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FOREWORD

Environmental protection efforts are increasingly directed towards
preventing adverse health and ecological effects associated with specific
compounds of natural or human origin. As part of this Laboratory's research
on the occurrence, movedent, transformation, impact, and control of envi-
ronmental contaminants, the Environmental Systeas Branch studies complexes
of environmental processes that control the transport, transformation, degra-
dation, and fmpact of pollutants or other materials in soil and water and
assesses evvironmental facters the'. affect water quality.

Polyvcyclic aromatic hydrocarbons (PAH) from natural and man-made sources
are widely distributed in the environment and pose potential health problems
to aquatic animals and humans. An important phase in addressing these pro-
blems is developing an understanding of the cycling and fate of these compounde.
This report presents the development and evaluation of a theoretical, predic-~
tive model of the fate of PAH based on easily measured characteristics of
the compounds and the environments to which they may be released.

William T. Donaldson

Deputy Director

Environmental Research Laboratery
Athens, Ceorgia
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ABSTRACT

This research project was conducted to test =he hypothesis that fates
of polycyclic aromatic hydrocarbons (PAH) in ccosystems can be predicted by
mechanistic simulation models based on easily measured properties of the
compounds in this homologous series. To accomplish this goal our research
efforts were in four major areas. 1) Development of a mechanistic, pre-
dictive simulation model based on kinetic rather than thermodynamic con-
siderations; 2) Development of analytical and quality assurznce protocols
for the extraction and quantification of PAH associated with biological and
geological matrices; 23 "aborstory studies to determine the vectors of and
rate constants for uptake, depuration and biotransformation of PAH by
aquatic organisms and sediments. These studies also examined the effect of
PAH concentration, temperature and other exogenous factors on rate con-
stants and determined if rate constants were first order; and 4) A micro-
cosm study to compare the results of simulation and laboratory scale stu-
dieg to a larger scale ecosystem study.

Laboratory studies indicated that anthracene and benzo (a) pyrene are
rapidly biotransformed by fish and dipteran larvae but not by periphyton
communities. Biotransformation had a significaat effect on the steady
state concentrations of parent compound and biotransformation products.
These resu}&s demonstrated that predictions of steady state concentrations
based on C-labeled parent compound and the octanol-water partitioning
coefficient of the parent compound would be in error. Thus, the octenol-
water partitioning coefficient would not be a good predictor of the be-
havior of PAH in aquatic organisms. Uptake and depuration rate constants
were first order for fish but not dipteran larvae. Induction of biotrans-
formation and changes of this rate over time means that results frou
short-term pharmacokinetic studies, using radio-labeled compounds, will be
misleading for compounds which are biotransformed.

Anthracene (approximately 12 ug'i'l) wag acutely foxic to bluegill
sunfish dosed in outdoor channels mic.ocosms. This mortality was not
obnerved in laboratory studies and was shown to be a photo-toxic mechanisa.
Therefore, laboratory studies must be conducted under the same lighting
conditions if the results of thesc studies are to be realistic represen-
tations of field cond!tions.

1he modeled processes that influenced PAH transport included losses to
volatilization, photolytic degradation, sorption to suspended particulate
watter and sediments and net uptake by biota. The biots in the model
included phytoplankton, periphyton, rooted macrophytes, bacteria, zooplank-
ton, two functionally defined benthic invertchrate components and two
functionslly defined categories of fish. Model simulstions were compared
to results of experiments conducted in artificial streams. A 0.6 pmolar
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solution of anthracene in ethanol was continuously added into the headwaters
for 15 days followed by termination of anthracene input. The mouel accu-
rately predicted the dissolved anthracene concentration through time and
space. Uptake by periphyton was overestimated by the model; hcowever, the
rate of depuration ot anthracene by peripnyton was reasonably simulated.
Photolytic degradation appeased to be the most important pathway ot flux
within the channels, both experimentally and in the simulations.

This report was submitted in fulfillment of Interagency Agreement No.
EPA~-78-D-X0230 by the Savannah River Ecology Laboratory with the U.S.
Environmental Protection Agency. This report covers the period June 1,
1978 to May 3%, 1981, and work was completed as of May 31, 1981,
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SECTION 1
INTRODUCTION

Polycylic (polynuclear) aromatic hydrocarbons (PAH or PNA) are &
homologous series of compounds composed of 2 or more condensed benzene
rings with occasional incorporatioas of cyclopentene rings, such as in the
fluorenes or "hetero-octanes"” (N, O or S). PAH derived from natural
(Andelman and Snodgrass, 1974) and man-made sources are widely distributed
in the environment. PAH occur as natural products in plants and microbes
and natural pyrolytic processes, such as forest fires and volcanic activi-
ty, and human activities such as manufacturing and fossil fuel conversion
(Braunstein et al., 1977; Harrison et al., 1975; and Suess, 1976). Inputs
to aquatic systems are due to human activities, as found in east coast
near-shore marine sediments (Hites, et al., 13977) or of natural origin in
sediments of pristine lakes (Brown and Starnes, 1978) and marine sediments
(LaFlamme and Hites, 1979). LaFlamme and Hites (1978) reviewed the sources
of PAH in the environment and concluded that while some of the PAH could be
from natural sources, most of the PAH were from pyrolytic processes due to
buman activities. PAH released to the environment by human activities are
due to oil spills and fossil fuel conversion (Neff, 1979). Over 230,000
metric tons of PAH enter the oceans and surface waters of the world each
year (Neff, 1979). The American Petroleum Institute (1978) has compiled a
lengthy review of the sources and environmental concentrations of PAH in
the eanvironment. Inpputs of PAH into aquatic systems are expected to in-
crease with the commencement of the synthetic fuels program and emphasis on
coal combustion as a primary energy source (Gehrs et al., 1976). After
reviewing the available literature on projected effluent concentrations,
solubility, degradation waste treatment efficiency and acute and chronic
effects of coal conversion effluents, Herbes et al. (1976) concluded that
higher molecular weight polycyclic and heteroaromatic compounds possess the
greatest potential for biocaccumulation, carcinogenic and mutagenic effects
in aquatic animals and man, and acute toxicity to aquatic organisms. Thus,.
the importance of developing predictive models of PAH fate in aquatic
systems must be emphasized (Baughman and Lassiter, 1978). For this reason
we undertook two lines of research: 1) to develop an understanding of the
cycling and fate of these compounds including bioaccumulation, sorption,
degradation and trensformation in 2 quasi-natural environment and 2) to
determine effects of PAH compounds on aquatic ecosystems.

Toxic, mutagenic, and carcinogenic properties of PAH have been much
studied (LaVoiec et al., 1979; Norden, et al., 1979). Many PAH are carcino-
genic or have corcinogenic biotransformation products (Christensen et al.,
1975; Neff, 1978) and may be hazardous to man through biomagnification or
be directly mutagenic to aquatic organisms (Neff, 1979).



Mechanisms of PAH biotransformation, mode of action, and analyses in
biological and geological matrices have been much studied and this litera-
ture has bees: reviewed (Braunstein et al., 1977; Jones and Leber, 1979;

Neff, 1979; Bjorseth and Dennis, 1980). However, few studies have attempted
to integrate laboratory, field and simulation studies.

Arsessment of health risks, associated with introduction of PAH into
the environment, depends in part upon quantification of environmental
transport snd subsequent dose concentrations experienced by inhabitants
(Crawford and Leggett, 1980). Estimates of transport and dose are inde-
p~ndent of the specific nature of the threat to human health, either di-
rectly through contamination of potable water, for example, or indirectly
through damage to ecological life support systems.

We bave the recent experiences, for example, of worldwide distribution
of DCT and PCB in aquatic life of many rivers ard bays, mercury and cadmium
poisonings of the populations in certain industrial areas, and vinyl chlo-
ride exposure Of industrial workers. These experiences arose from acci-
dental release, uncontrolled industrial releases, and unsafe overuse. In
order to avoid these types of experiences in future years with the thou-
sands of new chemicals being relcased to the environment, a toxic effects
testing strategy is needed which will "flag" potential problem contaminants
prior to their widespread dispersal. This testing strategy should cover
both plant and 2nimal species and be concerned with acute and chronic
exposures. Because of restrictions on time, resources and human cognitive
capacity, a number of techniques have been established to assesa probable
effects of trace contaminaots. These techniques include toxicity tests on
individual or standard organisms, individual bioaccumulation tests, mea-
surement of physical properties of the chemical, environmental monitoring,
situdies in simple systems and investigation of transport and degradation.

To depend only on retrospective environmental studies to elucidate the
knowledge required to avoid adverse effects is to court disaster. Rather,
what 1is urgently required is &8 systematic program ouf investigation the
scale of which time and resources permit expeditious acquisition of the
essential data and understanding. While the tests listed sbove provide
useful information, they do not consider complex interactions between
biotic and abiotic components of the environment and do not allow for
evaluation of complex biological interactions. Over time, very subtle
effects may have serious impacts on populations or communities as they
modify complex interdependencies.

The so-called "benchmark" techniques have been developed on the as-
sumption that the chemical and physical characteristics of a trace contemi-
nant will determine its effects on the biocenose and how it fluxes and
cycles through the environmeant and that the fate of a compound can be pre-
dicted by simple first or second principles. While this assumption has not
beea tested and wmay, in fact, be untestable, correlative studies indicate
that the assumption is somewhat valid. However, low predictability and
high variability indicate that the correct parameters are not being mea-
sured for each compound or that the interactions between the compounds cf
interest with biotic and sbiotic components are ncon-additive. That is,



there are significant interacticn terms which can not be evaluated by
simple tests or knowledge of the first principles of trace contaminants.

Because of the vast difference between simple laboratory tests and
complex field situatioms, scientists have formed conceptual and operational
bridges betwecn the two systems. These include models of theoretical con-
ceptualization of how complex systems operate. Computer science has pro-
vided the bookkeeping .capacity to describe these systems with complex
linear and non-linear functions. The science of modeling and environmental
predictability suffers from a lack of steady state conditions, rate con-
stants and an understanding of the most important parameters for increaging
the power of predictability. If the correct physical ané chemical param-
eters of both an organic compounoe of interest and the eavironment to which
it is beiang relessed are known, a wodel could be constructed to predict the
gross movement of the compound of interest within that environment. This
model could also include degradation aand transformation due to hydrolysis,
photolysis and by biota. Another useful type of model of ecosystems are
the simplified subsets of ecosystems called microcosms (Metcalf et al.,
1971; Lee and Takahashi, 1977; Lu et al., 1977; Giesy, 1980). We feel that
a microcosm approach (artificial streams) allowed us to evaluate a predic-
tive model under more natural, complex conditions with control of ioputs
and replication of the experimental conditions.

For example, most information on plutonium indicated that it was not
ecologically hazardous since it was not readily taken up by plant roots or
assimilated through the intestinal wall of animals. Hence, its presence in
the environment was more a problem of physical tramsport in air and soils,
znd its biological significance, with regard to effects, was limited to
inhalation or movement into wounds. Later, field data showed quantities of
plutonium in trophic levels and tissues where it was no' expected. Studies
were conducted which showed that in the environment plutonium can be or-
ganically complexed by microorganisms in the soil, and that it was then
much more available for transfer through food chains all the way up to
vertebrate consumers of the vegetation. Effects within the system could
then be predicted based on new modes of entry within the intact system, and
a change in rate constants for transfers between components withiu the
system.

Thousands of diffecrent PAH compounds are chemically possible. There-
fore, application of elaborate screening protocols (Duthie, 1977) to indi-
vidual PAH in order to estimate major processes of transport, accumulation,
and degradation is impractical for purposes of risk analysis. However, it
is important to snswer questions about these compounds such as: Can human
exposure be limited by more rigorous drinking water treatment aimed at
removing organics? Do the various compounds become concentrated in and
magnified by trophic levels culminatiug in human exposure? Is concentra-
tion in various trophic components preportional to time and concentration
of exposure? What are the rates of accumulation and elimination from
various components? What are the rates of uptake and elimination relative
to immobilization rates by sorption processes and photo- and microbial



degradation rates. Because of the large number of compounds and environ-
ments to be evaluated a certain level of predictability must be achieved.

This study tested the hypothesis that a theoretical predictive model
of the fate of PAH compounds or classes of compounds in a given environ-
ment, or class of environments, can be constructed based on characteristics
of the compound of interest and the envircnment to which it is released.
This report describes a test of the hypothesis that the transport of three
PAH, anthracere, naphthalene, and benzo(a)pyrene, 1in lotic systems
(streams, rivers, reservoirs) could be predicted from the fundamental
chemistry of individual PAH which embodies sufficient information for
prediction. While we do not fcel that a simple characteristic, such as
moleculac weight is necessarily the best parameter, from which to predict
environmental fates, we feel that the law of parsimony dictated t'at we try
a simple parameter, such as molecular weight, to try to make predictions
from and determine where this simplification fails to wredict accurately.
Many modeling efforts rely on measured properties, such as octanol-water
partitioning coefficients, which are a function of first principles of a
compound. These measured parameters often integrate several properties of
compounds, which is an advantage because more information can be included
in a single cmpirically measured value. However, (‘hese coefficients must
be measured, which is time-consuming and they may be less accurate than
molecular weight measurements.

We feel that a coordinated synthesis of information on ecosystem
structure and function is required to assess environmental impacts cf any
technology which must ultimately be interfaced with the environment. While
this research was on PAH compounds (anthracene and benzo(a)pyrene specific-
ally) it tested the hypotheses that valid generalizations about the be-
havicr of general classes of orgsnic compounds in complex environments can
be made from knowledge about the compounds obtained in relatively simple
laboratory studies and the environments to which these compounds are re-
leased. Knowledge of this type can be transferred to other orgaric com-
pounds and has broad applicability.

Anthracene was chosen as a model PAH for laboratery, field and simu-
lation studies because 1t is a commercially important PAH which is produced
in large quantities and used extensively as a reagent in organic syathesis
(Archer et al., 1979). Anthracene has also been used frequently as a model
PAH for studies of environmental fate and transport in aquatic systems
(Ausmus et al., 1980) or physiological disposition in aquatic biota (Roubal
et al., 1977). Anthracene is non-carcinogenic (NAS, 1972) and relatively
non-toxic (NAS, 1972; Deickman and Gerarde, 1969).



SECTION 2
CONCLUSIONS

The results of the laboratory studies demonstrated that PAH are rapid-
ly biotransformed by bluegill sunfish and chircnomid larvae but not unionid
clams or periphyton assemblages. Biotransformation rates were affected by
temperature and time of exposure. The rates of biotransformation also
affected the bioconcentration factors predicted from short-term pharmacc-
kinetic studies. Temperature and food ration also atfected rates of uptake
and depuration. Uptake and depuration were first-order with respect to
forcing function concentrations. Depuration was generally multiphasic with
some of the biotransformation products bound to tissues, such that they
were very slowly depurated.

Recovery of PAH from geological materials such as sediments, was
inversely proportional to time of exposure. Internal standards added at
the time of extraction did not allow accurate determination of extraction
efficiencies. Drying of sediments resulted in reduced recovery of anthra-
cene from sediment. Capillary gas-liquid chromatography coupled to mass
spectrometry (GC/MS) showed that anthraceme could be extracted from sedi-
ments and separated from interfering peaks but anthraquinone (a traosforma-
tion product of anthracene) could not.

Dissolved, naturally occurring organic acids (humic acids) reduced the
availability of anthraccne, benzo(a)pyrene and dimethylbenzanthraceoe to D.
mazna but increased the availability of 3-methylcholanthracene and dibenz-
anthracene. The presence of particulates also reduced the availability of
PAH to D. magna.

The simulation model, Fate of Aromatics Model (FOAM), was developed to
predict the fates of PAH from molecular weight of the PAH of interest and
parameters of the ecosystem to which it is to be relcased. FOAM accurately
simulated and predicted the flux along physical-chemical pathwzys. How-
ever, the model was less accurate in predicting the accumulation and bio-

traunsformation of PAH by aquatic biota. Future versions of predictive
gimulation models shouls be kinetically based, es FOAM is, if accurate
information on cycling is to be predicted. However, this type of model

requires a great amount of information. Because of the scale of the ioput
parameters, models such as FOAM will be useful in describing overall pro-
cesses and {luxes along different pathways but will not be very n  €ul in
simulating the concentrations of PAH and PAH transformation piocdcts in
individual biotic components. Also, some of the physical processes, which
are important in determining the fates of PAH in natural syntems, are
discontinuous functions or catastrophic events, such as storms, which do
not lend themselves to mathematical simulations. Therefore, models of the



type developed here will always be limited to relatively gross predictions.
Accurate predictions o° cuncentrations in individual types of organisms may
not be attainable.

The charnels microcosms were useful for testing the reliability of
FOAM to simulate the behavior of PAH in a complex ecosystem. However, the
greatest utility of the . channels microcosm was in allowing studies to be
conducted under more natural conditions than allowed by laboratory systems.
From these studies we learned that exposure to sunlight during exposure to
anthracene was acutely toxic. Thus, laborastory studies do not accurately
predict toxicity observed under more natural conditions. While microcosms
may not be uscd as a central monitoring tool, they ure useful in studies of
classes of compounds and to verify laboratory and simulation conciusions.
Because of their scale, however, microcosms will never be useful in vali-
dation of long-term or global simulation models. The test of the benchmark
hypotheses was only partly supported by our studies. Future simulatiouas
will need to consider more complex measures of chemical bekavior. The
proposed use of octanol/ water partitioning coefficients shows promise for
predicting uptake by organisms but not bictransformatien. Thus, the becach-
mark approach will probably not give adequate predictions of the dynamics
of organic compounds in complex environments.



SCECTIONK 3
RECOMMENDATIONS

Future studics of the fates and effects of trace contaminante should
be conducted in laboratory, field and simulatican modes concurrently. All
three modes of investigatior added to the overall understanding of the
dynumics of PAH in aquatic ecosysteas.

Simulation models should be develcped to predict general behavior of
PAH in aquatic systems. That is, to determine vhen the greatest mass cf
PAH accumuZates and where the most sensitive ecosystem components are.
Where physical and chemical processes dominate, simulation models w«ill be
able to acchurately predict the overall dynamics of PAH, but rare events of
large magnitude will reduce the accuracy of predictions on a short-term
basia. Optimization of time step duration velative to sy:temn level vari-
ability rneeds to be further investigated to increase the accuracy of fpre-
dictive models.

The current state of predictive simulation models will not allow the
accurate prediction of concentrations of single PAH in individual species
but can be useful in simulstirng overall proce<.es in a gross manner.
Future simulations should be kinetic in nature but the relationships used
to predict rate constants need to be based on structure-activity relation-
ships.

The channels microcosms used im this study were sufficient to test
some simulation processes and we recommend the use of this type of a system
in future studies. However, microcosms of this magnitude will not be
useful as screening tools. The utility of the realism of such systems was
demonstrated by the photo-toxic effect observ=d in the microcosm, which was
not observed under laboratory conditions. We suggest this type of system
needs to be used to validate processes which are indicated by laboratory
and/or simulations because they allow testing in a more complex and more
natural system than that of the laboratory, while not releasing trace
contaminants to the biosphere.



SECTION 4.0
LABORATORY STUDIES
SECTION 4.1
INTRODUCTION

A series of laboratory studies was conducted to determine rate con-
stants for uptake, depuration and biotransformation of PAH in several iso-
lated cowponents of aquatic systems. The components studied were water,
sand, organic sediments, periphyton, daphnia, chironomids, fish and clams.
Beside determining rate constants for uptake, depuration and biotransfor-
m2tion, these studies investigated the effects cf factors such as tempera-
ture, presence or absence of substrate, and concentration of PAH on rate
constants. The goal of these studies was to supply independent estimates
of rate constants and to determine the precision with which these rate
constauts could be measured in the laboratory. The rate constants could be
used to parameterize the simulation model as well as to develop statistical
relationships between rate constants and first principles of the compounds
of interest.

Subsequent comparison of rate constants and state var.ables measured
under controlled laboratory conditions could be compared to those observed
in microcosm studier and those predicted from simulation models. Such
comparisons can provide estimates of relative variability as well as rela-
tive importance of pathways and interactions to be used in formulating and
modifying the predictive simulation model.



