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EXECUTIVE SUMMARY

The Guide for Incor porating Bioavailability Adjustmentsinto Human Health and Ecological Risk
Assessments at U.S. Navy and Marine Corps Facilities, Parts 1 and 2, has been devel oped as a resource
on assessment of bioavailability for use by Navy Remedial Project Managers (RPMs) and othersinvolved
in remediating Navy sites and designing studies to support remediation. The guide brings together the
most current information on biocavailability of metals, and synthesizes thisinformation into a practical
handbook that explains concepts and identifies types of datathat need to be collected to assess
biocavailability and incorporate it into risk assessment. Although the guide focuses on bioavailability of
metals, many of the basic principles described herein also can be applied to assessing bioavailability of
organic compounds.

Part 1. Overview of Metals Bioavailahility, contained in this volume, is a primer on the concept of
biocavailability and how it can be used in determining risk levels. The Overview provides a definition of
biocavailability and discusses where bioavailability fitsin the risk assessment process for both human
health and ecological receptors. This volume provides general information on the types of situations
where it may be beneficial to perform the additional studies needed to assess bioavailability and outlines
the general factors for determining whether bioavailability studies are appropriate and feasible for a
particular site. A brief description of test methods used for assessing bioavailability for human health and
ecological risk assesment is provided. The stepsin conducting a bioavailability study are outlined and
important aspects that affect the acceptability of the results are noted. In addition, a brief summary of
metal-specific bioavailability information is presented for those metal s that are most often found as
contaminants at Navy sites (i.e., arsenic, cadmium, chromium, lead, mercury, and nickel for both human
health and ecological risk; and copper, tin and zinc for ecological risk only).

Part 2: Technical Background Document for Assessing Metals Bioavailability, contained in the following
volume, provides more in-depth technical information for those professionals involved in designing and
performing bioavailability studies. The Technical Background Document includes guidelines on the
types of studies that need to be performed and methods for collecting data necessary to assess
biocavailahility with specific considerations for individual metals. Standard operating procedures (SOPS)
and suggested protocols for the recommended studies are provided as appendices so that a user can
readily accessthis information.
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GLOSSARY

absolute bioavailability: the fraction or percentage of a compound which isingested, inhaled, or applied
on the skin surface that actually is absorbed and reaches the systemic circul ation.

bioavailability: the extent to which a substance can be absorbed by aliving organism and can cause an
adverse physiological or toxicological response.

cancer slope factor (CSF): the number for achemical in human health risk assessment used to estimate
an upper-bound praobability of an individual developing cancer as aresult of alifetime exposure to a
particular level of potential carcinogen. Generally, cancer slope factors are available from databases such
asU.S. EPA’s Integrated Risk Information System (IRIS).

in vivo: within aliving organism. In this document, in vivo refers to bioavailability studies conducted
using live animals.

in vitro: inan artificial environment outside aliving organism. In this document, in vitro refersto
biocavailability studies conducted in alaboratory setup that does not use live animals.

reference dose (RfD): the toxicity value for achemical in human health risk assessment used for
evaluating the noncarcinogenic effects that could result from exposures to chemicals of concern.
Generally, reference doses are available from databases such as U.S. EPA’ s Integrated Risk Information
System (IRIS).

relative absorption fraction (RAF): the fraction obtained by dividing the absolute bioavailability from
soil by the absolute bioavailability from the dosing medium used in the toxicity study from which the
reference dose for human health risk assessment was determined.

relative bioavailability: a measure of the extent of absorption among two or more forms of the same
chemical (e.g., lead carbonate vs. |ead acetate), different vehicles (e.g., food, soil, water), or different
doses. Inthe context of environmental risk assessment, relative bioavailability is the ratio of the absorbed
fraction from the exposure medium in the risk assessment (e.g., soil) to the absorbed fraction from the
dosing medium used in the critical toxicity study.

toxicity reference value (TRV): an estimate of an “acceptable” chemical dose to awildlife species used
in ecological risk assessment. Toxicity reference values are similar to reference doses used in human
health risk assessment but are determined for ecological receptors rather than humans.



1.0 INTRODUCTION

Bioavailability adjustmentsin risk assessment have recently gained national attention and are becoming
increasingly accepted by regulators. Interest in bioavailability isincreasing because at some sites
consideration of bioavailability has reduced the time and cost necessary for site remediation.

1.1 Why Consider Bioavailability in Risk Assessments?

Bioavailability generally refers to how much of acontaminant is“available” to have an adverse effect on
humans or other organisms. Figure 1-1 illustrates the relationship between bioavailability and risk-based
cleanup levels. Asthe figure shows, bioavailability has a direct relationship to exposure dose and risk
(i.e., lower bioavailability resultsin decreased exposure dose and risk). On the other hand, bioavailability
isinversely related to risk-based cleanup levels (i.e., lower bioavailability resultsin increased risk-based
cleanup levels). Conversely, higher bioavailability resultsin increased exposure dose and risk and
decreased risk-based cleanup levels. Bioavailability can be influenced by external physical/chemical
factors such asthe form of ametal in soil or sediment as well as by internal biological factors such as
absorption mechanisms within aliving organism.

Exposure Dose/Risk

Cleanup Level

Cleanup Leve| =

Exposure Dose/Risk =3

Bioavailability —

—
CLEANVSRIS

Figure 1-1. Relationship Between Bioavailability and Risk Assessment Endpoints

When risk assessments are adjusted to account for lower site-specific bioavailability, the resulting
increase in cleanup levels can in some cases substantially reduce the cost of remediation. A good
example isthe National Zinc Company National Priorities List (NPL) Site in Bartlesville, OK, where
soils and house dust were contaminated with lead, cadmium, and arsenic from smelting activities. The
primary concern at this site was the risk to peopleliving in the area, especially children exposed to lead.
Remediation to meet the original cleanup goals would have required extensive soil removal and
replacement at an estimated cost of $80 to $100 million. Determining the site-specific bioavailability was
identified as an option for revising the exposure estimates to more realistically reflect the conditions at



thissite. The regulators and other stakeholders were consulted from the beginning of the project, awork
plan containing detailed protocols for the biovailability studies was developed, and independent experts
were brought in to review the protocols. The bioavailability tests conducted included arat feeding study
to determine the biocavailability of lead and cadmium, and alaboratory extraction test to determine the
biocavailability of arsenic. The bioavailability studiesindicated that the metalsin soil at this site were less
bioavailable than had been assumed in theinitial risk assessment. By incorporating site-specific
biocavailability into the risk assessment, the residential soil cleanup level for lead was increased from 500
mg/kg to 925 mg/kg, the cleanup level for cadmium from 30 mg/kg to 100 mg/kg, and the cleanup level
for arsenic from 20 mg/kg to 60 mg/kg, resulting in areduction in remediation costs for this site of more
than $40 million. In comparison, the cost of planning, conducting, and reporting the bioavailability
studies, which took approximately seven months, was approximately $200,000. Although thisexampleis
not typical of the Navy’s remediation sites, it does demonstrate how consideration of bioavailability can
significantly affect cleanup levels and remediation costs.

1.2 Purpose of the Document

The Guide for Incor porating Bioavailability Adjustmentsinto Human Health and Ecological Risk
Assessments at U.S. Navy and Marine Corps Facilities consists of two parts. Part 1: Overview of Metals
Bioavailability, contained in this volume, is designed for use by remedial project managers (RPMs) and
others who want general information on bioavailability. The purpose of the Overview isto provide an
introduction to the concept of bioavailability (Section 2.0), and to show how it isused in risk assessment
and present general guidelines for determining whether bioavailability is worth considering at a particular
site (Section 3.0). In addition, the Overview provides general information on what a bioavailability study
entails and arange of cost, time, and technical requirements needed to conduct such studies (Section 4.0).
Profiles of the metals that are most often found to be risk drivers at Navy sites, including arsenic,
cadmium, chromium, copper, lead, mercury, nickel, tin, and zinc, are provided in Sections 5.0 and 6.0.
These sections briefly summarize for each metal current information that is relevant to determining
biocavailability for human health and ecological risk assessment. Finally, abrief review of several case
studiesis provided in Section 7.0. The scope of this document is limited to bioavailability of metals;
however, it should be noted that many of the basic principles described herein also apply to organic
compounds.

