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PART I: INTRODUCTION

1. The US Army Corps of Engineers Long-Term Effects of Dredging Opera-
tions (LEDO) Program was established in the early 1980's to develop and
improve methods for predicting long-term environmental consequences of dredg-
ing operations and for minimizing any adverse impacts of dredged material
placement (Engler, Patin, and Theriot 1990). The Bioaccumulation Work Unit
("Toxic Substances Bioaccumulation in Aquatic Organisms”) of LEDO addresses
the fundamental processes involved, and develops techniques for prediction and
assessment of toxic chemical bicaccumulation in aquatic organisms exposed to
contaminated sediments. This paper represents a culmination and synthesis of
work conducted to date under the Bioaccumulation Work Unit. As such, the
paper draws heavily on information in the following publications completed
under LEDO:

*"Activity-Based Evaluation of Potential Biocaccumulation From Sediments"

(Mc7arland 1984)

"Testing Bioavailablility of Polychlorinated Biphenyls from Sediments
Using a Two-Level Approach" (McFarland and Clarke 19£6)

"Simplified Approach for Evaluating Bioavailability of Neutral Organic
Chemicals in Sediment" (McFarland and Clarke 1987)

*Fvaluating Bloavailability of Neutral Organic Chemicals in Sediments--A
Confined Disposal Facllity Case Study® (Clarke, McFarland, and Dorkin
1988)

*Influence of Environmental Variables on Bloaccumulation of Mercury”
{Clarke, Lutz, and McFarland 1988)

*Factors Influencing Bioaccumulation of Sediment-Associated Contaminants

by Aquatic Organisms” (McFarland, Lutz, and Reilly 1989).

The publications listed above form the core of this paper and will not be
cited routinely herein. Pertinent bioaccumulation investigations performed
outside of LEDO and not referenced in the works listed above will be cited.

2. The purpose of this paper is to provide a working document for Corps
regulators and others involved in the environmental assessment of impacts on
the aquatic environment from dredging operaticns and dredged material place-
ment. The paper should facilitate an understanding of the basic concepts

concerning, and factors influencing, sediment contaminant bioaccumulation and
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bioavailability. How biocaccumulation assessments fit into -the tiered testing

approach for dredged material evaluation (US Environmental Protection Agency
1990) is explained. The paper also provides the derivation, step-by-step
procedures, and example applications of a simple method for estimating theo-
retical bioaccumulation potential (TBP) for neutral organic contaminants.
Finally, methods are given for projecting contaminant concentrations in organ-
1sm tissues when steady state 1s achieved, and for calculating a numerical
measure of contaminant bioavailability.

3. Newly defined terms, and topic headings within subsections are nre-
sented in boldface type in the text. SAS program statements for plotting
biocaccumulation data and fitted regression curves are presented in Appendix A.

For convenience, equations are summarized in Appendix B and symbols and abbre-

viations are listed in the Notation (Appendix C).




PART I1: BASIC CONCEPTS

Definitions

4, Chemicals can move through the aquatic environment by various sorp-
tion processes. Adsorption refers to the attachment (binding) of a chemical
to the exterior of a substrate, as in the binding of trace metals or organic
chemicals to sediment particles. Absorption refers to the uptake of a chemi-
cal into a medium, as in the movement of nutrients into organism cells.
Desorption refers to the release of a chemical from a substrate to which it
was attached.

5. Bioaccumulation refers to the uptake of a chemical by an organism
through all routes of exposure, includinyg ingestion, inhalation, and cutaneous
absorption. Thus, bjoaccumulation is a general term that encompasses two
additional concepts, bioconcentration and biomagnification. Bloconcentration
refers to the uptake of a chemical by an aquatic organism from water alone.
Biomagnification is the increase in chemical concentration in organism tissues
through successively higher trophic levels resulting from chemical transfer in
food.