SECTION 4.2

ANTHRACENE SORPTION AND DESORPTION BY ORGANIC SEDIMENTS

INTRODUCTION

When PAH are added to aquatic systems they rapidly become associated
with suspended and bottom sediments (Dunn, 1976; Lee and Takshashi, 1977;
Muller and Bohnke, 1977; Lee et al., 1978; Giddings et al., 1978; Herbes
and Schwall, 1978; Teal et al., 1978; Prahl and Carpenter, 1979; Gearing et
al., 1980; Hinga et al., !980). A number of techmiques for extracting
organic compounds from solid matrices are available and different extrac-
tion efficiencies have been reported for each (Kooke et al., 1981). There-
fore laboratory studies were designed to determine the best extraction
conditions and quantification techniques. Rate consiants for sorption of
anthracene by organic sediments were also determined.

HMATERIALS AND METHODS
Extraction Procedures

The first set of experiments was conducted to determine the best ex-
traction protocol (Figure 4.2.1). The methods which were commop to these
two experiments are given first, with the methods which were specific to
each experiment afterward.

Two different sediments were used in these studies. Upper Three Runs
Creek (UTRC) sediment is a fine, 8ilty sediment high in organic matter (~
20% by weight). Steel Creek sediment is a coarse, sand-clay mixture with
little organic matter. Sedimrut from the two streams was collected with a
glass beaker and sieved tPgougb 5 mm opening stainless steel screen into a
stainless steel bucket. C-antﬁﬁécene used to spike the sediments had a
specific activity of 3.3 mCi-mmol ~. All soxhlet extractions were done for
18 h. Liquid scintillatign counting was done using 12 mls of Research Pro-
ducts International 3s70b  counting cocktail. Counting time was 10 minutes
per sample with a Beckman Model LS 38100 liquid scintillation counter.

High pressure liguid chromatography analyses were don2 on a Varian
Model 5000 LC, which was equipped with a V¢ -ian 30 cm MCH-10 reverse phase
column operated at 30°C, and a flow rate of 1 ml*min . Solvents were 35%
acetonitrile in water initielly, programmcd to 100% acetonitrile in 40
minutes, held at 100% for 10 minutes, with 3 return to initial conditions
for 5 minutes before the next injcction. Injections were done automatic-
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ally by a 25 ul sample loop. The detector was a 254 nm fixed-wavelength uv
detector, connected to a Variasn CDS 111-L integrator, and a strip chart
recorder. A fluorescence detector with 360 nm excitaticn and > 460 nm
emission wavelength filters, connected to a second strip chart recorder was
operated downstream from the UV detector. Quantitation was by the internal
standards method with chrysene as the internal standard.

Combustion of sedimenia for unextracted l“c was done on a Packard

Tricarb sample oxidizer. C-CO, was trapped in 7 ml ¢f a CO, trapping
agent and added to 12-15 ml of “counting cocktail. Prior to combustion,
sediment mples, ~ 250 mg each, were mixed with cellulose powder and

Combustaid™ to improve -combustion efficiency.

The first experiment was conducted to determine the solvent system
wvhich allowed the greatest recovery of anthracene from sediment, while
minimizing the extraction of interfering compounds. In addition, we wanted
to determine if direct spiking and more natural incorporetion gave similar
estimates of extraction efficiency. The flow diagram for this experiment
is given by the solid line in Figure 4.2.1 Three solvents were used to
extract UTRC sediment, which had beea slurry spiked. Three aliquants of
10g, wet filtered weight were soxhlet extracted with each of three solvent
systems (Table Q.Z.l).

The second experiment was conducted to compare variation in extraction
efficiency due to sediment type, cime of equilibration between sediment and
anthracene, the effect of sediment moisture on the extraction of anthracene
from wet or dry sediment, and solvent type (pnlarity). The flow diagram
for this experiment is given by the dashed liqf in Figure 4.2.1. The
experimental design was a completely randomized 2 factorial with 3 repli-
cations per treatment combination (Table 4.2.2). Spiked sediment slurries
were mixed for 24 h or 1 wk before extraction. Wet sediment samples were
soxhlet extracted immediately after filtration. Dry sediment was air-dried
in a hood for 24 h. Extraction time was 18 h with either 100 ml of benzene
or 35 ml of acetonitr&ke + 65 ml of benzene. Crude extracts were sampled
for quantification of ~ C activity.

Anthracene and anthraquinone peaks were separated on an OVIOl capil-
lary column and mass spectra recorded to determine if the compounds which
were being spearated and identified were anthracere and anthraquinone. The
relative ion intensities of the peaks which we had ideatified as anthracene
and anthraquinone are given in Figures 4.2.2 and 4.2.3 respectively. The
retention indexes (RI) werg calculated with equation 4.2.1. The HPLC
protocol separated anthracene, anthraquinone and chrysene well (Fig.
4.2.4). However, sediment extracts often contained a compound which eluted
very near santhraquinone (Fig. 4.2.4). This peak was almost always present
but often obscured the anthraquinone in spiked samples. The retention
indices of the anthracene standard and an anthracene sample extracted from
sediment were 1717 and 1712 resvpectively. The retention indices of anthra-
quinone standard and cample were 1807 and 1789 respectively. The retention
indices indicated that the peaks we had chosen as anthracene and anthraqui-
none in our chromatograms of sediment extracts were accurate. However, to

11
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TABLE 4.2.1. EXTRACTION OF %

C-ANTHRACENE FROM DIRECT AND SLURRY SPIKED UTRC SEDIMENT

Fraction Recovered

Treatment N Solvent Systema X SD cv
1 Direct Spike 3 35 ml ACN + 65 ml ¢H .976 .020 2.05
2 Slurry Spike 3 35 m1 ACN + 65 ml ¢H .808 .030 0.37
3 Slurry Spike 3 35 ml ACN + 65 ml Chex L7171 .015 1.95
4 Slurry Spike 3 16 m1 MEOH + 42 m]l ATN + m)] CHEX .898 .027 3.01
®ACN = Acetonitrile
¢H = Benzene
ATN = Acetone
CHEX = Cyclohexane
MEQOH = Methanol



TABLE 4.2.2 EXPERIHENTAL DESIGN TO DETERMINE EFFECTS OF SEDIMENT TYPE,
EQUILIBRATION TIME, MOISTURE CONTENT AND POLARITY OF SOLVENT
ON EXTRACTION EFFICIENCY OF ANTHRACENE FROM SEDIMENT

Main Effects

Solvent®
Sediment Type Spike Time Moisture System
Steel Creek 24 hr Vet ¢H
OH/ACN
Dry ¢H
¢H/ACN
1 wk Wet ¢H
¢H/ACN
Pry ‘ éH
' ¢H/ACN
UTRC 24 hr Wet ¢H
¢H/ACN
Dry .}
¢H/ACN
1 wk Wet ¢H
oH/ACN
Dry ot
¢H/ACN

s ¢H = Benzene, ACN = Acetonitrile.
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check the accuracy of our determinations further we examined the mass
spectra of these peaks.

The retention indices and matching coefficients were calculated using
equations 4.2.1 end 4.2.2.

_ SU - SR1 4.2.1

RI = SRZ - SR1 x 200

where: RI = Retention Index

SU = Scan Number of unknown peak
SR1 = Scan Number of first hydrocarbon standard peak (C 6)
SR2 = Scan Number of second hydrocarbon standard peak (517)

The matching coefficient of our sample peaks and standard peaks were calcu-
lated from the mass spectra of anthracene ana anthraquinone (Figs. 4.2.5 -
4.2.9) and equation 4.2.2. The matching coefficients for anthracene and
anthraquinone were 81.4 and 99.9% respectively.

n
_ /X(RIST - RISA)/

(1 /2 ] x 100% 4.2.2
MC =
n
Z(RIST + RISA)
i=1
where: MC = Matching Coefficient
RISTl = Relative intensity of each mass fragment in the standard
peak
RISAl = Relative intensity of each mass fragment in the sample
peak

t ith ion fragment

Number of confirming ions

A laboratory study was performed to determine the rate constants for
uptake and depuration from a quiescent sediment. Upper Three Runs Creek
sediments werezplaced in crucibles with a volume of 4.8 ml and top surface
area of 4.2 cm". CruciQHes were placed in a flow through exposure system
and exposed to 35 ug-2 of C-anthracene. The flow rate through the
system was adjusted so that the concentration of anthracene in the water
was not significantly depleted due to uptske by the sediment. The uptake
rate constant was calculated by assuming first order kinetics and initial
rates conditions.
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ANMTHRACENE STANDARD IN BENZENE
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ANTHRACENE IN COMBINED SEDIMENT EXTRACTS
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ANTHRAQUINONE STANDARD IN BENZENE
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ANTHRAQUINONE IN COMBINED SEDIMENT EXTRACTS
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ANTHRAQUINONE IN COMBINED SEDIMENT EXTRACTS
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RESULTS AND DISCUSSION

Solvent Systems

The recovery of ll‘C-ant.hmcene added to the samples immediately before
extraction did not give the same extraction efficiency from samples, which
had been spiked as a slurry (Table 4.2.1). Thus, spikes added just prior to
sediment extraction are not useful in determining the efficiency of an
extraction procedure for extracting aathracene from a particular sediment.

The greatest extraction efficiency of "naturally in.orporated” anthra-
cene was by the most polar solvent system, which was methanol, acetone and
cyclohexane (Table 4.2.1). However, this solvent mixture extracted much of
the polyphenolic humic substances from the sediment which could not be
easily separated from anthracene before analysis. The mixture of aceton-
trile and cyclohexane yielded anthracene in two solvent phases and was not
practical when all of the relative merits of the solvent systems were
cousidered. We adjudged the acetontrile-benzene solvent mixture to be the
most practical extraction system. The recovery of anthracene, using the
acetonitrile-benzene mixture was only slightly less than that with the more
polar mixture but the selectivity for anthracene was greater.

The results of the factorially designed experiment are presented as
mean recovery and standard deviations of the factorial main effects (Table
4.2.3) and analysis of variance (Table 4.2.4). All of the main effects
were statistically significant. This indicates that all of the factors
examined significantly affect the efficiency of extraction of anthracene
from sediment. The two-way interaction terms between equilibration time
and moisture content and equilibration time and solvent polarity were also
significant so that the exact magnitude of the main effects of these treat-
ments can not be interprcted directly. The three-way interaction term was
also statistically significant. Thus, any discussion of the two-way inter-
actions must be guarded.. The two-way interaction between moisture content
and solvent polarity was highly significant for Steel Creek sediment but
not statistically significant for the more organic sediment from UTRC
(Teble 4.2.4).

Similar generalizations could be made for both the sediment types
studied. The longer anthracene is equilibrated with sediments, in an
aqueous slurry, the lower the recovery (Table 4.2.3). This is probably due
to partiticaing into clay lattice spaces and sediment organic matter.

Incomplete extraction of PAH from sediments has been a continuing
problem and has affected the qualitative as well as quantitative analytical
results (Gearing et al., 1978). Lake et al. (1980) reported that because
of varying eatraction efficiencies close agreement among results from
different la'soratories should not be expected.

When equilibrated for 24h, reccovery was greater from wet-extracted
sediment than dry-extracted Steel Creek sedimcnt. The opposite trend was
observed for UTRC. After one week »f equilibration this effect was not
observed.



TABLE 4.2.3. EFFECT OF TIME OF EQUILIBRATION, MOISTURE C?gTENT, SEDIMENT
TYPE AND SOLVENT POLARITY ON EXTRACTION OF ° C-ANTHRACENE
FROM STEEL CREEK AND UTRC SEDIMENT

Steel Creck UTRC
b.c _a _a
Treatment ' x SD cv x SD cv
24hr, Wet, ¢H .91 .037 3.83 .796 .040 4.97
24hr, Wet, ¢H/ACN .879 .024 2.72 .783 .061 7.81
24hr, Dry, ¢H 454 L0647 10.4 .819 .026 3.12
24hr, Dry, ¢H/ACN .707 .026 3.73 .860 .012 1.34
lwk, Wet, ¢H .315 .017 5.23 .253 .130 51.5
lwk, Wet, ¢H/ACN .547 .032 5.77 .470 .035 7.49
iwk, Dry, ¢H .455 .0C3 - 0.58 .719 .038 5.31
lwk, Dry, ¢H/ACN .533 .010 1.82 .741 .004 0.59
Main Effects
Spike time-24hr .75 .21 28.0 .81 .05 6.2
1wk .45 .10 22.2 .55 .22 4C.SC
Moisture- Wet .68 .27 39.7 .58 .25 43.1
Dry .54 .11 20.4 .78 .06 7.7
Solvent- ¢H .55 .26 47.3 .65 .25 38.5
System ¢H/ACN .67 .15 22.4 .71 .16 22.5

aAverage fraction recovered of initial sediment ILC activity
bRefer to Table 4.2.2 for explanation of treatments

C¢H = Beazene, ACN = Acetonitrile
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TABLE 4.2.4. ANOVA OF EXPERIMENTAL RESULTS GIVEN IN TABLE 4.2.1

Steel Creek UTRC

Source DF Ss MS F SS MS F
A(Spike Time) 1 .5049 .5049 695.45° 6334 4334 133.75°
B(Mcisture) 1 1192 .1192 164.19% .2623 .2623 81.00%
C(Solvent System) 1 .0832 .0832 114.60° .0269 .0269 8.30"
AxB 1 .2452 .2452 337.74° .1525 .1525 47.07°
AxC 1 .0075 .0075 10.33% .0166 .0166 5.12°
BxC 1 .0138 .0138 19.012 .0074 .0074 2.29 NS
AxBxC 1 .0980 .0980 136.99° .0235 .0235 7.25°
Error 16 .0110 .0007 .0520 .0032
Total 23 1.0830 .9746
®Significant at P < 0.01
bSignificant at P < 0.05

NS = Not significant at P < .05
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PAH are generally extracted from wet sediments (Windsor and Hites,
1979) because it has been observed that drying sediments reduces the re-
covery. This effect may be due to volitalization or to other physical
processes which cause the PAH to bind more tightly to sediments upon dry-
ing. In this study we observed greater extraction efficiercies from wet
Steel Creek sediments and dry UTRC sediments. This may be due, in part, to
the different organic contents of the two sediment types. This accounts
for the equilibration time-moisture interaction term. After being equi-
librated for a longer period of time the extraction efficiency was no
longer affected by sediment moisture because of migration of anthracene
into organic and donon spaces. The benzene-acetonitrile solvent system was
significantly better at recovering anthracene from both sediment types.

From the mass fragment spectrum for anthracene (Fig. 4.2.3) we select-~
ed masses 179, 178, 177, 176, 152, 151 and 89 and monitored the relative
ion intensity of a standard in benzene (Fig. 4.2.5) and determined that our
standard was pure. We then monitored the relative ion intensities of
masses 179, 178, 177, 176, 152, 151 and 57 in a sediment extract. The fact
that the onset of all of these peaks was in the same scan number indicates
that all of the material which eluted in this peak was anthraceme. An
analysis of our anthraquiaone standard in benzene was done for mass frag-
ments 209, 208, 188, 152, 151, 150 and 76 (Fig. 4.2.7). This analysis
showed that our anthraquinone standard was alsc pure. A similar analysis
of mass fragments 209, 180, 152 and 57 (Fig. 4.2.8) and mass fragments 209,
208 and 160 (Fig. 4.2.9) in sediment extracts in benzene demonstrated an
impurity in the peak in our samples which we had tentatively identified as
anthraquinone. The 209 mass fragment peak in scan 1290 is not in the same
scan as the 208 aand 160 mass fragments, which have peaks in scan 1375 (Fig.
4.2.9). This information indicates that there is a unknown compound which
also has 208 and 160 mass fragments, as dces anthraquinone, which elutes
slightly sooner than those from anthraquinone. This compound does not seem
to have a very intense 209 mass fragment. Therefore, we did not report
anthraquinone recoveries from our sediment. Maher et al. (1978) also found
colored organics were extracted from sediments which ioterfered with subse-
quent quantification of PAH compounds. In a study of extracts from marine
sediments, Overton et al. (1977) found that capillary column chromatography
was able to di.tinguish between indigenous hydrocarbors of contemporary
origin and those known to be associated with fossil hydrocarbon pollution
of marine sediments.

First-Order Rate Constants

The first order rate constant for corption was reported on both a mass
and area of sediment basjs. Based on mass of g~diment the rate constant
for uptake was 0.04 min °, assuming & density of approximately 1 for the
gilty sediment used in this study. While the sediment density s slightly
greater than 1, this will not significantly affect the rate con-.tant. The
first order rate constant for_éfrpt{onJlbased on surface area of sediment
was found to be 0.009 ml * cm * min . These values relate to the rate
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of sorption as well as diffusion into the quiescent sediment and are not
the rate constants which would be derived for sorption in completely mixed
systems.
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SECTION 4.3

EFFECT OF HUMIC ACIDS ON BIOAVAILABILITY AND TRANSPORT OF PAH

INTRODUCTION

Evidence suggests that the most important pathway of bioaccumulation
of PAH is direct uptake from water by simple partitioning into lipids
(Neeley, et al., 1974). It has been demonstrated that humics in freshwater
systems may form stable complexes affecting the transport of trace organic
compounds including pesticides (Wershaw, et al., 1969) and cholesterol
(Hassett and Anderson, 1979). In marine systems, dissolved organic matter
(DOM) reportedly increased the solubility of n-alkanes (Boehm and Quinn,
1974) and decreased the uptake of aromatic and other petroleum hydrocarbons
by the vivalve Mercensria mercenaria (Boehm and Quinn, 1976). It is gener~
ally believed that DOM in rivers is precipitated on exposure to seawater
and deposited in estuarine and nearshore marine sediments (Gardner and
¥enzel, 1974; Hedges and Parker, 1976). The potential for deposition of
trace contaminants in estuarine sediments is largely unknown.

The effects of humics on direct uptake of PAH by Daphnia magna and ths
potential for salting-out or co-precipitation of PAH-humics at estuarine
salinities were determined in laburatory studies. Studies on humics as
they affect PAH accumulation in D_ magna were conducted to det:rmine 1) if
a "standard" humic acid (Aldrich’) at one concentration (2 mg-£ DOC)
affected the biocaccumulation of several PAH, 2) if observed effects in some
PAH varied predictably with humic conceatration, 3) if observed effects
changed over s range of PAH concentrations, some of which exceeded limits
of water solubility, and 4) if humics in natural waterc behaved similarly.
In addition, the potential for salting-out of PAH-humics was determined for
six PAH at one concentration of Aldrich humics in 20°/oo artificial
seawater.

METHODS AND HMATERIALS

Benzo(a) pyrene, napthalene, anthracene, 1, 2, 5, 6 - dibenz anthra-
cepne, ‘dimethyl benz(a)anthracene and 3~-methylcholanthrene (Table 4.3.1)
were studied. Stocks of PAH were diluted ig solvents as shipped and added
to water in volumes of 1-30 pl+‘2 . The "H - dibenzanthracene specific
activity was adjusted to 1027 mCi-mmol by addition of unlabeled dibenz-
anthracene (Aldrich, 7% pure) to water at the time of labeling. Water was
labeled in bulk (1-2 £) and thoroughly shaken for one to two min.
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Table %£.3.1. Radio-labeled PAH used in biocavailability studies.

Compound Label Specific Solvent Radiopurity Source
Activity

benzo(s)pyrene 7,10-“’c 21.7 toluene > 96 Amershum
Batch 29

napthalene l—lac 8.8 ether > 98 Californisa
bionuclear
lot 2545

anthracene 9-14C 3.3 acetone > 98 California
bionuclear
lot 770824

1,2,5,6- 3 3

dibenzanthracene H(G) 30.3x10° benzene > 97 New England
Nuclear

lot 1253-021

7,12-dimethyl dimethyl Y*¢  97.4 benzene > 98 New England
benzo(a)anthracene Nuclear
lot 1267-176
3-methylcholanthrene 6-16C 57.0 benzene > 98 New England
ethanol 9:1 Nuclear

lot 1231-171
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Tes& water was prepared by adding inorganic salts to deionized water
(Milli-Q ) (Table 4.3.2).

Table &£.3.2. Inorganic salts added to test water and
resulting water quality parameters.