Part 2: Technical Background Document for Assessing Metals Bioavailability, contained in the following
volume, provides more in-depth technical information for those professionals involved in designing and
performing bioavailability studies. The Technical Background Document includes guidelines on the
types of studies that need to be performed and methods for collecting data necessary to assess
bicavailability with specific considerations for individual metals. Standard operating procedures (SOPS)
and suggested protocols for the recommended studies are provided as appendices so that a user can
readily access this information.



2.0 WHAT BIOAVAILABILITY IS AND HOW IT IS USED IN RISK ASSESSMENT

This section defines bioavailability and related concepts, discusses the significant factors that affect the
form, distribution, and mobility of metalsin soil and sediments, and discusses how quantitative measures
of bioavailability can be incorporated into human and ecological risk assessments (Section 4.0 provides a
more detailed discussion of how bioavailability is measured).

2.1 Definitions and Concepts

Bioavailability is the extent to which a substance can be absorbed by aliving organism and can cause an
adverse physiological or toxicological response. For environmental risk assessmentsinvolving soil and
sediment, this definition implicitly includes the extent to which a substance can desorb, dissolve, or
otherwise dissociate from the environmental medium in which it occurs to become available for
absorption. For incorporation into arisk assessment, bioavailability must be quantified much like any
other parameter in arisk calculation. Thus, it isalso useful to define bioavailability in the context of how
itis measured.

2.1.1 Human Health Risk Assessment

For human health risk assessment, absolute bioavailability and relative bioavailability are two important
and separate measures. Absolute bioavailability is the fraction or percentage of a compound whichis
ingested, inhaled, or applied on the skin surface that is actually absorbed and reaches the systemic
circulation (Hrudey et al., 1996). Absolute bioavailability can be defined as the ratio of an absorbed dose
to an administered dose:

Absolute Bicavailability = —20rPed 402 . 4, (2-1)
administered dose

For studies of absolute bioavailability, the absorbed dose often is determined by measuring the
concentration of the compound in blood over time or by measuring the mass of the compound in such
excreta as urine, feces, or exhaled air. Internal (i.e., absorbed) doses are useful for characterizing risk if
toxicity factors describing the dose-response relationship (i.e., reference dose [RfD], or cancer slope
factor [CSF]) are based on an absorbed dose (Figure 2-1). However, because toxicity parameters are
generally based on an administered dose rather than an absorbed dosg, it is usually not necessary to
determine the absolute bioavailability of a contaminant for use in human health risk assessments.

Relative bioavailability is a measure of the extent of absorption among two or more forms of the same
chemical (e.g., lead carbonate vs. |ead acetate), different vehicles (e.g., food, soil, and/or water), or
different doses. Relative bioavailability isimportant for environmental studies because matrix effects can
substantially decrease the bioavailability of a soil- or sediment-bound metal compared to the form of the
metal and dosing medium used in the critical toxicity study. Inthe context of environmental risk
assessment, relative bioavailability isthe ratio of the absorbed fraction from the exposure medium in the
risk assessment (e.g., soil) to the absorbed fraction from the dosing medium used in the critical toxicity
study:

Relative Bioavailability = _ absorbedfraction fromsoll. 1100 (22)
absorbed fraction from dosing medium used in toxicity study




Relative bioavail ability expressed in this manner has been termed the relative absorption fraction (RAF).
Incorporation of relative bioavailability (i.e., the RAF) into an exposure assessment resultsin an

improved estimate of the external (i.e., administered) dose (Figure 2-1). It isappropriate to combine the
adjusted external dose with toxicity parameters based on an administered dose when characterizing risk.

Concentration
of soil-bound
or sediment-bound

metal
Y
External dose X |Dose-response
, relationship
2 Relative bioavailability (RfD, CSF) —
S adjustment (RAF) based on -
@ L Py 5
== : administered 8
S5 Improved estimate of )4 dose §
S E external dose =
29 3
=El o
ERS &
2 5
Q Dose-response Xx
< relationship &
> Internal dose X (Eggégi? -
absorbed
dose

ABSOLUTE-RELATIVEO2

Figure 2-1. Relationship Between Absolute and Relative
Bioavailability and Type of Dose for Risk Assessment

The RAF can be calculated using Equation 2-2 when the absolute bioavailability of a chemical is known
for both the dosing medium and the exposure medium. However, asthisis amost never the case, amore
practical approach isto determine the RAF experimentally with animal (in vivo) studies or laboratory (in
vitro) studies without measuring absol ute absorption from either the exposure medium or the dosing
medium. For example, relative bioavailability can be determined by comparing the fraction of a
compound absorbed in a specific target tissue when the compound is administered in soil to the fraction
absorbed in the same target tissue when the compound is given in the dosing medium used in the toxicity
study.

2.1.2 Ecological Risk Assessment
The uptake by plants and animals of metals from soils, sediments, and water is a complex, dynamic
process that involves all levels of the ecological food web. Thus, ecological risk assessment is somewhat

more complicated than human health risk assessment. Plants and animals take up bioavailable metals
from soils, sediments, and water by contact with external surfaces; ingestion of contaminated soil,

2-2



sediment, or water; and inhalation of vapor-phase metals or airborne particles (Brown and Neff, 1993). In
addition, animals may take up bioavailable metals from their food. Metal intake may occur through one
of these routes of exposure, or through multiple routes functioning either smultaneously or intermittently.
A fish, for example, can take up ametal directly from environmental mediathrough its gills, its skin, or
through incidental ingestion of sediment; however, it also may ingest and ultimately absorb contaminants
through consumption of food (Campbell et al., 1988). Each of these processesinvolves a different
mechanism and, therefore, a different measure of bioavailability.

For ecological evaluations, bioavailability can be addressed using three different approaches (Figure 2-2):

Evaluating direct exposures to the available fraction of metals present in the
environmental media (i.e., sediment or soil)

Estimating or measuring bioaccumulation directly from the environmental media

Estimating uptake from ingestion of food.

Processes Depicted:

4 Direct Exposure to Available
Fraction in Environmental
Media

Bioaccumulation from
Mo Environmental Media

~\ Y/
\\Vk @ Uptake from Food
e 4

Submerged
Aquatic
Plants

Aquatic

*E;is
Sediment Metals

Figure 2-2. lllustration of Bioavailability in the Ecological Food Web

Terrestrial
Invertebrates
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Each of these approachesis described below. Because of the complexity of the mechanisms associated
with bioavailability in the ecological food web, site-specific factors must be considered prior to
incorporating bioavailability adjustments into an ecological risk assessment. Specifically, data evaluated
during the planning phase (i.e., problem formulation as defined by the U.S. Environmental Protection
Agency [U.S. EPA], 1998g) should be reviewed to determine the relevant exposure pathways and
ecological receptors of concern at the site.

Direct Exposuresto the Available Fraction in Environmental Media. Metals present in sediments or
soils can result in toxicity to organisms directly exposed to them. However, site-specific chemical and
physical conditions greatly influence the form in which metals occur in the environment and thus the
degree to which they are sorbed to sediments and soils. Therefore, evaluating the total metal
concentrations al one does not accurately reflect the fraction biologically available to aquatic and
terrestrial organisms. Use of total concentrations as exposure point concentrations (EPCs) in an
ecological risk assessment may overestimate actual exposures. Consideration of qualitative and
guantitative evidence related to the physical and chemical conditions of asite can assist in determining
what portion of the total measured concentration is actually available to organisms exposed. This
information provides a better indication of the actual acute and chronic toxicity associated with metals at
asite and may help determine which chemicals and/or sampling locations should be included for
evaluation in the assessment.