6. Biloaccumulation depends upon bioavailability, i.e., the availability
of a chemical in the environment for uptake by organisms. For example, a
chemical contaminant that is tightly bound to sediment particles may not bu
available to organisms exposed to that sediment, regardless of the concentra-
tion of contaminant in the sediment. On the other hand, a physical distur-
bance resulting in sediment resuspension may increase desorption of that
contaminant from sediment particles to weter, and thus increase the bioavail-
ability of the contaminant to water column organisms. The following sections
examine the physical, chemical, environmental, and biological factors that can
influence bicaccumulation either directly, or indirectly by increasing >r

decreasing bioavailability.

Factors Influencing Bloaccumulation

7. Bloaccumulation of chemicals in the aquatic environment can be
affected by numerous properties of and processes involving the chemicals thenm-
selves, their environment, and the organisms exposed to them. The primary

determinants of bioaccumulation are thermodynamic influences, especially
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fugacity and equilibrium partitioning; and kinetic influences, i.e., processes
affecting rates of chemical uptake and elimination. Thermodynamic influences
include primarily chemical and environmmental factors, whereas kinetic influ-
ences are mainly bilological factors.

Thermodynamic jufluences
' 8. To better understand chemical mobilities such as bioaccumulation in
the envi.onment, one can think of an ecosystem as divisible into various
phases or compartments. An aquatic system, for example, can be thought of as
having primarily water, sediment, and biota compartments. A chemical contami-
nant can move among the compartments and will have a certain affinity for =zach
compartment. The lower the affinity of a chemical for a compartment, the
greater will be its tendency to escape from that compartment. Fugacity (from
the Latin fuga, "flight") {s a measurement of this escaping tendency.
Fugacity 1s measured in units of pressure. Mackay (1979) likened fugwcity to
temperature: just as heat always diffuses from high to low temperature, so
mass (as of a chemical) always diffuses from high to low fugacity. Diffusion
continues to occur from one compartment to another until eqt {librium is estab-
lished and the fugacity (or temverature, in the case of heat exchange) of both
compartments i3 the same. Thus, at chemical equilibrium, there is no net
exchange of chemical mass between the two compartments, and the fugacities of
the compartments are cqual. This does not imply that the mass (or concentra-
tion) of chemical in one compartment is equal to the mass (or concentration)
of that chemical in the other compartment. Likewise, at thermal equilibrium,
the temperature of the two compartments is the same, but the amount of heat
stored in each compartment is not necessarily the same.

9. Fugacity relationships are illustrated in Figure 1 for benzene in a
two-phase system consisting of octanol and water. Octanol and water are
nearly insoluble in each other and thus may be considered immiscible. If one
fills a coutainer partly with octanol and partly with water, shakes the con-
tainer, and then lets it rest, it will equilibrate as two separate layers with
the octanol over the water. A small amount of water will exist in the octamnol
layer, and a little octanol will be in the water. When equilibrium exists
between the octancl and the water (1), the fugacity of water in octanol (f¥)
will be equal to the fugacity of octanol In water (f3). If an organic com-
pound, Benzene, is then introduced into the water (2), fy remains equal to f2,
but the fugacity o{ benzene in octanol (f3) does not equal the fugacity of

benzene 1n water (f3}). Because f3 > f3, benzene "escapes” from the water to
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Figure 1. Fugacity relationships for a two-phase system
containing octanol and water
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the octanol (3) until equilibrium is reached (4). At equilfhciur £2 - £3, but |

the concentration of benzene is much greater in octanol then in irate+ because

benzene has a greater affinity for (i.e., is more soluble in) octancl than
water. In other words, octanol has a greater "containing ability” for bunzene
than does water.

10. At low concentrations characteristic of chsaical contaripants in
the environment, fugacity and concentration are linearly relsies by a propor-
tionality constant that quantifies the ability of a compartmen. to contain a
chemical. This is the fugacity capacity constant Z (Mackay #nd Paterson
1981): !

