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NOTICE

The policies and procedures set forth in this document are intended solely to describe
EPA methods and guidance for developing or revising ambient water quality criteria to protect
human health, pursuant to Section 304(a) of the Clean Water Act, and to serve as guidance to
States and authorized Tribes for developing their own water quality criteria. This guidance
does not substitute for the Clean Water Act or EPA’s regulations, nor is it a regulation itself.
Thus, it does not impose legally binding requirements on EPA, States, Tribes, or the regulated
community, and may not apply to a particular situation depending on the circumstances.

This document has been reviewed in accordance with U.S. EPA policy and approved
for publication. Mention of trade names or commercial products does not constitute an
endorsement or recommendation for use.
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FOREWORD

This Technical Support Document Volume 3: Development of Site-Specific Bioaccumulation
Factors (Site-Specific TSD) provides technical details on how state and tribal water quality staff
scientists or risk assessors ("investigators"), who are responsible for deriving state or tribal water
quality standards, may develop site-specific bioaccumulation factors (BAFs) for use in deriving
ambient water quality criteria for protecting human health. Guidance on different approaches that
investigators can take and the factors that should be considered when selecting an approach for a
given situation is provided. This information allows states and tribes to derive BAFs that are more
representative of the bioaccumulation potential at a given location.

The Site-Specific TSD was developed as a supplemental document to the Methodology for
Deriving Ambient Water Quality Criteria for the Protection of Human Health (2000) (Human
Health Methodology) that updated and revised the existing 1980 Guidelines and Methodology.
The Human Health Methodology includes guidance on chemical risk assessment, exposure and
bioaccumulation.

As part of the Human Health Methodology, EPA developed detailed procedures and guidelines
for estimating bioaccumulation factor (BAF) values for use in deriving or revising ambient water
quality criteria. The Technical Support Document Volume 2: Development of National
Bioaccumulation Factors (EPA-822-R-03-030) (National TSD) discusses the technical basis for
developing BAFs, the underlying assumptions and uncertainties inherent to the approach, and
applying the bioaccumulation component of the Human Health Methodology. The National and
Site- Specific TSDs should be used in conjunction with the 2000 Human Health Methodology to
develop BAFs for use in calculating ambient water quality criteria.

Ephrainl’s. King Z
Dirccwfg
Office of Science and Technology
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1. INTRODUCTION

This Technical Support Document (TSD) provides guidance on different approaches that
investigators can take to develop site-specific bioaccumulation factors (BAFs) that are
representative of the bioaccumulation potential at a given location, and the factors that should be
considered when selecting an approach for developing a site-specific BAF in a given situation.
This TSD should not be used alone to derive BAFs, but rather should be used in conjunction with
the Methodology for Deriving Ambient Water Quality Criteria for the Protection of Human
Health (2000) (USEPA, 2000) and 7SD Volume 2: Development of National Bioaccumulation
Factors (USEPA, 2003). The intended audience for this TSD includes State and Tribal water
quality staff scientists or risk assessors (“investigators”) who are responsible for deriving State or
Tribal water quality standards, stakeholders interested in developing site-specific BAFs, and
other users interested in site-specific bioaccumulation issues for other applications. The 2000
Human Health Methodology for deriving ambient Water Quality Criteria will provide more
flexibility for decision-making at the state, tribal and EPA regional levels. It is most likely that
the methodology will result in more stringent water quality criteria for chemicals that

bioaccumulate and generally similar values for chemicals that do not.

The bioaccumulation methodology used in the 2000 Human Health Methodology
encourages developing site-specific BAFs because EPA recognizes that BAFs vary not only
between chemicals and trophic levels, but also among different ecosystems and waterbodies; that
is, among sites. The bioaccumulation potential of a chemical can be affected by various

site-specific physical, biological, and chemical factors:

» water temperature and dissolved oxygen concentration;
* sediment-water disequilibria;

* organism health, physiology and growth rate;

* food chain structure;

» food quality; and

* organic carbon composition.
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National average BAF value for a given chemical and trophic level may not provide the
most accurate estimate of bioaccumulation for certain waterbodies in the United States. At a
given location, the BAF for a chemical may be higher or lower than the national BAF,
depending on the nature and extent of site-specific influences. In addition, the fish consumption
habits of the local human population will guide the selection of the target species for which the

investigator develops site-specific BAFs.

The goal in deriving site-specific BAFs is to determine the most accurate estimates of
bioaccumulation feasible for each site. In the absence of site-specific data, EPA believes that
national BAFs are broadly applicable to sites throughout the United States and can be applied to
achieve an acceptable degree of accuracy when estimating bioaccumulation potential at most
sites. National BAFs are derived using a methodology intended to produce the most accurate
national average values for BAFs at each trophic level. The investigator should view the
derivation of site-specific BAFs as a process to improve upon the accuracy of the national BAFs
for a particular site. EPA expects that in most instances, the derivation of site-specific BAFs will
be motivated by some knowledge or expectation that unique site-specific factors may cause
BAFs to diverge from the national values. These factors include (for example): fish consumption
patterns that are substantially different than national averages; species of aquatic organisms that
have not been previously sampled or for which trophic level or feeding preference is unknown;
and sediment-water chemical distribution, tissue lipid content or DOC concentration
significantly different than the values assumed in the national methodology. In cases such as
these, the derivation of site-specific BAFs would likely improve the accuracy of bioaccumulation
estimates and, ultimately, the AWQC for the chemical of concern at that site. The issue of what
range of sites the national BAFs are intended to represent, and the potential variation in BAF

values between sites, is considered in greater detail in TSD Volume 2 (USEPA, 2003).
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1.1 BACKGROUND

The Methodology for Deriving Ambient Water Quality Criteria for the Protection of
Human Health (2000) (USEPA, 2000) presented technical guidance and the steps that EPA
follows to derive new and revised national recommended ambient water quality criteria
(AWQOCs) for the protection of human health under Section 304(a) of the Clean Water Act.
Water quality criteria define the maximum levels of a pollutant necessary to protect designated
uses in ambient waters. For chemicals that bioaccumulate, water quality criteria also describe the
maximum advisable concentration of a chemical in freshwater and estuarine fish and shellfish
tissue to protect consumers of fish and shellfish among the general population. The 2000 Human
Health Methodology included guidance on chemical risk assessment, exposure, and
bioaccumulation. To supplement the 2000 Human Health Methodology, EPA is developing a
series of Technical Support Documents (TSDs) on Risk Assessment, Exposure Assessment, and
Bioaccumulation. The first volume, Volume 1: Risk Assessment (EPA-822-B-00-005), was
published with the 2000 Human Health Methodology in October of 2000.

In 2003, the EPA published a second technical support document, Volume 2:
Development of National Bioaccumulation Factors (EPA-822-R-03-030), to accompany the
2000 Human Health Methodology. That document focused on the technical components of the
2000 Human Health Methodology that pertain to the development of national bioaccumulation
factors for use in deriving national recommended ambient water quality criteria for protecting
human health. A national bioaccumulation factor (National BAFI-)1 i1s a mean BAF, based on
concentrations of total chemical in wet tissue and water, for a specific trophic level "i". It is
adjusted for the consumption-weighted average lipid content of commonly consumed aquatic
organisms in that trophic level and the nationwide average organic carbon concentration in
ambient waters. In this document we refer to national BAFs as plural, because the human
population usually consumes aquatic organisms from more than one trophic level and, therefore,

EPA develops a national BAF for each of these trophic levels.

"In TSD Volume 2, a slightly different symbol (National BAFt ,) was used for national bioaccumulation factors.
The two symbols are equivalent.



For those unfamiliar with EPA’s methodology for assessing chemical bioaccumulation
(USEPA, 2003), it is useful to review how BAFs are factored into the calculation of
recommended national AWQCs for the protection of human health. Equation 1-1 (below) is the
generalized AWQC formula for noncancer effects. In this equation, trophic-level specific BAF;s
are in the denominator, along with information on the amount of fish of each trophic level (7)
consumed on a daily basis (FI;), to estimate human exposure to contaminants through the aquatic

food web (USEPA, 2000).

BW
4
DI+ (FI, - BAF,)

i=2

AWOQC = RfD - RSC - (Equation 1-1)

where:
AWQC = ambient water quality criterion (mg chemical/L water)
RfD = reference dose for noncancer effects (mg/kg/day)
RSC = relative source contribution to account for nonwater sources of exposure
BW = human body weight (kg)
DI = drinking water intake (L/day)
FI;= fish intake (kg/day) at trophic level i (i =2, 3, 4)
BAF; = bioaccumulation factor (L/kg) at trophic level i (i = 2, 3, 4) based on

concentrations of total chemical in wet tissue and water

For contaminants that bioaccumulate extensively, such as hydrophobic nonionic organic
chemicals, researchers report BAF; values of 10° to 107 for aquatic ecosystems. For these
chemicals, inspection of Equation 1-1 reveals that the AWQC will be inversely proportional to
the BAF. The EPA’s approach to estimating uptake into fish and shellfish emphasizes the use of
bioaccumulation factors, which account for chemical accumulation from all potential exposure
routes (e.g., food, sediment, and water) that may be important in determining the chemical
accumulation in the organism’s body. As noted in Section 1.2 of the 2000 Human Health
Methodology, however, EPA and State/Tribal decision-makers retain the discretion to use
different, scientifically defensible, methodologies to develop human health criteria on a case-by-

case basis that differ from this Methodology (i.e., the use of BAFs and Equation 1-1) where
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appropriate. For example, in January 2001, EPA published ambient water quality criteria
(AWQC) recommendations for methylmercury for the protection of people who eat fish and
shellfish. This criterion, 0.3 mg methylmercury/kg fish tissue wet weight, marked EPA's first
issuance of a water quality criterion expressed as a fish and shellfish tissue value rather than as

an ambient water column value (USEPA, 2009).