Bioaccumulation from Environmental Media. Another method of evaluating the bioavailability of
metals present in soil and sediment is to determine the bioaccumulation of these compounds. This
approach provides an estimate of the potential for trophic transfer (i.e., movement of chemicals through
the food chain) rather than simply evaluating the potential for direct toxicity to exposed organisms.
Bioaccumulation is the uptake and retention of a bioavailable chemical from any one or a combination of
possible external sources. Bioavailable metals bioaccumulate by passive diffusion or active transport
down a concentration or activity gradient across the outer membranes of the organism (Newman and
Jagoe, 1994). Asthe concentration of the chemical in the tissues increases, the gradient decreases and the
rate of loss of the chemical from the tissues tends to increase by either passive diffusion or active
transport.

Equilibrium is reached when the rates of uptake and passive or active excretion of the metal are equal. It
is hecessary to consider bioaccumulation when exposures to upper trophic level species (i.e., birdsand
mammals) exist.

Uptake from Food. Terrestrial, freshwater, and marine animals are able to accumulate most bioavailable
forms of metals from their food. When an animal consumes a lower trophic organism, any metals that
have accumulated in the tissues of that organism can be transferred to the consumer (i.e., through trophic
transfer). This process occurs primarily or exclusively in the unique environment of the gut of the
consumer. Metalsthat are sorbed or bound to the tissues of afood item and are introduced into the gut of
the consumer may be desorbed from the food, dissolved in the gut fluids during digestion, and then
partitioned from the gut fluids across the gut lining into the tissues of the consumer. Aswith uptake
directly from soils or sediment, the amount of metal desorbed from the food (i.e., the bioavailable
fraction) may be dependent on a number of chemical factors (e.g., chemical form, pH). Consideration of
gualitative and quantitative evidence related to the physical and chemical conditions associated with
ingestion and absorption can assist in determining what portion of the total measured concentration is
actually available to the organisms exposed. Thisinformation may help determine which chemicals
and/or sampling locations should be included for evaluation in the ecological risk assessment



2.2 Environmental Factors Controlling the Bioavailability of Metals

The biocavailability of an environmental contaminant islargely a function of environmental processes that
act on the contaminant to increase or decrease its mobility, thereby making it more or less accessible to
the receptor organism. However, physiological factors within the receptor organism, such as acidic
gastric juices in the gastrointestinal tract, may aso increase the availability of a soil- or sediment-bound
contaminant that would otherwise have limited availability under ambient environmental conditions.
Thus, for the oral exposure route, there is not an obvious correlation between environmental mobility and
biocavailahility, so it isimportant that oral bioavailability studies mimic the physiological conditions under
which absorption occurs. For other exposure routes (i.e., dermal absorption, inhalation, and plant uptake),
the factors controlling the mobility of the contaminant in the environment also greatly influence the
contaminant’s bioavailability. Thus, it isrelevant to review the processes that affect the fate of ametal in
soil and sediment systems.

2.2.1 Factors Affecting the Mobility of Metals in Terrestrial (Soil)
Environments

Metals can occur in the soil environment in both the solid phase and the aqueous (i.e., soil solution)
phase. In solution, metals can exist either as free ions or as various complexes associated with organic
(i.e., functional groups such as carboxyl and phenolic) or inorganic (e.g., anions such as OH", CO5?,
SO,% NOjy, or Cl') ligands. In the solid phase, metal ions either can be retained on organic and inorganic
soil components by various sorption mechanisms (e.g., ion exchange or surface complexation), or can
exist as minerals or be co-precipitated with other minerals (e.g., carbonates) in the soil. lonsin solution
generally are more available for avariety of processes, including plant uptake and transport; however,
metal ions in the solid phase may become available if environmental conditions change.

Dissolution and precipitation are the chemical reactions that determine the availability of inorganic
mineral components of soils. Because most soils are undersaturated with respect to their inorganic
mineral components, the minerals undergo continuous dissolution; and, dissolution kinetics is the major
factor controlling the availability of mineral-derived metal ions. Some of the more common minera
forms occurring in soils for the metals reviewed in this document are listed in Table 2-1.

Table 2-1. Possible Mineral Species Controlling
Soil Solution for Trace Elements
(from Hayes and Traina, 1998)

Aer obic Soils® Anaer obic Soils”

Arsenic Ca(ASO,),, Mgs(ASOy)2, ASOs As, ASS;, AS,0O5
Cadmium Cd(OH),, CdCO3 Cd, Cds
Chromium Cr(OH); (low to neutral pH) Cr(OH);
Lead PbO, PbCO;, Phs(CO3)(OH), Pb, PbS
Mercury HgCl,, HgO, Hg(OH), Hg, HgS
Nickel NiO, NiCOs, Ni(OH), Ni, NiS

(&) Well-drained soilsin upland settings (most soils fall into this category).
(b) Seasonally flooded or wetland soils.

The extent to which these mineral species occur in a particular soil and their solubility in various
biological fluids (e.g., gastrointestinal tract fluid, sweat, or fluid in the aveoli of the lungs) determines the
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relative bioavailability of the various mineral species. In general, the elementa and sulfide forms of a
metal are less soluble in biological fluids and hence less bioavail able than the oxide, hydroxide,
carbonate, and sulfate forms of the same metal. However, notable exceptionsto this rule of thumb exist,
such as the following: the elevated pulmonary and dermal bioavailability of elemental mercury; the low
solubility of nickel oxides (in the range of nickel sulfide); and the low solubility of chromium hydroxide,
the most prevalent form of chromium in soils.

In solution, metals can combine with dissolved organic and inorganic ligands to form complex ions.
Examples of such complexes include methylmecury (CHsHg"), cadmium chloride (CdCI"), and lead
bicarbonate (PbHCOs"). In general, metals will complex with the most common anions present in soil
solution (i.e., inorganic anious such as S0,2, NOs, CO5?, HCO5, CI, OH"; and organic anions such as
COQ). Some metals, such as arsenic and chromium, combine with oxygen to form oxyanions that serve
as ligands that can complex with other metals. Arsenite (AsO;°), arsenate (AsO,), and chromate
(CrO4?) are the oxyanions of these metals. The formation of solution complexes can have asignificant
effect on the mobility of trace metalsin soil. For example, trace metals that form chloro-complexes (e.g.,
CdCI") are weakly sorbed and thus likely to be more susceptible to leaching and plant uptake. Although it
islikely that different dissolved forms of the same metal will have different absorption efficiencies, itis
generally assumed that compounds in the dissolved phase can be completely absorbed regardless of the
dissolved species. Therefore, it is generaly not necessary to distinguish the dissolved forms of ametal in
soil solution for a bioavailability study.

Sorption is an important process because it retainsions on the soil and limits their availability in the soil
solution. Sorbed compounds can occur as surface complexed (i.e., adsorbed); or, if the density of surface
complexesis great enough, as a surface precipitate or cluster (i.e., athree-dimensional growth on the
surface of a soil particle). Thereis acontinuum between surface complexation (adsorption) and surface
precipitation such that as the amount of metal coverage increases, surface complexation followed by
surface precipitation is the predominant sorption mechanism. The formation of surface complexes (i.e.,
adsorption) of metals occurs on clay minerals, metal oxides (i.e., hydrous oxides, hydroxides, and
oxyhydroxides of iron, manganese, and aluminum), amorphous materials, and organic matter. These soil
components contain surface functional groups (i.e., molecular units such as hydroxyl, carbonyl, carboxyl,
and phenol) that can acquire either a positive or a negative charge, depending on the pH of the soil.
Surface complexes can be weakly held (referred to as outer sphere complexes) or more tightly held
(referred to asinner sphere complexes) to the soil. Outer sphere complexation is usually areversible
process (i.e., sorption and desorption are identical), whereas inner sphere complexation is often not
reversible (i.e., the amount of material desorbed from a soil is less than the amount adsorbed). The non-
reversible nature of sorption has been observed for contaminants that have been in contact with the soil
for some time, thereby indicating that aged contaminants tend to be |less bioavailable than fresh
contaminants.

Ion exchange is another type of sorption reaction; however, it is distinguished from the other sorption
reactions because it occurs mainly at “fixed charge” sites (i.e., the charge is permanent, not pH
dependent) of clay minerals that have undergone isomorphic substitution (i.e., replacement of cationsin
the clay mineral lattice with other cations of lower charge). Soils with significant negative charge have a
high cation exchange capacity (CEC) and low cation mobility. Soilshighin clay typically have the
highest CEC.