C = 2f 1)

where C is the concentration of a chemical in a compartment and f is the
fugacity of the chemical in that compartment. In a system consisting of sev-
eral compartments, a chemical will reach the highest concentration in that
compartment for which Z is the highest,

11. The distribution of a chemical between two compartments or phases
is referred to as partitioning. The partition coefficient is a mathematical
constant that describes the concentration differential between the two com-
partments at equilibrium, i.e., equilibrium partitioning. Some examples of
partition coefficients that are useful in describing the behavior of chemicals
in the environment include:

Kow Octanol:water

Koo Soil or sediment organic carbon:water

S Pure chemical:water (aqueous solubility)

Ky Organism:water (bioconcentration factor)

H Air:water (Henry’s Law constant)
Figure 2 illustrates the interrelationships between chemical concentration in
water and various other compartments, as described by partition coefficients.
The compartments include several environmental phases (air, biota, lipid,
sediment/soil, suspended particulates, organic carbon), a pure solute (i.e.,

the chemical of interest), and a pure sulvent (octanol). Each compartment has

* For convenience, equations are listzd in numerical order in Appendix B.




Sediment/Soil i Air Pure Solute
C S C a C ‘
Organic
Carbon COC
s
H
K 4 S
Koc
Dissolved Water Octanol
Organic Koc Kow
Carbon Cy Coct
C doc
K sp K .
Koc lipid
Suspended K "P Biota
Particulates B Cg
C sSp
Organic Lipid
lipid
Carbon (- gg Cq

Figure 2. Interrelationships between chemical concen-
trations in water (C,) and various other compartments
(Cu Cyy Cocesr Cu, Céipld' cnpv Cg;: Cdoc: Cu, Cgc)-
Chemical concentrations in the compartments are related
to each other by partiticn coefficients (H, S, K.,, Ka,

KE'PH, Koo, Kep, Ka)




a concentration of chemical (C,, C,, Ci, Cooss Ca» C3'P*%, Cpp C35s Cacer Css C2°),
and is connected to water by partition coefficients (H, S, K., Ky, Ki'P*¢, K,
Kypr Ka).

12. Fugacity and equilibrium partitioning are thermodynamic determi-
nants of biloaccumulation, i.e., they determine how much chemical will be in
each compartment when equilibrium is reached, but not the rate at which the
transfer takes plare. Transfer rates such as rate of uptake and rate of
elimination by organisms are kinetic processes that will be discussed in the
next section.

Kinetic (rate-influencing) procegses

13. The primary rate-influencing or kinetic processes for chemical
transfer in the aquatic environment include desorption of chemical from sedi-
ment, uptake of :hemical from water, uptake of chemical from food, metabolism
of chemical by an organism, and excretion of chemical by an organism. One may
envision a simple chemical transfer process as follows. If sediment is con-
sidered to be the main repository for a chemical in the aquatic environment,
then the chemical will desorb from sediment to water at some rate. Organisms
take up the chemical from water, or perhaps directly from sediment in some
cases, and store some of the chemical in their tissues (bioaccumulation).
These organisms may then become a source of the chemical to higher trophic
level organisms preying on them (biomagnification). An organism will elimi-
nate some of the chemical through respiration and excretion; some of it will
be broken down or biotransformed by metabolic processes. Figure 3 illustrates
a generalized chemical transfer process for lipophilic (fat-soluble) chemicals
in the aquatic environment.

14. The rates at which a chemical is taken up and eliminated by an
aquatic organism are Jdescribed by rate constants. The basic model for this
mathematical relationship is {llustrated in Figure 4, where C, is again the
concentration of a chemical in water, C; is the concentration of the chemical
in the tissues of an organism, k; is the uptake rate constant, and k; is the
elimination rate constant. Rate constants are important in equilibrium parti-

tioning calculations, and will be discussed Iin more detail in the section

ticled "Kinetics of Uptake and Elimination"” in Part II.
Chemical properties

15. Bioaccumulation of chemical contaminants in the aquatic environment
is affected by several properties of the chemicals themselves, including

hydrophobicity, solubility, stability, lonizability, and stereochemistry.
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Figure 3. Diagram of routes of uptake and clearance of lipophilic chemicals
by aquatic biota (reprinted with permission from Connell 1990)

Cr

K,

. C,

ks

Figure 4. Generalized model for chemical uptuake and
elimination in an aquatic system, where C, = chemical
concentration in water, Cy = chemical concentration in
an organism, k; = uptake rate constant, and k; =

elimination rate constant

Hydrophobicity, which means "fear of water,” is a characteristic of uncharged

(neutral, nonpolar) organic chemicals.