1.2 SCOPE OF DOCUMENT

EPA’s approach for deriving national BAFs includes separate procedures for different
types of chemicals (e.g., nonionic organic, ionic organic, inorganic, and organometallic). For
the purposes of the 2000 Human Health Methodology, nonionic organic chemicals are defined as
organic compounds that do not ionize substantially in natural bodies of water. These chemicals
are also referred to as “neutral” or “nonpolar” organics in the scientific literature. TSD Volumes
2 and 3 focus primarily on calculation procedures for determining BAFs for nonionic organic
chemicals that bioaccumulate in the lipids of fish and partition to organic carbon in water due to
the hydrophobicity of the chemical. BAF calculation procedures and theories presented in both
documents are based on this partitioning behavior which does not apply to ionic organic
chemicals, in their ionized form, or inorganic and organometallic compounds. Therefore, the
BAF calculation procedures presented in this document are applicable mainly to nonionic
organic chemicals. The procedures for estimating the bioaccumulation of nonionic organic
chemicals are generally better developed than those for other types of chemicals. The conditions
under which these procedures can be applied and the limitations associated with their application

must be understood for their proper application, and will be discussed further in Section 2.

Ionic chemicals are considered separately when deriving national BAFs because the
environmental partitioning behavior of the anionic or cationic species of these chemicals in
aquatic systems is much different from those of their neutral (un-ionized) counterparts. lonic
organic chemicals are considered to include those chemicals that contain functional groups
which can either readily donate protons (e.g., organic acids with hydroxyl, carboxylic, and

sulfonic groups) or readily accept protons (e.g., organic bases with amino and aromatic



heterocyclic nitrogen groups). The neutral species of ionic organic chemicals are thought to
behave in a similar manner as nonionic organic compounds (e.g., partitioning to lipids and
organic carbon as a function of hydrophobicity). However, ionic organic chemicals undergo
ionization in ambient water, the extent of which depends on the pH of the water and the pKa of
the chemical (see Section 5.5 of the 2000 Human Health Methodology for guidance). The
ionized chemical species exhibit a considerably more complex partitioning behavior than non-
ionic organic chemicals, involving multiple partitioning mechanisms (e.g., ion exchange,
electrostatic, and hydrophobic interactions (Jafvert et al., 1990; Jafvert 1990; Schwarzenbach, et
al., 1993). As discussed in Section 5.5 of the 2000 Human Health Methodology, procedures for
deriving BAFs for these chemicals differ depending on the extent to which the fraction of the
total chemical is likely to be represented by the ionized (cationic, anionic) species in surface

waters.

Inorganic and organometallic chemicals are also considered separately from nonionic

organic chemicals, due to several important factors. These chemical groups include:

* inorganic minerals,

+ other inorganic compounds and elements,
* metals,

* metalloids, and

* organometallic compounds.

As discussed in Section 5.6 of the 2000 Human Health Methodology, the derivation of
BAFs for inorganic and organometallic chemicals differs in several ways from procedures for
nonionic organic chemicals. First, these chemicals do not partition to lipids and organic carbon in
ambient waters as do nonionic organic chemicals. Second, the bioavailability of inorganics and
organometallics in water tends to be chemical-specific. Third, at the present time there are no
general bioaccumulation models that can be used to predict BAFs for inorganic and
organometallic chemicals as a whole, unlike the hydrophobicity-based, lipid and organic carbon
partitioning models that are available for nonionic organic chemicals. The procedures presented

in this TSD (Volume 3), which are based on the partitioning behavior of nonionic organic
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chemicals to the lipids in fish and organic carbon in water, are not applicable for calculating

BAFs for ionic organic chemicals (when ionized) and inorganic or organometallic chemicals.

1.3 SITE-SPECIFIC BIOACCUMULATION FACTORS (SS BAFs)

There are two general approaches for deriving site-specific BAFs. The preferred
approach is to calculate site-specific BAFs or biota-sediment accumulation factors (BSAFs) from
data gathered in the site(s) of interest. BAFs derived from data obtained from samples of tissue
and water collected at the site - referred to as "field-measured BAFs" - are the most direct
measures of bioaccumulation. For nonionic organic chemicals (and ionic organic chemicals that
behave similarly), the investigator can also predict site-specific BAFs from BSAFs. BSAFs are
similar to field-measured BAFs because the concentration of a chemical in biota is calculated
from the results of the analysis of samples of tissue and sediment collected at the site. BSAFs
also reflect an organism'’s exposure through all relevant exposure routes. EPA prefers
field-measured BAFs and BSAFs over other methods of determining site-specific BAFs because
they inherently account for all biotic and abiotic factors that affect bioaccumulation in a
waterbody. EPA encourages the States, Territories and authorized Tribes to develop

field-measured BAFs and BSAFs whenever possible.

The second general approach is to estimate site-specific BAFs indirectly using one of the
other methods described in TSD Volume 2 (USEPA, 2003). These methods include:

« recalculating site-specific BAFs from baseline® BAFs,
» extrapolating site-specific BAFs from BSAFs, or

» predicting BAFs using laboratory-measured bioconcentration factors (BCFs) or
octanol-water partition coefficients (KowS) coupled with food chain multipliers.

® For nonionic organic chemicals (and certain ionic organic chemicals to which similar lipid and organic
carbon partitioning behavior applies), the baseline BAF is the ratio between the chemical concentration in
the lipid fraction of tissue and the concentration of chemical freely dissolved in water.
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Although these methods are the same as those described in TSD Volume 2, EPA expects

that variations of these methods, described in this TSD, may be used to derive site-specific

BAFs. EPA encourages those deriving site-specific BAFs to use as many of these methods as

possible and then compare the results, applying judgment to select the best estimate. The

guidance discusses benefits and limitations of each approach (see Table 2-1) and EPA

recommends consideration of these when choosing method(s). EPA believes that the additional

guidance provided in this TSD will help to ensure that site-specific bioaccumulation factors are

accurate and defensible, whether they are determined directly by field measurement or indirectly

by estimation methods.

The remainder of this document is organized into four sections:

Section 2 discusses the definition of a site, and introduces the different methods that
the investigator can use to derive site-specific BAFs.

Section 3 discusses the derivation of field-measured site-specific BAFs, from data
obtained on samples of tissue and water collected at the site. This section also
provides guidance to the investigator for planning a field study to measure chemical
concentrations in water and fish tissue.

Section 4 presents the derivation of site-specific BAFs predicted from BSAFs
measured at the site, and also provides guidance related to measuring chemical
concentrations in sediment.

Section 5 presents the other methods for deriving site-specific BAFs based upon
applying one of the other methods described in TSD Volume 2 (USEPA, 2003). This
section also discusses the adjustment of lipid and organic carbon values used in
estimating the site-specific BAFs, and the alternatives that the investigator can use to
determine site-specific values of lipid and organic carbon.
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1.4 GLOSSARY

The following terms and their definitions are used throughout this document, and were
based upon the glossary provided in TSD Volume 2 (USEPA, 2003). Differences between this
TSD and Volume 2 are noted below.

Bioaccumulation. The net accumulation of a chemical by an aquatic organism as a result of
uptake from all environmental sources (water, sediment and food).

Bioaccumulation factor (BAF; ). The ratio of the concentration of a chemical in the tissue of an
aquatic organism to its concentration in water, in situations where both the organism and its food
are exposed and the ratio does not change substantially over time. The subscript i indicates that a
BAF; is trophic level specific; this subscript was not used in TSD Volume 2. Several forms of the

BAF; are used in this document:

Total bioaccumulation factor (BAFf,z ). A BAF based on the zotal concentration of chemical in

the organism and the water. The total concentration of the chemical in the organism includes that
in either a specific tissue (e.g., fillet) or the whole organism and is based on wet tissue weight.
The total concentration of the chemical in water includes the chemical associated with particulate

organic carbon, chemical associated with dissolved organic carbon, and chemical freely

dissolved in the water. The BAF/, is expressed in liters per kilogram, and is trophic level
specific. The subscript i was not used in TSD Volume 2.
Baseline bioaccumulation factor (Baseline BAF; or BAF/} ). For nonionic organic chemicals

(and certain ionic organic chemicals to which similar lipid and organic carbon partitioning

behavior applies’), a BAF that is based on the concentration of the chemical in the lipid fraction

* As discussed in TSD Volume 2, baseline and lipid-normalized BAFs for certain ionic organic chemicals can be
derived using methods developed for nonionic organic chemicals, which rely on lipid and organic carbon
partitioning theory. In these cases, similar lipid and organic carbon partitioning behavior should be known or
inferred (i.e., based on negligible ionization) for the ionic chemical in question. If the relative extent of ionization
that is likely to occur at pH ranges that are typical of U.S. surface waters is negligible (see the 2000 Human Health
Methodology for guidelines on this determination), and if the un-ionized form of the ionic chemical behaves like a
nonionic organic chemical, in which lipid and organic carbon partitioning controls the behavior of the chemical,
then the chemical can be treated essentially as a nonionic chemical for the purposes of determining site-specific
BAFs.
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of tissue within an organism and the concentration of chemical freely dissolved in water. The
baseline BAF; is trophic level specific, although the subscript i was not used in TSD Volume 2.
The baseline BAF; is expressed in liters per kilogram of lipid.