Added Salt mg2 !
NAHCO3 48
CaSO4 ° 2H20 30
HgSOa 30
KC1 2.0
Water Quality Parameters
PH 7
hardness 20 mg-lhl as CaCO3
Alkalinity 120 mg-2") as caco,
Conductivity 130 pmhos-cm-z

A humic stock solution was prepared from Aldrich humic acid (H-1675-2,
Lot {082091) ag follows: 1) humics dissolved in 0.1 N NaOH; 2) centri-
fuged at 13,000 x g for 30 min; 3) pH adjusted to 2 with 6.0 N HCl and
allowed to stand for 18 h; 4) humic acid precipitate was collected by
centrifugation (4000 x g for 20 min). The above steps were repeated three
times, the final humic solution adjusted to pH 7, and dialyzed repeatedly
against deionized water until conductivity was < 10 pmho. Stock humics
were adg?d to labeled test water- to a final, nominal concentration of 2.0
mg °* £ DOC. Total carbon and inorganic carbon were determined by a
Beckman Model 915B Carbon Analyzer and DOC was calculated by differences.

Daphnia magna from laboratory cultures (Athens Environmental Research
Laboratory, U.S. EPA, Athens, GA.) were exposed to P in paired one liter
beakers with and without humics (60-70 Dephnia 2 "), for six h. Five
sanples of ten animals were removed by pipet from each test water, collec-
ted on nylon netting, rinsed quickly in 50 ml deioni=ed water, and poured
through a Millipore filter apparatus. Animals were collected on tared 25
mm Type HA cellulose acetate filters, dried over desiccant for 24-48 h and
sample dry weights determined on a Cahn Model 4700 Electrobalance. Animals
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and gilters were combusted in a Packard Model 306 sample oxidizer, co
and “H,0 collected in suitable trapping agents, and counted by liquia
scintifﬁation counting.

To evaluate the importance of natural particulates and DOC on B{(a)P
bioavailability, similar experiments were conducted using water from Upper
Three Runs Cree“ (UTRC) and Skinface Pond on the Department of Energy's
Savannah River Plant, near Aiken, SC. B(a)P uptake was detevmined in water
directly from the creek, in water filtered through Whatman GFC precombusted
(550o C, 8 h) glass fiber filters (0.45 pm) to remove particulates, and in
filtered water UV photo-oxidized ([.aJolla Scientific Co.) to remove DOC.

Salting-out of PAH - Humic Complexes:

Each of the six PAH was dissolved in 0.5 L qof water in paired beakers
containing Hil}i-Q water with humics (8.5 mg-*£ DOC) and without humics
(0.2 mg - 2 DOC). Initial PAH concentrations were determined from
triplicate assays of activity in 1 ml water samples. A nominal salinity of
20 o/oo was obtained by adding sea salts (Instant Ocean, Aquarium Systems,
East Lake, OH.) to each beaker and PAH in solution after 24 h was deter-
mined as above.

RESULTS AND DISCUSSION

Bioconcentration in Daphnia magna

Concentrations of five PAH yere rfeterminea in Daphnia fragna after 6 h
exposures in water with Aldricg humics (DOC = 2.0 mg+£ ") and in water
without humics (DOC < 0.2 mg £ ). Daphnia in humic waters had signifi-
cantly lower concentrations of benzo(a)pyrene (BaP) (-24.5%) than compar-
able animals in non-humic waters (Table 4.3.3). On the other hand, humics
increased daphnia concentrations of methylcholanthrene (MC) (+210%).
Humics had little effect on dimethylbenzanthracene (-13.1%) or dibenz-
anthracene (%#19.1%), anc¢ while the effect on anthracene (-46.7%) appeared
large, it was not significant due to large sample variance. Results re-
ported assume that all radioactivity was parent compound. These results
are significant for two reasons: 1) they demonstrate that humics at low
concentrations affect bioaccumulation of some PAH; 2) they demonstrate that
humics may either increase or decrease bioaccumulation.

Evidence from this and other studies suggest that results reported for
the 6h uptake tests were not transient differences but were representative
of steady state differences for all PAH tested. In preliminary 24 h uptake
studies, steady state radioactivity in D. magna was reached within 6 h for
naphthalene, anthracene and BaP. Approximately 60-80% of steady state was
reached after 6 h with DMBA, DBA and MC. In no case did the relative
difference between daphnia PAH in humic and non-humic watcrs change after 6
h. 1In Daphnia pulex, Southworth, et al., (1978) reported that 6-h expo-
sures produced steady state concentrations of naph uaiene and anthracene,
while up to 24 h were required for benzanthracene, results consistent with
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Table 4.3.3. Effect of Aldriche humic acids on PAH accumulation by D. magna.

b
PAH PAH Concegiration Humic Concentrg&ion Bioaccumulat.iona Bioconcentration
(ug-2 ) (DOC in mg-2 ) (6 h) Factor
Anthracene 1.96 0. 82.3 (19.7) 607
mw 178.2 2. 43.9 (4.0) 319
Benzo(a)pyrene 1.15 0. 131.6 (7.3) 2745
aw 252.3 2. 99.4 (7.7) 2158
Dimethylbenz- )
enthracene 0.33 0. 64.2 (23.2) 368
mw 256.3 2. 55.8 (30.0) 666
Methyl
cholanthrene 1.29 0. 34.0 (7.4) 667
ow 268.3 2. 105.5 (10.8) 2064
Dibenzanthracene 0.73 0. 20.3 (0.8) 652
ww 278.4 2. 24.2 (2.4) 773
aBioaccumulat._ion: (nmoles PAH - g-l dry wt. D. magna; Dry wt/Wet wt Ratio =

b.. .
Bioconzentration factor:

[

X (SE) n = 5.

ng PAH - g-l

wet wt D. magna

ng PAH - ml”
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Figure 4.3.1. Accumulation of B(a)P and anthracene by D. magna as a func-
tion of time.
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our observations. Previous studies have shown that daphnia have relatively
slow PAH biotransformation rates relative to accumulation r?ges (Herbes and
Risi, 1978; Leversee, et al., 1981). 1In this study with C-BaP, after 6
h, parent compound represented 91.3 + 2.1% of test water activity and 92.8
+ 0.8% of D. magna activity respectively. Active biotransformation and
excretion of PAH reported for some invertebrates and fish are probably not
important factors in D. magna PAH accumulation.

_The effect of varying Aldrich® humic acid concentrations (0.3-5.7
mg*2 = DOC) on daphnia accumulation of BaP, anthracene, and naphthalene was
determined. MHumics significantly reduced the accumulation of BaP and
anthracene, but did not affect naphthalene (Table 4.3.4). In this simple
unsubstituted PAH series, the effect of humics was greatest for BaP >
anthracene > naphthalene, which is comsistent with the >rder of reported
octanol-water partition coefficients. This suggests that hydrophcbic PAH
may be partitioned competitively between daphnia lipids and humics. Al-
though the effect of humics on BaP and aunthracene was greatest at highest
humic concentrations, there was not a simple linear relation between humic
concentration and daphnia P§¥ concentration. The greatest effect was found
between no humic (0.2 mg-2 DOC) and 1-2 mg*2 DOC. Additional data at
several concentrations of PAH and humics will be necessary before dismiss-
ing the possibility that predictive sorption isotherms can be developed for
PAH like BaP and anthracene, but these data suggest that such a possibility
is unlikely.
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Table 4.3.4. Effect of Aldrichﬁ hunic acids on PAH accumulation by L.

magna.
PAH Humic Concentratjou Bioaccumulation Bioconcentration
(DOC ip mg-2 ) (6h) Factor
Benzo(a)pyrenec 0.3 139.2 (14.2) 1716
mw 252 1.5 30.9 (7.6) $79
5.7 72.6 (5.7) 838
F2’12=]2.19 (P<.005)
Anthracene 0.3 37.2 (2.0) 389
mw 178 1.5 34.9 (2.0) 362
5.7 31.0 (1.1) 340
F2,12=3.l6 (P<0.1)
Naphthalene 0.3 1.7 (0.2) 61
mw 128 1.5 1.6 (0.2) 74
5.7 1.8 (0.1) 57
F2,6=0 95 (NS)

%Bioaccumulation: n moles PAH’g-l dry wt D. magna. X (SE), n=5. Naphthalene
n=3.

bBioconcentrat_ion Factor: ng PA}{-g-1 wet wt D. magna

ng PAH'ml-1 water

CInitial B(a)P water concentration was 1.5 pg'ﬂ-l (6.0 mM); Anthracene was
7.2 mM; Naphthalene was 6.6 mM.

Salting - out

An initial study was conducted with BaP to determine the range of
salinities producing a salting-out effect and the time_to steady state
water coqﬁentrations. Initial concentr%tion of Aldrich ™ humic acid was
8-10 mg-2 ~ DOC in all studies. At 17-25 /oo salinity, 70% of BaP was lost
from the water column after 24 h (Fig. 4.3.2). Below So/oo, no salting out
was apparent. In beakers where significant salting out occurred, a fine
organic floc was evident on bottom and sides of the Leaker. PAH mass
balance was greater than 95% in all cases, indicating that unaccountahle

losses were minimal.
Co-precipitation of al)l six PAH studied was determined at 200/00

salinity after 24 h. In the presence of humic acids., PAH concentrations at
24 h werce reduced significantly (5-79%) below initial values for all PAH
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Figure 4.3.2. Salting-out of BaP at six salinities in the presence of
Aldrich humics.
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(Table 4.3.6). In water without humics, salting out was found only for MC
(-12.5%) and DBA (~15.2%). Mass balances were all in excegs of 93%, and no
losses were observed from coutrol beakers (PAH in Milli-Q water). DOC at
24 h was not determined.

Table 4.3.5. Effect of Skinface Pond and Upper Three Runs Creek organics
and particulates on B(2)P accumulation by Daphnia magna.

. b
Water Source and Organic Cgfbon Bioaccumulation® Bioconcentration
Treatment (mg - £ ) (6 hour) Factor

Upper Three Runs

Creek
Untreated 10.0 227.4 (12.0)€ 251
Filtered (0.45um) 5.5 304.4 (7.1) 3581
Filtered-oxidized 0.2 367.2 (13.9) 4656
Skinface Pond
Untreated 12.2 70.4 (2.6)¢ 903
Filtered (0.45um) -—- 156.2 (5.6) 2312
Filtered-oxidized 0.2 206.7 (13.1) 3292

®Mean (SE), n=5. Values = nmole - g-l dry weight

bmg BnP-g.1 wet weight Daphnia

ng BaP-ml-X water

c -
ANOVA: F, ., = 37.87 p < .001.
d

ANOVA:

g
|

2,12 = 67-84 p < 001
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Table 4.3.6. Salting - out of PAH in water with and without humics®.

- -1

PAH (ug-2 h PAH (pg-£ )

PAH Time (H) Without Humicsb With Humics®
Naphthalene T=20 2.10 (0.02)d 2.21 (0.07)
mw 128.2 T = 24 2.13 (0.16) 1.56 (0.04)
Anthracene T=0 2.81 (0.01) 2.81 (0.10)
mw 178.2 T = 24 2.90 (0.05) 2.55 (0.04)
Benzo(a)pyrene T=0 1.21 (0.04) 1.26 (0.01)
mw 252.3 T = 24 1.18 (0.05) 0.39 (0.03)
Dimethylbenzanthracene T=0 0.91 (0.01) 0.78 (0.05)
mw 256.3 T = 24 0.96 (0.03) 0.39 (0.01)
Methylcholanthrene T=0 1.04 (0.04) 1.02 (0.04)
mw 268.3 T = 24 0.91 (0.10) 0.25 (0.00)
Dibenzanthracene T=0 0.72 (0.01) 0.72 (0.02)
mw 278.4 T = 24 0.61 (0.01) 0.15 (0.00)

8Salin;ty in all cases 20o0/00, Instant Ocean Salts.
bWater without humics: Dissolved Organic Carbon = 0.2 mg-ﬂ_l at T = 0.
Water with Aldrich® humic acids: DOC = 10.0 mg+2 } at T = 0.

9411 values = X (SE), N = 3.

While the importance of PAH sorption to suspended mineral and oiganic
particulates has been recognized (Karickhoff, et al., 1979}, the role of
dissolved organic matter has received little attention. Hassett and Ander-
son (1979) reported that DOM in river water reduced the efficiency for
solvent extraction of cholestercl. Boehm and Quinn (1976) found that
dissolved organic matter (DOM) in sea water increased the solubility of
n-alkanes and isoprencid hydrocarbons, but had no effect on the solubility
of the PAH phenanthrene and anthracene. Landrum and Giesy (1981) reported
that sorption of B(a)P to XAD-4 resins is reduced by the presence of hu-
mics.

The importance of humics on the environmental fate of hydrophobic PAH
like B(a)P is clear from this study. Our results show that B(a)P bioaccu-
mulation is significantly reduced by humic concentrations of 2.0 mgef
DOC. Downstream transport of hydrophobic PAH may be incressed by humics
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depending on particulate load, character of humics, and partit_oning among
these compartments. Precipitation of humic PAH complexes by increasing
salinity, as reported here for B(a)P, may represent a significant pathway
for accumulation of PAH in estuarine sediments. Thus, this work demon-
strates that fresh water humics may significantly affect results of studies
on PAH bioavailability and environmental transport.
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SECTION 4.4
UPTAKE, DEPURATION AND BIOTRANSFORMATION KINETICS OF

BENZO(A)PYRENE AND ANTHRACENE BY PERIPHYTON COMMUNITIES

INTROCUCTION

Algae are the foundation of most aquatic food webs, thus, changes in
the size, structure or metabolic activity of the algal community may have
important effects oa the structure and function of the entire aquatic
community. While many stream systems are not autotrophic, the periphyton
community may be important to critical species or at critical periods
during the growing season. Also, the periphyton community can be an im-
portant accumulator of organic compounds. Thus, periphyton communities may
be an important component of simulation models by removing orgarics from
solution, biotransforming trace organics or acting, directly or indirectly,
as a source of these compounds to foraging insects and other components of
the food web, directly or indirectly.

The effects of hydrocarbons on algae have been investigated (Soto et
al., 1975; Schindler et al., 1975; Soto et al., 1979a and 1979b; and
Giddings, 1979} but few studies have been made of the uptske, depuration
and biotransformation, which are needed for dynamic simulation models
(Payer and Soeder, 1975; Walsh et al., 1977).

Evidence suggests that the most important pathway of bioaccumulation
by periphyton is direct uptake from water by simple partitioning of B(a)P
into lipids (Neeley, et al., 1974). Elimination from biota includes par-
titioning of parent compouand into clean water and active biotransformation
and excretion of metabolites (Neff, 1979). Reported biotransformation
potential is great in midge larvae (Leversee, et al., 1981a) and fish (Lee,
et al., 1972b; Bend et al., 1979), and is minor in Daphnia {(Southworth, et
al., 1978). The potential for food chain bioaccumulation is still not
resolved. It has been shown that there is significant accumulation of
naphthalene by Chlamydomonas angulosa with no apparent bictransformation
(Soto, et al., 1975). In maripne microcosms, Lee, et al. (1978) reported
accumulation, and no apparent biotransformation, of B(a)P and other PAH by
phytoplankton. Accumunlation of B(a)P from algal food by hardshell clam
larvae is reported to equal that of direct uptake from water (Dobroski and
Epifanio, 1980). In freshwater lotic systems, periphyton represents an
important primary producer for food chains and may serve as the functional
organic substrate for PAH accumulation.
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A sgeries of studies was conducted, under laboratory conditions, to
determine the rates of uptake, depuration and biotransformation of the PAH
compounds, benzo(a)pyrene and aathracece by periphyton communities on glass
slides. These studies were designed to provide information not only on
rate constants and biotransformation but also on community seasonal differ-
ences, as well as length of colonization time.

MATERIALS AND METHODS
Periphyton Communities

Natural periphyton communities were collected from two streams on the
U. S. Department of Energy's Savaunnah River Plant near Aiken, South Caro-
lina. Upper Three Runs Creek (UTRC) is a deep, fast-flowing, blackwater
stream in which diatoms comprised approximately 90% of the winter periphy-
ton compunity. Eunotia incisa and Eunotia sudetica were the dominant forms.
The water quality of UTRC is given in Giesy and Briese, 1978. Castor
Creek, by comparison, is a shallow, partially beaverdam-impounded system in
which the periphyton community was more diverse. Species of filamentous
and non-filamentous desmids from the genera (Hyalotheca, Desmidium, Spon-~
dylosium, Netrium, Fuastrum and Pleurotaenium) accounted for approximately
504 of the Castor Creek attached flora. Various diatom species, particu-
lJarly Anomoeoneis serians var. Apiculata and Frustulia rhomboides, were
representative of the remainder of the community.

Exposure

Naturally colonized glass microscope slides (7.62 x 2.54 cm) in plexi-
glass slide hclders were harvested after 3 or 5 weeks colonization from
UTRC and after 3 or 6 weeks colonization from Castor Creek, beginning in
January of 1980. ]Ehese slides, with their attached communities, were
exposed to 7,10 C:?enzo(a)pyrene (B(a)P) (Amersham-Searle, specific
activity 21.7 mCi-mmol ") in a labatsfary flow-through system. The anthra-
cene used in these gﬁpdies was 3, £ labelled (Cal. Biochem., specific
activity 3.3 mCi-mmol ~, Lot #770824:. Millipore filtered (0.45 pm) stream
water was labelled in bulk with ‘C-BaP approximately one hour before
exposure was begun. Lsbelled water was gravity fed from a 402 glass head
tank, via stainless steel tubing and micrometer valves, tp each of six 250
ml glass staining dishes. Flow rates averaged 100 ml-h and were suffi-
cient to maintain a constant B(a)P water concentration of 1.0 pg+2 . They
did not simulate stream flow conditions. Six slides, supported in stain-
less steel wire mesh baskets, were placed in each staining dish. Experi-
ments were performed under gold fluorescent light (A > 500 nm) to minimize
photolysis of B(a)P anthracene. Uptake, biotransformation and autoradio-
graphic studies were conducted simultaneously.
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Uptake and Depuration Rate Constants

Slides used in the determination of uptake rates were removed from the
flow-through system after 0.25, 1, 2, 4, 8 and 24 kL of exposure. One slide
from each of three reservoirs was harvested at each of the six sampling
times. After removal from the dosing system, each slide was allowed to air
dry and the periphyton were then scraped into a tared paper thimble.
Samples were dried in a dessicator for 24 h and weighed on a Mettler Model
ML52 Balance.,, They were then combusted in a Packard Model 306 sample
oxidizer and C collected in a scintiélat&2n cocktluil consisting of 1S
ml of Permafluor and 5 ml of Carbosorb . C activity was subsequently
measured in a Beckman Model LS-8100 liquid scintillation counter with
quench correction using the sample channels ratio method.

Uptake data vere fit to linear least squares regressions on a conceg-
tration (ng PAH-g dry weight) and a slide surface area (ng PAH-.cm 7)
basis. Data were analyzed using Procedure GLM, Statistical Analysis System
(Barr, et al., 1979). First order uptake rate constants were calculated
from the flux of the initial uptake rate and depuration rate constants from
the slope of the log-linearized depuration regression.

Autoradiography

Dippﬁﬁp emulsion autoradiographic techniques were used to visualize
gites of C-B(a)P accumulation. Two slides were removed at each sampliug
time, dipped in 2% Lugol's solution for ca. 30 seconds and then allowved to
air dry overnignt. Standard autoradiographic techniques using Kodak NTB-2
dipping emulsion were used in processing the s mples (Gude, 1968). Slides
were stored in light-tight boxes for 5 days, then developed and mounted in
Permount. Resultant autoradiographs were examined and photograrhed on a
Zeiss Model IM-35 inverted microscope.

Biotransformation

The biotransformation potential lff periphyton communities was de-
termined by analyzinglferiphyton for C as B(a)P and B(a)P-transformation
products (non-B(a)P C). Periphyton were assayed by a combination of
solvent extraction, thin layer chromatography (TLC) and liquid scintilla-
tion counting (LSC). More specific methods are given in section 4.3. In
order to demonstrate that any observed breakdown of B(a)P was the result of
gsome living cellular process and not of phenomena such ag photooxidation, a
"dead cell control" was used in the study of biotransformation. Two slides
each of living and dead periphyton (fixed for 0.5 h inm 4% Lugol's solution
and rinsed prior to exposure) were sampled after 0.25, & and 24 h exposure.
Living periphyton were immediately placed in Lugol's solution (4%) teo
insure cessation of anﬁaongoing biotransformation of B(a)P. Since sub g~
quent measurements of C sactivity of this Lugol's solution revealed C
concentrations at or below background, it was felt that no eppreciable loss
of activity occurred during this step. Following overnight storage
(-20°C), periphyton were scraped from slides and sample wet weights were
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measured. Samples were stored in glass scintillation vials a2t -20°C under
benzene: ethyl acetate (1:1, V/V). Samples were warmed to room tempera-
ture and extracted by grinding in a Ten Broeck glass homogenizer with
benzene: ethyl-acetate (1:1, V/V). Homogenates were centrifuged at 1000
rpm for 0.5 fh and (IEC model HN-S centrifuge) supernatant volumes adjusted
to 10 ml. C activity in pellets was determined as a measure of bound
compound.

