five groups, each containing three birds.  The names of the five 
groups were:  Control, Cadmium/Combination, Lead, Chromium, and Zinc.  Three of the birds 
that were not previously exposed to dosed feed balls were used as the control group, and 
therefore continued to consume only non-dosed feed balls.  Another group of three birds that 
were not previously exposed to dosed feed balls were assigned to the lead spike solution group.  
The remaining nine birds that previously belonged to either Pilot Group #1 or Pilot Group #3 
were randomly assigned to the zinc, chromium and cadmium spike solution groups.  The 
individual spikes were administered from 12 to 18 August 2002.   
 
All birds were exposed to feed balls for seven days, except for the group of birds that belonged 
to cadmium spike solution group.  The cadmium group of birds consumed cadmium-specific 
feed balls for three days.  On the fourth day those birds were switched over to feed balls that 
contained all four metals, and consumed feed balls spiked with the multiple spike for the 
remaining four days.   
 
The robins were successful at consuming feed balls containing individual spike solutions.  The 
results are presented Table 2, and can be summarized as follows: 
 
 Robins in the lead spike solution group consumed 21 of 21 (100%) lead spiked feed balls.   
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 Robins in the chromium feed balls consumed 19.25 of 21 (91.6%) chromium spiked feed 
balls.   

 Robins in the zinc spike solution group consumed 19 of 21 (90.5%) feed balls.   
 Robins in the cadmium spike group consumed 9 of 9 (100%) cadmium spiked feed balls 

for three days.  However, when the birds were switched to the combination feed balls 
(containing all four metals), they only partially consumed 8 of 12 (58%) combination 
feed balls. 

 
At the end of the study, the three robins from the control group and the three robins from the 
combination dose group were euthanized via CO2 asphyxiation.  Each bird was skinned and 
individually double-bagged and labeled with the treatment group and bird number.  Bagged birds 
were placed on dry ice in a cooler and immediately sent, via overnight delivery, to Abbie 
Spielmann, Columbia Analytical Services, Inc., Kelso, WA.  The analytical results are presented 
in Table 1. 
 
Maintenance diet samples (Mazuri diet) were collected and frozen immediately after collection 
and maintained frozen until shipped.  The samples were shipped with dry ice by overnight freight 
to Abbie Spielman, Columbia Analytical Services, Inc., Kelso, WA.  The analytical results are 
presented in Table 1. 
 
Discussion 

The pilot study, as it was initially designed, could not be carried out because the robins did not 
readily consume feed balls dosed with the six-metal spike solution.  It was imperative that the 
birds be able to consume the spike solution, because that type of dose group was intended to 
serve as the positive control for the full-scale study.  The robins had an aversion to the dosed 
food at full-strength, ½, ¼, and 1/8 of the full-strength spike (Figure 1; Table 2).  This was true 
for birds that were initially exposed to full-strength dosages, as well as for birds that were not 
previously exposed to dosed food (Figure 1; Table 2).  The aversion was likely a result of the 
combination of metals, because when metals were dosed individually, the food was readily eaten.  
Also, the aversion was not an artefact of the nitric acid preservative contained in the spike 
solution, because birds readily ate food that contained the preservative without metals.   
 
When it was realized that the pilot study would have to shift from mirroring the full-scale study, 
the fifteen robins that were in the laboratory were used to test whether the robins had an aversion 
to any of the target metals, including lead, zinc, chromium, and cadmium (Figure 1).  Mercury 
and selenium were dropped from the full-scale study during the course of the pilot study because 
those metals are of the least concern at DoD sites.  When dosed with individual metal spike 
solutions, the birds did not seem to have an aversion to the metals (Table 2).  Lead was accepted 
in the diet most readily, followed by cadmium, chromium and zinc (Table 2).   
 
The birds that were individually dosed with cadmium were switched to feed balls that were 
dosed with a combination of the four target metals after three days of testing (Figure 1).  Those 
birds failed to consume the combination spike.  The results from this pilot study indicate that 
when four or more metals are mixed together in a spike solution at a concentration equal to 1/30th 
the LD-50, the food becomes unpalatable to the birds (Table 2).  It is unknown if two or three 
metals mixed together in a spike solution would also be unpalatable to the birds.  However, it is 
certain that individual metals can be dosed successfully in feed balls for a period of seven days. 
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The pilot study has failed to answer many questions that are necessary to make decisions about 
the full-scale study.  For example, the dosages used in the pilot study were equivalent to 1/30th of 
the avian LD-50’s for each metal.  During the full-scale study, it is likely that metals present in 
the DoD test soils will contain concentrations higher than 1/30th of the LD-50.  This could pose a 
problem, not only in terms of unpalatability issues, but could result in death.  It will be necessary 
to know if the concentrations of metals in soil will pose danger to the birds, especially because 
more than one metal may be present, and the metals will be dosed for 28 days.  Also, if more 
than one metal is present, it will be difficult to dose the birds because they will likely have an 
aversion to more than one metal in spiked food, as they did in the pilot study. 
 
The results of the pilot study indicate that the spike solutions may not have been adequately 
mixed together with the food, so they are not very reliable dosing vehicles.  This is evident from 
data presented in Table 1, where it is reported that the calculated metal concentrations in the 
spiked food are lower than the metal concentrations actually measured by CAS in the food 
samples.  For example, the cadmium concentration that supposed to be present in the feed balls 
(according to calculations) was equal to 211 mg/kg (dry weight), but the cadmium concentration 
actually measured was equal to 173 mg/kg (dry weight).  Zinc was present in the feed balls at 
significantly higher calculations than what was expected, probably because the baseline food was 
naturally high in zinc (92.7 mg/kg dry weight).  These results indicate that the in the future 
studies conducted with robins, it will be necessary to 1) try a different method of preparing the 
feed balls, and 2) account for the high amount of zinc present in the baseline food.  
 
The current method for preparing food (discussed above in Methods) can be altered to possibly 
allow more thorough homogenization of the spike solution with the food.  It would be ideal to 
first thoroughly mix all of the spike solution with the de-ionized water, and then gradually add 
the dry food to the liquids.  The food may also need to be mixed for a much longer period of 
time, to ensure that that liquid is being adequately distributed throughout the dough.  At least 
three samples of each batch of food should be submitted for analysis to ensure that the food is 
adequately homogenized with the metal spike solutions and soil when the full-scale study is 
initiated. 
 
Approximately half of the birds used in this study were exposed to 0.8 grams of soil mixed into 
individual feed balls (i.e., 20% of the 4 gram feed ball was composed of soil).  The soil was 
obtained from outside the Genesis laboratory facility, and had not been analyzed for any metals 
or other contaminants.  Genesis did not keep notes on how much the birds consumed when 
offered soil-augmented feed balls, but the personnel recall that the birds readily accepted soil 
augmented feed balls into the diet.  The offering of soil-dosed feed balls occurred prior to the 
onset of the pilot study, and therefore the robins did not yet develop any aversions to spiked 
food.  
 
Some analytical data for metals contained in the robin tissues were obtained during the pilot 
study.  The three control birds that were in captivity for 2.5 months and fed a clean diet 
contained undetectable concentrations of chromium in their tissue, but detectable concentrations 
of cadmium, lead, and zinc (Table 1).  The three birds that were initially fed cadmium spike feed 
balls, but were subsequently switched to a combination diet, show metal concentrations similar 
to those witnessed in birds that consumed the control diet, with the exception of cadmium, which 
is higher (Table 1).  The cadmium is likely higher because it was dosed for a period of seven 
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days in those birds, as opposed to four days, like the other three metals.  In the full-scale study, it 
is anticipated that the birds will be exposed to metals for 28 days.  Based on the short-term 
nature of the pilot work, it is still unknown if all four metals will be detectable in avian tissues 
after 28 days of dosing.   
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Small mammals such as shrews are among the wildlife receptors for which ecological risk 

assessment models consistently indicate the greatest level of potential exposure to metals 

in soil.  These small mammals receive much of their soil exposure from direct soil 

ingestion during foraging and preening activities, or from consumption of soil-laden 

earthworms.  In assessing risks to these receptors from soil contamination, the standard 

method is to assume that contaminants have a relative bioavailability of 100% (i.e., the 

efficiency of metals absorption from ingested soil is equal to that which occurred in the 

laboratory tests conducted to determine toxicity thresholds).  However, a growing body of 

research indicates that many chemicals—including metals—are less bioavailable from 

ingested soil than from soluble forms (i.e., the forms typically used in laboratory toxicity 

tests), when dosed in a similar manner.  This research was conducted to determine the 

relative oral bioavailability in least shrew (Cryptotis parva) of arsenic, cadmium, 

chromium, and lead from four soils.  Each soil was dosed at three different concentrations, 

as were soluble metals spiked into food to dose-match each soil dose group.  Results 

indicate that the relative bioavailability of arsenic, cadmium, and lead ranged from 7% to 

49%, 13% to 81%, and 21% to 60%, respectively.  Chromium(III) was not absorbed from 

soil, even at very high doses, and Cr(VI) was absorbed to a slight extent from a soil that 

was spiked with a high concentration of Cr(VI). 