Field-measured bioaccumulation factor. A BAF;, derived from analysis of tissue and water

samples collected from the field. For moderately to highly hydrophobic chemicals, (log Koy > 4)

it is usually preferable to measure a BAF[’f,d instead.

Lipid-normalized and freely dissolved-based bioaccumulation factor (BAF{,d ). For nonionic

organic chemicals (and ionic organic chemicals with similar lipid and organic carbon partitioning

behavior), a BAF that is based on the lipid-normalized concentration of a chemical in tissue of an

organism and the concentration of the chemical freely dissolved in water. The BAFZ:Zd is

expressed in liters per kilogram of lipid. The subscript i was not used in TSD Volume 2.
National trophic-level specific bioaccumulation factor (National BAF;). A BAF based on
nationwide average lipid content for trophic level i and nationwide average organic carbon in
ambient waters. The national BAF; is expressed in liters per kilogram wet tissue. In TSD Volume
2, the symbol National BAF7; , was used for this term.

Bioconcentration. The net accumulation of a chemical by an aquatic organism as a result of
uptake directly from the ambient water only, through gill membranes or other external body
surfaces.

Bioconcentration factor (BCF). The ratio of the concentration of a chemical in the tissue of an
aquatic organism to its concentration in water, in situations where the organism is exposed
through the water only and the ratio does not change substantially over time.

Total bioconcentration factor (BCF; ). A BCF based on the fotal concentration of chemical in
the organism and the water. The total concentration of the chemical in the organism includes that
in either a specific tissue or the whole organism and is based on wet tissue weight. The total
concentration of the chemical in water includes the chemical associated with particulate organic
carbon, the chemical associated with dissolved organic carbon, and the chemical freely dissolved
in the water. A BCF is often referred to as a “laboratory-measured BCF” because it can be
measured only in the laboratory. A BCF reflects only the accumulation of a chemical through the

organism’s exposure to water. The BCF; is expressed in liters per kilogram.
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Baseline bioconcentration factor (Baseline BCF or BCF/"). For nonionic organic chemicals

(and certain ionic organic chemicals to which similar lipid and organic carbon partitioning
behavior applies), a BCF that is based on the concentration of chemical freely dissolved in water
and the concentration of the chemical in the lipid fraction of tissue. The baseline BCF is

expressed in liters per kilogram of lipid.

Lipid-normalized and freely dissolved-based bioconcentration factor (BCF/). The ratio of

the lipid-normalized concentration of a chemical in tissue of an organism to the concentration of

the chemical freely dissolved in water, in situations where both the organism is exposed through

water only and the ratio does not change substantially over time. The BCF/ is expressed in

liters per kilogram of lipid.

Biomagnification. The increase in concentration of a chemical in the tissue of organisms along a
series of predator-prey associations, primarily through the mechanism of dietary accumulation.
Biomagnification occurs across trophic (food chain) levels as opposed to bioaccumulation, which
occurs within a trophic level.

Biomagnification factor (BMF)). The ratio (unitless) of the concentration of a chemical in a
predator organism at trophic level i to the concentration of the chemical in the tissue of its prey
organism at the next lowest trophic level for a given waterbody and chemical exposure. In TSD
Volume 2, the symbol BMF7; , was used for this term.

Biota-sediment accumulation factor (BSAF,). For nonionic organic chemicals (and certain
ionic organic chemicals to which similar lipid and organic carbon partitioning behavior applies),
the BSAF; is the ratio of the lipid normalized concentration of a chemical in tissue of an aquatic
organism to its organic carbon normalized concentration in surface sediment. BSAF; is only
predictive of bioaccumulation for moderately to highly hydrophobic nonionic organic chemicals
when: (1) the ratio does not change substantially over time; (2) both the organism and its food
are exposed; and (3) the surface sediment is representative of average surface sediment in the
vicinity of the organism. BSAF; is expressed in kilograms of sediment organic carbon per
kilogram of lipid. The subscript i was not used in TSD Volume 2.

Bioaccumulation Equivalency Factor (BEF;,). For nonionic organic chemicals (and certain
ionic organic chemicals to which similar lipid and organic carbon partitioning behavior applies),

the BEFy,, is the ratio between the BSAF for a chemical & and the BSAF for another chemical 7,



when both BSAFs are measured in the same ecosystem.

Depuration. Loss of a chemical from an organism as a result of any active or passive
physiological process.

Equilibrium. A thermodynamic condition under which a chemical’s activity, or fugacity, is
equal among all phases composing the system of interest. In systems at equilibrium, chemical
concentrations in all phases will remain unchanged over time.

Food-chain multiplier (FCM;). For nonionic organic chemicals (and certain ionic organic
chemicals to which similar lipid and organic carbon partitioning behavior applies), the FCM,; is
the unitless ratio of a baseline BAF for an organism at trophic level i to the baseline BCF
(usually determined for organisms in trophic level one). The subscript i was not used in TSD
Volume 2.

Foraging range. The area in which an individual organism normally feeds.

Freely dissolved concentration (Cff’ ). For nonionic organic chemicals, the concentration of the

chemical that is dissolved in ambient water, excluding the portions sorbed onto particulate and
dissolved organic carbon (POC and DOC). The freely dissolved chemical concentration is
considered to represent the most bioavailable form of an organic chemical in water and,
therefore, is the form that best predicts bioaccumulation.

Home range. The area to which an individual organism restricts most of its normal activities.
Hydrophilic. Chemicals having a great affinity to water. Hydrophilic chemicals are usually
charged or have polar side groups to their structure that will attract water.

Hydrophobic. Lacking affinity for water; the extent to which a chemical avoids partitioning into
the water phase. Moderately to highly hydrophobic organic chemicals (log K,y > 4) have a
greater tendency to partition into nonpolar phases (e.g., lipid, organic carbon) than do
hydrophilic chemicals.

Lipid-normalized concentration (C). The total concentration of a chemical in a tissue or whole
organism divided by the fraction of that tissue or whole organism that is lipid.

n-Octanol-water partition coefficient (K,,). The ratio of the concentration of a chemical in the
n-octanol phase to its concentration in the aqueous phase in an equilibrated two-phase system of
n-octanol and water. This is usually expressed as log K,,,, the base 10 logarithm of the n-octanol-
water partition coefficient.

Sediment organic carbon-normalized concentration (Csoc). For sediments, the total



concentration of a contaminant in sediment divided by the fraction of organic carbon in
sediment.

Sediment-water column concentration quotient (J..). The ratio of the concentration of
chemical in the sediment, on an organic carbon basis, to that in the water column, on a freely
dissolved basis. Js.cw When divided by the K,,, of the chemical provides a measure of the
chemical’s thermodynamic gradient between the sediment and the water column, for a given
ecosystem. The sediment-water column concentration quotient is expressed in liters per kilogram
of organic carbon.

Steady state. A condition reached by a system (e.g., an ecosystem composed of water, biota and
sediment) when rates of chemical movement between phases and reactions within phases are
balanced, so that concentrations of the chemical in the phases of the system are unchanged over
time. A system at steady state is not necessarily at equilibrium; steady-state conditions often
exist when some or all of the phases of the system have different activities or fugacities for the
chemical.

Trophic Level. A trophic level of an organism is its position in a food chain. Levels are
numbered according to how far particular organisms are along the chain from the primary
producers (e.g., phytoplankton) at level 1, to herbivores (zooplankton; level 2), to predators
(forage fish; level 3), to carnivores or top predators (level 4).

Uptake. Movement of chemical from the environment into an organism as the result of any

active or passive process.

REFERENCES

USEPA, 2000. Methodology for Deriving Ambient Water Quality Criteria for the Protection of
Human Health (2000). Office of Water, Washington, DC.

USEPA, 2000 (b). Methodology for Deriving Ambient Water Quality Criteria for the Protection
of Human Health (2000). Technical Support Document Volume 1: Risk Assessment. Office of
Science and Technology, Office of Water. Washington, DC. EPA-822-B-00-005. August.
USEPA. 2003. Methodology for Deriving Ambient Water Quality Criteria for the Protection of
Human Health (2000). Technical Support Document Volume 2: Development of National
Bioaccumulation Factors. EPA-822-B-03-030. Office of Water, Washington, D.C.

USEPA. 2009. Guidance for Implementing the January 2001 Methylmercury Water Quality

1-13



Criterion. Office of Science and Technology, Office of Water. Washington, D.C. EPA-823-R-
09-002. January.



2. HOW TO SELECT AN APPROACH FOR DERIVING SITE-SPECIFIC BAFs

This section provides guidance on selecting an approach (or approaches) for deriving
site-specific BAFs from the alternatives recommended by EPA in this document. The guidance is
intended to apply to all sites in the United States, and to each of the parties (States, Territories or
authorized Tribes and other stakeholders) that may be interested in deriving site-specific BAFs.
EPA recognizes that these parties may derive site-specific BAFs for different purposes, and may
also have different views as to what constitutes a "site". The investigator should consider these
institutional perspectives, in addition to other factors such as resource and schedule constraints,
in conjunction with scientific preference when selecting an approach for deriving site-specific
BAFs. State and Tribal decision makers also retain the discretion to use EPA’s national BAFs, or
scientifically defensible methodologies, including those discussed in this guidance and others, to
develop site-specific BAFs, as appropriate. As a result, there is not a single approach that is
preferable, or even applicable, for all sites. In each case the investigator should determine the

hierarchy of preferred approaches based upon all of these considerations.