Water molecules are polar and highly

charged, and will link up around a neutral molecule in a “"shaky cage" struc-
ture that requires energy to maintain (Horne 1978). Water will tend to

the neutral molecule to any available less-energetic phase, such as mineral

expel

surfaces (e.g., sediment or suspended particulates), organism lipids, organic

solvents, or other associations of neutral molecules (e.g., dissolved organic

matter) (Figure 2). Thus, water has low ability to contain hydrophobic
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chemicals, and when such chemicals are added to water, their escaping tendency
(fugacity) 1is high.

16. Hydrophobicity generally increases with increasing molecular
weight, molecular surface area, and molecular volume of neutral chemicals.

The degree of hydrophobicity of a chemical can be deszribed by its
octanol:water partition coefficient (K,). Because K, for organic chemicals
spans many orders of magnitude, it is usually expressed on a base,, logarith-
mic scale. Llog K, (also referred to as log P) of hydrophobic chemicals
ranges from about 2 to 10. In other words, at equilibrium, hydrophobic chemi-
cals will concentrate in octanol as opposed to water in ratios ranging from
about 100:1 to 10,000,000,000:1, depending largely on the size and lack of
charge of the molecule. '

17. Octanol does not occur naturally in the aquatic environment, so
what is the significance of log K, in describing the behavior of hydrophobic
chemicals in an aquatic system? First, octanol:water partition coefficients
have been measured or estimated for thousands of different organic chemicals,
and thus provide a broad database for comparisons of chemical behavior in
water. Second, organic chemicals are soluble in octanol to about the‘same
extent as they are soluble in organism lipids; thus, octanol is a good surro-
gate for lipid. Because neutrel organic chemiials accumulate in organism
lipids, log K, can provide & good indication of the tendency of a chemical to
bioconcentrate and bioaccumulate. However, the relationship between log K,
and the biloconcentration factor (log Ky) 18 not linear (Figure 5). Log Kg
does tend to increase in a linear fashion with log K, over the range of log
Ko = 2 to 6, after which log Ky begins to decrease with increasing hydro-
phobicity. This means that bioaccumulation calculations based on linear rela-
tionships with log K., as presented in Part III of this paper, will likely be
increasingly inaccurate for neutral organic chemicals whose log K,s are
increasingly greater than 6. Included in this category are some highly hydro-
phobic environmental contaminants, such as the polychlorinated biphenyl (PCB)
congeners having seven or more chlorine atoms and log K, > 7.

18. Solubility is defined as the mass of substance contained in a solu-
tion that is in equilibrium with an excess of the substance (CRC Press, Inc.
1982). Solubility in water is measured by the pure chemical:water partition
coefficient S. Aqueous solubility is inversely related to hydrophobicity.
Thus, highly bioaccumulating chemicals wili be those with extremely low water

solubilities. 1In actuality, high water solubility favors rapid uptake of
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Figure 5. Relationship between log K, and log K, for blocon-
centration (reprinted with permission from Connell 1990)

chemicals by organisms but at the same time favors rapid elimination. Such
chemicals do not have a chance to accumulate in organism tissues. Neutral
organic compounds are incre;singly insoluble in water as their molecular mass
increases; these compounds tend to be the most highly bioéccumulating. Fig-
ure 6 {llustrates the relationship between molecular weight, hydrophobicity,
aqueous solubility, and the bioconcentration factor for some example organic
contaminants. Heavy metals such as cadmium, mercury, and lead may occur in
ionized forms that are soluble in water, but these substances bind with
organism tissues and thus are actively bioaccumulated.