Oxidation-reduction reactions involve the transfer of electrons from one compound to another, resulting
in a change in the oxidation state of the compoundsinvolved. The ability of metalsto exist in multiple
oxidation states is an important property that affects their form and distribution in soils. The most
common oxidation states of the soil metals reviewed in this document are asfollows: As (111, V), Cd (I1),
Cr (111, V1), Hg (1), Po (11), and Ni (I1) (copper, tin, and zinc are reviewed in aguatic settings, see Section
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2.2.2). Of these metals, only chromium and arsenic are “redox active” (i.e., susceptible to
oxidation/reduction reactions) in soil systems. Arsenic existsas As (I11) under low redox (i.e., reducing)
conditions and as As (V) under high redox (i.e., oxidizing) conditions. Chromium occursasCr (I11) in
most soils under ambient conditions and as Cr (V1) only under highly oxidizing conditions.

In summary, soil conditions that tend to promote precipitation or sorption aso tend to reduce the mobility
and bioavailability of metals. Thus, the metalsthat tend to be the most mobile and bioavailable are either
those that form weak outer sphere complexes with organic or inorganic (clay, metal oxides) soil
components, or those that complex with ligands in solution and are not sorbed. Conversely, metals that
form inner-sphere complexes are much less likely to desorb and thus are less mobile and bioavailable.
However, in the presence of dissolved organic carbon, the mobility and biocavailability of metals that form
inner-sphere complexes may be higher than expected based on sorption behavior, because these metals
tend to also form strong soluble complexes. The relative mobility of the metals reviewed in this
document is summarized on Table 2-2.

2.2.2 Factors Affecting the Mobility of Metals in Aquatic
(Sediment) Settings

Metals are found in all sediments; however, alarge amount of the total metalsin most sedimentsisin a
residual fraction as part of the natural minerals that make up the sediment particles. These residua metals
are not bioavailable. The remaining metalsin sediments are adsorbed to or complexed with various
sediment components and may be bioavailable (Table 2-3). In oxidized sediments, metals may be
adsorbed to clay particles, iron, manganese, and aluminum oxide coatings on clay particles, or dissolved
and particulate organic matter. As the concentration of oxygen in sediment decreases, usually due to
microbial degradation of organic matter, the metal oxide coatings begin to dissolve, releasing adsorbed
metals. 1n oxygen-deficient sediments, many metals react with sulfide produced by bacteria and fungi to
form insoluble metal sulfides. Metals may be released from sorbed or complexed phases into sediment
pore water in ionic, bioavailable forms during changes in oxidation/reduction potential. Microbial
degradation of organic matter al'so may release adsorbed metals to pore water. Certain bacteriaare ableto
methylate some metals, such as mercury, arsenic, and lead, to organic species that are more bioavailable
than the inorganic forms.

2.3 How Bioavailability is Incorporated into Risk Assessments

It isimportant to understand how bioavailability data can be used in human health and ecological risk
assessments in order to better understand how this parameter should be quantified. Bioavailability is
relevant to many aspects of the risk assessment process (e.g., exposure assessment, toxicity assessment);
however, this document focuses on the use of biocavailability datato adjust exposure estimates devel oped
in arisk assessment. It should be recognized, however, that other aspects of bioavailability exist that are
beyond the scope of this document (e.g., differences in bioavailability between humans and test animals,
and variationsin the bioavailability of a compound among human subpopulations).

2.3.1 Human Health Risk Assessment
This section illustrates how bioavailability measurements are incorporated into calculations of risk for the
oral and dermal exposure pathways, and illustrates how a bioavailability adjustment affects the resulting

risk.

For the oral exposure route, relative absorption adjustments can be used to modify the exposure (i.e.,
intake) estimate (U.S. EPA, 1989). Thisisillustrated in the following equations, in which the RAF



Table 2-2. Relative Mobility of Selected Metals in Soil
(from Hayes and Traina, 1998)

Most Common
Oxidation Statesin Predominant Forms and Distribution
Metal Soil® in Soil Systems M obility
i O>§yanion; sorbs more weakly than As(V) to metal Moderate
. oxides and only at higher pH
Arsenic - -
Vv Oxyamon;_ sorbs stroneg to metal_ oxi des; forms Low
relatively insoluble precipitates with iron
Cation; sorbs moderately to metal oxides and
Cadmium I clays, forms insoluble carbonate and sulfide Low to Moderate
precipitates
i Cation; sorbs strongly to metal oxides and clays; Low
. forms insoluble metal oxide precipitates
Chromium —— -
VI Oxyanion; sorbs _modera;ely to metal oxides at low Moderate to High
pH, weaker sorption at high pH
Cation; sorbs strongly to humus, metal oxides, and
Lead In(v) clays, forms insoluble metal oxides and sulfides; Low
forms soluble complexes at high pH
Cation; sorbs moderately to metal oxides, and
Mercury I (O-) clays at high pH; relatively high hydroxide Low
solubility; forms volatile organic compounds
Cation; sorbs strongly to humus, metal oxides, and
Nickel I () clays,; forms insoluble metal oxides and sulfides; Low

forms soluble complexes at high pH

(8) Possible, but less common, oxidation states in soil systems are shown in parentheses; these forms are not
discussed.

Table 2-3. Dominant Adsorbed or Complexed Phases of Metals in

Oxic and Anoxic Sediments (from Brown and Neff, 1993)

Associationsin Oxic

Associationsin Anoxic

Metal Sediments Sediments
Arsenic AsO,>-Fe/MnO As,S0;, ASS, FeASS
Cadmium Fe/MnO, OM/S, -CO; Cds
Chromium OM, FeO OM, Cr(OH)

Copper OM, Fe/MnO Cu,S, Cus, FeCus
Lead Fe/MnO PbS

Mercury oM HgS, OM

Nickel Fe/MnO OMI/NiS, organic thiols
Tin® TBT-CI-OH-CO;4 TBT-S, OH, -CO5
Zinc Fe/MnO, OM ZnOM/S

(& Only butyltins are considered.

CO; = carbonates.
FeO = iron oxyhydroxides.

Fe/MnO = iron and manganese oxyhydroxides.

OM = organic matter.
S = sulfides (dominant speci

esgiven).

TBT-CI, OH, -CO;3, and -S = tributyltin chloride, hydroxide, carbonate, and sulfide.
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expresses the bioavailability of the soil-bound metal compared to the bioavailability of the metal form and
dosing medium in the toxicity study from which the CSF or RfD was derived (i.e., CSFagministered OF

RfD agministered) -

. (Intake” RAF)
Risk ; =7 2-4
noncarcinogens RfD minidered ( )

U.S. EPA risk assessment guidance (U.S. EPA, 1989) does not include the RAF term in the risk
calculation as shown in the above equation; thus, the U.S. EPA risk equation implicitly assumes a default
biocavailability of 1 for the oral pathway. The dermal bioavailability of chemicalsin soil is expressed as
an absorption fraction (ABSy;;) that isincorporated directly into the equation for calculating the dermally-
absorbed dose (U.S. EPA, 1992):

bAp = (Cuil " CF” AF’ ABSSEH)’ EF" ED" EV  SA (2-5)
BW" AT
where,

DAD = dermaly absorbed dose (mg/kg-d)

Cwi = total concentration in the soil (mg/kg)

CF = aconversion factor (10° kg/mg)

AF = soil-to-skin adherence factor (mg/cm?-event)

ABS, = dermal absorption fraction (dimensionless)

EF = exposure frequency (eventslyear)

ED = exposure duration (year)

EV = soil contact event frequency (events/day)

SA = skin surface area available for contact (cm?)

BW = body weight (kg)

AT = averaging time for exposure (days).

The factors in parentheses describe the absorbed dose per event, DAg,ex (Mg/cm*event). The U.S. EPA
(1998f) recommends specific absorption fractions for afew chemicals, and the use of the following
default absorption values in the absence of measurements: 1 percent for inorganics and 10 percent for
semivolatile organic compounds.