 

Key words:  shrew, metals, soil, oral bioavailability  
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Limited research has been conducted on the bioavailability of metals from soil to 

mammalian wildlife.  Given the lack of information on this topic, ecological risk 

assessments generally assume that metals in soil are equally bioavailable as the soluble salt 

forms typically used in toxicity studies, potentially resulting in overestimates of exposures 

and related risk.  For example, the U.S. Environmental Protection Agency’s (EPA’s) 

guidance for developing ecological soil screening levels assumes that the bioavailability of 

contaminants in soil is equal to the bioavailability of the contaminant in the laboratory 

study used to establish the toxicity reference value [1].  This assumption is consistent with 

ecological risk assessment guidance under Superfund [2].  However, a growing body of 

research indicates that many chemicals—including metals—are less bioavailable from 

ingested soil than from the soluble forms that are typically used in laboratory toxicity tests 

[3, 4] (Framework for inorganic metals risk assessment (external review draft), U.S. EPA: 

http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=88903).  14 

15 

16 

17 
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21 
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23 

The mammalian wildlife receptors for which ecological risk assessment models 

consistently indicate the greatest level of potential soil exposure are the short-tailed shrew 

and the cottontail rabbit, due to incidental soil ingestion during normal activities of 

burrowing, eating, and grooming.  Due to the dietary requirements of the shrew, this 

receptor ingests considerable quantities of soil, both directly and indirectly (in earthworms, 

which constitute a large part of their diet).  It is partly for this reason that EPA considers 

the short-tailed shrew to be a good sentinel receptor for the mammalian insectivore guild 

[1], and why this species was selected for the current study.  It is also important to note 

that the short-tailed shrew is the mammalian receptor that yields the lowest ecological soil 
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screening levels (eco-SSLs) for most of the metals that have been evaluated in the eco-SSL 

process to date, and thus will be important in setting soil screening levels for ecological 

receptors.  

To provide data regarding the bioavailability of metals to this sentinel species, this 

research project was designed to measure the absorption of metals by shrews after soil 

ingestion, relative to the absorption of the soluble forms of these metals that have been 

used in toxicity studies.  It was the intent of this research to develop an in vivo model for 

measuring the relative bioavailability of metals in soil to shrews, and to produce data that 

can be used in ecological risk assessments. 

Because this research was funded by the Strategic Environmental Research and 

Development Program (SERDP), the focus was on metals that occur in soils at Department 

of Defense (DoD) facilities.  As a precursor to this research, metal concentration data for a 

wide variety of DoD facilities were screened against established regulatory criteria for 

ecological endpoints.  The metals that most frequently exceeded ecological screening 

criteria, in order, are lead (Pb), cadmium (Cd), mercury (Hg), zinc (Zn), arsenic (As), and 

chromium (Cr) [5].  In addition, EPA toxicologists and project managers were interviewed 

in each EPA Region regarding their perceptions of which metals were driving risks and 

cleanup decisions at DoD sites.  Although the majority of EPA personnel interviewed 

indicated that human health risk, rather than ecological endpoints, generally drives risk-

based remedial decision-making, the data indicated that ecological screening thresholds 

were exceeded more often, and to a greater extent, than human health standards [5]. 
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Shrews are small (generally <3 inches long), insectivorous mammals that inhabit round, 

underground nests and maintain underground runways, usually in the top 10 cm of soil, in 

most regions of the United States [6].  Shrews are also prey for many animals, including 

hawks, owls, weasels, foxes, and skunks [7].   

Short-tailed shrews are not generally used for laboratory research, because they must be 

wild-caught, may have diseases, and often do not adjust well to captivity.  No established 

colonies of short-tailed shrew were available for this research.  Therefore, the least shrew, 

which is already adapted to a laboratory environment, was selected as a surrogate.  The 

diet of both species consists primarily of insects and earthworms, but they also ingest plant 

matter (mostly roots) at times [6, 8].  In addition, the least shrew is a close relative of the 

short-tailed shrew, and has similar metabolic and food consumption rates.  For these 

reasons, the least shrew was deemed an appropriate surrogate species for the short-tailed 

shrew.  Only female shrews were used, because the oral bioavailability of lead in other 

small mammals (e.g., rats) has been observed to be dependent on the sex of the animals 

[9], and because females are considered to be more ecologically sensitive than male 

shrews.  

Target Metals 

As mentioned, the metals identified as important for this research were lead, cadmium, 

mercury, zinc, arsenic, and chromium.  An attempt was made to identify and collect soils 

from sites that contained this suite of metals at concentrations that would yield measurable 

post-dosing concentrations in the shrew, but would not be toxic in the sub-acute dosing 
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periods that were used in this study.  No soils were found that contained concentrations of 

mercury that would allow for measurement of oral absorption.  In addition, the cat food 

that constitutes the basal diet of the least shrew colony used in this study is quite high in 

zinc concentration (approx. 250 mg/kg, dry weight) (several specialty cat foods were 

evaluated in an attempt to find one lower in zinc concentration, without success).  As a 

result, the elevated background zinc concentrations in shrew precluded the ability to 

measure zinc absorption from soil in this study.  Thus, the target metals for this study 

became lead, cadmium, arsenic, and chromium. 

Study Design 

In these experiments, the relative bioavailability from the test soils was assessed by 

comparing the absorption of each target metal after soil ingestion to the absorption of 

soluble forms of the metals.  Both the test soils and the aqueous mixtures of soluble metal 

salts (referred to as “reference mixtures”) were mixed with basal diet and dosed to groups 

of shrews for 28 days.  Three dose levels of each test soil or reference material were given 

to assess whether any dose-response relationship existed for metal absorption.  For a given 

test soil, the maximum daily mass that could safely be given (estimated from toxicity data 

and the metal concentrations in each soil) was established and is referred to as the “100% 

soil dose” (this ranged from 0.01 to 0.20 g soil/day for the four soils tested, depending on 

the metal concentrations they contained).  The other two soil doses were given at one-half 

and one-fourth of the initial soil dose (referred to as the “50% and 25% soil doses”).  

Doses of the target metals given as the reference mixtures were matched, to the extent 

practicable, to those delivered in the three doses for each soil.  However, because each 

shrew consumed the dosed food ad libitum, doses received by individual shrews varied.  
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After the 28-day dosing period, the shrews were terminated, and the body burden of the 

target metals was determined.  The relative bioavailability was then calculated from the 

concentrations of a target metal in the soil-dosed animals, relative to the concentrations in 

the reference-dosed animals. 

Materials and Methods 

Soil Collection and Characterization6 

7 
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Four soils containing the mixture of target metals (Pb, Cd, As, Cr) were used in this 

research.  These included soils from the Naval Weapons Air Station located in Point 

Mugu, California (hereafter referred to as DoD-PM soil), a mixture of soils from Dugway 

Proving Grounds and Picatinny Arsenal (referred to as the DoD-DP soil), an orchard soil 

from Washington State (Orchard soil), and a soil collected in the vicinity of a smelter in 

Colorado (Smelter soil).  Because none of the test soils contained detectable quantities of 

Cr(VI), the Smelter soil, which contained only 19 mg/kg chromium, was spiked with 

soluble Cr(VI) to achieve a soil concentration of 1,835 mg/kg chromium [1,355 mg/kg 

measured as Cr(VI)]. 