19. Stability of a chemical refers to its resistance to degradation,
and is an important prerequisite for bioaccumnulation. Chemicals that are
easzily broken down and eliminated by organisms do not bioaccurulate; examples
include the organophosphate insecticides such as parathion ard malathion, and
the polynuclear aromatic hydrocarbons (PAHs) in fishes. Hovever, some inver-
tebrates such as bivalve mollusks and certain amphipods have low metabolizing
capability for PAHs and do bioaccumulate them. The presence of electron-
withdrawing substituents on organic molecules tends to stabilize them. Chlo-

rines, for example, are bulky, highly electronegative atoms that tend to
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METHYLENE CHLORIDE

\DICHLOROME THANE)
CHCl 5

mw = 84.93

log Kow = 1.3

$ 3 20,000 mg/L ©20°C

Ky 3 does not bloaccumuiate

Source = common solvent

FLUORENE
CiaHio

mw = 165.2

109 Kow = 4.38

S = L9 mg/L @25°C
Kg = 1,300

Source * coaltar,
combustion oroduct

DICHLORO-DIPHENYL -

TRICHLOROE THANE
(op'-DLT)
(CIC6H4)2CHCCI3

mw = 3545

109 Kow * 5.75

S = 0.003 mg/L ©25°C
Kg * 37,000

Source = contact Insecticlde

Figure 6. Examples of neutral organic chemicals showing the
relationship among size (molecular weight, mw), hydrophobicity
(log K,,), solubility(s), and bloconcentration factor (Ka)
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protect the nucleus of an organic molecule from chemical attack. Highly chlo-
rinated organic compounds such as somec of the PCBs bioaccumulate to high lev-
als because they are easily taken up by organisms and cannot be readily broken
down and eliminated. Other stable organic compounds that are frequently con-
taminants in the aquatic environment include organochlorine pesticides (e.g.,
dichloro-diphenyl-trichloroethane (DDT), dioxins, and dibenzofurans.

20. The presence of functional groups such as carboxylic acid,
hydroxyl, phenolic, or ether or ester linkages in or on a molecule tends to
make the molecule chemically reactive, thereby diminishing its stability in
the environment.

21. Metals are inherently stable because they are elemental in nature.
Neveriheless, the forms in which a trace element can occur vary greatly in
their biocavailability. Metals within the crystal lattice of minerals are very
stable but clearly are not bioavailable. On the other hand, metals dissolved
in surface and interstitial waters can remain readily bioavailable to organ-
isms at many trophic levels (Patrick, Gambrell, and Khalid 1977). Metals are
taken up by organisms either as ions in solution or as organometallic com-
plexes. Complexation of metals may facilitate biloaccumulation by increasing
bioavailability. For example, the organometalloid methyl mercury is more
bioavailable (and more toxic) to organisms than inorganic forms of mercury.
Organometalloids that are taken up by organisms can hydrolyze, allowing the
free metal ion to bond with reactive biochemical molecules in organism
tissues.

22. Ionizability refers to the ability of a chemical to form ions
(electrically charged particles) in solution. The ions may be positively
charged (cations) or negatively charged (anions). The process of splitting
into ions is called dissociation. Neutral organic chemicals do not ionize.
Metals that are bioavailable are generally those that are present as cations
in solution. If cadmium fons (Cd™), for example, are present in the water
that an aquatic organism respires, they can bind with biological materials and
will tend to bioaccumulate.

23, Weak organic acids and bases (Table 1) are present in ionized or
nonionized forms in natural waters to an extent determined by their acid dis-

soclation constants, pKa. The pXa is the pH* at which a weak acid or base is

* For additional discussion of pH in relation to bioaccumulation, refer to

the next section (Environmeptal Factors).
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50 percent dissociated, i1.e., [nonionized] = [fonized]. The degree of disso-
clation of an acid or base is determined by the pH of the solution containing
the acid or base. The nonionized form of a weak acid or base is the bio-

available form.
24, The relative amounts of ifonized a..d nonionized forms of a weak acid

or base in solution can be calculated using derivations of the Henderson-

Hasselbach equation:
For acids: pKa - pH = log([nonionized]/[ionized]) (2)