For TLC analysis, the supernatant was sampled (0.5 ml) to determine
activity, and the volume was reduced to 100 pl by N, evaporation. It was
vhen co-chromatographed with B(a)P standards on Merck Silicanized Silica
Gel 60 channel plates. Plates were developed in 9:1 hexane:benzene aud
visualized using ultraviolet light. Each sample channel was divided into a
B(a)P section (the standard B(a)P spot + 1 cm), R, > B(a)P (less polar) and
R, < B(a)P (more polar). Each section was scraped from the plate and
transferred toea scin&illation vial with cocktail (Research Products Inter-
national 3a70B") for C activity measurement. .

In addition to determining levels of these compounds in periphyton,
the breakdown of B(a)P dissolved in experimental water was monitored as
well. Water samples (3 x 100 ml) were collected at time "0" and subsequent-
ly at 0.25, 4 and 24 h and frozem (-20°C). Samples were thawed, acidified
to pH 4, and extracted sequentially with benzene (3 x 5C ml) and ethyl
acetate (3 x 50 ml). Extracts were combined, dried over anhydrous NaZSOA'
reduced in volume and run on TLC plates as described above.

RESULTS
Periphytoa Communities

The Castor Creek and UTRC periphyton communities differed markedly in
both species composition and amount of biomass accumulation after 3 or 6 wk
colonization of glass slides. Approximately 50% (relative abundance) of
the Castor Creek attached flora consisted of desmids, including such ornate
species as Desmidium coarctatum (6%), Hyalotheca sp. (14.5%), Spondylosium
pulchrum (1€%} and Euastrum pinnatum (4%). Diatoms, particularly Anomoeo-
nesis serians var. apiculata (32%) and Frustulia rhomboides (12%), repre-
sented the remainder of the community. Mucilaginous secretions are common
in members of the Desmidiaceae, and extensive sheaths surrounded D. coarc-
tatum and S. pulchrum. In comparison, the diator-dominated UTRC community,
congisted primarily of Eunotia incisa (40%) and Eunotia sudetica (21%).
This diastom community appeared to provide less in the way of both adsorp-
tive surface area and mucilage secretion. Periphyton biomass on Castor
Creek slides was greater than UTRC after both 3 wk (X = 2.99 vs. 1.72 mg
dry weight/slide) and 6 wk of colonization (X = 6.88 vs. 5.36 mg dry
weight/slide).
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Uptake

B(a)P was rapidly accumulated {gom water by both UTRC and Castor Creek
periphyton communities. Uptake of ~ C-B(a)P was linear during the first, 24
h of accumulation when expressed a5 a function of concentration (r~ =
.59-.93) and slide surface area {(r" = .85-.93) (Fig. 4.4.1). Biphasic
uptake, consisting of a rapid surface sorption followed by slower accumu-
lation during the first 24 h was suggested by the positive y-intercepts in
all cases (Fig. 4.4.1). Approximately 37% of the total B(a)P present in
the UTRC samples after 4 h was accumulated within the first 15 minutes of
exposure. For Castor Creek periphyton, this value was 26%. The uptake
rates determined on a surface area basis from regression plots differed
significantly between the two streams after similar colonization periods (P
< .01), and between colonization periods within streams (P < .01). Uptake
rates, on a concentration basis, were more variable than those normalized
to surface area so significant effects were more difficult to demonstrate.
Accumulation by periphyton which had been colonizing for 6 wk in Castor
Creck was significantly greater (P < 0.01) than by that which had oaly been
colonized for 3 wk. The slides which were colonized in UTRC had the lowest
biomass and were the only ones which approached steady state coEcentrations
of B(a)P (Fig. 4.4.1). The comparatively low regression r  (C.59) of
accumulation of B(a)P by the UTRC peripbyton after 3 wk of colonization
suggests a departure from linearity. A semi~log plot of the same data only
slightly improved the fit (r” = 0.66) (Fig. 4.4.1C).

The uptake flux can be determined as the initial slope of the linear
‘regressions. The first-order rate coanstants can then be calculated with
equation 4.4.1.

Ji = Cw . Ku (4.4.1)
where
Ji = initial uptake flux
Cw = water concent.ration
Ku = uptake rate constant
Autoradiography

Autoradiongraphs svggest surface sorption and s%catnh complexation as
the principal mechanisms of B(a)P accumulation by algac of both communi-
ties. Although it is not possitle to differentiate conclusively between
intra vs. extracellular accumulation without the use of ultra-thin sec-
tioning techniques (K. Knoechel, pers. comm.), label did appear to consist-
ently accumulate on cell surfaces. There is virtually no label associated
with the shrunhen p..toplast of Netrium digitus (Fig. 4.4.2). The exten-
sive mucilaginous sheaths surrounding Desmidium coarctatum aud Spondylosium
pulchrum readily complexed B(a)P (Fig. 4.4.2). Dense labelling of the
diatom Neidium viridis var. amphigomphus was unique (Fig. 4.4.2). Unla-
belled controls did not show concentrations of silver grains within or
around algae, although a background level was apparent.
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., Figure 4.4.2. Autoradiographs illustrating the deposition of MC B(a}P in
A) Desmidium coarctatum, B} Spondylosium pulchrum, C) Netrium
dipitus, D) Neidium iridis, and E) LEunotia sp. All auto-
radiographs are 500X magnification.
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Biotransformation

Neither UTRC nor Castor ?geek periphyton communities exhibited sig-
nificant biotransformation of C-B(a)P within 24 h. In botqaliving peri-
phyton and dead cell controls, approximately 85-90% of total ~ C after 24 h
y2s B(a)P (Figs. 4.4.3 and 4.4.4). Histograms representing the percent of

C activity as B(a)P and B(a)P-transformation products at 0.25, 4, and 24
h exposures reveal no substantial differences between living and dead peri-
phyton communities for either stream or either ﬁflonization period (Fig.
4.4.5). Significant apparent transformation of C-B(a)P occurred over 24
?ain flasks contsining experimental water only. Approximately 90% of total

€ was B(a)P after 0.25 b, while only 62% rema2ined as B(a)P after 24 h.
In previous studies with fish, exposure water analyzed the same day without
freezing never contained more than 12% B(a)P transformation products after
24 h.

Anthracene

A set of studies was conducted to determine the uptake and depuration
rate constants for anthracene in periphyton communities colonized in UTRC.
The accumulation of anthracene during 24 b was linear, except for an ini-
tial rapid accumulation (Fig. 4.4.6). Thir initially very rapid uptake
results in a positive y-intercept for linear regressions. The uptake flux
was estimated as the slope of the gYerall linear regression. The first-
order uptake rate constant was 0.04k .

After 24 h exposure to anthracene, plates and the associated periphy-
ton were transferred to clean water and desorption followed (Fig._4.4.7).
Desorption was rapid. The rate constant for depuration was 0.17h which
means that the half time for elimination was 4 h. However, there was a
residual of approximately 4 ng anthracene:cm which was not eliminated
"after 30 h of depuration.

DISCUSSION

Results of our study suggest that community species composition can
significantly affect uptake rates of PAH by periphyton. This conclusion is
consistent with our observations that 1) Caster Creek periphyton had signi-
ficantly greater B(a)P uptake rates, 2) Castor Creek periphyton, dominated
by structurally ornate desmids with exteusive gelatinous sheaths, differed
markedly from the diatom-dominsted UTRC community, and 3) autoradiographs
demonstrated the relative importance of B(a)P sorption to cell surfaces,
especially to sheath material. The larger biomass on Castor Creek slides
did not appear to cause the greater uptake rates observed, since results
expressed on an area basis were not significantly different between peri-
phyton from the two streams.

Our results suggest that uptake rates vary as a function of coloni-

zation period, or community biomass. One would expect an increase in
biomass to yield a concomitant increase in the concentration of PAH per
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Figure 4.4.5,
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unit substrate surface area as more of a given substrate is covered by
periphyton growth. The maximal effect.of biomass on uptake rate should be
realized when the entire substrate becomes covered by a layer of periphyton
growth. As the compunity becomes more layered with time, only the upper-
most strata should -actually be exposed to levels of PAH within a 24 hour
period. Any further increase in biomass should not increase uptake rate,
but rather, should increase the length of time necessary for a particular
community to achieve steady state, and the absolute capacity of that commu-
nity for accumulation of compound. Thus, uptake rates, on a concentration
basis, would be expected to decrease after a critical minimum thickness, or
mass, of periphyton has been reached. Our data show slower uptake rates,
on a concentration basis, after longer colonization times. Similar resué&s
hagg beefodmpo:ﬁfp for the accumulation of selected radionuclides (Co ,
Zn ", Ru , Cs ) by periphyton (Neal et al., 1967). Uptake was linear
over a certain range of biomass, but as mass increased, accumulation was
not proportionsl. Uptake rates are best expressed on a surface area rather
than a concentration basis.

The statistically significant differences in B(a)P uptake rates be-
tween UTRC and Castor Creek periphyton must be interpreted cautiously since
no steady state equilibrium was achieved. The steady state bioconcentra-
tion factor (BCF) can be estimated from the ratio of uptake rate coeffi-
cient (K ) to depuration rate coefficient (K.,). Preliminary depuratinn
results Pfor Castor Creek) were too variable‘&o accurately estimate K, ;
however, the relatively slow B(a)P depuration observed (only a 25% reduc-
tion in C activity after 24 h) indicates that B(a)P will not be quickly
released from periphyton once complexed. The range of expected values for
Ku' K., and BCF for periphytoa from other streams, such as northern hard-
waters, would be of interest.

The achievement of steady state is most probably linked to the rate at
which the compound can diffuse through the multi-layered periphyton commu-
nity. The plateau observed in the low biomass UTRC three week old community
suggests an approach to saturation of this thin periphyton layer. In con-
trast, the 5 week old UTRC community, and both the 3 and 6 week old Castor
Creek commuuities, are still in a linear phase of uptgge after 24 h. These
findings are in agreement with those reported for Zn ~ adsorption by peri-
rhyton comrpunities where accumulation was largely a surface phenomenon and
ultimate biomass saturation was diffusion~dependent (Rose and Cushing,
1970). Complete saturation of periphyton will be a function of community
thickness and exposure time. Exposure times of several weeks may be re-
quired to achieve steady state for various PAH in mature periphyton commu-
nities. .

Biotransformation has been suggested as 'a significant degradative
pathway for PAH in aquatic environments. Pseudomonad bacteria in culture
have been found to tranuform B(a)P and fluoranthene (Barnsley, 1975), as
well as anthracene (Evans et al., 1965). BacterLalﬁn petroleum~contam nat~
ed stream sediments have been found to transf C-labelded naphthalene,
anthracene, B(a)P and dibenzanthracene to CO0,', poclar transformation
products and bound material (Herbes and Schwall, 197%; Herbes et al.,
1977). In general, both freshwater (Soto et al., 1875) and marine phyto-
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Plankton (Lee et al., 1977) have not demonstrated an ability to biotrans-
form PAH, but do accumulate considerable amounts. Our data indicate -that
the periphyton communities exaq%ned did not actively biotransform B(a)P in
24-h exposures. Thfanon-B(a)P C material present in periphyton (as much
as 209 of total C) was attributed to non-specific B(a)P breakdown or
binding since no difference between living periphyton and that fixed in
Lugol's solution was observed. No separate measure of viability or enzyme
activity in fixed controls was made, but apparent active bictransformation
of methyl parathion by sediment bacteria autoclaved up to 20 minutes has
been observed (David Lewis, pers. comm.). The experiments reported here
were conducted under low intensity gold fluorescent light (A > 500 nm) to
reduce photolysis of B(a)P. The importance of photosyntbetically'coupled
B(a)P uptake and transformation in natural exposures remains to be deter-
mined.

The deposition of B(a)P in heterotrophically dominated communities may
differ from the trend reported above. Biotransformation of B(a). may be
significant in environments such as densely canopied stream areas where P/R
ratios are redu:ed. MclIntire (1975) observed the tendency for periphyton
developing on rocks in a stream to exbibit characteristic layering with
time. He noted an outer, photosynthetically active, layer and in time the
development of a heterotrophic layer between this outer layer and the sub-
stratum surface. Thus, the biotransformation capabilities of a given commu-
nity may not be uniform throughout. The concentration of B(a)P transforma-
tion products may vary along a vertical transect down through the commu-
nity. The growth of Chlorella vulgaris #29, a heterotrophic variety, has
reportedly been stimulated by exposure to crude oil (Graham and Hutchinson,
1975). Chronic low level exposure to PAH, such as B(a)P, may work to
restructure the periphyton community and favor heterotrophic growth.

Where periphyton cover 2 significant area of stream bottom, this com-
munity may equal or exceed the importance of organic sediments in determin-
ing the fate of B(a)P and other PAH. The observed property of composition-
dependent rates of uptake for periphyton communities may serve to signifi-
cantly alter the responses of distinct lotic systems to B(a)P perturba-
tions. Rates of accumulation and capacity for accumulation to B(a)P input
will vary between streams supporting divergent periphyton flora and within
the same stream as seasonal changes in periphyton composition occur. On a
smaller scale, variations in response to B(a)P input between reaches of a
particular stream, e.g. pool vs. riffle area or canopied vs. open area,
will occur due to associated variation in algal species composition. The
phenomenon of patchiness in the microdistribution of algal species has been
frequently reported (Bruno and Lowe, 1980; Douglas, 1957; Duthie, 1965).
This property of periphyton distribution ensures that local variations in
B(a)P concentrations will occur.

teriphyton may represent a significant pathway for food chain biocac-
cumulation. While direct uptake from water is usually considered the most
important pathway, trophic transfer of B(a)P from the diatom Thalassiosira
pseudonana to larvae of the marine hard clam Mercenaria mercenaria was
reportedly equal to that of direct uptake from water (Dobroski and Epi-
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fanio, 1980). Grazing benthic invertebrates may accumulate B(a)P in a
similar manner.

When uptake and'depuration rate constants, which were derived in these
laboratory studies, were used in the simulation model, the predicted con-
centrations of anthracene in periphyton were very similar to those observed
in periphyton in the channeli_microcosm (see section 5.4).

*In summary, periphyton represent a significant and previously unex-
amined sink for B(a)P in stream systems. Clearly, additional work is
needed to confirm the observed low biotransformation rates, as well as to

determine the physical or physiological basis of community differences in
B(a)P uptake rates.
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SECTION 4.5
UPTAKE DEPURATION AND BIOTRANSFORMATION OF BENZQ(a)PYRENE

BY THE MIDGE, CHIRONOMUS RIPARIUS

INTRODUCTION

Larval midges (Chironomidae) are abundant benthic organisms which bur-
row .u sediments and have been shown to accumulate trace contaminants
(Kawatski and Bittner, 1975; Derr and Zabik 1972). Chironomids are a major
food source for larger macroinvertebrates and smaller fish, and link both
aquatic and terrestrial food chains through emergent adults.

This study of B(a)P kinetics in chironomids was conducted to 1) con-
struct descriptive models of B(a)P uptake and elimination kinetics, 2) com-
pare uptake and elimination coefficients determined using one and two com-
partment models, 3) determine the ability of chironomids to metabolize
B(a)P and the effect of biotransformation on bioconcentration factor, 4)
determine the contribution of exoskeleton to total biocaccumulation and 5)
determine the effect of bottom substrate on depuration rate.

MATERIALS AND METHODS
Uptake and Depuration

Chironomus riparius larvae were collected from a sewage outfall on
Badfish Creek near Madison, Wisconsin, and reared in the laboratory at the
Savannah River Ecology Laboratory for several generations. Cultures were
maintained in gallou glass jars that contained well aerated substrate of
previcusly washed and fermented ground Papgr towels. Approximately one
gram of a mixture gf dog biscuits, TetraMin flake fish food shrimp pel-
lets, and Cerophyll” (powdered nettle leaves) was added to the jars every
three days during the three week larval stage. After two days as pupae,
adults emerged, mated and oviposited in the jars. Fourth instar larvae had
& mean dry weight of 0.39 mg (SD = 0.2, n = 50) and a dry to wet weight
ratio of 0.095,

Benzo(a)pyrene (7,10-16C) was used as purchased from Amersham/Searle
in two lots, CFA472 Batch 26 (speciffc activity 60.7 mCi-mmol ") and Batch
29 (specific activity 21.7 mCi‘mmol "). The specific activities were con-
firmed with a Varian Hodel 5000 high pressure liquid chromatography system.
Radiochemical purity determined by thin layer chromatography was greater
than 99%. All preparative, analytical, and experimental procedures were
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performed vader gold fluoreacent light (A > 500 nm) to minimize photodegra-
dation of B(a)P.

Well water (pH 7.1) was aerated and centrifuged to rcmove particulates
(> 0.15 p). Wacer was labeled in bulk (7-10 £) and dispensed into repli-
cate test chambers after a 1 to 2 h equilibration. Actual water concentra-
tions were determined from calculations based on dpm'ml and known B(Q}P
specific activity. Concentrations ranged between 0.6 - 1.5 pg B(a)P-£ .

Uptake experiments (in triplicate) were performed in 1) 0.35 £ stain-
ing dishes which contained 0.2 £ of water and 20 chironomids; 2) 6.0 £
aquaria which contained 1-2 £ of water and 100 - 200 chironomids. Samples
of 10 chironomids were taken after 0.25, 0.5, 1.0, 1.5, 2, 4, and 8 h.
Each staining dish provided a single sample of 10 chironomids for total C
and 10 for analysis of biotransformation products. The biomass to volume
ratios ranged from 0.020 - 0.039 mg dry wt-ml water. The range of bio-
mass to volume ratios in both uptake and depuration experiments was due to
differences in water volume. The chironomid larvae were approximately the
same size in all experiments.

Depuration experiments were performed by transferring 100-200 chirono-
mids, labeled for eight hours, into 6 £ glass aquaria, which contained 1 to
2 £ of clean water. Ten chironomids as well as one ml of water were taken
from the aquaria after 0.5, 1.0, 1.4, 2.0, 4, 8, 15, 24 and 48 h. Mass to
volume ratios ranged from 0.035-0.070 mg dry wt-ml water. Addition of
paper towel with associated microflora provided a food source, to avoid
starvation effects, and a substrate allowing normal behavioral patterns.
Substrate was not used in uptake =xperiments, because sorption and micro-
bial biotransformation would have confounded exposure calculations.

Samples of 10 chironomids were combusted in 2 Packard Model 306 sample

oxidizer d collected in a _scintillation cocktail consisting of 17 ml
Pe fluor and 5 ml Carbosorb . Internal and external standards indicated
a CO, recovery greater than 99% and no carry-over. Water and solvent

samples were placed directr% into 2 premixed commercial cocktail (Research
Products International 3470B”). All sample activities were measured with a
Beckman Model LS8)00 liquid scintillation counter angd corrected for quench
uzing internal and external standards and the sample channels ratio methcd.

Biotransformation

Both animals and water were analyzed for 1l’C- 8(a)P and transformation
products. Chironcmids were assayed by a combination of solvent extraction,
thin layer chromatography (TLC), aud liquid scintillation counting (LSC).
‘Thirty chironomids (10 from each replicate) were homogenized in a Ten
Broeck tissue homogenizer with five drops of conceutrated HCl. The acid
homogenate was extracted sequentially by bomogenizing with benzene (5 ml
nanograde), diethylether (2 x 10 ml, anhydrous), and ethylacetate (5 ml
nanograde). The organic solvents were combined, a 2 x 0.5 ml aliquot
counted, and the remaining volume determined. The samples were dried with
anhydrous sodium sulfate and the volume reduced to approximately 100 pl by
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rotary flash evaporation and evaporation under a nitrogen stream. The
samples were brought to 500 pl Ygth diethylether and activity determined on
a8 25 ¢l aliquot. Recovery of ~ C-B(a)P from spiked chironomids was 92.3 %

3%.