The methodology EPA uses to derive national BAFs for setting AWQCs for the
protection of human health depends on the type of chemical (i.e., nonionic organic, ionic
organic, inorganic, and organometallic). For a given chemical, the choice of a method for
deriving a national BAF depends on several factors. These factors include the properties of the
chemical of interest, the relative strengths and limitations of the BAF method, and the level of
uncertainty associated with the bioaccumulation or bioconcentration measurements. Because
selecting the most appropriate BAF method(s) for a given chemical and data set involves
multiple evaluation steps, EPA developed a decision framework for deriving national BAFs
(Figure 2-1). This framework illustrates the major steps and decisions that will ultimately lead to
calculating a national BAF. Use of this framework leads to selection of one of six possible
procedures (shown at the bottom of Figure 2-1) for deriving national BAFs. Each procedure
includes those BAF derivation methods that are suitable for the class and properties of chemicals
to which the procedure applies. The investigator should use the same framework to select

appropriate methods for deriving site-specific BAFs.

2-1



!

Monionic Organic lonic Organic
o
NEGLIGBLE?
¥
Moderate-High Low - .
(Log K, 2 4) (Log K., =4) | — ™ o

Inorganic &

Organometallic

— =

M

Low! High Lo/ High
Unknown Unknown
PROCEDURE #1 PROCEDURE #3
1. Fisld BAF -
2 BSAF Lan BCF
3. LAB BCFFCM
z
1. Ka® FCM flaw
k4 L i
PROCEDURE 2 PROCEDURE &4
1. Field BAF 1. Figld BAF or
2 BSAF Lab BEF
3. Lab BCF

Yes

Y Y
PROCEDURE #5 PROCEDURE #
1. Figld BAF ar 1. Field BAF
Lab BCF 2. Lab BOFFCM

Figure 2-1. Framework for selection of methods for deriving national BAFs.
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The first step in the national BAF derivation framework involves precisely defining the
chemical of concern. The purpose of this step is to ensure consistency between the form(s) of
chemical used to derive national BAFs and the form(s) used as the basis of the health assessment
(e.g., the reference dose or point of departure/uncertainty factor). Although this step is usually
unambiguous for single chemicals that are stable in the environment, complications can arise
when assessing chemicals that occur as mixtures or undergo complex transformations in the
environment. The second step of the framework consists of collecting and reviewing data on
bioaccumulation and bioconcentration. The third step involves classifying the chemical into one
of three broadly defined categories: nonionic organic, ionic organic, and inorganic/
organometallic. This step is important because the BAF derivation methods presented in this
document, and summarized in Section 2.5, are generally only applicable to nonionic organic
chemicals and other chemicals with similar partitioning and bioaccumulation behavior. For the
purposes of the 2000 Human Health Methodology, nonionic organic chemicals are defined as
organic compounds that do not ionize substantially in natural bodies of water. These chemicals
are also referred to as “neutral” or “nonpolar” organics in the scientific literature
(Schwartzenbach et al., 1993; Mackay, 2001). Due to their neutrality, nonionic organic
chemicals tend to associate with other neutral (or near neutral) compartments in aquatic
ecosystems (e.g., lipid, organic carbon). Examples of nonionic organic chemicals which have
been widely studied in terms of their bioaccumulation include polychlorinated biphenyls (PCBs),
polychlorinated dibenzo-p-dioxins and furans, many chlorinated pesticides, and polycyclic

aromatic hydrocarbons (PAHs).

Ionic organic chemicals are considered to include those chemicals that contain functional
groups with exchangeable protons, such as: hydroxyl, carboxylic, sulfonic, and nitrogen
(pyridine) groups and functional groups that readily accept protons such as amino and aromatic
heterocyclic nitrogen (pyridine) groups. lonic organic chemicals undergo ionization in water, the
extent of which depends on pH and the pKa of the chemical. Because the ionized species of these
chemicals behave differently from the neutral species, separate guidance is provided for deriving
BAFs for ionic organic chemicals. Procedures for deriving national BAFs for ionic organic

chemicals are provided in Section 5.5 of the 2000 Human Health Methodology.
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Inorganic and organometallic chemicals include:

* inorganic minerals,

» other inorganic compounds and elements,

* metals (e.g., copper, cadmium, chromium, zinc),
* metalloids (selenium, arsenic) and

* organometallic compounds (e.g., methylmercury, tributyltin, tetraalkyllead).

As discussed in Section 5.6 of the 2000 Human Health Methodology, the derivation of
BAFs for inorganic and organometallic chemicals differs in several ways from procedures for
nonionic organic chemicals. EPA does not consider the BAF derivation methods presented in

this document (TSD Volume 3) to apply to most inorganic and organometallic chemicals.

Additional guidance on the first three steps of the framework is found in Section 5.3 of
the 2000 Human Health Methodology. Once the chemical is classified into one of the three
chemical categories, additional evaluation steps are necessary to determine which of the BAF
procedures should be used to derive a national BAF. Again, the investigator should use the same

framework to select appropriate methods for deriving site-specific BAFs.

2.1 BAF DERIVATION PROCEDURES FOR INORGANIC
AND ORGANOMETALLIC CHEMICALS

For inorganic and organometallic chemicals, the primary factor to be evaluated is the
likelihood that the chemical will undergo biomagnification in the food web. At present,
evaluating the biomagnification potential for this group of chemicals is almost exclusively
limited to analyzing empirical data on the importance of the aquatic food web (dietary) exposure
and biomagnification in determining chemical concentrations in aquatic species. For example,
available data indicate that methylmercury biomagnifies in aquatic food webs, whereas other
chemicals in the inorganic and organometallic category do not routinely biomagnity (e.g.,
copper, zinc, lead). If biomagnification is considered to be likely, then field-measured BAFs are
the preferred BAF method, followed by laboratory-measured BCF adjusted with an FCM. If

biomagnification is determined to be unlikely, field-measured BAFs and laboratory-measured
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BCF are considered to be of equal utility for deriving national BAFs, all other factors being
equal. Additional guidance on determining national BAFs for inorganic and organometallic
chemicals is provided in Section 5.6 of the 2000 Human Health Methodology. It should be noted
that metal bioaccumulation can vary substantially across organisms due to a number of factors
including physiological differences and variation in mechanisms by which organisms take up,

distribute, detoxify, store, and eliminate metals from their tissues.

EPA’s Framework for Metals Risk Assessment (USEPA, 2007) outlines key principles
about metals and describes how they should be considered in conducting human health and
ecological risk assessments. Issues involving the bioavailability and bioaccumulation of metals
in aquatic ecosystems are discussed in Chapter 5.2.5 of the Framework, while bioaccumulation
and trophic transfer of metals are discussed in Chapter 5.2.5.4. Due to these issues, EPA does not
consider the BAF derivation methods presented in this document (TSD Volume 3) to apply to

most metals.

2.2 BAF DERIVATION PROCEDURES FOR IONIC ORGANIC CHEMICALS

For chemicals classified as ionic organic chemicals, the primary evaluation step involves
estimating the relative extent of ionization and evaluating their partitioning behavior with lipids
and organic carbon. This evaluation should include determining the relative extent of ionization
that is likely to occur at pH ranges that are typical of the site water (see the 2000 Human Health
Methodology for guidelines on this determination). If the relative extent of ionization is
negligible, and if the unionized form of the ionic chemical behaves like a nonionic organic
chemical (i.e., lipid and organic carbon partitioning controls the behavior of the chemical), then
the chemical can be treated essentially as a nonionic chemical for the purposes of deriving site-
specific BAFs. If ionization is considered potentially important, or if non-lipid and non-organic
carbon mechanisms control the behavior of the chemical, then the ionic chemical is treated in the
same way as inorganic and organometallic chemicals for deriving national BAFs. Additional
guidance for deriving national BAFs for ionic organic chemicals is provided in Section 5.5 of the
2000 Human Health Methodology. Perfluorinated alkyl acids are an example of ionic organic

chemicals. Some of these chemicals bioconcentrate and biomagnify in food webs via non-lipid



mediated mechanisms; i.e., lipid and organic carbon partitioning behavior observed for nonionic
organic chemicals does not apply. For the perfluorinated alkyl acids, Procedure 6 (Figure 2-1)

would be used to derive national default BAFs.

2.3 BAF DERIVATION ASSUMPTIONS

The methods for deriving national and site-specific BAFs share a number of fundamental
assumptions. First, EPA assumes that properly derived BAFs can provide a best estimate of
chemical bioaccumulation under steady state (i.e., long-term) conditions that exist in the

ecosystem.

The second major assumption associated with the use of BAFs for nonionic chemicals is
that adjusting the BAF for the organism's lipid content and the chemical concentration that is
freely dissolved removes much of the variability in BAFs across different species (within a
trophic level) and across sites. This is the rationale for calculating baseline BAFs for nonionic
organic chemicals. Section 4 of TSD Volume 2 (USEPA, 2003) provides the scientific basis for
this assumption and a detailed discussion of baseline BAFs. EPA presumes that the residual
variation in BAFs across different species and sites reflects other factors that influence

bioaccumulation. These include:

» differences in chemical loading histories (i.e., sediment-water disequilibria);
* food web structure;

* organism health and physiology;

» water quality factors such as temperature; and

* food quality.
Each of these factors may vary across ecosystems and sites within an ecosystem.
A third major assumption with the use of any BAF is that the steady-state

bioaccumulation of a chemical can be accurately predicted from a constant ratio of tissue to

water concentration (i.e., the BAF is independent of exposure concentration). For nonionic



organic chemicals, this assumption is generally supported by empirical and mechanistic evidence

(i.e., uptake via passive diffusion; Kelly et al. 2004).