All soils were air-dried and sieved to <2 mm, and then to <500 µm.  This particle size was 

selected for study, because it represents a soil fraction that earthworms, a prey item for 

shrews, may ingest [10], and that will cling to earthworms when removed from a moist 

(20% water content) sandy loam soil, based on measurements made in Exponent’s 

laboratory.  Both the soil particles within and on the exterior of earthworms may be 

ingested by shrews, when feeding on earthworms.  In addition, this particle size is 
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representative of that which small mammals are likely to ingest during grooming due to 

electrostatic adherence of soil to fur.   

Each bulk soil sample (<2 mm) was analyzed for particle size distribution (sand, silt, clay), 

and the fine soil fraction (<500-µm size) was analyzed for the target metals (Pb, Cd, As, 

Cr), hexavalent chromium concentration, pH, total organic carbon (TOC), total inorganic 

carbon (TIC), cation exchange capacity (CEC), and extractable concentrations of iron 

oxides/hydroxides (method of Mehra and Jackson [11]).  The <500-µm size fraction was 

used to prepare all of the soil doses.  Each soil was heated to 80 °C for 6 hours prior to 

mixing with the shrew feed batches to eliminate organisms that could be harmful to the 

shrews.   

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

Care and Treatment of Least Shrews 

Least shrews (Cryptotis parva) were bred and maintained at the animal facilities of the 

Kirksville College of Osteopathic Medicine, Kirksville, Missouri.  Only mature female 

shrews (4–5 g), more than 30 days old, were used for the study.  The shrews were kept on 

a 14:10-hour light-dark cycle at a room temperature of 21±1 °C in individual open-top 

clear polycarbonate cages (20×18×21 cm) lined with heated dry loam soil and wood chips 

[12].  A wooden nest box (5.5×5.5×9 cm) containing dry grass, a food bowl, and a lick 

water bottle was placed in each cage.  The soil, wood chips, and grass were tested for 

target metals, and found to contain negligible concentrations.  Before starting the 

experiment, shrews were acclimated to the containment room and fed standard “clean” diet 

for one week.  Shrews were weighed at the beginning and conclusion of each experiment.  
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At 0800 hours on the day following the last day of dosing, the animals were euthanized by 

inhalation of carbon dioxide, and the carcasses were frozen. 
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Feed Preparation and Dosing Regime 

Each batch of shrew feed was prepared in the following manner:  182 g (dry weight) of 

Laboratory Feline Diet (manufactured by PMI Nutrition International) was mixed with 

203 mL of distilled de-ionized water and 156 g (wet weight) of Cozy Kitten Chicken and 

Fish Dinner (manufactured by Heinz Pet Products).  Each feed batch was mixed 

thoroughly with a stainless steel, food-grade blender.  For the soil exposure groups, the 

appropriate mass of soil was used in place of an equivalent mass of the dry feline diet (soil 

in the feed ranged from 0.31% to 6.2%, by weight).  For the reference material (i.e., 

soluble spike) groups, 2–8 mL of the appropriate spiking solution was used in place of an 

equivalent volume of distilled de-ionized water.  Each feed batch was sufficient to feed a 

dose group of 12 shrews for 14 days, after which a new batch of feed was prepared. 

A 3-g grab sample of feed was collected for metals analysis each time a new feed batch 

was prepared.  In addition, triplicate 3-g grab samples were collected from 22 feed batches 

to check for homogeneity of target metals concentrations in the dosed feed. 

The shrews were fed 3.2 g of dosed feed once daily at 0800 hours.  If any dosed feed 

remained the next morning at 0800 hours, it was removed, weighed, and archived.  When 

feed was provided each day, an estimate was made of the mass of any feed spilled by each 

shrew.  This estimate was recorded, and the spilled feed was removed from the cage.  

Distilled de-ionized water for drinking was provided ad libitum.  On the last day of the 

study (Day 28), all groups of shrews were provided standard “clean” diet at 1700 hours.   

\\boulder3\data\transfer\rick\shrew_ms\final\shrew_ms_8mar05.doc 
 



 11

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

Dose Groups 

A target of 8 surviving animals per dose group was set for this study.  Due to shrew 

mortality rates, achieving this target required starting with an excess number of shrews—a 

number of 12 was selected as the starting value (in a few of the early dose groups, extra 

animals were added during the first week, and subsequently dosed for 30 days, if the 

mortality rate within that group was particularly high).  As a result of variable shrew 

mortality rates in the different dose groups, the number of shrews varied from 6 to 11 

animals after 28 days of dosing (Table 1).  For all dose groups with 8 or fewer animals 

surviving for the entire dosing period, all of the surviving animals were analyzed.  For dose 

groups with more than 8 surviving animals, 8 animals were selected at random for 

analysis.   

Negative Controls 

For each of the different test soils, which were evaluated during separate dosing trials, a 

negative-control dose group was included and were fed standard shrew diet. 

Dosing of Soils 

Each soil exposure group consumed feed augmented with a contaminated soil, or with two 

lesser amounts (50% or 25% of the initial mass) of that contaminated soil.  Thus, for each 

soil there were three doses, representing a four-fold change in dose levels for that soil.  The 

full soil doses (referred to as 100% contaminated soil) ranged from 0.01 to 0.2 g/day, 

depending on the mixture of metals concentrations contained in each test soil (0.2 g 

soil/day represented 6.25% soil in feed; a pilot study had indicated that the shrew would 

accept up to 12% soil in diet before palatability problems occurred).   
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Each reference mixture, or soluble spike, dose group received a mixture of metals matched 

to the mixture present in each of the four test soils (i.e., the soluble spikes were designed to 

deliver the same dose of metals as those from the test soils).  The metal spike solution 

consisted of de-ionized water adjusted to pH 2.0 with nitric acid, with the following metal 

salts added at appropriate concentrations:  lead acetate trihydrate, sodium arsenate 

heptahydrate, cadmium chloride (anhydrous), and for chromium, proportions of chromium 

as chromium(III) acetate hydroxide and chromium(VI) oxide to match the proportion of 

chromium in these two redox states in the soil.  The reference mixture matched to the 

Orchard soil did not contain Cd or Cr, because there was not enough Cd or Cr in this soil 

to yield detectable amounts of these metals in the post-dosing shrew tissues.  Although the 

Smelter soil was spiked with 1,355 mg/kg Cr(VI), the reference mixture matched to the 

Smelter soil did not contain Cr.  This occurred because addition of Cr(VI) to the reference 

solution at even a fraction of the concentration required to match the dose from spiked soil 

caused a precipitate to form in the reference solution.  Rather than dose the shrews with 

this uncharacterized precipitate phase, Cr was eliminated from the reference material 

associated with the Smelter soil.  As a result, none of the shrews dosed with reference 

mixtures received doses of Cr(VI).   

19 

20 

21 

22 

23 

Sample Analyses 

The frozen shrew carcasses were shipped to Columbia Analytical Services (CAS) in Kelso, 

Washington, for analysis.  At CAS, entire individual shrew carcasses were ground in a 

laboratory meat grinder, freeze-dried, and homogenized.  A representative subsample of 

the homogenate was digested and analyzed for concentrations of lead, cadmium, arsenic, 
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and chromium by inductively coupled plasma/mass spectroscopy (ICP/MS).  The 3-g 

samples of standard diet and dosed feeds were also digested and analyzed for target metals 

by ICP/MS. 
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Data Handling and Relative Bioavailability Calculations 

For each shrew, the body burden of each target metal was measured in micrograms (µg) of 

metal per kilogram (kg) of body weight, in the freeze-dried samples.  The individual dry-

weight measurements were converted to wet-weight concentration values using the % 

solids measurements made on each sample, and these data were used to calculate average 

tissue metal concentrations for each dose group.  Metal concentrations in the samples of 

standard diet and dosed feeds were also corrected to wet weight, and were used to calculate 

actual doses received by each animal (as µg/kg-day), based on mass of feed consumed and 

average body weight over the 28-day dosing period.  These data were used to calculate 

average doses received by each dose group.  In working with the shrew tissue and feed 

concentrations, one-half the method reporting limit (MRL) was used for metals 

concentrations that were reported as non-detect. 