Samples were spotted onto thin layer plates and chromatographed in
pentane:diethylether (3:1, V/V) in an uvasaturated system. Developed plates
were divided into five sections corresponding to B(a)P, hydroxylated metab-
olites, t origin, asnd two others. The sections were scraped from the
plate and C activity measured. Chironomid extracts were also analyzed by
high pressure liquid chromatography (see below). All scmples were kept
frozen (-20°C) prior to analysis.

Water from an eight hour uptake experiment was analyzed for metabo-
lites by 2-dimensional 1TLC. The pH was adjusted to 4.0 with glacial acetic
acid and water was passed through 100 ml of wet XAD-4 resin precleaned by
the method of Garnas (1975). No breakthrough of radioactivity was detected
by counting aliquots of water which passed through the resin column. The
resin column was eluted sequentially with 250 m> each of diethylether and
acetone. The solvents were combined and C activity of one ml subsamples
determined. Soclvents were dried by the addition of 50 ml petroleum ether
followed by passage over anhydrous sodium sulfate. Volume was reduced as
previously described and metabolites were isolated by 2-dimensional TLC
with. pentane:ether (9:1, V/V) and toluene:methylene chloride:methanol
(25:10:1, V/V/V) (Pitts et al., 1978). The spots were identified with UV
. light and quantified by LSC. Standards of B(a)P metabolites for TLC co-
chromatography were obtained from the National Cancer Institute’s Standard
Chemical Reference Repository.

Water was also analyzed for B(a)P by high pressure liquid chroma-~
tography (HPLC). After chironomids were removed, 200 ml water samples were
taken from uptake aquaria and uptake controls (no chironomids) and extrac-
ted with hexane (3 x 50 ml). The three hexane extracts from each water
sample were combined and dried with anhydrous sodium sulfate. Extract
volumes were reduced te < 0.25 ml as previously described, diluted to 0.5
ml with methanol and analyzed by a Varian MOdfl 5000 HPLC system with a 254
nm fixed wavelength detector. Kkecovery of C - B(a)P fiom spiked water
was 77.6  67. Separations were made with a Micro-Pak MCH-10 reverse-phase
column (35 cm long) equivped with a Whatman guard column of Co-<Pel C._ODS
on 35 ¢m particles uring gradient programmed elution conditions at 8°¢C
(Johnsun et al., 1977). The gradient was from 75% acetonitrile:25% water
to 90% acetonitrile. Acetonitrile (90%) was pumped through the columr for
five min before recreaiing the initial conditions.

Chironomid extracts were analyzed by HPLC with a Varfan Fluorichrome
detector with 7-34 and 7-60 excitat, ¢ filters (bandpass 230-390 nm, peak
360 nm) and 4-76 and 3-72 emission filters (bandpass 430-650 nm, peak 525
nm). Gradient_ﬁlution was from 30% acetonitrile to 90% acetonitrile in
water at 2%-min
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Data Analysis
Distribution of B(a)P and metabolites in a static uptake test is
represented schematically in Figure 4.5.1. The data supported the assump-
tions of 1) constant water B(a)P concentration, 2) low water metabolite
Egncentratlon (K, ~ 0). Under these conditions, bioconcentration of total
C was descrlbegmby equation 4.5.1.

dC
a
- Ku Cw - (Kd + Kdm) Ca (4.5.1)
dat .
where

o 4 . . -1

La = C concentration in animal (ng+g ~, wet wt)

Cw = l"C concentration in water (ng'ml-l)

Ku = B(a)P uptake rate constant (h-l)

Kd = B(a)P depuration rate éonstant (h-l)

=
H

dm Metabolite depuration rate constart (h-l)

Low metabolite concentration in water and high metabolite concentration in
chironomids suggested that K, << Ku, and a single overall depuration rate
constant designated K, was astumed. Equation 4.5.2 is the integral form of
equation 4.5.1 using ghese assumptions.

-(Kd.t)
Ca = (Ku/Kd) . Cw + (1 ~e ) (4.5.2)

This is the familiar first order equilibrium model, and at steady

state, the bioconcentratiocn factor (BCF) can be calculated as shown in
equation 4.5.3.

ca/Cw = Ku/Kd = BCF (4.5.3)
A simple two compartment model (equation 4.5.4) which did not assume con-

stant water concentration but does assuwe constant mass within the
system was also used to estimate Ru and Kd (Giesy et al., 1980).

-(K + Kt
Q, = [(K, - Q) / K/xp) (1-e”Fu* Kodhy (4.5.4)
where
14 .
Qa = mass of ~ C in animals
Qtotal = total mass of 14C in experimental system
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Figure 4.5.1. Distribution of B(a)P and metabolites in static uptake test,
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Large concentrations of metabolites in chironomids indicated a large bio-
transformation rate, There were insufficient data to merit independent
estimates of K using a model analagous to equation 4.5.1 for chironomid
metabolite accumulation. The importance of biotransformation waiashown
instead by compar&zg calculated BCF (K /K,) with steady state total =~ C and
B(a)P. Loss of C in depuration experiments was biphasic. Rate coef-
ficients were estimated from semi-log plots by linear least-square fits.

Rate constants, steady state concentrations and asymptotic 95% confi-
dence limits were estimated by the Marquardt iterative least squares pro-
cedure (Procedure NLIN, Statistical Analysis System, Barr et al., 1979).

RESULTS AND DISCUSSION

Data from triplicate uptake experiments were fit tolgne compartment
and two compartment models (Table 4.5.1). Kinetics of C accumulation
were accurately described by the one compartment model. Bioaccumulation
was rapid and steady state activity was approached after eight hours.

_The uptake rate constant (K ) for the one compartment model was 214 *
20 L when calculated from water and animal concentrations. A one compart-
ment model is only appropriate if water concentration is constaunt. When
calculatgq from activity measurements, water concentration was 1.38 % 0.32
rg * ml (Xt SE, n = 3) initially and did not decreasglsignificantly
during the course of the experiment (1.11 * 0.25 ng-'ml after 8 h).
Analysis by TLC and HPLC indicated no measurable amounts of non-B(a)P
materials in the control water (no chironomids) or after two hours in water
containing EBironomids. After eight hours, water containing chironomids
had 86% of C as B(a)P and 14% as unidentified metabolites. It was con-
cluded that water activity through eight hours was an acceptable measure of
B(a)I’ concentration.

If water concentration changes significantly, and observed losses are
into the animals, a two compartment model is required. Two compartment
models have a major advantage in not requiring a constant source term;
however, a knowledge of total mass is required. They can be used in ex-
perimental systems where mass additions can be controlled but may be of
limited use in naturai systems with unknown mass additions.

The depuration rate constant (K, = 0.22 * 0.04 h~1) was estimated
1sing the one-compartment model from data coiiected during the exposure
phase. The time required for loss of 50% of ~ C was between 3-4 h. I?e
two compartment model estimate of the same constant (K{j = 0.15 £ 0.001 h ™)
was in good agreement.

Depuration rate constants were also estimated by placing exposed
animals in clean water (Figure 4.5.2). A semi-log plot of depuration shows
a slope change between four and five hours, which suggests biphasic depura-
tion. Animals in chambers containing cubstrate depurated about 60% of
initial  activity within 4 kL. The initial depuration rate conztant (K, =
0.22 h ") agrees well with the overall depuration rate constant calculated
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Table 4.5.1. Bioaccumulation parameter estimates for total 1‘.C in Chironomus riparius using one
and two - compartment models.

Depuration
Model and Assumptions Parameter Estimates Half-life (hr)
One Compartment K Kd
u
"Kgre) 0.04 3.1
= . . - + . + 0. .
Ca (Ku/Kd) Cw (1-e ) 214 * 20 0.22
Assumes Constant Infusion -1
B(a)P Concentration Units_(ag'g =~ wet
weight in animal; ng'ml = in water)
Two Compartment K K
u d
-(Kuﬂ(d)t b
= - - * 0. . * 0. 4.8
G =l -Q 1)/ (K #K)I(1-e ) 0.039 * 0.003 0.15 * 0.001
Assumes constant B(a)P Mass Ralance
within experimental system
2 Assumes density of water is 1 g - ml-]
bIn concentration units 0.039 % 0.003 h-1 =190 * 15 h-l, vhich compares favorably with one com-

partment model.
All parameter estimates = Mean % SE, for pooled data from triplicate experiments.

Depuration rate constant (h-l); Qa = Mass 14C as B(a)P

Ku = Uptake rate constant (h-l); K
hr.

(ng) in experimental system; g

(131}



1000

P |

o No Substrate

- \

- -1 .

800 @% o000 b e Substrate 1

| ]’ — 1
T

400+ K-y=0.22 hr~!

T

Y

T

K.2:0.02 hr-! .

{\<<::jzsoo4hf' %\\\\\}

ZCO- {\ .] -
K-3:0.C02 hr-!
% //— { ]

0245 810 15 20 25 30 35 40 45 50 55
HOURS

Ng/gm (wet weight)

100

Concentration is expr(‘:;scdl as ng B(a)P - g (wet weight)
chironomid, assuming all C is B(a)P. Each point is the
mean of 3 determinations + SD.

Figure 4.5.2. Depuration of 1aC by C. riparius with and wit_lnf)ut substrate.
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from the accurulation data. The initial depuration includes a component
dgi to K, from 4-24 h. This component was comparatively small (K, = 0.04
h ) and accounted r 22% of initial activity released. Between 94-55 h,
19% of the maximum ~ C concentration attained remained as bound B(a)P and
metabolites. Animals exposed to clean water in the absence of substrate
also exhibited biphasic depuration but the rates were consistently slower.
Approximately 23% of the initial activity was rapidly released. The slower
depuration was not complete when the experiment was terminated after 55 h.
As noted, the initial depuration rate constant was similar to the overall
depuration constant derived from a monophasic model and that for B(a)P the
monophasic model was adequate to summarize the data. This initial rate
constant gives the best overall estimate of net flux of B(a)P and metabo-
lites from chironomids for ecological fate studies.

The mechanism by which substrate increased depuration in chironomids
is unknown but may involve increased biotransformation of B(a)P related to
gut processes, an active role by bacterial food, behavioral changes by
chitonomidsléux the paper towel substrate, or increased gut contents into
which the C labeled compounds can partition. Simple clearance of gut
contents was probably not important in observed initial depuration since
animals were starved for eight hr prior to exposure and for eight hr during
exposure. More rapid depuration by feeding animals may be due to par-
titioning of B(a)P from the animal into uncontaminated food. Synthesis and
excretion of the peritrophic membrane has been shown to facilitate excre-
tion of DDT by mosquito larvae (Abedi and Brown, 1961) and may be impor-
tant. Alternatively, Herbes and Risi (1978) reported that feeding de-
creased the rate of depuration of anthracene from Daphnia pulex. Only 10%
of activity in chironomids was associated with exoskeleton (Figure 4.5.3).
Therefore, surface losses were probably not important in the initial depu-
ration rates we observed. Exoskeleton may influence initial uptake rates
in chironomids since nearly 50% of activity after 0.5 h was in the exo-
skeleton.

BIOTRANSFORMATION

Information on biotransformation is important in hazard assessment
because some metabolites of B(a)P are mutagenic and carcinogenic (Lehr et
2l. 1978). The biotransformation of ? a)P by C. riparius was rapid. After
1 h 43 £ 2% (X + SE) of chironomid C activity existed as non-B(a)P me-
tabolites, as determined by TLC, and after 8 h 72 * 2% was non-B(a)P (Table
4.5.2 and Figure 4.5.4). The large percentage of metabolites was not due
}2 B(a)P oxidation on TLC plates as evidenced by a 92.3 t 3% recovery of

C - B(a)P from spiked chironomid controls. Biotransformation of organic
compounds is common and has been reported for chironomids (Kawatski and
Bittner 1975, Estenik and Collins 1979). The rate of biotransformation,
calculated from metabolite actiYity qu known B(a)P specific activity, was
3.2 £ 0.5 nmol < g dry weight - h (Table 4.5.2). This rate compares
favorably, with that for conversion of aldrin to dieldrin (1.44 pmol - g
* h ") reported by Estenik and Collins (1979). The large biotransformation
_ rate at 0.5 h is likely due to sampling time errors, as suggested by the
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Table 4.5.2. biotransformation of ~ C - B(a)P by Chironomus riparius.

BIOTRANSFORMATION_RATE

a 140 - B(a)P (ng ° g-l) b (nmol * g «h ™)
HOURS % RECOVERY TLC KPLC % METABOLITES TLC HPLC
0.5 142 ¢+ 33 € 767 + 137 N.D. 57 %9 7.4 % 3.0 N.D.
1.0 103 + 23 1166 + 199 N.D. 43 t 2 3.6 £ 0.7 N.D.
2.0 97 + 13 1349 £ 217 2180 * 286 57 ¢ 2 3.6 £ 0.9 1.9 £ 0.7
4.0 80 t &4 1935 % 115 2372 + 115 60 * 2 2.7 £ 0.3 2.2 £ 0.3
8.0 77 £ 6 2085 + 291 2760 + 286 72 ¢ 2 2.7 0.6 2.4 £ 0.9

DPY of sample extracted/DPM of sample combusted.

DPM Total - DPM B(a)P x 100.
DPM Total

Mean & SE, n = 3.
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large standard error. While the data are not sufficient for careful st?-
tistical analysis, it was concluded that there was no apparent change in
biotransformation rate with time.

The rapid biotransformation observed will cause the bioconcentration
factor (BCF) reported in terms of pirent compound to be very low. Indeed,
Lu et al. (1977) reported a BCF of "0" for B(a)P in fish due to complete
biog;éﬁgfqﬁgation. The high uptake rate constant and BCF reported here in
terms of C suggest very large accumulation of B(a)P metabolites, some of
which may be carcinogenic. Accumulation of metabolities may be the most
important aspect of environmental risk asr ssment for certain PAH. Yor
this reason we have reported both an apparent BCF (total C) sad a true
BCF (parent compound only). The major metabolites depurated into water
during the uptake phase were polar compounds. Using co-chromatography of
authentic standards, the major metabolite was determined to be 3-hy-
droxy-B(a)P and represented 4.4% of water activity after 8 hr. This com-
pound has also been reported as the major metabolite in mammals (Nebert and
Gelboin 1968). The 3~hydroxy B(a)P was fluorescent blue on the original
TLC plate, but became a fluorescent red air oxidation product on co-chroma-
tography plates.

Small amounts of three other metabolites were detected. These had
relative abundances of I) 0.35, II) 0.06 and III) 0.015 compared to 3-hy-
droxy B(a)P. Metabolite I had 2n Rt value corresponding to 7-hydroxy-B(a)P
in the original 2-dimensional TLC plate, but apparently degraded and did
not move from the origin after transfer and co-chromatography with stand-
ard. Metabolites II and III were tentatively identified as the 9,10- and
7,8~dihydrodiocls of B(a)P respectively. In general, the metabolites were
quite labile and degraded relatively rapidly, even in the dark at =-20°C
under organic solvent. Some of the polar compounds observed may bave
resulted from degradation during storage of both water and chironomid
extracts. Rapid analysis after sampling is recommended.

_7 It was assumed that all lfg was B(a)P and an apparent BCF (ng B(a)P -
g wet weight/ng B(a)P * ml °) of 650 was calculated from chironomid
steady state activity at eight h. An estimate of 970 was obtained using
the ratio Ku/K . The presence of substantial quantities of non-B(a)P
materials in chironomids (Figure 4.5.4, Table 4.5.2) indicated that bio-
transformation was significant, and the actual BCF was about 200. B(a)P
was at apparent steady state after 4 - 8 h (Figure 4.5.4). Lu et al.
(1977) reported a similarily low BCF of 107-149 for B(a)P in mosquito
larvae, with only 46% of the activity present as parent compound. South-
worth et al. (1978) predicted a BCF of 13,000 for B(a)P in D. magna calcu-
lated from the octanol-water partition coefficient, but assumed no bio-
transformation. The difference in BCF between Daphnia and both chironomids
and mosquito larvae was probablv related to active biotransformation and
excretion processes in the latter.

These studies demonstrate that donor controlled linear compartment
models may be used &g predict steady state bioaccumulation of B(a)P and
metabolites (total C) in Chironomus riparius. However, the Bsz for
parent compound is reduced by a factor of three relative to that of = 'C by
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active biotransfoxjmation of B(a)P in this species. The frequently used
correlations between octanol-water partition coefficient and biocaccumula-
tion may not be adequate for predictions of B(a)P fate in many species.
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SECTION 4.6
EFFECTS OF TEMPERATURE AND-ANTHRACENE CONCENTRATION
ON UPTAKE, DEPURATION AND BIOTRANSFORMATION

OF ANTHRACENE BY CHIRONOMUS RIPARIUS

~

INTRODUCTION

Midges, -important inhabitants of a variety of aquatic habitats
(Oliver, 1971), often represent the largest number of tax - and individuals
in benthic communities (Jog sson, 1978). Chironomus riparius is oftea
abundant (10  individuals'm “) in polluted streams (Gower and Buckland,
1978). C. riparius is able to metabolize aldrin (Escenik and Collins,
1979) and the PAH benzo(a)pyrene (leversee et al., 1981a). Thus, midges
living in periphyton and sediment may be important in the biotransformation
of PAH and other lipophilic cowmpounds which concentrate in those sub-
strates. Midges may also be an important vector of mobilization of PAH
from sediments to high trophic levels. Emergence of winged adults from
environments polluted with PAH may increase the export from aquatic to
terrestrial environments.

Anthracene was chosen for study as a representative of the homologous
series of PAH because of its relatively low volatility (Southworth, 1979),
intermediate water solubility (Leo, 1975), and presence in contaminated
aquatic systems (Sheldon and Hites, 1978).

Regulatory agencies are faced with predicting the fates of large num-
bers of compounds. Mathematical simulation models may be useful for this
purpose. However, few rate constants for uptake, depuration or biotrans-
formation are available for use in mechanistic, predictive, simulation
models. Also, the effect of external forcing functions on conditional rate
constants is unknown. If conditional rate constants for uptake, depuration
and biotransformation are not independent of the forcing function, a sta-
tistical relationship may be needed for prediction of these constants.

Two important forcing functions that affect the dynamics of compounds
within aquatic systems and organisms are temperature and concentration of
chemical. One aspect of our study was to determine the relationship be-
tween PAH concentration and the uptake and depuration rate constants and
bioconcentration factor (BCF) in midge larvae. The relationship between
concentration of PAH in water aud in aquatic animals has been tudied in

Daphnia (Southworth et al., 1978) and Callinectes sapidus (Lee et al.,
1976). -
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A second aspect of this studr was to determine the effects of tempera-
ture on uptake, depuration, biotransformation, and BCF. Other auth(AS'h?ve
observed a negative correlation between temperature and uptake or reteantion
of trace organic compounds in coho salmon, copepeds (Collier et al., 1978)
and clams (Fucik and Neff, 1977; Harris -et al., 1977). However, Fossato
and Canzonier (1976) reported that BCF was not a direct function of tem-
perature in uwussels. Also, a temperature optimum has been found for the
mixed function oxidase system which is respomsible for tne biotransforma-
tion of anthracene and other xenobiotics in aquatic organisms (Lee et al.,
1979; -Estenik and Collins, 1979).

MATERIALS AND METHODS

Midges

Chironomus riparius larvae were collected from a sewage outfall on
Badfish Creek near Madison, Wisconsin. Cultures were maintained using a
method similar to that described by Leversee et al. (1981a) at the Savannah
River Ecology Laboratory for over 20 generations at 25°C. Animals used for
experiments at different temperatures were acclimated for 2 to 3 days prior
to exposure to anthracene. Overall mean weight of 5 dry midges was 3.0 %
0.1 mg (x * 95% CI, n = 334) and ranged from 2.2 * 0.2 mg (n=30) to 3.9 %
0.2 (n=30). The mean wet to dry weight ratio was 8:1.

Water and Anthracene

Well water (pH 7.1) was aerated for several days and filtered through
0.45 pm gilip052 filters to remove  particulates. Anthracene
(3.3mCi+nmol °, 9~ 'C) was obtained from California Bionuclear Corp. (Lot
#770824) and used without further purification. Radiochemical purity was
determined by thin layer chromatograpvhy to be greater than 58%. All prepa-
rative analytical and experimental procedures were performed under gold

fluorescent light (A > 500nm) to minimize phototransformation of anthra-
cene.