2.4 WHAT IS THE DEFINITION OF A SITE?

Investigators typically determine a site-specific BAF for a specific chemical, target
species, and site. Each of these factors may influence the value of the site-specific BAF. The
"site" refers to a spatial scale of interest smaller than the National level. Obviously, this
definition encompasses a great range of spatial scales and different aggregations of waterbodies.
A site can be a State, Territory or authorized Tribe; all surface waterbodies of particular type
(e.g., lakes, rivers, ponds, streams, wetlands) in a State; a watershed; an individual waterbody;
or, a segment of a waterbody. A site may also include intermittent and ephemeral waters that are
by nature highly variable on seasonal, annual, and inter-annual time-scales. The nature of this
variability will in large part, determine the types of fish that may be encountered in these
waterbody types. The appropriateness of a BAF developed for fish that may inhabit these waters
is a very site-specific decision, and some aspects of this guidance may not be applicable to such
waters. As such, EPA recommends that a state or tribe consult with EPA prior to beginning
development of a site-specific BAF for these types of waters. In general, a site is defined
according to the interest or need of the agency or interest group, or can be based on the extent of
contamination of a waterbody by a bioaccumulative chemical. For example, many site-specific
BAFs will be determined at the State level, to support fish consumption advisories issued by the
States. Another example would include site-specific BAFs for watersheds in the Total Maximum
Daily Load (TMDL) process. Site-specific BAFs may also be determined for waterbodies and
waterbody segments receiving point source discharges such as industrial or municipal effluents,
combined sewer overflows (CSOs) and stormwater outfalls. Other sites could include
depositional areas where contaminated sediments accumulate and bioaccumulation potential is
enhanced (i.e., areas where water velocity slows and organic-rich sediments are deposited), or

areas where contaminated sediments are disturbed by dredging activities.



The spatial scale of both BAFs and BSAFs should also be related to the home’ range of
the aquatic organism of interest. With the notable exception of migratory species such as striped
bass and some species of eels and salmon, this range will typically be confined to a single
waterbody. Even at this scale, however, measuring BAFs (or alternatively BSAFs) may not be
the preferred method of determining site-specific BAFs. For example, the difficulty or expense
of measuring the concentration of some chemicals in water may be prohibitive. In these
situations, it may be desirable to extrapolate a site-specific BAF using a high-quality baseline
BAF or BSAF from a comparable site, or from a national BAF based upon a substantial number
of measurements. In other cases, a site-specific BAF predicted from the product of a BCF or an
octanol-water partition coefficient (Kow) and a food chain multiplier may be preferred. This

could be the case when site-specific data are very limited.

For sites larger than a single waterbody, the methods preferred for determining
site-specific BAFs may be different than those preferred for a single waterbody. In particular,
developing either a field-measured BAF or BSAF (site-specific BAF methods 1 and 2) can
become impractical because each waterbody must be sampled, and the necessary sampling effort
increases as the number of waterbodies increases. On the other hand, for the other methods of
determining site-specific BAFs the sampling effort increases marginally (methods 3 and 4) or not

at all (methods 5 and 6) as the number of waterbodies increases.

The investigator should carefully consider trade-offs between the management objective
or need (e.g., state, waterbody, area of concern, Superfund site) versus the spatial heterogeneity
in bioaccumulation within that site. For large sites, the site-specific BAF must necessarily
represent the BAFs for all waterbodies or ecosystems within the site. The within-site variation in
BAFs among waterbodies should be minimal to estimate an accurate site-specific BAF for a
large site. This requirement can only be met if the waterbodies in the site are comparable in
terms of the ecosystem factors known to influence bioaccumulation potential (e.g., chemical

loadings histories [sediment-water disequilibrium]; food web structure; organism health and

> Depending upon the characteristics of the site, chemical of interest, and target species, as well as the predominant
bioaccumulation exposure pathway(s), it may be more appropriate to relate spatial scale of the site to the foraging
range instead of the home range. Although we refer to home range throughout this document, the investigator
should understand that foraging range may be more appropriate depending upon these site-specific factors.
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physiology; water quality factors such as temperature; and food quality). The issue is not simply
one of size, but rather the likelihood that the variability in bioaccumulation (and the underlying
factors such as sediment-water disequilibria, bioavailability and biomagnification) will increase
with the size of the site, and information on these factors should be considered when defining the
site. One approach that may improve the comparability of these ecosystem factors for large-scale
sites is to derive site-specific BAFs for each type of waterbody (e.g., lakes, rivers, ponds,

streams, estuaries, wetlands) within a State, Territory or other region. Even if this approach is

used, it is still important for the investigator to evaluate the comparability of the chemical

bioaccumulation potential for the waterbodies within the site.

For large-scale sites, EPA recommends that States, Territories and authorized Tribes
consider using the national BAFs, or the baseline BAFs for individual species, to determine the
site-specific BAFs. National BAFs, if available, are based upon the highest-quality data for
bioaccumulation potential, a careful evaluation of the assumptions made in predictions or
estimates, and use a weight-of-evidence determination approach. As a result, the national BAFs
are considered reliable estimates of bioaccumulation potential at larger geographic scales. For
these reasons, considerable information would be lost if a site-specific BAF were developed
without incorporating the national BAF values or the baseline BAFs for individual species that
are referenced in the Water Quality Criteria documents for specific chemicals. At large-scale
sites, careful determination and justification will be needed as to why bioaccumulation data® used

for deriving EPA national bioaccumulation factors are not considered applicable to the site.

It is important to identify the fish consumption habits of local populations because the
commonly-consumed fish serve as the dietary exposure pathway for bioaccumulative chemicals.
EPA encourages States, Territories and authorized Tribes to use local or regional fish
consumption data when developing and adopting criteria for their water quality standards,
because local or regional fish and shellfish consumption patterns can differ substantially from
national consumption patterns. BAFs vary between aquatic species due to several factors,

including trophic level, benthic versus pelagic feeding preferences and habitat preferences,

% Or, an appropriate subset of the bioaccumulation data used to calculate the national BAFs.
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growth rate and migration. Even more variation is possible when one considers the different
types of tissues that individuals may consume. Thus, the preferred approach for determining
BAFs, as well as many of the details associated with data collection efforts to support their
derivation, will depend upon identifying the fish species and tissue types commonly consumed
by the local populations. In all cases, the primary selection criterion should be that the target
species is among the species commonly consumed in the study area, and that the species is of

recreational or sustenance fishing value.

2.5 WHAT ARE THE METHODS FOR DERIVING SITE-SPECIFIC BAFS?

This section provides an overview of the methods for deriving site-specific BAFs. These
include:
1. Site-specific BAFs calculated from field data obtained from the site of interest (i.e.,
“field measured” BAFs);

2. Site-specific BAFs predicted from biota-sediment accumulation factors (BSAFs)
calculated from field data obtained from the site of interest;

3. Site-specific BAFs predicted from (3a) extrapolated BSAFs or (3b) bioaccumulation
equivalence factors (BEFs) measured at a reference site;

4. Site-specific BAFs predicted from (4a) laboratory-measured BCFs or (4b) the
chemical's n-octanol-water partition coefficient (K, ), combined with a site-specific
food-chain multiplier;

5. Site-specific BAFs recalculated from national or baseline BAFs by adjusting the
tissue lipid content and/or organic carbon concentration to reflect site-specific
conditions.

The approach to deriving site-specific BAFs using methods 1 and 2 involves measuring
new baseline BAF values. Method 3 involves extrapolating measured values from other sites.
Methods 4 and 5 involve derivation of site-specific BAFs based on adjustment of existing
national or baseline BAFs. In most situations, the first approach (measure new baseline BAF
values) is preferable, when resources and data availability permit. We summarize each of the
site-specific BAF methods below, and relate each to the corresponding method in the national

BAF methodology. As noted in Section 1, the methods for deriving site-specific BAFs are

2-10



closely related to the methods presented in TSD Volume 2 for calculating national BAFs. In
Sections 3 through 5 of this TSD, we describe each of the recommended methods in greater
detail, emphasizing the scientific basis for each method and technical issues associated with

implementing each approach.

2.5.1 Site-specific Field-Measured BAFs

The most direct measure of site-specific bioaccumulation is a BAF derived from data
obtained from samples of tissue and water collected from the site of interest, referred to here as a
"site-specific field-measured BAF." Because the data are collected from a natural aquatic
ecosystem, a field-measured BAF reflects an organism's exposure to a chemical through all
relevant exposure routes (e.g., water, sediment, diet). A field-measured BAF also reflects factors
that influence the bioavailability, biomagnification and metabolism of a chemical in the aquatic
organism or its food web. Therefore, field-measured BAFs are appropriate for all chemicals,
regardless of the extent of chemical metabolism in biota from a site. This is site-specific BAF
derivation method 1, and it corresponds to Method 1 of EPA's national bioaccumulation

methodology.

2.5.2 Site-specific BAFs Predicted from Measured Biota-sediment Accumulation Factors

(BSAFs)

The investigator can predict a site-specific BAF from a BSAF that is calculated from the
concentrations of a chemical in tissue and sediment samples from the site of interest. The
sediment sample must be representative of the surficial sediment within the home range of the
organism. A BSAF is similar to a field-measured BAF in that the concentration of a chemical in
a biota sample reflects an organism's exposure through all relevant routes. A BSAF also accounts
for bioavailability and chemical metabolism in the aquatic organism or its food web. A BSAF
may be converted to a BAF based upon the distribution of the chemical between sediment and
water, which can be either estimated or measured for a reference chemical. This is site-specific
BAF derivation method 2, and it corresponds to Method 2 of EPA's national bioaccumulation

methodology. This method is appropriate for moderate to highly hydrophobic nonionic organic
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chemicals, and certain ionic organic chemicals that exhibit lipid and organic carbon partitioning

behavior similar to that of nonionic organic chemicals.