In biological assays, it is not uncommon to find individual measured responses that are 

atypical of animals in the same dose group.  Evaluation of shrew tissue data graphs 

indicated that all potential outliers were high relative to mean tissue concentrations for 

each dose group.  The shrew tissue data were then tested for outliers by applying Dixon’s 

outlier test [13] with α = 0.01, and testing the highest value against the other tissue 

concentrations in each dose group.  Based on this analysis, data from 12 samples were 
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identified as outliers (two each for arsenic, chromium, and lead, and six for cadmium); 

these data points were not used in calculating relative bioavailability values. 

Regression methods were used to estimate the relative oral bioavailability of the target 

metals from the four test soils relative to their respective reference materials.  A single 

simultaneous regression model was used to estimate the slope of the dose-response for 

each test material while restricting the intercept to be equal to the response from the 

control animals for each round of dosing.  This is appropriate because, at zero dose, both of 

the test substrates (soil and reference material) should yield the same response [14].  As is 

typical with animal data of this type, the variability in the response increases with 

increasing dose—a property known as heteroscedasticity.  Because heteroscedasticity of 

the data is contrary to the assumption of equal variance, which is required for a linear 

regression to be applicable, each dose group was weighted by the inverse of the predicted 

variance for that dose group (average dose was assumed for each member of a dose group).  

The predicted variance was estimated from the variance as a function of the magnitude of 

the response data, and is considered a more robust measure of variance than the dose 

group’s specific measured variance, because it is less affected by individual measurements.  

Weighting by the inverse of the predicted variance gives less weight to the more variable 

data points and achieves homogeneous variability across all dose groups.  A simultaneous 

linear regression model was then fit to the weighted data for each combination of 

soil/reference material (as described by Draper and Smith [15]).  The relative 

bioavailability for each metal in each soil was then estimated as the ratio of the slope of the 

regression for the soil versus that for the reference material.  As described by Finney [14], 

Fieller’s Theorem may be used to calculate the uncertainty range around the ratio of two 
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model coefficients, and this approach was used to estimate the uncertainty in the relative 

bioavailability estimates, as represented by the upper and lower 95th percentiles and the 

standard error. 

Results 

Soil Characterization5 

6 

7 

8 

9 

10 

11 

Metals concentrations and soil characterization data for the test substrates are presented in 

Table 2.  The test soils ranged in texture from sand to sandy loam, with pH and TOC 

ranging from 5.9 to 8.0 and 0.75% to 3.26%, respectively.  Arsenic concentrations ranged 

over a five-fold difference (60 to 331 mg/kg), while cadmium (2.4 to 1,755 mg/kg), 

chromium (36 to 8.362 mg/kg), and lead (257 to 2640 mg/kg) covered approximately 3, 2, 

and 1 order of magnitude in concentration ranges, respectively. 

Animal Results12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

Average doses delivered to each dose group of shrews are reported in Table 3 (calculated 

from metal concentrations measured in each batch of feed and average shrew body weight 

during the study).  Actual doses delivered were consistent with the four-fold target 

difference between the low and high doses for each of the metals, in each of the four test 

soils, except in cases where the dosed feed concentrations were very close to the standard 

diet concentrations.  The ratios of metal doses delivered as soil in feed, relative to doses 

delivered as the matched reference mixture in feed (Table 3), generally ranged from 0.85 to 

1.15, with a few values outside this range (0.73 and 1.37 represented the absolute limits of 

the range).  These results indicate that the dose range for metals in each soil and reference 
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mixture were approximately four-fold, and that similar metal doses were delivered in both 

the soil-dosed feed and the matched reference materials. 

During the course of the study, triplicate analyses for the target metals were conducted on 

22 samples of feed.  Based on wet-weight feed metals concentrations, the coefficient of 

variation (CV) for these triplicate analyses ranged from 1% to 21% (average of 4.9%) for 

arsenic, 1% to 24% (average of 8.6%) for cadmium, 1% to 24% (average of 7.5%) for 

chromium, and 1% to 27% (average of 6.4%) for lead, for triplicates in which no samples 

were non-detects.  These data indicate that the feed dosed to the shrews was relatively 

homogeneous and provided consistent doses to the shrews. 

High shrew mortality was observed in the first dosing trial (43%), and decreased as the 

study progressed (8% during final dosing trial, which is similar to that observed in the 

shrew colony as a whole on a monthly basis; Table 1).  With the exception of the 100% 

exposure group for the Smelter soil, mortality rates were as high for the control groups fed 

standard diet alone as they were for dose groups fed soil or reference mixtures (Table 1), 

indicating that mortality was not due to metals exposure.  It is believed that the elevated 

mortality rates early on were due to insufficient food and the effects of isolation.  A pilot 

study had indicated that 3.2 g of feed per day was a good amount for this study, because 

the average shrew would consume most, but not all, of this feed mass during each 24-hour 

period.  However, when the elevated mortality rates were observed during the first dosing 

trial, 10% of the de-ionized water in the feed mixture was replaced with an equal weight of 

dry cat food, and this appeared to increase shrew survival rates.  In addition, the shrew 

colony was normally bred and kept in groups of 6 to 12 individuals, but this study required 
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shrews to be housed individually so that doses ingested by each shrew could be monitored.  

This isolation appears to have contributed to the increased mortality rate during the first 

dosing as well, because when shrews were gradually acclimatized to living in individual 

cages, the mortality rate decreased.  These observations demonstrate the delicate nature of 

this shrew animal model, because the animals can expire with slight changes in diet or 

social organization. 

As expected, based on the understanding that these animals were underfed, all of the dose 

groups during the DoD-PM dosing trial (the first one conducted), when mortality rates 

were at their highest, experienced a decrease in body weight during the 28-day dosing 

period (Table 4).  This was followed by increases in body weight during the DoD-DP 

dosing trial, consistent with the decline in mortality rates.  However, during the last 

(Smelter soil) dosing trial, body weights declined to an even greater extent than during the 

DoD-PM dosing trial, even though mortality rates had decreased to levels seen in the 

overall shrew colony.  The Smelter soil delivered the greatest doses of arsenic, cadmium, 

and chromium, and the second-highest dose of lead, suggesting that one, or some 

combination, of these metals may have been responsible for the decreases in body weight 

during the dosing trial with this soil.  It should also be noted that shrew mortality was 

elevated in the 100% Smelter soil dose (36%; Table 1), consistent with the decreases in 

body weight (–25%; Table 4) in this dose group. 

The shrews exhibited a clear dose-response for arsenic, cadmium, and lead in the test soils 

(insufficient data were available for chromium to make this determination).  Figure 1 
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summarizes all of the dose vs. tissue concentration data for lead in the four test soils that 

were dosed to the shrews.   

Relative Bioavailability3 

4 
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21 
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Arsenic 

Relative bioavailability of arsenic from soil ranged from 7% to 49% for the three soils in 

which the regression model yielded significant results (Table 5)—dosing of the DoD-PM 

soil (82 mg/kg As) and associated spike yielded all non-detect values in the post-dosing 

shrew tissues.  The 7% relative bioavailability value for arsenic in the DoD-DP soil 

undoubtedly has greater uncertainty associated with it than would be implied by the 

standard error associated with this value, because many of the tissue arsenic concentrations 

from the soil-dosed animals were non-detect values, and those that were detects were only 

slightly greater than the detection limit (Figure 2).  As a result, the slope of the dose-

response curve for the soil-dosed animals is less certain than that for the reference-

material-dosed animals.  In contrast, arsenic concentrations in shrew tissues of animals 

dosed with the Orchard (Figure 3) and Smelter soils were well above detection limits, 

yielding more robust estimates of relative bioavailability.  These results suggest that a dose 

of approximately 3,500 µg As/kg-day in soil (Table 3) should be considered the lower limit 

for arsenic in this shrew model. 