Dosing and Sampling

Accumulation flux and uptake and depuration rate constants were mea-
sured at four concentrations (1.7, 8.7, 22.3 and 30.5 ug-z- ) at 25°C, and
three temperatures (16, 25, and 30°C) at 22 pg-2 . Uptake experiments
were conducted in flow-through systems with a flushing rate of 1-2 volumes
per hour to maintain algonstant anthracene concentration and minimize the
accumulation of both C labeled biotransformation products and metabo-
lites. Anthracene concentrations were monitored throughout the study.
Three or four replicate samples of 5 midges were taken after approximately
0.5, 1, 2, 4, 8, 12, 20, and 30 h (Figure 4.6.1). While sampling intervals
varied slightly among experiments, actual length of exposure was used for
computations. For depuration of anthracene and biotransformation products,
midges exposed to anthracene for 9 h were transferred to uncontaminated
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aserated water containing paper tovel substrate. Three replicate samples of
5 midges and a sample of water taken after 1, 2, 4, 8, 16, 24, and 30 h.
Water was changed if activity was twice background.

Biotransformation rates of anthracene were measured at three tempera-
tures (16, 25, and 30°C) at 22 pg-B- . Four replicate samples of 30 midge:
were taken after 0.5, 1, 2, and 4 h. At 30 C, samples were also taken
after 9 and 18 h. ‘

Extraction and Analysis

. ®
Water samples were placed directly, into the courting cocktail (33702,

Research Products International) for C activity determination. Midges

were dessicated overnight at room temperature in glass dengcation chambe:s

and weighed on a model 4700 <ahn Electrobalance. otal C in midges was

collected in a 4 ml Carbosorb and 15 ml RPI 3a70B  scintillation cocktail

by combustion by a model 306 Packard sample oxidizer. Internal and exter-

?21 standards indicated C recovery greater than 997 and no carryover of
C

Biotransformation products of anthracene were measured in undessicated
midges which had been blotted dry. Samp%es were stored in a solution of
ethylacetate:acetone (4:1, V/V) at -40C until they wvere extracted.
Samples were homogenized in a Ten Broeck homogenizer and extracted twice
with 5 ml of ethylacetate:acetone (4:1, V/V) and once with 5 ml of cyclo-
hexane. The extracts were combined and filtered through wWhatman #40 paper.
The extract was evaporated to 0.5 ml under a stream of nitrogen. Activity
was determined from a 50-pl aliquant. The filter paper was burmed, count-

ed, and reported as unextractable metabolite. Mean (% 95% CI) recovery of
spiked samples was 88 % 11% (n=5).

Aliquants of 200 ul were spotted and chromatographed on precoated
silica gel thin layer chromatography plates (E. Merck) in hexane:benzene
(9:1, V/V) and pentane:ether (9:1, V/V). Developed plates were sectioned
into 4 to 5 parts corresponding to the origin, anthracene, and 2 and 3
?zher spots visualized by UV light. Spots were scraped into RPI 3a70B for

C activity determination. The origin, non-anthracene spots and fillar
paper are reported as total metabolite (see Figure 4.6.6). Biotransfor-
mation rates were determined by dividing total metabolite by duration of
exposure (see Figure 4.6.5).

14C activity of all samples was determined using a Beckman model 814
liquid scintillation counter. The samples were corrected for background,
quench and counting efficiency. The quench and counting efficiency were
corrected using a quench curve and the samples channels ratio method.

Counting efficiency for water and combusted incects were 85% and 87% re-
spectively.
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Data Analysis

-

Rate constants, BCF and asymptotic 95% confidence limits were esti-
mated by Marquardt iterative least squares proceedurcs (proceedure NLIN,
Statistical Analysis System, Barr et al., 1979), with a one compartment
donor dependent model (equations 4.6.1 and 4.6.2) (Giesy et al., 1980;
Hamelink 1977).

2;_ = (K€ - (K;oC) (4.6.1)
where:
Ca = concentration of 1t.C in midge (anthracene equivalents)
Cw = concentration of 1l.C in water (anthracene equivalents)
Ku = uptake rate constant
Kd = depuration rate coanstant

-
n

exposure time (h).

Since CW was constant 2nd assuming 1 ml water = 1 g, the integrated analyti-
cal solution of equation 4.6.1 is given by equation 4.6.2.

K -(Kd-t)
C (1-e ) (4.6.2)

w

c, ==
Kd
At steady rate state the BCF can be related to the rate constants for uptake
and depuration by eguation 4.6.3.

(2]
=

(4.6.3)

a u
— = — = BCF
cw Kd

Since Ku and K, were estimated simultaneously by numerical methods,
the, were highly correlated. Bias introduced into one estimate by violat-
ing assumptions can affect the other. Therefore, we estimated Ku and Kd by

several other techniques which made different assumptions.

Independent estimates of K were also calculated from slopes of tan-
gents to the uptake curve at 1°h. This initial rates technique assumes a
first order relationship with respect to CW and no initial depuration (K =
slope / C ). The overall depuration rate constant (K,) was also estima%ed
from data collected during the clearance period, when midges were not ex-
posed to anthracene. The overall depuration rate constant was estimated
from the slope of the first log-linear component of the depuration curve.

The component K ? contributing to the overall Kd were estimated concur-
rently by equation 4.6.4.
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n -(K. . °t)
C.= 3 c e (4.6.4)
at ai
=1
where:
cat = concentration in midge at time t

t = time from cessation of exposure

. . .th
cai = initial concentration in i component
i = individual depuration c¢-mponent
. th
Kdi = depuration rate constant for i component

n = number of independent depuraticn components

RESULTS AND DISCUSSION

Uptake

Uptake of 14C-anthracene was rapid and approached izeady state in 25
to 45 h (Figure 4.6.1). The uptake rate constant for ~ C increased by _
factor of approximately 3 over th:z concentration range 1.7 to 30.5 pg-£
(Figure 4.6.2). Few studies have computed rate constants for the accumu-
lation of PAH by aquatic invertebrates. However, Hgfbes and Risi (1978)
report a first-order ugtake rate constant of 1.01 h for anthracene ac-
cumulation by Daphnia pulex.

As exposure time increased, K based on 14C generally def eased (Table
4.6.1). Since K and K, were estimated simultaneously from ~ € data, they
may be biased byuaccumu?ation of biotransformation products. This will be
discussed more fully in the sections on depuration and biotransformation.

The decrease of K may also be due to a decline in swimming and activ-
ity. The speed of the normal swimming motion of midges decreased as dura-
tion of exposure increased. Midges in uncontaminated water also showed the
same activity patterns. Slower swimming activity could be expected to
increase the boundary layer of less concentrated anthracene and thus reduce
exposure concentration. Respiration and metabolic rates, as manifested in
swimming rates (Walshe, 1949) could also influence uptake rate. K values
measured at 25° and 30°C were not significantly different, but were higher

than that determined at 16° (Table 4.6.1).
Depuration
Depuration rate constants were greater at higher anthracene concentra-

}Zons (Table 4.6.1). As exposure time increased, a larger fraction of the
C was in the bound than extractable pcols. Therefore, Kd decreased with
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Table 4.6.1. Tiptake (K ) and depuration (K ) rate constants in C. riparijus at four concentrations
and three temperatures (estimte * 95% CI).

Concentra- Tempera- K Kd
. u
tion ture -1 -1
pg+L °o) (") (h" ")
d e
1% 106 308 10n€ 30n°¢ 3h 30h
1.7 25 82 77+21  68%13 0.070+0.073 0.035%0.019 0.07740.023 0.311%0.224
8.7 25 79 54+13  74%10 0.041£0.014 0.215%0.078 ©.236%0.098
22.3 25 193 16112 155%16 0.10740.021 0.085%0.014 0.158%0.176 0.247%0.101
30.5 25 255 222132  143%20 0.276X0.G70 0.078%0.017 0.093%0.014 0.177%0.120
22.2 16 128  116+10 102*11 0.091%0.023 0.053%0.011 0.144%0.027 0.250%0.457
22.3 25 193  161#12 15516 0.107+0.021 0.085%0.C14 0.158%0.018 0.247+0.102
22.7 30 153 152%14 1i52%16 0.089+0.026 0.085%0.015 0.260%0.139 0.363£0.231

a. Duration of test. All values estimated from concentration of 142-anthracene in midges (ng-g
wet weight).

b. Estimated from izngent to slope at 1 h.

c. Estimated from = C-anthracene uptake experiments using donor dependent nodel (equations 4.6.1
and 4.6.2).

d. Measured as slcpe during initial 3 . depuratioca in uncontaminated water and paper towel sub-
strate after 9 . exposure.

e. First component of cverall depuration race constant calculatad.with equation 4.



b ]
time, since a smaller proportion of the ‘4C material was available for

depuration. Polar biotransformation products have bcean shown to be elini-
nated more slowly by many aquatic animals (Landrum and Crosby, 198la and
1981b).

Depuration rate constant was not affected by temperature (Table
4.6.1). Because most metabolic funciions are temperature dependent over
the normal temperature range encountered by animzls one would expect that
both biotransformation and active elimination would be affected by tempera-
ture. The fact that)tm see no effect of temperature oun the depuration rate
constant, based on C activity, is probably due to & complex interaction
of temperature effects n metabolism, excretion and anthracene biotransfor-
mation.

When midges, which had accumulated anthracene, were placed in water
with paper towel substrate, no effects of tempersture or concentration on

K, were observed. K, values, calculated from the donor dependent model (Equa-

t?on 4.6.2), were generally lower ia the absence of paper towel substrate
than when paper towel substrate was preseat (Tahle 4.6.1). Leversee ¢t al.
(1981) observed greater rates of depuration of benzo(a)pyreane, (B(a)P},

from C. riparius in the presence of paper towel than in the absence of
paper towel.

We observed biphasic depuration of 1',°f‘.-aut.hracene (Figure 4.6.3). The
two phases may represent depuration of anthracene from two storage compart=-
ments, or depuration of snthracene and its biotransformation preducts which
are morc polar. Herbes and Risi (1978) observed a multiphasic depuration
of anthracene from Daphnia pulcx. Resolution of these questions would be
difficult in the midge and our studies were vot designed to resolve them.

However, we did resolve the overall depuration rats constant into
several component parts. In each case where we determined the overall and
more rapid depuration rate constants the overall racte constant estimste was
slower than the estimate of the rapid phase (Table 4.6.1). This indicdtes
that our estimate of the overall K, is intermediate between the more rapid
and slower rates. The overall depuration rate cosrtant, #s estimated by

equations 1 and 2 should be a weighted zverage of the multiple rate con-
stants (equation 4.6.5).

i
i .'Ki (4.6.5)
K, =1 —
do
Ci

— A '-‘n

wvhere:

Kdo = overall depuration rate constant
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For predicting body burdens in populations we feel that this %evel of
resolution is not necessary and advocate use of the overall depuration rate
constant. If one needs to resolve depuration rate constants, we suggest
that estimates be made by fitting the data, using equation 4.6.4, by in%cr-
stive least squares techniques rather than the "back stripping” technique
of Wagner (1975). It can be seen tuat unless the sample size is large, the
confidence intervals for the estimates are very large (Table 4.6.1).

ith depuration rate constant

After two depuration phiies had been identified, a residual of approx-
imately 20% of the initial C still remsined bound in the animal at 30 °C
(Figure 4.6.3). This residual waﬂbdepurated very slowly or not at all.
The slope of the log-transformed - C concentration as a function of time
was not significantly different from zero. .

Biotransformation

The biotransformation rate was maximum at 25°C (Figures 4.6.4 and
4.6.5). Because the biotransformation rate was high, percent anthracene
wag ninimum at 25°C. The mass of aathr gene in the midges, however, was
maximum at 30°C because accumulation of C was as high, but biotransfor-
mation was lower at 30° thap at 25°C.

The temperature effect indicates that the enzymes responsible for the
biotransformation are responding optimally at 25°C. Estenik and Collins
(1979) found in vitro aldrin expoxidation activity in C. riparius by mixed
function oxidase was greatest at 30°C. Thus, the decline ia biotransforma-
tion from 25° to 30°C was probably due to a decline in the overall physio-
logical state of the midges and not due to enzyme efficiency. Additional
evidence for reduced physiological fitness at 30°C was seen in culture
growth. Cultures of midges maintained at 30°C did not remain viable,
vhereas those at 25°C propagsated successfully.

At 16°C, the overall biotransfarmation rate was slower than at higher
temperatures (Figure 4.56.6). Additionally, the proportion of biotrinsfor-
mation anthracene that was unextractable was smalle:: at 16°C. This sug-
gesty that biotransformation involves several processes which respond
differently to temperature. Likewise, Varanasi et sl. (1981) found that
the relative coocentrations of different naphthalene biotransfermation
products in starry flounder also changed with temperature.

The bjiotransformatioa rate decreased during the first 4 h (Figure
4.6.5). This masy have been due to a decline in respiration, as discussed
earlier, or to a build-up of biotrsusformation products and end product
inhibition. Leversee et al. (1981a) found a similar decrease in biotrans-
formation rate in midges exposed to B(s)P. However, at 30°C biotransforma-
tion rate tendnd to increase after 4 h (Figure 4.6.5).
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At 30°C, the percent of 1I.C that was anthracene decreased with length
of exposure from 48% at 0.5 h to 9% at 18 h (Figure 4.6.6). The trend was
less pronounced at the other temperatures,, 6 Between 4 and 18 h, anthracene
concentration decreased by 2/3 while the C activity r %f by a factor of
2.7. However, at all temperatures percent unextractable = C increased with

time.

Bioconcentration Factor

., =1 14

Bioconcentration factor (BCF), calculated using Ku'K based on c,
was not affected by temperature or concentration in ghe water (Table
4.6.2). Other studies with aquatic organisms, Canton et al. (1978),

Blanchard et al.

Table 4.6.2. Biocoucentration factors (BC{ for l"(;-‘nnt.hrac:cm: in the gidge
C. ripaiius. BCF for total =~ C was calculated from Ku~K
after 10 and 30 h of uptake. BCF for anthravene was calculat-
ed from concentrations of anthracene at 4 hr. x % 95% CI.

Concentrgiiou Tgnp BIOCONCENTRATION FACTORS
(ng'ml ") (o 14C Anthracene
10 h 30 h 4 h
1.7 25 9154532 19641722
8.7 25 18174388
22.3 25 15032206 1820136
30.5 25 8041104 1843£180
22.2 10 12774245 19151228 132239
22.3 25 15034206 1820£136 47%15
22.7 30 16971384 1702£119 9515

(1977) and Wilkes and Weiss (1971) have likewise shown that BCF was con-
stant at different concentrations. Similarly, bioaccumulation was found to
be unaffectod by temperature in Mytilus edulis (Fossate and Canzonier,
1976). Bioconceniration factor predicted from the 30 h data set waz usual-
ly higher than BCF from the 10 fl deta. The difference is probably due to
accumulation of unn-anthracene C. The BCF calculated for anthracene in
9&otransformation studies was more than an order of magnitude lower than

C-BCF, due to rapid biotransformation of aathracene. Steady state had
not been reached by & h so a true BCF cen not be calculated. Interesting-
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ly, at 30°C, the concentration factor at 18 h was 68 % 17, which is 2/3 gf
the concentration factor at & h. Concentration factor was lowest at 25 C
and reflected the biotransformation rate. .

BCF was more strongly affected by differences in biotransformation
rate due to temperature than by differences in uptake rate due to tempera-
ture. For example, BCF was highest at 16°C because biotransformation was
lowest, even though uptake rate and concentration were also lowest at 16°C.
Consequently, caution must be exercised in comparing BCF for metabolicelly
iiansformable compounds. As we found with anthracene in chironowmids,

C-BCF leads to overestimation of bioconcentration potential.

Benzo(a)pyrene and Anthracene

Since octanol:water partitioning coefficient has been positively cor-
related with BCF (Neely et al., 1974), benzo(a)pyfgne (BaP) would be expec-
ted to have a _larger BCF than anthracene. The C-BCF of anthracene (915
at 1.7 ng-nl- } was similar to BCF for B(a)P ia C. riparius (970 at 1.0
ng-ml ) (Leversefhgg_gl., 1981a). Though both Ku and K, were slower for
anthracene, the C-BCF values were similar for anthracene and B{a)P be-
cause their relative proportions remained conitant. The 4 h accumulation
factor based on parent compound was approximately & times greater for B(a)FP
(200) than for anthracene {47), as might “e expected from the octonol:water
partitioning coefficient predictions. Bioaccumulation was calculated using
parent compound at 4 h, since steadgéstate was not easily recognizable.
The difference between BCF based on ~ C and BCF based on parent compound
for anthracene compared respectively to those for B(a)P indicates a slower
elimination of anthracene biotransformation product. Relative ragﬁs 9{
biotrans[orgqtion on 8 molar basis were §1mil?r for B(a)P (2.7 nmol-g "‘h
at 4 nmol+¢ ') and anthracene (51 nmol.g "*h ~ at 125 amol*f ") considering
the-difference in concentration.

CONCLUSIONS

a 1.
Accumulation of 1“‘C-amthraco:ne is described by the model dt = (K +C )
- (Kd'Ca) (Equatioan 4.6.1). u v

2. Uptake rate conatants are temperature and concentration dependent.

3. Bioconcentration factor based on ll‘C is not affected by concentration
or temperature.

4. Bioconcentration factor based on anthracene is minimum at 25°C and is
inversely proportional to rate of biotransformation.
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SECTION 4.7
UPTAKE, DEPURATION AND BIOTRANSFORMATION OF ANTHRACENE

RY THE CLAM, ANODONTA IMBECILLIS

INTRODUCTION

Uptake and release of polycyclic aromatic hydrocarbons (PAH) and other
petroleum hydrocarbon compounds by marine bivalve molluscs hsve been the
focus of much research in recent years. Being sessile filter feede:'s,
clams are readily exposed to pollutants (Nunes and Benville, 1979), and it
has been suggested that these organisms could be used as worldwide monitors
of hydrocarbon pollution (Stegeman and Tesl, 1973; Goldbergz, 1975; Fossato
and Canzonier, 1975; Dunn and Stitch, 1975; DeSalvo et al., 1975; Bravo et
al., 1978). The general conclusions of past studies of hydrocarbon inter-
actions with clams have been that 1) uptake is rapid (Nunes and Beaville,
1979), but can be highly variable (Jackim aud Wilson, 1977), 2) depuration
consists of several relesse compartments (i.e. fast and slow) (Dunn and
Stitch, 1976) and depuration half-life is directly dependent oun the length
of exposure to a pollutant (Boehm and Quinn, 1977; Jackim and Wilson,
1977), and 3) biotransformation of hydrocarbons by molluscs is minimal or
nonexistent (Carlson, 1971; Lee et al., 1972; Dunn and Stitch, 1976; Nunes
and Benville, 1979). This lack of bjotransformation is probably due to the
‘fact that wmolluscs are deficient in mixed function oxidase enzymes (Neff et
al., 1976; Bend et al., 1977; Moore, 1979). Molluscs have also been found
to selectively concentrate PAH compounds relative to other hydrocarbons
(Lake and Kershmer, 1977).

PAH studies concerning freshwater invertebrates have centered on Daph-
nis sp. (Herbes and Risi, 1978; Southworth et al., 1978) and chironomids,
which have been shown to have a high biotrensformation potential (this
report). The primary objective of this study was to determine fluxes and
rate constants for uptake, depuration and biotransformation of anthracene
by the freshwater clam Anodonta imbecillis. The symmetry of the anthracenc
molecule lowers the number of possible metabolites compared to other PAH
compounds, such as benzo(a)pyrene, moking the assessment of biotransfor-
mation readily feasible. An ideal freshwater monfitor organism the paper-
shell clam, A. imbecillis, is a common member of the benthic commuuity of
lakes and large rivers of North America, Europe, and Asia (Pennak, :1953).
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MATERIALS AND METHODS

Anodonta imbecillis were collected August &, 1980 by SCUSA from PAR
pond (on the Savannah River Plant, Aiken, S.C.) at depths from 1.5 to 3.0
meters. Clams were returned to the lab and held for 2 days in a tank con-
taicing aerated, PAR pond water at 25°C. Twenty-four hours before the
experiment was initiated, eight clams of similar siue (X valve length =
7.07 %.315 cm) were cleaned externally, and placed in individual aquaria
containing filtered (0.45 pm), aerated, PAR pond water to allow for gut
clearance. The clams were blotted and weighed before transfer to experi-
mental chsmbers. Mean tissue weight was 17.41 %.82 gm, wet weight.