For bases: pKa - pH = log([ionized]/!nonionized]) 3)

where the brackets indicate concentrations. To demonstrate these calcula-
tions, take chloroacetic acid in seawater as an example. The pH of geawater
is about the same as that of blood plasma, 7.4. Chloroacetic acid has a low

pKa, 2.85 (Table 1). Using Equation 2,

2.85 - 7.4 = log([nonionized]/{{onized])
- 4,55 = log([nonionized]/[ionized])
[nonionized]/[ionized] = 2.82 x 10"3 = 1:282,000

Therefore, chloroacetic acid is highly ionized in seawater. Because the non-
ionized form is the biocavailable form, chloroacetic acid in seawater would not
be bicaccumulated by marine organisms (at least not through the gill sur-
faces). However, if chloroacetic acid were ingested by an organism having a

stomach pH of 2, then

2.85 - 2 = log([nonionized]/(ionized])
0.85 = log([nonionized/ionized])
[nonionized]/{{ionized] = 7.08 = 7.08:1

giving a very slight preference to the nonionized form, and thus some bio-
accumulation through ingestion. As a second example, one can perform the
calculations for a weak acid having a high pXa. Using o-cresol (pKa = 10.2)
in seawater (pH = 7.4) with Equation 2:
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Table 1

Acid —pKa. Acid _pKa
Adipamic 4.63 o-Nitropherol 7.17
Adipic (Step 1) 4.43 m-Nitrophenol 8.28
Adipic (Step 2) 5.41 p-Nitrophenol 7.15
Benzoic 4,19 o-Phthalic (Step 1) 2.89
Cacodylic 6.19 "o-Phthalic (Step 2) 5.51
Chloroacetic 2.85 m-Phthalic (Step 1) 3.54
c-Chlorobenzoic 2.92 m-Phthalic (Step 2) 4,60
m-Chlorobenzoic 3.82 p-Phthalic (Step 1) 3.51
p-Chlorobenzoic 3.98 p-Phthalic (Step 2) 4.82
o-Chlorophenoxyacetic 3.05 Resorcinol 9.81
m-Chlorophenoxyacetic 3.10 Trichloroacstic 0.70
o-Chlorophenylacetic 4.07 Trichlorophenol 6.00
m-Chlorophenylacetic 4.14 Trihydroxybenzoic (2,4,6-) 1.68
o-Cresol 10.2
m-Cresol 10.01 Base pKa
p-Cresol 10.17
Dichlorophenol (2,3-) 7.44 Aniline 4.63
Dinitrophenol (2,4-) 3.96 Aniline, o-chloro 2.65
Dinitrophenol(3,6-) 5.15 Aniline, m-chloro 3.46
o-Monochlorophenol 8.49 Aniline, p-chloro 4.15
m-Monochlorophenol 8.85% Auniline,
p-Monochlorophenol 9.18 3-chloro-N,N-dimethyl 3.837
Nitrobenzene 3.98 Aniline, 2,4-dichloro 2.05
o-Nitrobenzoic 2.16 Benzidine 4.66
m-Nitrobenzoic 3.47 Biphenyl, 2-amino 3.82
p-Nitrobenzoic 3.41 Naphthalene, dimethylamino 4,566

10.2 - 7.4 = log({nonionized]/[ionized))
2.80 = log([nonionized}/[{ionized})
[nonionized])/{ionized] = 631:1

This ratio favors the nonionized form, meaning that o-cresol would be bio-

accumulated from seawater. If o-cresol were ingested (stomacthH = 2), then

10.2 - 2 = log([nonionized]/[ionized])
8.2 = log([nonionized]/[ionized])
[nonionized]/{ionized] = 158,489,319:1

In this case, the nonionized form is very highly favored, and o-cresol would
be strongly absorbed through the stomach.
25. Stereochenistry refers to the spatial configuration (three-

dimensional shape) of a molecule, and affects its tendency to bioaccumulate.
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