2.5.3 Site-specific BAFs Predicted from Extrapolated BSAFs or BEFs Measured at a

Reference Site

The investigator may extrapolate site-specific BAFs from BSAFs measured at another
(reference) site using two approaches. The first approach is to directly extrapolate a high-quality
BSAF (as discussed in Section 4) to the site of interest, if one is available for the chemical of
concern. Alternatively, if a high-quality BSAF for a reference chemical is available for the site of
interest, then the investigator can use a bioaccumulation equivalence factor (BEF, defined as the
ratio between BSAFs for the chemical of concern and the reference chemical) measured at a
reference site to extrapolate a BSAF. Since these are actually two related methods, we refer to
BSAF extrapolation as method 3a and BEF extrapolation as method 3b. For either method,
conversion of the BSAF into a site-specific BAF is accomplished using Method 2 of EPA's
national bioaccumulation methodology. Methods 3a and 3b are appropriate for moderate to
highly hydrophobic nonionic organic chemicals, and to certain ionic organic chemicals for which
similar lipid and organic carbon partitioning behavior applies. Section 5 of this document
provides a full description of the BSAFs and BEFs extrapolation methods, and Section 5.1.3

addresses how to choose a reference site.

2.5.4 Site-specific BAFs Predicted from Laboratory-Measured BCFs Combined with a
Food Chain Multipliers

The investigators can predict site-specific BAFs as the product of laboratory-measured
BCF values and a food chain multiplier (FCM). A laboratory-measured BCF typically reflects
only the accumulation of a chemical through the organisms' exposure to water. The BCF will
likely underpredict BAFs for chemicals for which accumulation from sediment or dietary sources
is important, including hydrophobic nonionic organic chemicals. For such chemicals, a
food-chain multiplier (FCM) should be used to adjust the value of a laboratory-measured BCF to
better account for chemical accumulation through the food web as a result of dietary exposures.

The investigator should measure, estimate (from existing data), or predict (using food chain
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models) the FCM to reflect biomagnification of the chemical for a particular trophic level under

site-specific conditions.

A laboratory-measured BCF often reflects the chemical metabolism that occurs in an
organism of interest during the BCF measurement. However, a BCF experiment will not account
for metabolism of a chemical that occurs at lower trophic levels in the food web because the
experiment excludes chemical accumulation from dietary sources. Estimating site-specific BAFs
using laboratory-measured BCFs and a food chain multiplier is appropriate for all chemicals,
although the investigator should apply this method with caution to chemicals which metabolize
in biota, because the method may overpredict BAFs for such chemicals. This is site-specific BAF
derivation method 4a, and it corresponds to Method 3 of EPA's national bioaccumulation

methodology.

2.5.5 Site-specific BAFs Predicted from /N-octanol Water Partition Coefficient (K,)
Combined with a Food Chain Multipliers

The investigators can also predict a site-specific BAF for nonionic organic chemicals by
using the product of the chemical's K, and a FCM for a particular trophic level under site-
specific conditions. The K,y is strongly correlated with the BCF for this class of chemicals,
particularly for those chemicals that are poorly metabolized by aquatic organisms. For these
chemicals, the investigator can substitute the measured or predicted K, for the BCF when
predicting a site-specific BAF. The investigator must also adjust the K,,, with a FCM to account
for chemical accumulation through the food web as a result of dietary exposures, for nonionic
organic chemicals where food web exposure is important. This is site-specific BAF derivation
method 4b, and it corresponds to Method 4 of EPA's bioaccumulation methodology. This method
is appropriate for non- or poorly-metabolized nonionic organic chemicals, but can also be
applied to certain ionic chemicals having similar partitioning behavior. This approach may
overpredict BAFs for chemicals that are metabolized by aquatic organisms, because metabolism

is not incorporated in either the K, or the FCM.
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2.5.6 Site-specific BAFs Recalculated from National or Baseline BAFs

The investigators can recalculate a site-specific BAF from baseline or national BAFs for
a chemical by modifying the default values for the aquatic organism lipid content and/or the
dissolved organic carbon (DOC) concentration. The investigator can modify these parameters in

the national BAF calculation by:

1. Conducting site-specific field studies to generate representative data,

2. Conducting a literature search to obtain data more representative of local conditions,
and/or

3. Selecting an appropriate subset of the national database that EPA used to derive the
default values.

Site-specific BAFs recalculated from baseline or national BAFs are appropriate for all
chemicals, regardless of the extent of chemical metabolism in biota. This is site-specific BAF

derivation method 5, and is an extension of Method 1 of EPA's bioaccumulation methodology.

2.5.7 Advantages and Limitations of Site-specific BAF Approaches

There are method-specific strengths and limitations which the investigator should
consider and balance when deriving site-specific BAFs using the methods summarized above.
These strengths and limitations, as summarized in Table 2-1, form the basis for selecting
approaches to derive site-specific BAFs. Resource limitations, institutional context, and the use
to which the BAFs will be put may also be important selection factors. In general, all else equal,
measuring new technical baseline BAF values (methods 1 and 2) is preferable to extrapolating or
adjusting existing baseline BAFs (methods 3 through 5). For example, the field-measured BAF
method is advantageous because it applies to all chemical types, and because it accounts for
site-specific factors that affect bioavailability, biomagnification, and metabolism. Nevertheless,
field-measured BAFs cannot be readily determined for chemicals that are very difficult to
accurately measure at low concentrations in the water column (e.g., 2,3,7,8-TCDD). Site-specific

BAFs derived from field-measured BSAFs offer a number of the same strengths as
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field-measured BAFs (e.g., they account for biomagnification, metabolism, and site-specific
factors affecting bioavailability). In addition, the BSAF approach is the only field-based method
that the investigator can use for chemicals such as 2,3,7,8-TCDD that are difficult to measure in
ambient water. However, application of the BSAF method is currently limited to nonionic
organic chemicals of moderate to high hydrophobicity. Burkhard et al. (2003a) discuss the
relative merits of site-specific BAF versus BSAF measurements for different classes of
bioaccumulative chemicals. In general, BSAF approach (Method 2) will be preferable for
moderately to highly-hydrophobic organic chemicals, while for less hydrophobic organic
chemicals, ionic organic chemicals and inorganic and organometallic chemicals, field-measured
BAFs (Method 1) will be the preferred approach. Aside from producing the highest-quality site-
specific BAFs, these methods also increase the available bioaccumulation dataset. As noted in
Table 2-1, these methods may not be preferred for determining BAFs for large-scale sites (e.g.,
sites that encompass multiple waterbodies or ecosystems), because the level of effort associated
with sampling increases with the number of waterbodies. Further guidance regarding the relative
level of confidence associated with each approach is offered in Sections 4.6.1 and 5.2.3.1 and
Burkhard et al. (2003b). As more data become available to support derivation of site-specific
BAFs by the different methods, it may be possible to generalize the ranges of relative errors or
changes in the confidence intervals associated with each method’s assumptions, as demonstrated

by Arnot and Gobas (2004) for bioaccumulation predictions made with alternative models.

2-15



Table 2-1. Strengths and Limitations of the Methods for Deriving Site-specific BAFs (SS

BAFs)
SS. BA.F SS BAF R
Derivation Strengths Limitations
Method
Approach
Derive new 1. Field measured * Preferred method applicable to * Representative chemical
baseline BAF SS BAF all chemical types concentration in water may be
values difficult to quantify
* Incorporates chemical
biomagnification and * Level of effort increases with
metabolism spatial scale, number and type of
waterbodies within site
* Reflects site-specific attributes
that affect bioavailability and
dietary exposure
2. SS BAF predicted | ¢ Preferred method for highly * Limited to nonionic organic
from measured BSAF | hydrophobic chemicals chemicals with log K, > 4
* Incorporates chemical * Accuracy depends on
biomagnification and representativeness and quality of
metabolism the estimate of chemical
distribution between sediment
* Reflects site-specific attributes and water
that affect bioavailability and
dietary exposure * Locating representative
sediment sampling locations may
* Useful for chemicals that are be difficult
difficult to analyze in water
* Level of effort increases with
* Use of chemical concentrations | spatial scale, number and type of
in sediment reduces temporal waterbodies within site
variability
Extrapolate 3. SS BAF * Incorporates chemical * High-quality data currently
measured values | extrapolated from biomagnification and limited to few sites and chemicals
from other sites BSAF (3a) or metabolism
BEF (3b) * 3b: Limited to nonionic organic
* Quality of BSAFs or BEFs chemicals with log K, >4

measured at another site may be
superior to site-specific
measurements

* 3b: Accuracy depends on
representativeness and quality of
the estimate of chemical
distribution between sediment
and water
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Table 2-1. (continued) Strengths and Limitations of the Methods for Deriving Site-specific

BAFs (SS BAFs)
BAF
SS. . SS BAF o el
Derivation Strengths Limitations
Method

Approach
Adjust existing 4a. SS BAF predicted | * Applicable to all chemical types | * May not account for chemical
national or from BCF and FCM | (although FCMs have only been metabolism in food web
baseline BAFs developed for nonionic organic

chemicals)
* Level of effort does not increase
with spatial scale, number and

type of waterbodies within site

* BCF may account for chemical
metabolism in target organisms

* Large BCF database available

« Standardized test methods

* High-quality data currently
limited for highly hydrophobic
chemicals

* FCM predicted using food chain
model is uncertain unless
confirmed with site-specific data

4b. SS BAF predicted

* Readily applied with minimal

* Limited to nonionic organic

from Kowand FCM input data chemicals
* Level of effort does not increase | ¢ Chemical metabolism, when
with spatial scale, number and present, not accounted for
type of waterbodies within site
* Accuracy depends on accuracy
of Kow
* FCM predicted using food chain
model is uncertain unless
confirmed with site-specific data
5. SS BAF * Quality of baseline or National * High-quality data currently
recalculated from BAFs may be superior to site- limited to few sites and chemicals
baseline BAF specific measurements

* Depending on method used to
derive national BAF, may or may
not incorporate chemical
biomagnification and metabolism

Extrapolating site-specific BAFs from BSAFs or BEFs measured at a reference site, or

recalculating site-specific BAFs from national or baseline BAFs, are methods that the

investigator should consider if high quality data are available for the chemical of concern. In

such cases, extrapolating or recalculating BAFs may be the most effective way to quantify

site-specific bioaccumulation. Unfortunately, high quality data are currently limited to relatively
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few chemicals and sites. The issue of what constitutes "high quality" data for BAFs and BSAFs

are discussed in Sections 3 and 4.