14-C anthracene was added in bulk to > 0.45 um filtered PAR pond water
allowed to equilibrate for 2 hours, and then 1.1 £ was added to each of the
5.0-2 (covered) glass experimental aquaria. To allow for adsorption to the
walls, the aquaria were left for an additional hoyr. The fiunllequilibrat-
ed concentration of 14-C anthgacene was 31 ug-£ (0.68 uCi*2 ). Experi-
ments were conducted at 25 & 1°C.

Water samples were taken after 0.0, 0.5, 1.0, 3.0, 5.0, 13.0, and 24.0
h and the anthracene concentratiosns were determined by liquid scintillation
counting (LSC). One ml of water was added to 1% m: of a premixed counting
cocktail (Research Products International 3a70B ). All activity measure-
ments were made by & Beckman Model LSB8100 liquid scintillation counter, and
were corrected for quenching using internal and external standards and
sample channels ratio. All procedures involving anthracene were performed
under gold flourescent light (A > 500 nm) to minimize photodegradation.

After 24 h of exposure to anthracene, three of the remaining six clams
(2 died during the experiment and were not used in the analysis) were j1e-
moved and frozen for extraction and analysis. The other three clams wi.re
placed in aquaria containing 2.0 £ of uncontaminited filtered PAR p>nd
water for depuration studies. Before transfer to :reezer bags or depura=-
tion chambers the clams were dipped in clean pond water and allowed to
drain to remove 14-C activity from loosely bound water on the surface of
the shells. Water samples were taken after 0.0, 0.5, 1.0, 1.5, 3.0, 5.0,
12.0, and 24.0 h, and water activiiy was measured by LSC to determine the
rate of depuration from the clams.

For tissue snalysis, individusl clams were homogenized in a Ten Broeck
tissue homogenizer. Emptied shells were blotted and wet weight determined.
14-C combustion analysis was used to determine the final total anthracene
tissue concentration. Tissue extracts were analyzed by thin-layer chroma-
tography (TLC) and HPLC to determine concentrations of possible biotrans-
formation products of anthracene. Clam homogenate (0.25 ml) was combusted
in a Packard Hodel 306 sample oxidizer, for 1 min., and was gollected in
scintillation vials with S ml Carbosorb and 13 ml Permaflour . Previous
experiments showed, by use of internsl and extermal standards, that recov-
ery of 14-C), was 90% but possible contamination of the oxidizer lowered
the percent “recovery to B81% during this experiment. Oxidized samples
accounted for 95 t 27% of the 14-C anthraceue in tissues as was predicted
from water data and the mass balance assumption. Extractions for TLC, and
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extraction and analysis procedures for HPLC are, given in Section 4.6. TLC
separations werc made on silica gel plates, one set with hexane-lenzene
(9:1, V/V) and another set with pentane-ether (9:1, V/V) as solvents. The
position of anthracene was determined by comparison to standards parallel
to the ssmples. Recovery by this technique was 70.7% % 3.5 (95% C.I.) for
anthracene and 79.3% * 2.9 for anthraquinone, a possible biotransformation
product of anthracene. After visualization with UV light, areas 1 cm above
and below the 14-C anthracene and metabolite spots were scraped frow the
plates and placed in LSC vials containing counting cocktail for subsequent
analysis.

Since changes in water anthracene concentration were uscd to measure
uptake and depuration by A. imbecillis, it was necessary to determine tke
contribution of the shells alone. Weighted and sealed shells were used in
an uptake and depuration experiment which duplicated that with live clams.
Surface area was determired for the shells in all experiments. Uptake aud
depuration data obtained from living clams were corrected for calculated
contribution from shells.

A Marquardt iterative learnt squares method was used to estimate first
order rate constants and asymptotic 95% confideace limits (PRODC NLIN, Sta-
tistical Analysis System, Barr et al., 1979). PRecause the dosing system
used in these studies was closed, a two compartment model was used to esti
mate the first order rate constants for uptake and depuration (Equations
4.7.1-4.7.4).

@, . -x (4.7.1)

A0 = Qw + Qa (4.7.2)

assuming equation 4.7.2 is tiue and integrating gives:

K, A0 -(K +K.) -t (4.7.3)
QA = l-e u d
(Ku+Kd)
and
. (K + K-t
o -K,+A0 + A0(1 + K+ " Ky * Kg)ot, (4.7.4)
(K, + Ky
where:
Qa = mass of anthracene in clam of time t
Qw = mass of anthraccne in water at time to
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Ku = first order uptake rate corstcat
Kd = first order depuration rate constant
A0 = total mass of anthracene in system
t = time
to = time zero

RESULTS AND DISCUSSION

Shells

A two compartment mod~l (Equation_?.7.4) was quP to estimate Ku and
K, for shells. K and K, were 0.092 h  and 0.362 h respectively during
tge first 5.0 h ol the experiment. Only data from the first 5.0 h of up-
takc by shells wers used because of loss of anthracene from the water (>
20% after 5.0 h). Loss was primarily attributed to adsovptina of compound
to dust particles which accumulated on the surface of the water dJurirng the
rample period., After 24 h of depuration, steady state was reached, and
only 12% of 14-C anthracene hid been released by the shells (Figure 4.7.1).
This type of almost irreversible adsorption raises doubt about the use of a
two compartment model to predict the upteke of this compound ty the shells,
or at least in this case, the use of the term 'depuration rate constant’.
Instead »f a depuration rate constant, Kd most likely represents a sub-
strate saturation rate constant.

Afier 24 h exposure to 31 ug anthracgne'ﬂ-l, clams had accumulated
0.71 &t 0.098 pg anthracene/g wet weight (X % SD) of soft tissue (Figure
4.7.2). The predicted steady stste concentration (CSS) of 0.75 had been
reached by this time. The first order rate constants for uptake and depu-
ration are given in Table 4.7.1. Uptake appeared to be biphasic for this
experiment (Figure 4.7.2). However, due to the absence of data points
between 13 and 24 h, where the phase shift is suggested to occur, short
term multicompartmentalization for uptake in thesc :lams if merely specula-
tive. The literature on compartment theory is incomplete for short term
uptake circumctances since no previous exgeriment has exhaustive'y studied
the first 24 h ol exposure of clams to organic compounds. The overall
uptake rate constant was estimated as a single value. The two component
nature of the uptake may have been due to gsaturation of a pool such as the
extrapallial fluid, tollowed by partitioning into the soft tissue of the
clam. In order to estimate ovevall rate constants for the 24 h uptake
period, the 13 h data was omitted for use in the two compartment model
since in this experiment multiphasic uptake was &scumed to be additive.
The model uscd here assumed that all of the anthracene accumulated by the
clams was from exposure to anthracene dissolved in the water. This assump-
tion is supported by the work of Dobreski and Fpifanio (1980) which showed
that the hard clam (Mercinaria mercinaria) accumulatel mcre B(a)P directly
from water than from B(a)P-containing food.
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Table 4.7.1. First order rate constants for uptske
and depuration of anthracene by A.
imbecillis from 31 pg anthracene.
Estimated by Marquardt iterative
least squares procedure.

SHELLS
Asymptotic
Estimate SE F and P of F
] =
Xu 0.092 0.015 F2,26 184
P<0.0001
K, 0.362 0.126
SOFT TISSUE
1 -
Ku 0.0052 0.0006 Fz,ao = 215
P<0.0001
Kd2 0.216 0.033
3 . B
Kd 0.200 0.079 F2'24 = 57
P<0.001

1Overall uptake rate constant with units 2-(h'g)-1,
wet weight

20verall depuration rate cogitant estimated during
uptake phase, with units h

3Sin31e component depuration rate comnstant esti-
mated during depuratjon phase, with units h .

Depuration studies showed that compound reclease is biphasic during a
24 h period with a shift in the depuration rate occurring between 1.5 and
3.0 b after removal from exposure to 14-C anthracene. A multiphqsic depu-
ration model (qugfion k.724) gave estimates of 0.118 h for K (0 - 1.5
brs) and 0.011 h for K (3.0 ~ 24.0 hrs) (Fig 4.7.3). The depuration
rate constent estimate (Kd) from the twp compartment model was similar to
the overall depuration rate constant K, estimated from the two component
depuration model. The dispersion in tge data was such that we also used a
single component depuration model to estimate K phase (Table 4.7.1). The
overall depuration rate constant was similar t5 that estimated from data

collected during the authracene exposure. However, it can be seen that
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this rate constant is too great and that there is a slow loss of an?btaccne
which is not accounted for by this model. Therefore the best estimate of
the overall depuration rate constant is 0.118h . However, even this
constant alone would predict the loss of anthracene from the clams to be
more rapid than it really is.

The rates of depuration of PAH from molluscs bas been shown to be
non-selective, and slower than from fish or shrimp (Neff et al., }976)-
Several investigators have suggested multiphasic denuration of toxins by
aquatic organisms (Dunn and Stitch 1976, Herbes and Rishi 1978, Nunes and
Benville 1979, Boehm and Quinn 1977, Blumer et al., 1970, Stegemen‘and Teal
1977, Fossato and Canzonier 1976) but again none of these studxes.dealt
with short terwm components as in this study. The depuration half-life of
14-C anthracene in A. imbecillis had not been reached by the end of the
sample period and, ;ssuming the occurrence of no more phase sbii%s, the
estimated half-life is approximately two days. Multiphasic depuration §nd
depuration times which are long relative to the length of the uptake period
are consistent with findings in the literature.

In 3 study with Anodonta cataractae, McLeese et al. (1979) found K =
0.125 h = and K, = 0.015 h = for the uptake and depuration of an organo-
phosphate pesticide. While the depuration rate constant is similar to the
K, obtained in this experiment, the uptake rate constant in the Hcleese
paper is much laiger. A lowering of K could possibly be due to the ab-
sence of food in this experiment. It can be argued that a clam which is
actively feeding will accumulate more toxic burden, due to digestion and
assimilation of food material laden with the toxic substance, than a clam
which is siphoning for respiration only. This feeding effect is unknown
and deserves further study. The different natures of the chemicals used by
McLeese et al. (1979) and this study may also affect Ku. The predicted
concentration from 336 h exposure to 31 pg anthracene*f °, which was
the average concentration to which c¢lams were exposed in the channels
microcosms, from uptake and depuration rq}f constants reported here for
laboratory studies ig 1.2 pg anthracene-g , dry weight of soft tissue.
This value is more than an order of magnitude less than tle 16.7 ug anthra-
cene*g , dry weight, actually observed in c¢lams collected from the channels
microcosms after 336 h exposure. The ressons for this difference could be
many. Foremost, is that the laboratory studies were conducted for short
periods of time and may underestimate the actual rate of accumulation. We
observed clams in the laboratory to remain closed much of the time. Be-
cause the laboratory studies were done for short periods of time the clams
may not have been able to acclimate rapidly enough to give rate constants
representative of those observed in the field. We conclude that laboratory
determined rate constants may not adequately describe the actual kinetics
of accumulation of PAH compounds in natural environrents.

Biotransformation

After 24 h of exposure, littlelef the 1I'C--tml‘.hrace:nc had been bio~
transformed. Only 0.9 t 0.6% of ihe €C had been biotransformed after 24 h
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?E uptake. After a subsequent 24 h depuration period only 1 & 0.8% of the
C remaining in the soft tissues was biotransformed.

These findings are similar to those of Dunn and Stitch's (1376) sug-
gestion that bivalve molluscs do nct possess the capability to m=tabol ize
petroleum hydrocarbons, and that indeed "the organism’s only defensre
against toxins is slow depuration"” (Nunes and Benville 1979; Carlson 1972).
Stegeman and Teal (1573) also found depuration from clams to be slow, and
accumulation to be dependent on 1li, id content. Lake and Kerchner 1.977)
reported that depuration of FHA from molluscs was non-selective.

1t was observed during the uptake portiod of this study that the clams
were sporadically closing, and were remaining closed for periods up to 0.5
h. During depuration, the clams did not exhibit this behavior and were
rarely observed to be closed throughout the sample perjod. It appears that
A. imbecillis are sensitive to either the 14-C anthracene or the acetone
whick was used as a solvent for the anthracene. In either case, the abil=s
ity of these clams to detect small amounts of foreign substance (30 yg-£
14-C anthracene and 15 pl-2 = acetone) is worth noting.

CONCLUSIONS

Sealed and weighted shells of Anodonta imbecillis adsorb 14-C anthra-
cene in what can be termed an irreversible fashion. Non-feeding clams take
up significant amounts of 14-C anthracene in 24 h, and this uptake may be
biphasic, although further study is needed to validate compartmentalization
of uptake, A low uptake rate constant, compared to that from an experiment
with Anodonta cataractae, may be due in part to the absence of fcod in this
studv. The first order rate constants determined from short-term, simple
laboratory uccumulation studies, result in an overestimation of the councen-
trations attained by A. imbecillis when compared to clams in the channels
microcosms. This may be due te many factors, such as current, filtering
time, temperature, suspended particulates or other factors. The important

fact is that the laboratory derived rate constants are poor predictors of
field observations (see Section 6.5).
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- SECTION 4.8
UPTAKE, DEPURATION, AND BIOTRANSFORMATION OF ANTHRACENE

AND BENZO(A)PYRENE IN BLUEGILL SUNFISH

Direct uptake from water to fish has been shown for several PAH in-
cluding naphthalene, alkylated naphthalenes, anthracene, and benzo(a)pyrene
‘Lec et al., 1972a; Anderson et al., 1974; Neff et al., 1976; Roubal et
al., i§7§?—ﬂelancon and Lech, 1978). PAH can undergo biotransformation to
more polar compounds in vitro (Pedersen and Hersberger, 1974; Bend et al.,
1979; Ahokas et al., 1979) and in vive (Lee et al., 1972; Roubal et al.,
1977; Lu et al., 1977; Lu et al., 1978; Statham et al., 1978; Melancon and
Lech, 1979). Because some members of the PAH group are procarcinogens,
there is a concern for the presence of PAH residues and biotransformation
products in edible fish.

Bioconcentration factors, ratio of compound concentrations in fish to
their concentrations in water at steady state, have been successfully
predicted from correlations with the octanol-water partition coefficieat
(Neely et al., 1974; Veith et al., 1979 a and b). The partition coef-
ficients of t(he larger PAH suggest that they should bioconcentrate to a
high degree. However, chemicals that are readily biotransformed may not
behave accoraing to predictions based on the parent compound. Southworth
et al. (1980) observed smaller bioconcentration factors than expected for
azaarenes because of their rapid biotransformation in minnows. Competing
rates 5f biotransformation and exchange at the gill are probably
important in determining the overall bioconcentration of PAH, as well.

The present study was des{gned to measure rates of uptake, biotrans-
formation, and elimination of =~ 'C-labeled anthracene and benzo(a)pyrene in
bluegill sunfish (Lepomis macrochiqgf during and following short-term
exposures in water. Distribution of ~ C activity in fish tissues was also
determined. The observed rate constants and calculated bioconcentration
factors were compared to estimates based on partition coefficients.

METHODS

Juvenile bluegills (100 - 600 mg) were obtained from the Millen Na-
tional Fish Hatchery, Millen, Georgia. They were maintained at 20-22°C in
filtered, recirculating test water for at lezst two weeks prior to testing.
No significant moztalities occurred during transport or acclimation. No
signs of stress were observed during any of the testing. Water for accli-
mation aad testing was taken from Upper Three Runs Creek, a blackwater
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stream within the U. S. Department of Energy's Savannah River Plant onear
Aiken, South Carolina. Because of its extremely low minmeral content (60
umhos *cm ), the water was amended with salts to produce a standard soft
test pater. Water quality charactcrisgﬁcs were: pH 7.4-7.6, haFdness 43
mg'2 ' ag CaCO,, alkalinity 30 mg'% = as CaCO,, +nd conductivity 140
umhos cm . Wc?l water, used for several uptake ‘experiments, had similar
quality but lacked the colored organic material found in the blackwater
stream water -nd was amended to give the same hardness characteiistics as
the amended stream water. Humic acids (Aldrich Chemical Co., molecular Yt.
> 300,000;, 3.6 g dry wteml ') were added to well wster at a concentration
of 1 mg-% for certain uptake experiments.

Uptake, depuration, and biotransformation were studied. with 9-laC
nnthracegi (Califorﬁif Bionuclear Corp., specific actiV}ty of_ ?.3
oCi mmol ') and 7-)0- 'C benzo(a)pyrene {Amersham-Searle, specific activity
of 21.7 mCi-mmol ). The radiopurity of the compounds was determined by
two-dimensional, thin layer chromatography (TLC). The purities of anthra-
cene and benzo(a)pyrene were 97.4 + 2.6 and 96%, respectively.

Uptake Phase

Exposures were performed at 23-24.5°C in covered 5-1 all-glass aquar-
ia. All test water was aerated, passed through a Sorvall SS-1 contfguous-
flow centrifuge to remove particulates, and spiked directly with C an-
thracene or B(a)P. After mixing, the test water was distributed to the
aquaria. Fish were sorted by size and introduced to the tanks at rates of
100-500 mg fish*R . No aeration or feeding was provided during testing.
At sppropriate time intervals, fish were netted, blotted dry, wrapped in
aluminum foil, and frozea at -20°C.

Depuration Phase

Fish used for depuration tests were transferred to clean flowing water
after 4 h exposure. The fish were held in 5-]1 all-glass flow-through
chamberq_with uncontaminated, unfiltered test water at a flow rate of | -
1.3 £-h Hydrocarbons eliminated by the fish were trapped on a 75 ml
Amberlite  XAD-4 resin column (Rohm and Haas) placed downstream, as de-
scribed by Crosby et al. (1979). No significant radioactivity was detected
in the column eluent during any depuration experiment. The resin was
eluted with diethyl ether, acetone, and methsnol according to thc method of

Garnas (1975). Trapping efficiency of anthrecene was 97 + 3% and elution
efficiency was 89 + 10%. -

Analysis

Fish to be analyzed were weighed before and after being freeze-dried.
The dry weight to wet weight ratic was 0.235 (n=45). All concentrations
are expressed on a wet weight basis unless noted otherwisec. Dricd fish
wvere combusted for one minute in & Packard Sample Oxidizer Model 306,
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Carry-over during combustion was negligible. Recoveries of 1 C activity
from injected dried fish were 46.9% for anthracene and 100% for B(a)P. ‘The
relatively low recovery for anthracene suggested some loss by volatillz?-
tion during the freeze drying process. Therefore, all anthracene cxpgrx—
ments were repeated using fish dried in a desiccator (recovery 100%; to
minimize volatilization loss.

Water samples and solvent extracts were counted in 3a7OBa cocktail
(Research Products fnternational Corp.). Samples were counted to a pre-set
time of 10 min on a Beckman LS-8100 liquid scintillation counter. The
samples were corrected for background, quench, and counting eificiency.
The quench and counting efficiency correction was made using a quench curve
based on the sample-channels ratio method. The counting error was SD < 7%.

Anthracene, B(a)P, and metabolites were extracted from dried fish in a
40 ml TenBroeck homogenizer. Each fish was ground with successive 10 ml
fractions of acidified benzene, diethylether (twice), and ethylacetate. The
fractions were decanted, filtered, combined, dried over anhydrous sodium
sulfate, and the volumes reduced. The r ining fish residue was combusted
and counted to determine unextractable C activity. Recoveries from the
extraction of injected samples were 82 + 9% for B(a)P eand 93 + 11% for
anthracene.

Metabolites were determined by TLC using E. Merck silica gel plates
without fluorescent indicator. Two solvent systems, hexane:benzene (9:1,
‘V/V) and pentane:ether (9:1, V/V) were employed separately to resolve B(a)P
from its biotransformation products., Anthracene samplcs were developed
either in hexane:benzene (9:1, V/V) or in a two-directional system with
pentane:ether (95:5, V/V) as the second soﬂyent. llydrocarbon spots were
visualized under UV light, scraped, and the C activity determined.

Extracts were also analyzed by high pressure liquid chromatography.
Separations were made with a Micro-Pak MCH-10 reverse-phase column (35 cm
long) equipped with a Whatman guard column of Co+Pel C1 ODS on 35 pm parti-
cles using gradieat programmed elution coaditions at!&8°C. The gradient
was from 45% acetonitrile in water to 90% acetonitrile ia water. Acetoni~

trile (90%) was pumped through the column for five min before recreating
the initiel conditions.

Samples were detected by both fluorescence and 254 nm fixed wavelength
detectors. The percentage of metabolite was calculated from the noceanthra-

cene activity in the extract, plus the unextracted residue determined by
combustion.