Cadmium 

Relative bioavailability of cadmium from soil ranged from 13 to 81% for the three soils 

where the regression model yielded significant results (Table 5)—shrew tissue 

concentrations after dosing of the Orchard soil (2.4 mg/kg Cd) were all non-detect.  
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Similarly, shrew tissue concentrations after dosing with the DoD-DP were largely non-

detects (Figure 4) (analogous to the situation for arsenic in this soil).  Thus, the 13% 

relative bioavailability value for cadmium in this soil is more uncertain than the values for 

the DoD-PM and Smelter soils, but certainly indicates low absorption of cadmium (and 

arsenic) from this soil, relative to exposure to soluble salts of these metals.  Based on these 

data, a dose of at least 500 µg Cd/kg-day in soil (Table 3) is required for this shrew model. 

Chromium 

Chromium(III) does not appear to have been absorbed in the shrew, either from soil or the 

reference mixtures, regardless of dose level.  Doses up to nearly 20,000 µg/kg-day were 

delivered in the DoD-PM soil and its associated reference mixture (the DoD-PM soil 

contained 8,362 mg/kg Cr, almost entirely as Cr(III) [Table 2]), and yet no evidence of 

chromium absorption was observed for either the test soil or its reference mixture 

(Figure 5).  The same was observed with the DoD-DP and Orchard soils, which delivered 

smaller doses of Cr(III) than the DoD-PM soil. 

For the Smelter soil, which was spiked with Cr(VI) and delivered doses up to nearly 

90,000 µg-kg/day of Cr (Table 3), uptake into shrew tissue was observed (Figure 6), and 

tissue response increased with increasing dose.  At the intermediate dose of Cr from this 

soil (42.6 mg/kg-day, or a total dose of 1,192 mg Cr), only a very small fraction (approx. 

7.4×10-6) of the chromium dose mixed with soil was found in shrew tissues (average of 

0.0089 mg Cr/shrew).  In the absence of a soluble reference dose, it is not possible to 

calculate a relative bioavailability value for Cr(VI) from the Smelter soil.   
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Relative lead bioavailability from soils ranged from 21% to 60% (Table 5), with detectable 

lead concentrations in tissue from all four soils tested.  The analytical results from the 

Orchard soil were anomalous, in that tissue lead concentrations from the soil exceeded 

those from the associated reference mixture (initial relative bioavailability estimate of 

129%), suggesting that soil lead was more readily absorbed than the lead acetate spike.  

Because it seemed very unlikely that this could actually occur, and because the dose-

response from the lead reference doses associated with the other three soils tested yielded 

consistent results that contradicted results for lead from the Orchard reference mixture, the 

average dose-response from the lead acetate given during the DoD-PM, DoD-DP, and 

Smelter soil trials was used to calculate the relative bioavailability of lead from the 

Orchard soil. The anomalous behavior of lead in the reference material associated with the 

Orchard soil may have been due to formation of a sparingly soluble precipitate in the 

reference solution, because the lead concentration in the Orchard reference material was 

greater than in any of the others.  This would explain how lead absorption from the 

Orchard soil could have exceeded that from the reference material. 

Based on these results, a minimum lead dose from soil of approximately 300 µg/kg-day is 

required for use of the shrew model.  

Effect of Soil Parameters on Metals Bioavailability 

The relative bioavailability values from this study (Table 5) were compared to the soil 

parameters and soil metal concentrations (Table 2) to assess whether a particular soil 

variable appeared to control the relative bioavailability of any target metal.  This analysis 
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was conducted both graphically and using Pearson’s correlation at α = 0.05.  The only 

significant correlations were for the relative bioavailability of cadmium, which was 

inversely correlated with both CEC and DCB extractable iron concentrations of the test 

soils.  In addition, the graphed data suggested that relative lead bioavailability increased 

with increasing soil lead concentration.  However, with only a few data points per metal, it 

is not possible to have a high level of confidence in these correlations.   

Discussion 

The research described herein involved the development of a novel animal model for 

assessing the relative bioavailability of metals from soil.  The shrew model differs from 

existing animal models for estimating metals bioavailability from soil (e.g., rats, swine, 

and monkeys) in that they have very high metabolic and food consumption rates, and are 

quite fragile.  As observed during this study, high mortality occurs with minor changes in 

diet or habitat.  Despite the difficulties in working with this model, this study demonstrates 

that it is possible to obtain reliable estimates of relative metals bioavailability from the 

shrew.   

Based on the study results, it is clear that arsenic, cadmium, and lead are absorbed to 

varying extents from different soils in this shrew model, and that site-specific (or soil-

specific) factors affect the relative absorption of the metals.  Chromium(III) was not 

absorbed in a detectable manner, and soluble chromium(VI) spiked into soil was absorbed 

to a limited extent, the degree of which cannot be quantified from the study results. 
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The relative bioavailability values for arsenic, cadmium, and lead in soil are generally 

consistent with those observed in other animal models.  For example, relative arsenic 

bioavailability from 13 soils has been evaluated in a juvenile swine model, resulting in 

values ranging from near 0 to 52% [16].  In addition, five Florida soils were evaluated in a 

Cebus monkey model, yielding relative bioavailability estimates for arsenic of 10% to 25% 

[17].  The range of relative arsenic bioavailability values observed in this study (7% to 

49%) falls nicely within that observed in juvenile swine, and is somewhat greater than that 

observed in Cebus monkeys. 

The DoD-PM soil used in this study was also evaluated for relative cadmium 

bioavailability in the juvenile swine model, yielding an average relative bioavailability 

estimate of 78%, based on measurement of both kidney and liver endpoints [18].  Given 

that the DoD-PM soil yielded a relative cadmium bioavailability of 81% in the shrew, 

these two animal models appear to be yielding similar results for cadmium. 

The juvenile swine model mentioned above was developed as a surrogate for absorption in 

human children, and has been used extensively to evaluate relative lead bioavailability in 

soil.  Data from the swine model indicate a broad range of relative bioavailability results 

for lead in soil (19% to 90% [19]).  This is generally consistent with results observed in the 

shrew model, wherein relative lead bioavailability ranged from 21% to 67%. 

Given the consistent results obtained from this shrew model, and the fact that these results 

are comparable to results from established animal models, the shrew model appears to be a 

useful tool for assessing metals uptake from soil into shrew and other small mammals, and 

for improving the accuracy of ecological risk assessment. 
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Table 1. Shrew mortality rates

Standard Diet 19 6 68% 16 8 50% 12 11 8% 11 11 0%
Soil Exposure 25% 12 9 25% 12 10 17% 12 9 25% 11 10 9%
Reference Material 25% 12 7 42% 12 9 25% 12 10 17% 11 11 0%
Soil Exposure 50% 13 8 38% 12 11 8% 12 9 25% 11 11 0%
Reference Material 50% 12 10 17% 12 10 17% 12 10 17% 11 11 0%
Soil Exposure 100% 17 7 59% 12 7 42% 12 11 8% 11 7 36%
Reference Material 100% 12 8 33% 12 12 0% 12 11 8% 11 10 9%

Total 97 55 43% 88 67 24% 84 71 15% 77 71 8%

DoD-PM
Mortality

Rate
Initial

n
Initial

n
Final

n
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n
Mortality

Rate

DoD-DP Orchard Smelter
Final

n
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n
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n
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Table 2. Characterization data for soils dosed to shrews

Chemical Units
Conventionals

pH s.u. 7.6 8.0 5.9 7.5
Total organic carbon % 0.75 3.26 2.98 2.09
Total inorganic carbon % 0.53 1.02 1.27 0.05 U
Cation exchange capacity meq/100g 46.2 71.3 74.0 52.3
DCB extractable iron mg/kg 3,830 12,240 5,630 5,110

Particle Size Distribution
Coarse sand (425 – 2,000 µm) % 42.3 43.1 28.0 19.8
Medium sand (250 – 425 µm) % 30.3 12.1 17.9 13.8
Fine sand (75 – 250 µm) % 21.9 28.3 25.2 35.7
Silt (4 – 75 µm) % 2.2 15.4 26.9 27.5
Clay (< 4 µm) % 3.3 1.1 2.0 3.2

Inorganics
Arsenic mg/kg 82 60 284 331
Cadmium mg/kg 1,755 14 2.4 423
Chromium mg/kg 8,362 79 36 1850
Chromium, hexavalent mg/kg 1.1 0.5 U 0.5 U 1,355
Iron mg/kg 9,330 20,900 22,300 15,800
Lead mg/kg 569 257 2640 585
Manganese mg/kg 78 498 394 479
Mercury mg/kg 0.85 11.3 0.04 7.4
Nickel mg/kg 1,870 41 16 13
Phosphorus mg/kg 1,710 1,560 887 673
Zinc mg/kg 706 356 286 1,200