Site-specific BAFs predicted using a BCF or K,y and food chain multiplier have the
advantage of requiring limited site-specific data, and can be readily applied to many sites, or sites
that encompass many waterbodies. BAFs predicted from a laboratory-measured BCF and a FCM
can be applied to all chemical types, and data for BCFs are generally more plentiful than data for
field-measured BAFs. However, acceptable BCFs for highly hydrophobic chemicals (i.e., those
with a log K,y > 6) appear to be very limited, often because of lack of ancillary data that affect
bioavailability (e.g., dissolved organic carbon). Deriving site-specific BAFs using K,,, and FCMs
(where appropriate) offers a distinct advantage in that no laboratory data (besides a Koy) or field
data are needed to derive a BAF. However, this method is limited to nonionic organic chemicals
that are non- or poorly-metabolized. Finally, if the FCMs used in either of these approaches is
predicted with a food chain model, then the accuracy of the FCM may be questionable unless the
prediction is confirmed by data. Burkhard et al. (2003b) compared the performance of
predictions made using national bioaccumulation methodologies 2 and 4, and found that method
4 was more sensitive to ecosystem conditions, particularly the temporal dynamics of several
important factors (lipid, foodweb structure, and exposure concentrations). TSD Volume 2
(USEPA, 2003) and a number of other publications (Burkhard et al. 2003a and 2003b) provide
further discussions of the advantages and limitations of the site-specific BAF approaches, and the

possible trade-offs between different methods.

2.5.8 Weight-of-Evidence Approach to Selecting a Site-specific BAF

The final site-specific BAF must be selected from the individual BAFs by using a weight-
of-evidence approach that takes into account the uncertainty in the individual BAFs and the data
preference hierarchy (i.e., field-measured BAFs are preferred over BAFs derived using the other
methods). Investigators are encouraged to determine site specific BAFs using all of the possible
methods available. As noted in the previous sections, selecting the most appropriate derivation
procedure depends greatly on chemical properties. Section 5.4.2 of the 2000 Human Health
Methodology provides a guide for selecting the most appropriate final BAF when the uncertainty
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is similar between two individual baseline BAFs calculated using different methods. Section 6.1
of TSD Volume 2 and Section 5.4.3.2 of the 2000 Human Health Methodology provide more

detailed discussions of this step.

All BAF values should be reviewed carefully to assess their sufficiency, quality,
variability, and overall uncertainty. Large differences in individual site-specific BAFs for a given
species or trophic level (e.g., greater than a factor of 10) should be investigated further. As a
result, some or all of the site-specific BAFs for a given trophic level might not be used.
Procedural and quality assurance guidelines are described in Sections 3 and 4, and should be

used to evaluate the quality, variability, and uncertainty of site-specific BAFs.

The data preference hierarchy for each BAF derivation procedure (Figure 2-1 and further
detailed in Table 2-1) is based on the relative strengths and limitations of each BAF method and
reflects the general preference of field-measured data over laboratory- or model-based estimates
of bioaccumulation. Importantly, this hierarchy is intended for use as a guide for selecting the
final baseline BAF rather than as a steadfast rule. Departures from this data preference hierarchy
are entirely appropriate when considerations of uncertainty and weight of evidence indicate that
a lower tier method would be preferred over a higher tier method. In general, when site-specific
BAFs are available for more than one BAF method within a given trophic level, the final site-
specific BAF for each trophic level should be selected from the most preferred BAF method. If
uncertainty in a trophic level-mean baseline BAF based on a higher tier (more preferred) method
is judged to be substantially greater than one from a lower tier method, and the weight of
evidence from the various methods suggests that a BAF value from a lower tier method is likely
to be more accurate, then the final baseline BAF for that trophic level should be selected from

the lower tier method.

When the weight of evidence among the various BAF methods is being considered,
greater confidence in a site-specific BAF is generally assumed when the BAFs are in agreement
across a greater number of methods within a given trophic level. However, lack of agreement
among site-specific BAFs derived from different methods does not necessarily indicate less

confidence, if such disagreements can be adequately explained. For example, if the chemical of
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concern is metabolized by aquatic organisms represented by a baseline BAF value, one would
expect disagreement between a baseline BAF derived from a field-measured BAF (the highest
priority data) and a baseline BAF predicted from a K,,, and model-derived FCM. In addition,
consideration should also be given to the quantity and diversity of bioaccumulation
measurements that underlie the calculation of a trophic level-mean baseline BAF. In some cases,
the uncertainty associated with very limited BAF data from a “more preferred” method may be
offset by the greater quantity and diversity of data that are available from an otherwise “less

preferred” method for a given data preference hierarchy.
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3. MEASURING SITE-SPECIFIC BIOACCUMULATION FACTORS

Bioaccumulation factors are used to relate chemical concentrations in aquatic organisms
to concentrations in the ambient media (e.g., water and sediment) of aquatic ecosystems. The
most direct measure of site-specific bioaccumulation is a BAF derived from data obtained from
samples of tissue and water collected from the site of interest. These data are then used to
calculate a site-specific, field-measured BAF. A field-measured BAF reflects an organism's
exposure to a chemical through all relevant exposure routes (e.g., water, sediment, diet), because
the data are collected from a natural aquatic ecosystem. A field-measured BAF also reflects
factors that influence the bioavailability, biomagnification and metabolism of a chemical in the
aquatic organism and/or its food web. Therefore, field-measured BAFs are appropriate for all

chemicals, regardless of the extent to which these factors influence bioaccumulation at the site.

Two forms of the BAF are used by EPA in the 2000 Human Health Methodology
(USEPA, 2003). The first is the total BAF, denoted BAEt also referred to as the “field-

T
measured” BAF. The BAF; is calculated from the total concentration of chemical in the

appropriate wet tissue of the aquatic organism sampled at trophic level i, and the total

concentration of the chemical in the ambient water at the sampling site:

C

Total BAF = BAF,, = C—t (Equation 3-1)
where:

C; = total concentration of the chemical in tissue

C, = total concentration of chemical in water

Average or mean chemical concentrations are used for each phase in the calculation of the total
BAF (Equation 1), since multiple samples of biota and water should be collected to characterize

chemical concentrations at a site. Calculating a total BAF is presented in the following example.
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Calculation of site-specific Total BAFs from measurements at the site (Method 1)

A hypothetical lake is contaminated by chemical x. Data obtained from field studies in the lake
indicate that the mean concentration of the chemical in the water column, 49.5 pg/L, reflects
adequate temporal and spatial averaging, based on the K,,, of this chemical. Consumption
surveys of the local population indicate that crayfish (Orconectes sp.) is a commonly consumed
organism, and was selected as a target organism for sampling and BAF determination. Review
of the trophic level assignment of aquatic species corresponding to CSFII consumption
categories (Table 6-4 in TSD Volume 2 [USEPA, 2003]) indicates that crayfish that are
commonly consumed by the general U.S. population belong to trophic level 2. Based on the
field studies, the average chemical concentration in crayfish is 2.4 mg/kg. Data obtained from
field studies also indicates that the mean concentration of the chemical in the water column is
representative of the average exposure of chemical x to the crayfish. The total BAF is calculated
using equation 3-1:

BAF, = =
C, (Equation 3-1)
BAF;}T _ C, _24mg L .1000 Mg _ 48.5 Likg

o kg .49.5,ug mg

The site-specific total BAF for chemical x in crayfish is 48.5 L/kg. Generally, site-specific total
BAFs would also be determined for commonly consumed organisms from trophic levels 3 and
4.

The second form of bioaccumulation factor is the baseline BAF, which is applied

specifically to nonionic organic chemicals. The baseline BAF (BAF{Z ) is calculated using the

lipid-normalized concentration in tissue and the freely dissolved chemical concentration in the

water:

. C 1
. _ fa_ Yy .
Baseline BAF, = BAF/, = s (Equation 3-2)
w !
where:
C, = lipid-normalized concentration of the chemical in tissue
cX = concentration of chemical that is freely dissolved in water
f; = mass fraction of wet tissue that is lipid



Again, average or mean chemical concentrations are used for each phase in Equation 3-2.