The dermally-absorbed dose is multiplied by the oral RfD or CSF, adjusted to an absorbed-dose basis, to
calculate risks viathe dermal pathway:
Risk =DAD" (CSF,, X Gl zgs) (2-6)

carcinogens
and
. DAD
RISknoncarcinogens = (RfD a|/G| ABs) (2'7)
or

Adjustment of the toxicity factorsis required because dermal exposures are expressed as an absorbed (i.e,,
internal) dose, whereas the toxicity factors are usually derived from orally administered doses. Glagsis
the gastrointestinal absorption factor (dimensionless) that expresses the fraction of the orally administered
metal in the toxicity study that was absorbed viathe Gl tract. The U.S. EPA recommends making
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adjustments to the toxicity factors only when there is evidence to indicate that the oral absorption in the
critical study is significantly less than complete (i.e., <50 percent) (U.S. EPA, 1998g).

2.3.2 Ecological Risk Assessments

Asdiscussed in Section 2.1.2, there are three general approaches that can be used to evaluate
biocavailability to ecological receptors. This section explains the methods for including each of these
approaches in an ecological assessment.

Direct Exposuresto the Available Fraction. Intheinitia stages of the tiered risk assessment process,
estimates of the available fraction of metalsin sediment or soil may be limited to a qualitative evaluation
of the site-specific chemical and physical parameters that control bioavailability. These data may provide
aline-of-evidence argument for inclusion or exclusion of individual chemicals or sampling locationsin
the risk assessment. The specific parameters considered are discussed further in Section 2.2 and in
Sections 5.0 and 6.0 of thisdocument. Asthe investigation progresses through the tiered evaluation,
more complex, quantitative approaches, such as specific analytical techniques or bioassays, may be
considered.

For example, as described in Section 4.1.3, analytical techniques may be applied to quantify the specific
concentrations of metals in sediments or soils, defined as the simultaneouly extracted metals (SEM), that
are bioavailable. Concentrations determined from these analytical techniques can be used as adjusted
EPCs. For sediments, the estimates of the bioavailable concentration can be further modified based on
evaluation of acid volatile sulfides (AVS). In the presence of AVSin sediments, certain metals, including
copper, cadmium, lead, nickel, zinc (Ankley, 1996; Ankley et a., 1996), and possibly arsenic and
mercury (Luoma, 1989; Allen et al., 1993; Ankley et a., 1996; Neff, 1997a; Berry et a., 1999),
precipitate as their respective metal sulfides, which are not bioavailable (DiToro et a., 1990). If the
molar concentration of AV S in sedimentsis higher than the sum of the molar concentrations of these
metalsin the 1-Normal hydrochloric acid (1-N HCI) extract (the SEM of the sediment), all of the metals
are in non-bioavailable formsin the sediments. This relationship can be summarized in the following
manner:

SEM:AVS > 1, metals are present in bioavailable forms
SEM:AVS< 1, metalsare not likely to be bioavailable.

If the SEM:SV S>1, then these data can be used to calculate an EPC as discussed below. It isimportant to
note that each of the metals evaluated has a different binding affinity for sulfides (U.S. EPA, 19944).
Currently there is considerable debate regarding the relative affinities of each of the metals; however,
typically it is assumed that at equilibrium, copper will preferentialy react with AV'S, displacing all other
metals. If the available AV Sisnot completely saturated by copper, then the remaining metals will react
in the following order: lead, cadmium, zinc, and nickel. In this model, the amount of copper in the
sediment that is potentially bioavailable and toxic is considered to be defined as follows:

Cuy = (Cusem —AVI*(MW,) (2-8)
where,
Cu, = concentration of copper that is bioavailable (mg/kg)
Cusem = molar concentration of Cu as defined by simultaneous extraction (moles/kg)

AVS = molar concentration of AVS (moles/kg)
MW, = molecular weight of copper (mg/moles).
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The bioavailable concentration of the other metals in sediment may be determined in the same manner,
following the order described above. For each successive metal, the molar concentration of AV S applied
should be decreased according to the molar concentration of the preceding chemical; when the
concentration of AVSis zero, all remaining metals are assumed to be bioavailable. The metal
concentrations derived in this manner can be used as EPCs.

Bioaccumulation from Environmental Media. Uptake of sediment-bound or soil-bound metals by
organisms (i.e., bioaccumulation) either may be measured directly by collecting and analyzing the tissues
of representative organisms, or may be estimated (BJC, 1998). Intheinitial stages of arisk assessment,
estimates are typically derived according to the following equation:

C.=Cs* BAF (2-9)
where,
C, = concentration in tissue (mg/kg)
C, = concentration in sediment or soil (mg/kg)

BAF = biocaccumulation factor ([mg/Kgiissue] / [MY/KQGsersoit])-

In the event that tissue-based TRV s are available, C; can be used to derive a hazard quotient (HQ) as
defined by the equation:

Ct
TRV

HQ= (2-10)

In addition C; can be used to represent the exposure point concentration for estimating ingested doses for
upper trophic level species. For example:

Doselngested S (2'11)

where,

IR = ingestion rate of receptor species (kg/day)
BW = Body weight of receptor species (kg).

BAF values, defined as the ratios of the concentration of the chemical in the tissues of the organism to the
concentration of the chemical in sediment or soil, have been derived for various chemicals and species
and are available in the literature. In the event that BAF values for relevant chemicals or species are not
availablein the literature, they may be derived using tissue and soil or sediment data available in the
literature or determined experimentally at the site. This relationship may not be valid for those metals
that are essential trace nutrients for plants and animals.

Uptake from Food. For upper tropic level species, quantitative data also can be used to modify ingested
dosesfor usein calculating risk estimates. These data would be incorporated as described for the
noncarcinogenic human health risk assessment. For example, when evaluating exposures resulting from
the ingestion of contaminated prey items, the following simplified equation may be used to determine the
risk from food ingested by the ecological receptor:

Risk = (Intake” ABS) / TRV (2-12)
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where,

Intake = ingested dose (mg/kg/day)
ABS = absorption factor (unitless)
TRV = toxicity reference vaue (mg/kg/day).

For screening-level evaluations, the ABSistypically assumed to be 1 (i.e., absorption is 100 percent).
However, as the investigation progresses through the ecological risk assessment process, it may be
possible to refine this value to reflect actual conditions either through areview of the relevant literature,
or through bioassays as described for human health exposures.
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3.0 WHEN IT IS APPROPRIATE TO CONDUCT A BIOAVAILABILITY STUDY

This section discusses a variety of considerations that RPM s should review when deciding if a
biocavailability study makes sense for their site. Section 3.1 discusses where in both the human health and
the ecological risk assessment processes it is appropriate to conduct a bioavailability study. Section 3.2
outlines severa situations where bioavailability might offer an appropriate solution to a given remediation
problem, and Section 3.3 discusses factors that may affect whether a bioavailability study is worthwhile
for aparticular site.

3.1 Where Bioavailability Fits in the Navy’s Tiered Risk
Assessment Process

The Navy has applied tiers to the risk assessment process for assessing human and ecological risks (see
Figures 3-1 and 3-2). This section briefly discusses the major stepsin the tiered risk-assessment process
and where it is appropriate to conduct a study to support a site-specific bioavailability adjustment.

3.1.1 Human Health Risk Assessment

Figure 3-1illustrates the Navy’ s three-tiered human health risk assessment process. Bioavailahility data
can be incorporated during the risk-based screening step (Tier 1) and during the Baseline Risk Assessment
(BRA) (Tier 1) because both steps rely on the use of exposure and risk calculations that allow for the
incorporation of bioavailability adjustments. Tier | involves arisk-based screening step in which site
concentrations are compared to generic or site-specific risk-based screening levels. Sources of generic
screening levelsinclude the U.S. EPA Region |11 risk-based concentrations (RBCs) (U.S. EPA, 2000) and
the U.S. EPA Region IX preliminary remediation goals (PRGs) (U.S. EPA, 1999). Another source of
generic screening levels for soil is Appendix A of the Soil Screening Guidance: Technical Background
Document (U.S. EPA, 1996a). The Region Il RBCs and Region I X PRGs are updated periodically as
new toxicity and physio-chemical data become available, whereas the values in the Soil Screening
Guidance have not been updated since the document was issued. Therefore, stakeholders need to decide
which screening values to use for a particular site. Biovailability data are not incorporated into the
generic Tier | screening values because the Tier | values are based on conservative default exposure
assumptions designed to provide screening level s protective of most sites across the country.