DoD-PM OrchardDoD-DP Smelter
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Table 3.  Average doses (µg/kg-day) received by each dose group

25% Doses 50% Doses 100% Doses
Standard

Diet Soil
Reference
Material Soil

Reference
Material Soil

Reference
Material

25%
Doses

50%
Doses

100%
Doses

DoD-PM
Arsenic 150 169 212 214 228 308 367 0.80 0.93 0.84
Cadmium 20 1,003 994 1,949 1,865 3,856 3,671 1.01 1.04 1.05
Chromium 595 5,291 5,380 11,025 10,510 18,458 19,873 0.98 1.05 0.93
Lead 73 319 366 726 688 1,252 1,346 0.87 1.05 0.93

DoD-DP
Arsenic 127 768 628 1,536 1,224 3,061 2,227 1.22 1.26 1.37
Cadmium 17 106 117 248 224 455 435 0.91 1.11 1.04
Chromium 506 1,375 1,272 2,371 1,947 3,965 3,363 1.08 1.22 1.18
Lead 62 2,390 2,218 4,979 4,731 10,266 9,224 1.08 1.05 1.11

Orchard
Arsenic 97 1,586 1,808 3,525 3,484 6,236 6,199 0.88 1.01 1.01
Cadmium 16 17 36 20 60 20 87 -- b -- b -- b

Chromium 518 669 518 1,022 514 1,351 477 -- b -- b -- b

Lead 76 12,472 13,792 30,251 29,834 59,056 56,846 0.90 1.01 1.04
Smelter

Arsenic 173 5,042 5,083 7,790 10,702 16,919 18,263 0.99 0.73 0.93
Cadmium 20 4,220 4,319 8,084 9,284 17,174 15,977 0.98 0.87 1.07
Chromium 564 20,127 603 42,556 627 89,738 504 -- a -- a -- a
Lead 56 5,817 6,344 11,898 13,702 25,077 23,288 0.92 0.87 1.08

Ratio of Soil:Reference Material

b Ratio not relevant because Cd and Cr were not added to the reference material matched to the Orchard soil, because there was insufficient 
Cd and Cr in the Orchard soil to be detectable post-dosing in shrew tissue.

a  Ratio not relevant because the soil was spiked with 1,835 mg/kg Cr, but the reference material was not spiked with Cr because it caused a 
precipitate to form (possibly PbCrO4) in the reference solution.



Table 4.  Shrew body-weight changes

Standard Diet 4.5 4.0 -11% 4.5 5.3 18% 4.7 4.4 -6% 4.7 4.6 -2%
Soil Exposure 25% 5.0 4.4 -12% 5.1 5.9 16% 4.9 4.8 -2% 5.0 4.5 -10%
Reference Material 25% 4.6 4.2 -9% 4.6 5.4 17% 4.6 4.6 0% 5.2 4.9 -6%
Soil Exposure 50% 4.7 3.8 -19% 4.4 5.4 23% 4.4 4.3 -2% 4.8 4.2 -13%
Reference Material 50% 4.2 4.1 -2% 4.6 4.9 7% 4.4 4.5 2% 4.8 4.2 -13%
Soil Exposure 100% 4.3 4.1 -5% 4.4 4.7 7% 4.7 4.5 -4% 5.1 3.8 -25%
Reference Material 100% 4.7 4.5 -4% 4.5 5.0 11% 5.0 4.9 -2% 5.7 4.8 -16%

Average 4.6 4.2 -9% 4.6 5.2 14% 4.7 4.6 -2% 5.0 4.4 -12%

DoD-PM
Percent 
change

Initial
(g)

Initial
(g)

Final
(g)

Initial
(g)

Percent 
change

DoD-DP Orchard Smelter
Final
(g)

Percent 
change

Percent 
change

Final
(g)

Initial
(g)

Final
(g)
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Table 5.  Summary of relative bioavailability estimates

DoD-PM DoD-DP Orchard Smelter
Arsenic

RBA not significant 0.07 0.49 0.31
outliers none 2 none none
Lower bound -- -0.10 0.33 0.20
Upper bound -- 0.21 0.65 0.45
Standard Error -- 0.09 0.10 0.08
p-value (adj. R-sq.) 0.76 (-2.7%) <0.001 (62%) <0.001 (58%) <0.001 (59%)

Cadmium
RBA 0.81 0.13 not significant 0.66
outliers 1 none 2 3
Lower bound 0.65 -0.003 -- 0.57
Upper bound 0.99 0.24 -- 0.76
Standard Error 0.10 0.07 -- 0.05
p-value (adj. R-sq.) <0.001 (78%) <0.001 (80%) 0.34 (0.34%) <0.001 (90%)

Chromium
RBA not significant 1.9 not significant -0.02
outliers none 1 none 1
Lower bound -- -- -- --
Upper bound -- -- -- --
Standard Error -- -- -- --
p-value (adj. R-sq.) 0.76 (-1.7%) 0.028 (7.9%) 0.47 (-0.88%) <0.001 (72%)

Lead
RBA 0.21 0.34 0.60a 0.51
outliers none none 1 1
Lower bound -- 0.26 0.53 0.40
Upper bound -- 0.42 0.69 0.62
Standard Error -- 0.05 0.05 0.06
p-value (adj.R-sq.) <0.001 (35%) <0.001 (85%) <0.001 (80%) <0.001 (79%)

 --   Fieller's theorem does not apply or provides uncertain results so no standard error was calculated

a  - As described in text, relative bioavailability of lead in Orchard soil was calculated using the average lead
acetate dose response from the other three dosing trials (I.e., those for DoD-PM, DoD-DP, and Smelter soils).



Figure 1.  Dose-response for lead in all four test soils dosed to shrew
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Figure 2.  Dose-response graph for arsenic in the DoD-DP soil
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Figure 3.  Dose-response graph for arsenic in the Orchard soil
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Figure 4.  Dose-response graph for cadmium in the DoD-DP soil
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Figure 5.  Dose-response for chromium in the DoD-PM soil
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Figure 6.  Dose-response for chromium in the Smelter soil
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1. Introduction 

1.1 Synopsis 

This SOP describes an in vitro laboratory procedure to determine a bioaccessibility value 

for lead or arsenic (i.e., the fraction that would be soluble in the gastrointestinal tract) for 

soils and solid waste materials.  A recommended quality assurance program to be 

followed when performing this extraction procedure is also provided. 

 

 

1.2 Purpose 

An increasingly important property of materials/soils found at contaminated sites is the 

bioavailability of individual contaminants.  Bioavailability is the fraction of a 

contaminant in a particular environmental matrix that is absorbed by an organism via a 

specific exposure route.  Many animal studies have been conducted to experimentally 

determine the oral bioavailability of individual metals, particularly lead and arsenic.  

During the period 1989–1997, a juvenile swine model developed by EPA Region VIII 

was used to predict the relative bioavailability of lead and arsenic in approximately 20 

soils/solid materials (Weis and LaVelle 1991; Weis et al. 1994; Casteel et al. 1997a,b). 

The bioavailability determined was relative to that of a soluble salt (i.e., lead acetate 

trihydrate or sodium arsenate).  The tested materials had a wide range of mineralogy, and 

produced a range of lead and arsenic bioavailability values.  In addition to the swine 

studies, other animal models (e.g., rats and monkeys) have been used to measure the 

bioavailability of lead and arsenic from soil. 

 

Several researchers have developed in vitro tests to measure the fraction of a chemical 

solubilized from a soil sample under simulated gastrointestinal conditions.  This 

measurement is referred to as “bioaccessibility” (Ruby et al. 1993).  Bioaccessibility is 

thought to be an important determinant of bioavailability, and several groups have sought 
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to compare bioaccessibility determined in the laboratory to bioavailability determined in 

animal studies (Imber 1993; Ruby et al. 1996; Medlin 1997; Rodriguez et al. 1999).  The 

in vitro tests consist of an aqueous fluid, into which soils containing lead and arsenic are 

introduced.  The solution then solubilizes the soil under simulated gastric conditions.  