The baseline BAF is also related to (but not the same as) the lipid-normalized and freely

dissolved-based bioaccumulation factor (BAF/' ):

. . 1
Baseline BAF, = BAFl.{ld - (Equation 3-3)

The derivation of the baseline BAF and its relationship to BAFifd (Equation 3-3) is

discussed in TSD Volume 2 (USEPA, 2003) and Arnot and Gobas (2004). Calculating a baseline
BAFs is presented in the following example.

Calculatlon 0f s1te-spec1ﬁc Baseline BAF's from measurements at the site (Method 1)

This example illustrates the development of a site specific, trophic level 4 BAF using Method 1
for a nonionic, hydrophobic organic chemical (chemical x). Because this is an organic chemical,
the site-specific BAF should be calculated as a baseline BAF from measurements of lipid-
normalized chemical concentrations in consumed tissue and freely-dissolved concentrations in
ambient water at the site. Calculating a baseline BAF facilitates comparison to other BAF values
and may reduce the variance of the BAF. The baseline BAF can be converted to a total BAF for
calculation of a water quality standard for the site.

Site-Specific Data

A field study was conducted in an unnamed river to measure concentrations of chemical x in the aquatic
food chain and the water column, to support the development of site-specific BAFs. A review of the
dietary preferences of the sport fish caught and consumed by the local population indicated that
largemouth bass was a preferred species at trophic level 4. Therefore, this fish was targeted for collection
during sampling in 1993, and three composite samples were analyzed. Twelve water samples were also
collected on a near-monthly basis in 1993. As recommended in the Section 3 guidance, lipid contents
were measured in all fish composite samples, and dissolved and particulate organic carbon (DOC and
POC) concentrations were measured in all water samples. The following data were obtained from the
study:
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Calculation of site-specific Baseline BAFs from measurements at the site (continued)

LARGEMOUTH BASS
Date Chemical x Concentration (ng/g) % Lipid
August-93 0.797 1.16
August-93 1.040 1.45
August-93 0.646 1.10
WATER COLUMN
Date Chemical x DOC Concentration POC Concentration
Concentration (ng/L) (mg/L) (mg/L)
January-93 1.02 5.18 1.49
February-93 1.01 5.47 1.55
March-93 1.43 5.53 1.98
April-93 2.34 4.39 0.36
May-93 2.24 4.41 0.37
May-93 2.47 5.12 1.46
June-93 3.32 4.84 1.08
June-93 3.74 5.32 1.55
July-93 4.00 5.53 2.31
August-93 2.92 4.83 0.37
August-93 2.89 4.95 1.46
September-93 2.26 4.90 1.38

C1=C,/f1

Lipid and Freely-dissolved Normalization of Concentration Data

Review of these data indicated that the mean concentration of the chemical in the water column reflects
adequate temporal and spatial averaging, based on the hydrophobicity of this chemical (logK,, = 5.84),
and was representative of the average exposure of chemical x to the target fish.

Chemical concentrations in fish (C,) were normalized by the lipid content (f;) of each sample:
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Calculation of site-specific Baseline BAFs from measurements at the site (continued)

The lipid-normalized chemical concentration (C; ) in each sample is tabulated:

Sampling Date Con;ifff;gzzrl(lilgi/zgejipid)
August-93 (1) 68.7
August-93 (2) 71.7
August-93 (3) 58.7
August sample average 66.4

The lipid-normalized chemical concentrations in largemouth bass were then averaged, to determine a
mean value of 66.4 pg/g-lipid.

The freely dissolved fraction of chemical in the water column (fz;) was also calculated for each sample,
using equation 3-6:

f, =1/(1+POC -K_,, +0.08-DOC-K ) (Equation 3-6)

For example, the freely dissolved chemical fraction of the January water sample is:

1
f =
M LA9mg —POC 5w L kg

- +008518mg_D0C105g4£ ]zg
L kg 10°mg L kg 10°mg

=0.431
The freely dissolved chemical concentration ( C;id ) is calculated as:
d
C{v = ffd : Cw

The freely dissolved fraction and freely dissolved chemical concentration is calculated for each sample as
tabulated below:
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Calculation of site-specific Baseline B from measurements at the site (continued)

LB fu Cofll;?:tyr:tllsosl(: l(v:glL)
January-93 0.431 0.440
February-93 0.421 0.425
March-93 0.374 0.534
April-93 0.670 1.57
May-93 0.667 1.49
May-93 0.436 1.08
June-93 0.496 1.65
June-93 0.423 1.58
July-93 0.344 1.38
August-93 0.656 1.92
August-93 0.438 1.27
September-93 0.449 1.02

The freely-dissolved chemical concentrations were then averaged, to determine a mean value of
C/=120ng/L.

Calculating a Site-specific Baseline BAF

The site-specific baseline BAF was then calculated using the average C; ( 66.4 pg/g-lipid), f;(1.24%) and
C{Vd (1.20 ng/L) as shown below:

. C, 1 .
Baseline BAF, = C_;d — (Equation 3-2)
w /
Baseline BAF, = {2028 . L. Zome . 08— ooboe = 5.55x107 L/ kg — lipid

The site-specific baseline BAF for chemical x in largemouth bass is 5.55 x10” L/kg-lipid.
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Calculation of site-specific Baseline BAFs from measurements at the site (continued)

Calculating a Site-specific Total BAF

In order to determine a water quality standard for chemical x at the unnamed river site, the site-specific
baseline BAF must be converted to a total BAF. Recalling the relationship between the baseline BAF and

the total BAF ( BAFZT ):
Site Specific BAF,, = (f, - Baseline BAF,+1)- £, (rearranged Equation 3-4)

Using averages of measured values for lipid content (1.24%) and calculated freely dissolved fractions
(0.484), the site-specific total BAF can be calculated:

Site-Specific BAF; , =(0.0124-5.55x107 L5 +1)-0.484 =3.32x10° &

kg—l1

The site-specific total BAF for chemical x in largemouth bass is 3.32 x 10° L/kg.

There are important advantages to calculating bioaccumulation factors for hydrophobic
nonionic organic chemicals as baseline BAFs because these expressions acknowledge the
thermodynamic relationships (or fugacities, that can be thought of as chemical pressures) that
govern the bioavailability and bioaccumulation of these chemicals and facilitate comparisons
across ecosystems (Mackay, 2001). The lipid and freely-dissolved normalizing of concentrations
also reduces the variance in BAFs among sites and trophic levels for these chemicals. Lipid
normalization is useful for hydrophobic nonionic organic chemicals, because these chemicals
partition extensively into the lipid fraction of tissues. For other classes of chemicals, lipid
partitioning is usually much more limited, and lipid normalization is not appropriate. Likewise,
normalizing the concentrations of hydrophobic nonionic organic chemicals in water by the
freely-dissolved fraction is helpful in reducing the variability of BAFs, since only the freely-
dissolved phase of the chemical is considered to be bioavailable in water. Hydrophobic nonionic
organic chemicals in water are present in the freely dissolved form as well as in association with
dissolved or colloidal organic carbon (i.e., commonly measured as dissolved organic carbon) and
particulate organic carbon. The freely dissolved chemical is generally only a fraction of the
analytically determined concentration, particularly for highly hydrophobic chemicals (log Koy
>5.5). Determining the freely dissolved fraction of a nonionic organic chemical in water, by

measurement or calculation, is discussed in Section 3.4.2.

3-7



The baseline BAF can be calculated from a BAF; as shown in Equation 3-4 by using

information on the lipid fraction (fj) of the tissue of concern for the study organism and the

fraction of the total chemical that is freely dissolved in the ambient water (fz):

t .

Baseline BAF, = BAL,; -1 1 (Equation 3-4)
ffal fl

where:

BAF/, = Total BAF

fu = fraction of the total concentration of chemical in water that is freely dissolved

TSD Volume 2 (USEPA, 2003) provides more detailed information on derivation of the
baseline BAF equation. An alternative formula for the relationship between the total BAF and
the baseline BAF is offered by Arnot and Gobas (2004). The latter may be advantageous for
calculating baseline BAFs for less hydrophobic organic chemicals that have total BAFs
approaching 1.0.

This TSD specifically addresses the determination of site-specific BAFs for nonionic
organic chemicals, which generally follow a hydrophobic organic chemical paradigm (i.e.,
chemicals that preferentially partition into the lipid and organic carbon phases). The investigator
should also be aware that not all classes of organic chemicals necessarily follow this paradigm.

Examples of “other” classes of organic chemicals, for which this TSD may not apply, include:

e Perfluorinated substances, especially polyfluorinated octyl carboxylic acid (PFOA)
and sulfonic acid (PFOS) (Scott et al., 2006; Moody et al., 2002; Giesy and Kannan,
2001),

e Surfactants (Tolls and Sijm, 2000; Tolls et al., 1994);

e Synthetic Dyes & Pigments (Lynch, 2000). Most pigments and many dyes are so
sparingly soluble in water that K, can not be measured.

¢ Organosilicon compounds (Allen et al., 1997; Fackler et al., 1995). These substances
can be sparingly soluble in water and highly volatile thus bioaccumulation testing is
difficult.
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e Methylmercury, the highly bioaccumulative form of mercury, is an ionic organic
chemical. The methods described in this TSD for determining site-specific BAFs do
not apply to methylmercury.

Several of these are ionic organic chemicals; derivation of BAFs for these chemicals is
discussed in Section 2.2. BAFs for inorganic/organometallic chemicals is discussed in Section

2.1.

The investigator should be careful to use sensitive analytical methods and appropriate
statistical treatment of low-end censored data. Concentrations of bioaccumulative chemicals
(especially dissolved concentrations in water) are frequently near or below the analytical
detection limit. Where the chemical is present at concentrations below the minimum detection
limi