If site concentrations exceed the generic Tier | values, site-specific screening levels (SSSLs) are
calculated in Tier IB and compared to site concentrations (Figure 3-1). SSSLsdiffer from the generic
Tier | screening levelsin that actual physical properties of the site are incorporated into the SSSL
calculations in place of default valuesinherent in the generic “look-up” values. In addition, whereas
generic Tier | screening levels are available for only specific exposure scenarios (typically ingestion,
dermal contact, inhalation of vapors and particulates), SSSL s can be developed for other relevant
pathways (e.g., food ingestion, vapor intrusion to buildings) or to take into account indirect exposure
scenarios (i.e., when receptors are exposed to contaminants that are transported from the source to other
exposure media such as groundwater or air). Becausethe Tier | SSSLs are calculated values rather than
“look-up” values, Tier IB provides an opportunity for the incorporation of bioavailability data. Several
resources are available for developing SSSL s, including Part B of the U.S. EPA’ s Risk Assessment
Guidance for Superfund (RAGS) document (U.S. EPA, 19914a), the Soil Screening Guidance: Technical
Background Document (U.S. EPA, 1996a), and the American Society for Testing and Materials Sandard
Guide for Risk-Based Corrective Action Applied at Petroleum Release Stes (ASTM, 1995) and Standard
Provisional Guide for Risk-Based Corrective Action (ASTM, 1998).
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Under the Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA), the
risk-based screening step (i.e., Tier 1) alows areas of the site with contaminant concentrations below the
risk-based screening levelsto be eliminated from further action; whereas, areas of the site with
contaminant concentrations above the soil screening levels must undergo further assessment (U.S. EPA,
1994a, 1994b, and 19964). Further assessment may involve conducting a BRA, although site owners can
elect to bypass the BRA and remediate the site to the soil screening levels. Because Tier | providesa
means for eliminating low-risk sites early in the CERCLA process, consideration should be given to
conducting a bioavailability study (in Tier IB) to support the calculation of realistic risk-based screening
levels.

Tier 11 of the human health risk assessment process involves conducting the BRA (Figure 3-1). The U.S.
EPA’s RAGS document (U.S. EPA, 19914) provides guidance on conducting a human health BRA. A
BRA involves four basic steps: data collection and evaluation, exposure assessment, toxicity assessment,
and risk characterization. Asdiscussed in Section 2.3.1, bioavailability data can be incorporated in the
BRA to adjust exposure estimates for key pathways (e.g., oral), or to extrapolate toxicity datafrom one
route of exposure to another (e.g., Gl absorption data are required to adjust oral toxicity factorsto an
absorbed-dose basis for calculating dermal risks). If bioavailability data are to beincorporated into the
BRA, asite-specific biovailability study is needed early in the BRA to provide the necessary datafor
making these adjustments. The results of the Tier | assessment can provide an early indication asto
whether or not a bioavailability study might be necessary during the BRA, as thisinformation is useful
for identifying contaminants and exposure routes that present the highest risks for the site.

Tier 111 of the human health risk assessment process involves an assessment of the risks associated with
various remedial alternatives. Guidance for evaluating short-term and long-term risks associated with site
remediation activitiesis provided in Part C of the U.S. EPA’s RAGS document (U.S. EPA, 1991b). If
these risks are assessed in a quantitative manner, incorporation of bioavailability data may be appropriate
in this phase of the risk assessment process.

3.1.2 Ecological Risk Assessment

Figure 3-2 illustrates the incorporation of the bioavailability evaluation into the Navy’s ecological risk
assessment process. Asindicated, the first step in an ecological risk assessment (Tier 1) isa Screening
Risk Assessment (SRA). Thisstep is a conservative, worst-case evaluation of the potential risks at the
site. Therefore, all chemicals are assumed to be 100 percent bioavailable. All pathways are identified,
and EPCs are determined for all relevant environmental media. Toxicity benchmarks are identified based
on available water, sediment, and soil criteria. If the EPCs do not exceed the selected toxicity
benchmarks, the site passes the SRA and is closed out for ecological concerns. |f the EPCs exceed the
selected toxicity benchmarks, the site either has an interim cleanup, or proceeds to the second tier.

Tier 2, the Baseline Ecological Risk Assessment (BERA), entails a more detailed, less conservative
approach incorporating site-specific exposure factors. Bioavailability considerations may be incorporated
into thistier as part of Step 3a (Refinement of Conservative Exposure Assumptions) in a number of ways,
depending on the data, funding, and time available. For example, asafirst effort, chemical and physical
parameters, such as sediment and soil pH, total organic carbon (TOC), redox potential (Eh), specific form
of the metal, SEM/AVSS, can be evaluated. Evaluation of each of these factors provides qualitative
information for use in aline-of-evidence approach to eliminating individual metals or the site from future
consideration. Similarly, application of literature-based bioaccumulation factors or absorption fractions,
if appropriate, can provide evidence demonstrating alack of bioavailability. If, based on these
refinements, evidence indicates that the site poses acceptable risks, then the site exits the ecological risk
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Plan for monitoring and site closeout.

Note: Modified from the Navy Ecological Risk Assessment Tiered Approach (http://web.ead.anl.gov/ecorisk), which is based on
the U.S. EPA’s 8-Step Ecological Risk Assessment Process.

Figure 3-2. Incorporating Bioavailability in the Tiered Ecological Risk
Assessment Process



assessment process. Otherwise, the evaluation proceeds to Step 3b, which involves a more extensive
evaluation of site-specific information.

In Step 3b, additional site-specific data may be collected, such as concentrations of metals in tissues of
organisms from the site, or measurement of the bioavailable fraction in sediment or soil through
sequential extraction techniques. In addition, site-specific bioassays such as biocaccumulation tests or
relative bioavailability are considered. It isimportant to note that site-specific information collected
previoudly should be carefully evaluated to determine the potential cost-effectiveness of proceeding with
these more expensive and time-consuming bioassays. If determined to be appropriate, the results of these
tests, combined with the data previously collected, can be evaluated to determine if the site poses
acceptablerisks. If therisks are determined to be acceptable, no further evaluation or remediation from
an ecological perspectiveisrequired. If therisks are determined to be unacceptable, and additional
evaluation in the form of remedy development is appropriate, the process proceeds to the third tier.

The focus of the Tier 3, Evaluation of Remedial Alternativesisto develop site-specific, risk-based
cleanup goals and to determine the appropriate remedial strategy. All site information collected during
the assessment, including that pertaining to the potential for bioavailability, should be evaluated when
considering the various remedial alternatives.

3.2 Situations When Bioavailability Should Be Considered

Several types of situations where bioavailability studies might be beneficial are described below. Note,
however, that there can be many other site-specific factors or conditions that ultimately determine
whether bioavailability studies are worth pursuing for a given site (see Section 3.3).

When arisk estimate slightly exceeds an acceptable level and triggersarequirement for
remediation. If it can be shown that the contaminant at the site is less available to the receptor
than was assumed in the initial risk assessment, the risk estimate potentially could be reduced
below the acceptable limits, thus avoiding remediation while still being protective of human
health and environment.