Once this procedure is complete, the solution is analyzed for lead and/or arsenic 

concentration.  The mass of lead and/or arsenic found in the aqueous phase, as defined by 

filtration at the 0.45-µm pore size, is compared to the mass introduced into the test.  The 

fraction liberated into the aqueous phase is defined as the bioaccessible fraction of lead or 

arsenic in that soil.  To date, for lead-bearing soils tested in the EPA swine studies, this in 

vitro method has correlated well with relative bioavailability values. 
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2. Procedure 

2.1 Sample Preparation 

All soil/material samples should be prepared for testing by oven drying (<40 °C) and 

sieving to <250 µm.  The <250-µm size fraction is used because this particle size is 

representative of that which adheres to children’s hands.  Subsamples for testing in this 

procedure should be obtained using a sample splitter. 

 

 

2.2 Apparatus and Materials 

2.2.1 Equipment 

The main piece of equipment required for this procedure consists of a Toxicity 

Characteristic Leaching Procedure (TCLP) extractor motor that has been modified to 

drive a flywheel.  This flywheel in turn drives a Plexiglass block situated inside a 

temperature-controlled water bath.  The Plexiglass block contains ten 5-cm holes with 

stainless steel screw clamps, each of which is designed to hold a 125-mL wide-mouth 

high-density polyethylene (HDPE) bottle (see Figure 1).  The water bath must be filled 

such that the extraction bottles are immersed.  Temperature in the water bath is 

maintained at 37±2 °C using an immersion circulator heater (for example, Fisher 

Scientific Model 730).  Additional equipment for this method includes typical laboratory 

supplies and reagents, as described in the following sections.  

 

The 125-mL HDPE bottles must have an air-tight screw-cap seal (for example, Fisher 

Scientific 125-mL wide-mouth HDPE Cat. No. 02-893-5C), and care must be taken to 

ensure that the bottles do not leak during the extraction procedure. 
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Figure 1.  Extraction device for performing the SBRC in vitro extraction 

 

 

2.2.2 Standards and Reagents 

The leaching procedure for this method uses a buffered extraction fluid at a pH of 1.5.  

The extraction fluid is prepared as described below. 

 

The extraction fluid should be prepared using ASTM Type II deionized (DI) water.  To 

1.9 L of DI water, add 60.06 g glycine (free base, Sigma Ultra or equivalent).  Place the 

mixture in a water bath at 37 °C until the extraction fluid reaches 37 °C.  Standardize the 

pH meter using temperature compensation at 37 °C or buffers maintained at 37 °C in the 

water bath.  Add concentrated hydrochloric acid (12.1 N, Trace Metal grade) until the 

solution pH reaches a value of 1.50 ±0.05 (approximately 120 mL).  Bring the solution to 

a final volume of 2 L (0.4 M glycine). 

 

Cleanliness of all reagents and equipment used to prepare and/or store the extraction fluid 

is essential.  All glassware and equipment used to prepare standards and reagents must be 

properly cleaned, acid washed, and finally, rinsed with DI water prior to use.  All 
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reagents must be free of lead and arsenic, and the final fluid should be tested to confirm 

that lead and arsenic concentrations are less than 25 and 5 µg/L, respectively. 

 

 

2.3 Leaching Procedure 

Measure 100 ±0.5 mL of the extraction fluid, using a graduated cylinder, and transfer to a 

125-mL wide-mouth HDPE bottle.  Add 1.00 ±0.05 g of test substrate (<250 µm) to the 

bottle, ensuring that static electricity does not cause soil particles to adhere to the lip or 

outside threads of the bottle.  If necessary, use an antistatic brush to eliminate static 

electricity prior to adding the soil.  Record the volume of solution and mass of soil added 

to the bottle on the extraction test checklist (see Attachment A for example checklists).  

Hand-tighten each bottle top, and shake/invert to ensure that no leakage occurs, and that 

no soil is caked on the bottom of the bottle. 

 

Place the bottle into the modified TCLP extractor, making sure each bottle is secure and 

the lid(s) are tightly fastened.  Fill the extractor with 125-mL bottles containing test 

materials or Quality Control samples.  

 

The temperature of the water bath must be 37±2 °C.  Record the temperature of the water 

bath at the beginning and end of each extraction batch on the appropriate extraction test 

checklist sheet (see Attachment A). 

 

Rotate the extractor end over end at 30±2 rpm for 1 hour.  Record start time of rotation. 

 

When extraction (rotation) is complete, immediately remove bottles, wipe them dry, and 

place them upright on the bench top.  

 

Draw extract directly from reaction vessel into a disposable 20-cc syringe with a Luer-

Lok attachment.  Attach a 0.45-µm cellulose acetate disk filter (25 mm diameter) to the 

syringe, and filter the extract into a clean 15-mL polypropylene centrifuge tube or other 
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appropriate sample vial for analysis.  Store filtered sample(s) in a refrigerator at 4 °C 

until they are analyzed. 

 

Record the time that the extract is filtered (i.e., extraction is stopped).  If the total elapsed 

time is greater than 1 hour 30 minutes, the test must be repeated. 

 

Measure and record the pH of fluid remaining in the extraction bottle.  If the fluid pH is 

not within ±0.5 pH units of the starting pH, the test must be discarded and the sample 

reanalyzed as follows. 

 

If the pH has dropped by 0.5 or more pH units, the test will be re-run in an identical 

fashion.  If the second test also results in a decrease in pH of greater than 0.5 s.u., the pH 

will be recorded, and the extract filtered for analysis.  If the pH has increased by 0.5 or 

more units, the test must be repeated, but the extractor must be stopped at specific 

intervals and the pH manually adjusted down to pH 1.5 with dropwise addition of HCl 

(adjustments at 5, 10, 15, and 30 minutes into the extraction, and upon final removal from 

the water bath [60 minutes]).  Samples with rising pH values must be run in a separate 

extraction, and must not be combined with samples being extracted by the standard 

method (continuous extraction). 

 

Extracts are to be analyzed for lead and arsenic concentration using analytical procedures 

taken from the U.S. EPA publication, Test Methods for Evaluating Solid Waste, 

Physical/Chemical Methods.  SW-846. (current revisions).  Inductively coupled plasma 

(ICP) analysis, method 6010B (December 1996 revision) will be the method of choice.  

This method should be adequate for determination of lead concentrations in sample 

extracts, at a project-required detection limit (PRDL) of 100 µg/L.  The PRDL of 20 µg/L 

for arsenic may be too low for ICP analysis for some samples.  For extracts that have 

arsenic concentrations less than five times the PRDL (e.g., <100 µg/L arsenic), analysis 

by ICP-hydride generation (method 7061A, July 1992 revision) or ICP-MS (method 

6020, September 1994 revision) will be required. 
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2.4 Calculation of the Bioaccessibility Value 

A split of each solid material (<250 µm) that has been subjected to this extraction 

procedure should be analyzed for total lead and/or arsenic concentration using analytical 

procedures taken from the U.S. EPA publication, Test Methods for Evaluating Solid 

Waste, Physical/Chemical Methods.  SW-846. (current revisions).  The solid material 

should be acid digested according to method 3050A (July 1992 revision) or method 3051 

(microwave-assisted digestion, September 1994 revision), and the digestate analyzed for 

lead and/or arsenic concentration by ICP analysis (method 6010B).  For samples that 

have arsenic concentrations below ICP detection limits, analysis by ICP-hydride 

generation (method 7061A, July 1992 revision) or ICP-MS (method 6020, September 

1994 revision) will be required. 

 

The bioaccessibility of lead or arsenic is calculated in the following manner: 

 

100
0010

)1.0(
×=

kg).mg/kg) (lid,tion in so(concentra
Lmg/L)ract, vitro exttion in in(concentrauebility valBioaccessi  

 

 

2.5 Chain-of-Custody/Good Laboratory Practices 

All laboratories that use this SOP should receive test materials with chain-of-custody 

documentation.  When materials are received, each laboratory will maintain and record 

custody of samples at all times.  All laboratories that perform this procedure should 

follow good laboratory practices as defined in 40 CFR Part 792 to the extent practical and 

possible. 
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2.6 Data Handling and Verification 

All sample and fluid preparation calculations and operations should be recorded in bound 

and numbered laboratory notebooks, and on extraction test checklist sheets.  Each page 

must be dated and initialed by the person who performs any operations.  Extraction and 

filtration times must be recorded, along with pH measurements, adjustments, and buffer 

preparation.  Copies of the extraction test checklist sheets should accompany the data 

package. 
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3. Quality Control Procedures 

3.1 Elements of Quality Assurance and Quality Control (QA/QC) 

A standard method for the in vitro extraction of soils/solid materials, and the calculation 

of an associated bioaccessibility value, are specified above.  Associated QC procedures to 

ensure production of high-quality data are as follows (see Table 1 for summary of QC 

procedures, frequency, and control limits): 

 

• Reagent blank—Extraction fluid analyzed once per batch. 

• Bottle blank—Extraction fluid only run through the complete 

extraction procedure at a frequency of no less than 1 per 20 samples or 

one per extraction batch, whichever is more frequent. 

• Blank spikes—Extraction fluid spiked at 10 mg/L lead and/or 1 mg/L 

arsenic and run through the extraction procedure at a frequency of no 

less than every 20 samples or one per extraction batch, whichever is 

more frequent.  Blank spikes should be prepared using traceable 

1,000-mg/L lead and arsenic standards in 2 percent nitric acid. 

• Duplicate—duplicate extractions are required at a frequency of 1 for 

every 10 samples.  At least one duplicate must be performed on each 

day that extractions are conducted. 

• Standard Reference Material (SRM)—National Institute of Standards 

and Technology (NIST) material 2711 (Montana Soil) should be used 

as a laboratory control sample (LCS). 

 
Control limits for these QC samples are delineated in Table 1, and in the following 

discussion. 
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Table 1.  Summary of QC samples, frequency of analysis, and control limits 

 
QC Sample 

Minimum Frequency of 
Analysis 

 
Control Limits 

Reagent Blank Once per batch (min. 5%) <25 µg/L lead 
<5 µg/L arsenic 

Bottle Blank Once per batch (min. 5%) <50 µg/L lead 
<10 µg/L arsenic 

Blank Spike Once per batch (min. 5%) 85–115% recovery 

Duplicate 10% ±20% RPD 

SRM (NIST 2711) 2% 9.22 ±1.50 mg/L Pb 
0.59 ±0.09 mg/L As 

 

 

3.2 QA/QC Procedures 

Specific laboratory procedures and QC steps are described in the analytical methods cited 

in Section 2.3, and should be followed when using this SOP. 

 

 

3.2.1 Laboratory Control Sample (LCS) 

The NIST SRM 2711 should be used as a laboratory control sample for the in vitro 

extraction procedure.  Analysis of 18 blind splits of NIST SRM 2711 (105 mg/kg arsenic 

and 1,162 mg/kg lead) in four independent laboratories resulted in arithmetic means ± 

standard deviations of 9.22 ±1.50 mg/L lead and 0.59 ±0.09 mg/L arsenic.  This SRM is 

available from the National Institute of Standards and Technology, Standard Reference 

Materials Program, Room 204, Building 202, Gaithersburg, Maryland 20899 (301/975-

6776). 

 

 

3.2.2 Reagent Blanks/Bottle Blanks/Blank Spikes 

Reagent blanks must not contain more than 5 µg/L arsenic or 25 µg/L lead.  Bottle blanks 

must not contain arsenic and/or lead concentrations greater than 10 and 50 µg/L, 
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respectively.  If either the reagent blank or a bottle blank exceeds these values, 

contamination of reagents, water, or equipment should be suspected.  In this case, the 

laboratory must investigate possible sources of contamination and mitigate the problem 

before continuing with sample analysis.  Blank spikes should be within 15% of their true 

value.  If recovery of any blank spike is outside this range, possible errors in preparation, 

contamination, or instrument problems should be suspected.  In the case of a blank spike 

outside specified limits, the problems must be investigated and corrected before 

continuing sample analysis. 
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Attachment A: 
 

Extraction Test Checklist Sheets 
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Extraction Fluid Preparation 

 

Date of Extraction Fluid Preparation:____________  Prepared by:_____________ 

Extraction Fluid Lot #:________________________ 

 

 

Component Lot 

Number 

Fluid Preparation 

       1L                    2L 

Acceptance 

Range 

Actual 

Quantity

Comments 

Deionized Water  0.95 L 

(approx.) 

1.9 L 

(approx.) 

---   

Glycine  30.03±0.05 g 60.06±0.05g ---   

HCl a  60 mL 

(approx.) 

120 mL 

(approx.) 

---   

Final Volume --- 1 L  

(Class A, 

vol.) 

2 L 

 (Class A, 

vol.) 

---   

Extraction Fluid 

pH value  

(@ 37°C) 

--- 1.50±0.05 1.50±0.05 1.45–1.55   

a  Concentrated hydrochloric acid (12.1 N) 
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INVITRO PROCEDURE REQUIRED PARAMETERS: 

Volume of extraction fluid (V) = 100 ±0.5 mL  Extractor rotation speed = 30 ±2 rpm 
Mass of test substrate (M) = 1.00 ±0.05 g   Maximum elapsed time from extraction to filtration = 90 minutes 
Temperature of water bath = 37 ±2 °C   Maximum pH difference from start to finish (∆pH)= 0.5 pH units 
Extraction time = 60 ±5 min     Spike solution concentrations:  As = 1 mg/L;  Pb = 10 mg/L 
 
Date of Extraction:_________________________  As Spike Solution Lot #:________________________________ 
Extraction Fluid Lot #:_______________________  Pb Spike Solution Lot #:________________________________ 
Extracted by:______________________________ 
 

EXTRACTION LOG (Page 1 of 2) 
[Complete 1 log for every batch of 20 samples] 

Sample Preparation Extraction Filtration  

 

 

Sample ID V (mL) M (g) 

Start 

Timea 

End 

Timea 

Elapsed 

Time 

(min) 

Start 

pH 

End 

pH 

∆pH 

 

Start 

Temp 

(°C) 

End 

Temp 

(°C) Timea 

Time Elasped 

from extraction 

(min) 

Acceptance 

Range 

(95.5–

100.5) 

(0.95–

1.05) 

---    --- (55–65 min) --- --- (≤ 0.5) (35–39) (35–39)  (Max = 90 min) 

             

             

             

             

             

             

             

             



 

 

EXTRACTION LOG (Page 2 of 2) 
[Complete 1 log for every batch of 20 samples] 

Sample Preparation Extraction Filtration  

 

 

Sample ID V (mL) M (g) 

Start 

Timea 

End 

Timea 

Elapsed 

Time 

(min) 

Start 

pH 

End 

pH 

∆pH 

 

Start 

Temp 

(°C) 

End 

Temp 

(°C) Timea 

Time Elasped 

from extraction 

(min) 

Acceptance 

Range 

(95.5–

100.5) 

(0.95–

1.05) 

---    --- (55–65 min) --- --- (≤ 0.5) (35–39) (35–39)  (Max = 90 min) 

             

             

             

             

             

             

             

             

             

             

             

             
a  24-hour time scale          

NOTES:          
          

          



Solubility/Bioavailability Research Consortium  Rev. #8 

Analytical Procedures 

QC Requirements: 

 

QC Sample 

Minimum Analysis 

Frequency 

Control 

Limits Corrective Actiona 

Reagent blank once per batch 

(min. 5%) 

< 25 µg/L Pb 

<5 µg/L As 

Investigate possible sources of 

target analytes.  Mitigate 

contamination problem before 

continuing analysis. 

Bottle blank once per batch  

(min. 5%) 

< 50 µg/L Pb 

<10 µg/L As 

Investigate possible sources of 

target analytes.  Mitigate 

contamination problem before 

continuing analysis. 

Blank spike once per batch  

(min. 5%) 

85–115% Re-extract and reanalyze 

sample batch 

Duplicate 10% 

(min. once/day) 

±20% RPD Re-homongenize, re-extract 

and reanalyze 
RPD – Relative percent difference 
a – Action required if control limits are not met 
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