When risk-based cleanup goalsrequire extensive and/or expensiveremediation. This
situation includes sites with large areas of elevated contaminant concentrations over much of the
site aswell as sites where remediation to reach the required cleanup goal is very expensive. In
these cases, if it can be demonstrated that the contaminant at the site is less available than was
assumed in the original risk assessment, the risk-based cleanup goals can be higher. Higher
cleanup goals potentially could reduce the area or volume of soil that requires remediation or
increase the concentration that must be achieved by remediation. At the Butte, MT Superfund
site where mining activities had resulted in widespread |ead contamination, bioavailability studies
found that availability of lead from soil at the site was only 12 percent compared to the default
assumption of 30 percent. Asaresult, the cleanup goal for lead was increased from the default of
500 ppm to 1,200 ppm, and tens of millions of dollars were saved in cleanup costs.

When remediation isnot technically feasible. In thiscase, either the required remediation
cannot be carried out due to site conditions or an effective remediation technology does not exist
to achieve the required cleanup goals. If the contaminants at the site are less bioavail able than
was assumed in the initial risk assessment, the risk estimate might be decreased to an acceptable
level or calculation of risk-based cleanup goals might yield higher goals that are feasible to
achieve.



When remediation activitieswill adver sely impact the environment. In some cases, the
remediation activities required to achieve the cleanup goals for a site would have adverse impacts
on the environment. Such impacts include habitat destruction, increased potential for erosion, or
re-release of contaminants into other environmental media. At the East Fork Poplar Creek sitein
Tennessee, mercury contamination was spread over 650 acres of the creek’ s forested watershed.
Further study revealed that most of the mercury wasin aform that has low bioavailability. This
was confirmed by animal uptake and simulated human digestion studies. Cleanup goals were
adjusted from the original goal of 10 ppm, based on methylmercury, to 400 ppm. Cleanup costs
were cut from an estimated $1.2 billion to approximately $8 million, while leaving alarge tract of
wildlife habitat undisturbed (NEPI, 1998).

3.3 General Factors That Determine Whether a Bioavailability Study
is Appropriate and Feasible

This section highlights general factors that an RPM should consider in deciding whether a site-specific
biocavailability study islikely to be beneficial for asite.

Number of chemicalsdrivingrisk. If three or fewer chemicalsdrivetherisk at asite, thenitis
possible that bioavailability adjustments could reduce risk estimates enough to justify the cost of
doing the bioavailability study. If more than three chemicals drive the risk, a bioavailability
adjustment of only afew may not decrease the risk estimate sufficiently to justify the cost of the
study.

Form of the chemical or the exposure medium for the site compared to the reference dose.
If the form of the chemical found at a site is different than the form used in the toxicity study on
which the reference dose is based, then the bioavailability of that compound may be different and
conducting a site-specific bioavailability study potentially could result in a significant reduction
inrisk. An example of this situation is when the form of metal used in atoxicity study isavery
soluble form (as is often the case), and the form of metal found in soil has alow solubility. Also,
if the exposure medium is different between the reference dose toxicity study and the site (e.g.,
reference dose was given in water while site exposure isto soil), the bioavailability at the site
may be sufficiently different from that reported in the toxicity study to justify a bioavailability
study. If the forms or exposure media are similar, then bioavailability is more likely to be similar
and a biocavailability adjustment may not be worthwhile.

Potential for regulatory acceptance. Although most regulatory policies allow for
bicavailability adjustments, there is no requirement that these adjustments be considered or
accepted by theregulators. Therefore, it isimportant to consider the regulatory climate for the
site before undertaking a bioavailahility study. The regulators for the site should be contacted to
determineif they are receptive to the concept of a bioavailability adjustment. Also, it may be
helpful to determine whether there are any precedents for approval of biocavailability adjustments
by that agency.

Whether bioavailability studies can be completed within therequired timeframefor the
site. Thetime required for a bioavailability study can vary depending on the type of study
required to collect the necessary data. Generally, ssmplein vitro (Iaboratory) tests require less
time than in vivo (live animal) feeding studies. More detailed information on time required for
various types of studiesis provided in Section 4.3.



The cost of bicavailability testing compared to the cost of cleanup. The cost of performing
biocavailability studies and incorporating the results into risk assessment must be weighed against
the cost of cleanup and the potentia cost savings that could result from the bioavailability study.
Costs of bicavailability studies can vary substantially depending on what tests are done and who
is selected to do them. Section 4.3 provides some rough guidelines on the costs of various types
of studies.

Existing site data support a bioavailability study. Information commonly collected during a
site investigation should be reviewed when evaluating whether to proceed with a site-specific
biocavailability study. Both historical siteinformation and soil parameter data bear on the likely
results of such astudy. Under certain circumstances, it may be possible to use existing site data
to indicate the likely outcome of a bioavailability study, and thereby help determine whether to
proceed with the study itself. In general, however, site data cannot be used in place of site-
specific bioavailability studies. The following information on using site data to “ estimate”
biocavailahility isintended as a general guideline; soils at specific sites may not conform to all of
the general trends discussed here. Furthermore, the generalizations apply mainly to the oral
(ingestion) exposure route, which has been the most extensively studied to date. The impact of
site history and soil chemistry parameters on the oral bioavailability of metals from soil is
indicated in Table 3-1.

w Historical siteinformation to consider includes both the types of metals contamination
present and the length of time that the contamination has been resident in soils or sediments
(i.e., the weathering or aging time). The source of contamination can indicate the likely
forms in which the metals were deposited in the soils. In general, soilsthat contain sulfide or
elemental metal forms yield lower bioavailability values than soilsthat contain oxide or
carbonate metal forms. Nickel isanotable exception to thistrend, and forms several
insoluble oxide species. 1n addition, small mineral particles yield higher bioavailability than
large minera particles. Soil weathering reactions change the bioavailability of metals over
time. In general, metal forms with high bioavailability (oxides and carbonates) alter to less
biocavailable forms, while metals with low bioavailability (sulfides and elemental forms) alter
to more bioavailable forms. The length of time that the metals have been present in the soil
will determine the extent of these weathering reactions, and the current bioavailability of the
metalsin soil.

r Site-specific soil chemistry determines the products of the soil weathering reactions discussed
above. Measurements of soil parameters such as pH, TOC, tota carbonate (alkalinity), and
iron and manganese concentrations may therefore indicate the likely outcome of asite-
specific bioavailability study. In general, weathering products that form in acidic soils (pH
less than 5.0) are more stable, and less bioavailable, in the acidic environment of the stomach,
while weathering products from alkaline soil environments (pH greater than 8.0) yield
elevated bioavailability values.

r Most of the metals reviewed in this document (cadmium, lead, mercury, and nickel) can alter
to carbonate forms in alkaline soils, and these carbonate metal forms are highly bioavailable
viathe ora exposure route. Soils containing elevated TOC (greater than 5 to 10 percent) tend
to contain metals that are complexed to organic matter; these organically complexed metals
appear to have elevated oral bioavailability (thisis particularly true for lead and mercury).
These same soils/sediments will often contain relatively insoluble sulfides as aresult of the
action of sulfate-reducing bacteria. This mechanismislimited to cadmium, mercury, lead,
and nickel in seasonally flooded soils. Finally, soils with elevated iron and manganese



concentrations (greater than 3 to 5 percent combined) tend to have reduced bioavailability,
particularly for arsenic due to increased sorption on these soil components.

r The research to date indicates that regulatory leaching tests, such as the Toxicity
Characteristic Leaching Procedure (TCLP), do not predict the oral bioavailability of metals
from soil. Therefore, results from TCLP testing should not be used in estimating the extent
of metals bioavailability from soil.

Table 3-1. Impact of Site History and Soil Chemistry on the

Oral Bioavailability of Metals

SiteHistory

Bioavailability
L ow Medium High

Metal Forms:
Sulfides
Elemental (metallic)
Sulfates
Carbonates
Oxides
Particle Size (of metal-
bearing grains):
Small
Large
Weathering/Aging Time:
Sulfides
Elemental
Carbonates
Oxides
Soil Chemistry
pH:
Acidic
Basic
Alkaline soils
High TOC
High Feand Mn
Sulfide-producing soil

X
X (except Ni)

X (Cd, Hg, Pb, Ni)
X (Cd, Hg, Pb, Ni)
X (Hg, Pb)

X (As)

X (Cd, Hg, Pb, Ni)




4.0 DESIGNING/CONDUCTING A BIOAVAILABILITY STUDY

For assessing potential human health risks, biovailability adjustments usually must be supported by a site-
specific study because it generally is not possible to predict the bioavailability of a compound based on
other, more fundamental physical or chemical properties of the site or the contaminant. For ecological
risk assessments, there are a variety of ways to incorporate bioavailahility, and adjustments can be
determined either experimentally or with estimation techniques (e.g., bioaccumulation is often modeled
using literature-derived bioaccumulation factors). This section provides background information on the
types of tests that can used to assess the bioavailability of a metal to human and ecological receptors and
the resources (i.e., cost, time, and technical expertise) required to conduct such tests. The discussionis
presented from the perspective that a site-specific bioavailability study will be designed and conducted
during risk assessment activities. Thus, recommendations are offered regarding the appropriate steps to
include in a bioavailability study to ensure that the study is acceptable to involved regulatory agencies.

4.1 Test Methods for Assessing Bioavailability

A wide variety of methods have been used to study the bioavailability of metalsin soils and sediments.
For sails, the focus has been on studiesin laboratory animals and simple in vitro extraction tests to assess
the oral bioavailability of metalsin soilsrelative to the bioavailability of more soluble metal compounds.
Most of these studies have been conducted for use in human health risk assessment. For sediments, the
biocavailability of metals to ecological receptors has been the focus of most research to date.

For al of these studies, acritica finding isthat site-specific studies are generally required. Studies
conducted using soluble metal compounds freshly mixed with soil or sediment generally do not show
significant reductions in bioavailability, and will not provide arepresentative indication of the relative
biocavailability of metalsin soil or sediment at a specific site. Consequently, studies must be conducted
using weathered soils or sediments. In addition, it isimportant that the samples being tested be
characterized for parameters such as pH, TOC, CEC, particle size (sand, silt, clay), total metals (Fe, Mn,
Al), and available anions (PO,, SO,4, COs). Also, it isaso important that, for studies predicting human
oral absorption of metalsin soils, the soils be sieved to include particle sizes of less than 250 microns,
because it is these finer particles that are thought to adhere to hands and be ingested during hand-to-
mouth activities. For dermal absorption studies, particle sizes of less than 150 microns are the most likely
to adhere to skin.

4.1.1 In Vitro Methods for Human Health

This section describes the application of simple laboratory extraction tests (in vitro tests) that are
predictive of the bioavailability of metals from soil to humans. These methods are both rapid and
inexpensive, requiring only a day to conduct and costing only asmall fraction of what an in vivo study
(discussed below) would cost. Although in vitro work has focused primarily on determining the oral
biocavailability of arsenic and lead, results from these two elements can be extrapolated to other metals
based on universal solubility-limiting factors and similarities in the aqueous geochemistry of certain
elements. In addition, the dermal absorption of chromium from soil and waste materials has been
evaluated by extraction tests using both real and synthetic human sweat (Horowitz and Finley, 1993;
Wainman et al., 1994).

Simple extraction tests have been used for several years to assess the degree of metals dissolutionin a
simulated Gl-tract environment (Ruby et a., 1993, 1996, and 1999). The predecessor of these systems
was developed originally for nutrition studies to assess the bioavailability of iron from food (Miller et al.,
1981; Miller and Schricker, 1982). In these systems, various metal salts, or soils containing metals, are
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incubated in alow-pH solution for a period intended to mimic residence time in the stomach. The pH
thenisincreased to near neutral, and incubation continues for a period intended to mimic residence time
in the small intestine. Enzymes and organic acids are added to simulate gastric and small-intestinal fluids.
The fraction of ametal that dissolves during the stomach and small-intestinal incubations represents the
fraction that is bioaccessible (i.e., is soluble and available for absorption).

The currently available in vitro tests (Medlin, 1997; Rodriguez et a., 1999; Ruby et al., 1996) are
designed around human pediatric gastrointestinal conditions, and are intended to mimic fasting
conditions. Critical design factors that have been evaluated include extraction fluid chemistry and
temperature, extraction time, mixing rate, and the particle size of the test material. Because the goal isto
develop the simplest test possible, which will yield the highest repeatability and reproducibility, these
tests have been streamlined to include only those factors that control the dissolution of a particular metal.

The research to date indicates that the fractional extraction of arsenic or lead during a one-hour incubation
in acidic fluid (pH 1.5 in hydrochloric acid) is a good surrogate for relative arsenic or lead bioavailability
values derived from in vivo studies (Medlin, 1997; Rodriguez et a., 1999; Ruby et a., 1996). Figure 4-1
shows the correlation of in vivo and in vitro tests for lead bioavailability. Most laboratories currently are
using a specialized test cell (Figure 4-2) for these studies; however, Rodriguez et a. (1999) replaced this
cell with mason jars and achieved equally good results. It isimportant to maintain a constant pH during
thetest (i.e., 1.5+ 0.3), because the solubility of most metalsis highly pH dependent, and alowing the pH
to fluctuate may influence the test results. Note that incorporating the food material used during the
Rodriguez et al. (1999) studies of arsenic bioaccessibility is not recommended, because the food material
contained elevated phosphate concentrations (nearly 3 percent available phosphate), which enhanced the
solubilization of soil arsenic.
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Figure 4-1. In Vitro to In Vivo Correlation for Lead in Soil

No published in-vitro-to-in-vivo correlations exist for cadmium, chromium, mercury, or nickel. Because
all of these metals may occur in soil as discrete mineral forms with varying oral bioavailabilities, it
appears that the same controls on bioavailability will bein effect for these metals as those for arsenic and
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Figure 4-2. In Vitro Test System

lead. At thistime, it isrecommended that the in vitro test, which consists of a stomach-phase (i.e., acidic)
incubation, be applied to determining the bioaccessibility of arsenic, cadmium, lead, and nickel from sail.
Chromium and mercury are best evaluated using sequential stomach-phase and intestinal-phase
incubations.

Before undertaking an in vitro study, it isimportant to consider the desired use for the data. Will the data
be used primarily as arange-finding tool, and for guiding further study of site soilsusing anin vivo
model, or are the dataintended for use in making a quantitative adjustment to a human health risk
assessment? If it isthe latter, itiscritical to establish a dialogue with the relevant regulatory agency as
early as possible, because the use of in vitro data for making adjustments to human health risk
assessments is not widely accepted by regulatory toxicologists. Submittal of a study protocol to the
regulatory agency is generally agood place to start the dialogue over study design issues and the
acceptable uses for these types of data. Appropriate protocols (i.e., Standard Operating Procedures
[SOPs]) for in vitro methods may be found in Part 2 of this Guide.

4.1.2 In Vivo Methods for Human Health

Most of the in vivo research to date has focused on the oral bioavailability of metalsin soils. Thisfocus
reflects the observation that human health risk-based soil cleanup levels for metals are typically driven by
ingestion exposures. New dermal exposure guidance from U.S. EPA (1998f) that includes default
assumptions of 1 percent dermal bioavailability for most metals (3 percent for arsenic) will cause dermal
exposures to be important at some sitesin the future. Consequently, this section focuses on methods for
assessing oral bioavailability using laboratory animals. Dermal absorption studies are described briefly.
Inhalation studies are not discussed because site-specific studies will seldom be relevant, asinhalation is
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not a pathway that contributes significantly to risk from metalsin soil. When evaluating whether to
conduct a bioavailability study, and what form it should taken, the Data Quality Objectives (U.S. EPA,
1994b) process should be used to devel op the study.

Although the oral bioavailability study methods described are generally used for studiesin laboratory
animals, it is useful to note that many of these same methods may be used for studiesin humans.
Recently, lead bioavailability studiesin humans have been conducted. The protocolsfor these studies
must undergo scrutiny by institutional review boards to ensure that no unacceptable risks will be imposed,
and that informed consent will be obtained.

Oral biocavailability studies generally involve measuring chemical concentrations in body tissues or
excreta at various time points after dosing. The specific study design needs to be selected after
considering how the metal being studied is handled by the body. Some metals are well absorbed and
rapidly excreted in the urine (arsenic is a g