Rate Constents and Bioconcentration Factors

First-ovder rate constants for ll'C activity were calculated, assuming
a single animal compartment, according to the first-order wmodel described
by Branson et al. (1975) and Neely (1979).
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Underlying assumptions for the use of this model are discussed by Spacie
and Hamelink (i980). The initial uptake rate was estimated by a tanmgent to
the initial uptake curve (equation 4.8.3):

C =C +K +<C -t (4.8.3)
a o u W
vhere C_ is the initial concentration in fish. This was estimated from a
linear regression and initial rates assumptions. For small values of t,
the value of Cw is constant and Ca is negligible (ﬁfnemann and vanLecuwen,
1980). The apparent first-order ‘elimination of C activity during the
depuration phase was calculated according to equation 4.8.4.

loge Ca = loge (Ct - Kd) (4.8.4)
where C_ is the concentration in fish at the beginning of depuration. The
elimination half-life is described by equation 4.8.5.

e (4.8.5)

Ideally, assuming the model described by equation 4.8.2, the bioconcen-

tration factor (BCF) at steady state (as t + ®) is described by equation
4.8.6.

(4.8.6)

Since the kinetic behavior of hvdrocarbons may be more complex than this
medel would suggest, the ratio (K /K,) will be termed the "estimated" BCF.
The BCF values for anthracene and"B(a)P were also calculated according to
the regression of Veith et al. (1979b):
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log10 BCF = 0.85 loglo P -0.70 (4.8.7)

which relates bioconcentration to the n-octanol-water partition coefficient
(P) of a chemical (Tulp and Hutzinger, 1978). This will be term?d the
"predicted BCF." The partiiion coefficients were calculated according to
Leo et al. (1971).

The above BCF methods 0fginarily relate to the bioconcentration.of
parent material, not to total C activity which includes biotransformation
products. To find a "corrected" BCF, the BCF calculated from the (K /K.)
ratio was corrected for the % parent material present in the fish ae the
end of the & h exposure. The equations describing the models were fit to
the data by the Marquardt numerical methods (PROC NLIN, Barr et al., 1979).

RESULTS
Uptake Rates

Fish (mean weight 487 mgléwere exposed to 20.5 ug'ﬁ-l anthrzcene in
aq!aria for up to 16 h. The C ectivity in the fish increascd_}incasiy
(r® = 0.93) during the first 4 h with a flux of 1375 + 105 ng * g -h ",
dry ueighﬁ (Figure 4.8.1). This represents an uptake rate constant (Ku) of
€7 + 5 h . The uptake rate declined after 4 h due to the depletion of a
significant proportion of the dissclved anthracene: 8% after 1 h, 12%
after 4 h, and 42% after 16 h (Figure 4.8.2). By comparison, a control
tank without fish lost only 4.5% of initial activity in 16 h. Ad-

rption to walls represented 0.2% of the acvivity. Accountability for

C-anthracene from water, walls, and fish was 96 + 2% and 98.3% for B(a)P
after 4 h. Subsequent exposures were ended after 4 h to avoid problems of
hydrocarbon depletion or water quality deterioration.

The effect of exposure concentration og K was investigated for an-
thracene concentrations of 0.7 to 16.6 pg+f (#igure 4.8.3). The results
(Table 4.8.1) show that K is essentially independent of the concentration
of anthracene in the wate%. This is always assumed to be true_but seldom
tested. Another trial, using larger fish (5140 mg), at 6.7 pg-% prduced
a similar Ku of 31 h ". A slower uptake rate constant ( = 14 h ') was
observad in a single group of 60 fish exposed to 11 pg-#2 Yanthracene in a
large 60-2 tank. In general, the fish in this group showed less swinming
activity than those in the smaller 5-£ test tanks.

A-~cumulation of anthracene from well water (Figure 4.8.4) resulted in
an uptake rate constant similar to that of stream water. The uddition of
humic acids does not affect thc uptake rate significantly (g = 0.1). The
uptake rate constants for equimolar solutions of B(a)P and anthracene in
Stream water were similar (Table 4.8.2). However, the accumulation of
B(a)P from well water was greater than from the stream water containing
refractory organics. The presence ¢! humic acids in well water signifi-
cantly reduced the rate of B(a)? accumulation by fish (Figure 4.8.4),
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Figure 4.8.1. Accumulation of ‘"C-anthracenc and benzo(a)pyrene from well

water with and without humic acids.
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TABLE 4.8.1. EFF?QT OF VARYING EXPOSURE CONCENTRATION ON THE RATE OF UPTAKE
OF ~'C ANTHRACENE BY BLUEGILLS.

Conc. in water Conc. in fish at kl
(2" 4 br (ogeg )
0.7 94 + 4 36
1.1 170 + 9 39
1.9 328 + 18 43
4.6 786 + 26 - 43
8.6 1439 + 41 42
8.9 1591 + 48 40

16.6 2777 + 98 42

® Mean weight 620 mg.

b Mean + SE.

Elimination Rates

Both anthracene and B(a)P l"C activity in fish appeared to follow
first-order kinetics during the depuration phase (Figure 4.8.5). However,
the elimination of anthracene residues was appr%ﬁ}mately 4 times faster
(Table 4.8.2). Elimination half-lives for total C activity were 17 and
67 h for anthracene aud B(a)F, respectively. The rate constants measured
here predict that bluegills would reach 90% of their steady state concen-~
trations in approximately 68 h for anthraceme and 268 h for B(a)F.

Anthracene and metabolites excreted by the fish were trojped on resin
columnaéplaced belew the depuration chamber. Approximately 47% of the
total C recovered from the columns was anthracene, according to TLC; the
remainder was more polar material. A similar trapping technique for B(a)P
was not compieted because of the Jow concentration of excreted B(a)P in
wvater and its' slow elimination from exposed fish.

Tiseue Distribution and Biotransformation

_&arger bluegills (4633 mg mean wt., n = 6) were exposed to Either 5.8
pg 2 ° anthracene or 0.70 pg+£ = B(a)P for 4 h to determine 1°C distri-

105



100} .
M A
sol \}I

-
40}
" : ; ~_
20}
7

. r=-0.84 $
h/2=l7- \
1 1

PERCENT '4C REMAINING

10 ] 1 | 1 ]
0 20 40 60 80 100 120
TIME (hr)
-
Figure 4.8.5. Depuration of aC-nnthrnconc (open circles) and

bcnzo(a)pyrenc (solid circles)

following an initial 4 h
exposure x + SE,

106



TABLE 4.8.2. RATES OF UPTAKE AND ELIMINATION OF 1‘.C ACTIVITY IN BLUEGILLS
EXPOSED TO ANTHRACENE OR BENZO(A)PYRENE (B(A)P) IN STREAM

WATER.
Anthracene B(a)P
' 2 0.7 1.0
Conc¢. in water .
(ug-1)
b
Conc. in fish at 94 + 4 207 + 15
4 h (ng-g )
K (b 36 + 3¢ 49 + 4
kD (b 0.040 + .006° 0.010 + .002
Elimination half-life (h) 17 67

a'App:oximately equimolar solutions.
b Meau + SE.

¢ Slope *+ standard deviation of regression coefficient.

butions iu tissues (Table 4.8.3). Although the carcass had the largest
quantity of both hydrocarbons, tiae gall bhladder contained the greatest
concentration on a weight basis. Liver, viscera, and brain all contained
similar concentrations of anthracene. However, B(a)P residues were pro-
portionately greazest in liver and least in brain. The very high rate of
accummlation of C-B(a)P in the gall bladder (14,000) suggests that B(a)P
is rapidly metabolized and conjugated in the liver before transport to the
bile.

The relative rate of biotrans, ,rmation, expressed as the percentage of
residue converted per hour, was greater for B(a)P than for anthracene
(Table 4.8.4). The proportion of non-B(a)P biotransformation products
increased from 36% after 1 h to 89% after 4 h. In contrast, only 7.9% of
the anthracene activity had been biotransformed after 4 h. The rapid rate
of biotransformation of B(3)P indicates that its' slower rate of elimina-
tion is due to excretion of metabolites rather than simple partitioning of
the parent material.

Predicted Rates and Biqcouceutration Factors
The measured rate constants (Table 4.8.2) yield estimated BCF values

of 900 and 4900 for anthracene and B(a)P, respectively (Table 4.8.5). The
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TABLE 4.8.3. DISTRIBUTIQN OF 18¢ ACTIVITY IN BLUEGILLS EXPOSED TO 5.8 pg-f = ANTHRACENE (An) OR
0.70 pg-2 ° BENZO(A)PYRENE (BaP) FOR 4 HOURS.

Tissue cong, c ¥¥F3¥C .
% Total Activity ng+g dry oetficien
Tissue An B(a)P An B(a)P An B(a)P
Gall bladder 3.0 . 16.7 43,800 39,000 1890 14,000
(0.7) (2.7) {14,200) (14,000)
Liver 3.2 7.8 13,000 4,600 561 1,600
(0.8) (1.7 (1,100) (640)
Viscera 20.3 17.2 14,900 2,200 641 770
(1.9) 11.3) (1,200) (270)
Brain 1.5 0.3 12,900 250 555 90
(0.4) (0.03) (2,310) (16)
Carcass 72.0 58.0 962 370 42 130
(2.0) (3.4) (194) (26)

8 (Tissue conc. at 4 h)/(conc. in water at 4 h).

b Mean (SE) for n = 6.



TABLE 4.8.4.
Hg £

RATES OF BIOTRANSFORMATION IN BLUEGTLLS EXPOSED TO 8.9
ANTHRACENE OR 0.98 pg-2

BENZO(A)PYRENE (B(a)P).

Anthracene B(a)P

1h 2 h 3h 1h 2 h 3h
Conc. of total _ 6.2 a 6.8 13.0 0.122 0.255 0.369
residue (nmol:g ) (1.2) (C.3) (0.4) (-) ) (-)
% metabolite 3.9 4.6 7.9 36 69 89

(1.0) (0.4) (0.2) (5) 2) (4)
Biotransforma ion_1 0.24 0.16 0.26 0.044 0.088 0.082
rate (nmol+g +hr ) (0.06) (0.01) (0.03) (0.007) (0.004) (0.009)
% transformed per hr 3.9 2.3 2.0 36 35 22

® Mean (SE) for n = 3.

TABLE 4.8.5. COHPARISQN OF BIOCONCENTRATION FACTORS DETERMINED BY THREE
METHODS .
Method Anthracene B(a)P
. b
Predicted 1209 28,250
(partition)
Estimated 900 4,900
(Ku/Kd)
Corrected 675 490

(parent only)

a See Methods section for definitions.

b
Using log P = 4.45 for anthracene and 6.06 for B(a)P (Leo, 1975).
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estimated value for anthracene is reasonably close to its predicted value
of 1209, based on partition coefficient. However, the estimated value for
B(a)P is corsiderably lower than that predicted from the partition coef-
ficient. Since the regression of BCF versus log P equation is derived
primarily from inert or poorly metabolized chemicals (such ss the polychlo-
rinated biphenyls), it reflects an accumulation process dominated bx a
reversible exchange of the unaltered material. B(a)P is a clear exception
to that pattern because of its rapid conversion to other products. In
fact, a true steady state condition between fish and water may never occur.

The true corrected BCF values for both anthracene and B(a)P are well
below the other estimates (Table 4.8.5). The % biotransformation product
(Table 4.8.4) used to calculate the correct BCF may vary over time, depend-
ing on the length of exposure, enzyme activity, or other factors. If so,
the corrected BCF values based on parent material would also change.

Although there are many BCF values in the literature for comparison,
relatively few rate constants have been reported for fish. Spacie and
Hamelink (1980) reported correlations for K and K, versus log P for a
series of chlorohydrocarbons and other organics. The correlations predict
a slight increase in K and a relatively. large decrease in K with higher
log P. The predicte&lx values, 19 h for anthracene ang 33 h f?f
B(a)P, ggﬁe reasonably ggod agreement with the measured values of 36 h
and 49_P . The predicted K value§lbased o.. pgftition coefficient are
0.02 h for anthracene and 8.004 h for B(a)P . They suggest slower
rates of elimination and longer half-lives than were actually observed.

DISCUSSION

Anthracene and B(a)P were removed from water at similar rates from
equimolar solutions. The rate constants are proportional to the octanol-
water partition coefficient. This reflects the tendency of more nonpolar
components to partition out of water (Chiou et al., 1977; Leo et al., 1971;
Southworth et al., 1978; Veith et al., 1975b; Kenaga and GS;};E, 1980).

Similarly, the elimination rate constants were inversely proportional
to the octamol-water partition coefficient. However, this cannot be total-
ly attributed to the partition coefficients since significant biotransfor-
mation occurred, particularly for B(a)P. The forwaticn of macromclecule-
bound and polﬁf biotransformation products will tend to reduce the depura-
tion of the C label. The bound material is not free to dissociate and
the polar components may, in many cases, be more slowly eliminated (Lsndrum
and Crosby, 1981a). Slow elimination of polar components by fish during
these studies may have been enhanced if concentrated metabolites were not
being emptied from the gall bladder due to the absence of feeding (Lech et
al., 1973). The relative tissue distribution of anthracene and biotrans-
formation products observed in the bluegill sunfish studied here were
similar to thet observed for anthracene in young Coho salmon (Roubal et
al., 1977). 1In the study with salmon, gall bladder was the tissue contain-

ing the greatest concentration of C-anthracene and biotransformation
products.
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The bioconcentration factor predicted from the log P relationship is
wuch greater than that determined from Ku/K , and mnch greater than that
corrected for biotransformation. This has also been observed by Southvorth
et al. (1980) for zzaarenes in the fathead minnow and by Leversee et al.
(1981b) for B(a)P in Chironomus riparius. Fish show this discregancy due
to the relatively slow uptake in proportion to the biot;ansforma§1on rate.
Thus, predictions of BCF from the log P can be expected to be higher than
those actually found for compounds that undergo significant biotransfor-
mation.

Differences in the partition coafficients of the anthracene and B(?)P
may account in part for the differences in observed biotransfo;matxon
rates. Since B(a)P has a faster uptake rate from equimolar solutions, =2
greater concentration should be available for biotransformation.. Addi-
tionally, B(a)P can be expected to be bound to serum proteins. This would
result in lower whole-body concentravions and greater relative distribution
to the liver. This could result in greater biotransformation, assuming the
enzymes for biotransformation are not saturated. The biotransformation of
B(a)P by fish on a dry weight basis was less than that found for either
Daphnia or Chironomus riparius (Leversee et ail., 1981 a and b). This
reflects the compartmentalization of the biotransformation enzymes in the
fish.

The rate of biotransformation appeared to increase in the case of
B(a)P between 1 and 2 h. While B(a)P is a known cytochrome P-450 inducer
(Ahokas, 1979), the short exposures (4 h) precluded the synthesis of more
enzymes. However, adsorption of B(a)P or its metabolic products by endo-
plasmic reticular membranes may alter the specific activity of the enzymes.
Such an apparent induction would affect K, by altering the pool size of
parent and biotransformation products. Induction would have its major
effect on K, if parent compound were the major excretion product and a
minimal effect for the excretior of bilotransformation products (Lech and
Bend, 1980; Spacie and Hammelink, 1981). The length of exposure will tend
to decrease the depuration rate constant, however, the uptake rate constant
will not be affected by this induction. The decreased depuration cate
results from the accumulation of a bound, unexchangeable, biotransformation
oroduct pool. This irreversible binding has been described for PAH as the
mechanism for toxic respouse. lrreversible binding was observed in the
kinetics of aathracene in Chironomus riparius (Gerould et al., 1981).

Thus, models used in Jdescribing the kinetics of uptake and depuration
of PAH become biased when there is significant biotransformation, induction
of PAH transforming enzymes, binding of biotransformation products, or
translocation. In this study, we used short-term exposures and depuration
periods to estimate rate constants. This avoided many of the problems
mentioned above. Also, we chose to use simple one compartment, constant
infusion models instesd of two compartment mass balance models. The deple-
tion of anthracene from water after & h in the static uptake study could be
corrected for by a two compartment model. How>ver, the other problems
mentioned above would have resulted in a bias for both XK and K.. Thus,
the creation of a multi-compartment model would be most Jﬁpropriate,

how-
ever, these models require lsrge amounts of data for curve fitting.

Since
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the rate constants are Fighly correlated, many roots of the equation Fe-
gression solutions may not result in real values or mechanistically realis-
tic rate constants. Therefore, the use of simple models which fit one rate
constant at a time provide good approximations to the overall processes for
the fate of xenobiotics.

Veith et al. (1979a) suggested a technique for determining the log P
or pattitioﬁfhé—}oefficient for organic compounds. This technique uses tye
retention time of the compound on reverse-phase, high-pressure liquid
chromatography columns. This technique makes the measurement of this
secorndary property of compounds accurate and rapid. Since the partitioning
coefficient is defined by several properties of compounds, such as molecu-
lar weight aud polarity, it has been suggested as a possible integrator,
which would be highly correlated with the bioconcentratien factor (BCF) in
fish (Leo et al., 1971; Chiou et al., 1977). However, the results of our
studies indicate that the BCF predicted from the log P is greater than the
observed BCF. This result is in agreement with those of Southworth et al.
(1980) for azaarenes in fish and is most probzbly due to biotransformation.
Therefore, if organisms are able to biotransform a compound of interest
such as bluegills can biotransform B(a}P and anthracene, the use of the log
P to predict steady state concentrations may result in error.

The biotransformation of PAH compounds, such as B(a)P and anthracene
in fish, has been wicdely studied (Pedersen et al., 1974; Payne and Penrose,
1975; Gerhart «nd Carlson, 1978; Schnell et al., 1980; James and Bend,
1980). Because the microsomal mixed function oxidases can be induced, the
rate of biotransformation can change with time of exposure. As discussed
earlier, if the biotransformation products are bound tightly to macromole-
cules, the apparent BCF will change as a function of time due to: (1)
induction of enzyme activity; (2) changes in the ratio of biotransformation
products to parent compouna; and (3) redistribution of both parent and
biotransformed compound. Therefore, *the short-term pharmacokinetic tech-
nique for determining steady-state concentrations of organic compounds by
fish which was proposed by Branson et al. (1975) is appropriate only when
biotransformation is minimal or the magnitude and rate of biotransformation
is well known and constant.

The uptake rate constant for B(a)P was altered by the presence of
dissolved humics. This reduced bioavailability was proportional to the log
P, indicating that the more nonpolar materials interact strongly with the
dissolved humics. Similar results have been observed for the uptake of

hydrocarbons by sole (McCain et al., 1978) and for selected PAH b Daphnia
(this report, Sectionm 4.3). = y
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SECTION 5
SIMULATION MODEL FOR PREDICTING PAH FATES

SECTION 5.1

INTRODUCTION

It is desirable to be able to predict the concentrations of PAH to
which aquatic organisms wili be directly exposed and humans will be exposed
through food and drinking water. Thousands of differcnt species of PAH's
are chemically possible; therefore, application of elaborate screening
protocols (Duthie, 1977) to individual PAH in order to quickly estimate
major processes of transport, accumulation, and degradation are impractical
for purposes of risk analysis. Assessment of health risks associated with
introduction of PAH into the environment depends in part upon quantifica-
tion of environmental transport and subsequent concentrations to which
aquatic organisms are exposed (Crawford and Leggett, 1980). Estimates of
transport and dose are independent of the specific nature of the threat to
human health, either directly through contamination of potable water, for
example, or indirectly through damage to ecological life support systems.

Sevoral alternatives exist for the development of needed predictive
capaci“y. MHonitoring PAH content of stream components of interest follow-
ing accidential pollution by PAH should provide sufficient data from which
to generalize, given enough accidents. Statistical analysis of these data
could facilitate prediction by providing regression models or correlsation
between measurable properties of specific PAH compounds and their observed
fates in streams and rivers. Statistical models, howcver, depend solely
upon available data. In addition, coefficients in statistical models often
cannot be translated into mechanistic processes subject to control or mani-
pulation by environmental decisionmakers.

Simulation models based upon mechanistic processes of PAH flux and
accumulation represent a potentially more useful slternative to environ-
mental monitoring or statistical models. These m dels are based upon
‘"state of the art" understanding of processes, mathematical anaiogs of
which translate directly into parameters or coefficients that can be esti-

mated in the field or laboratory. Data collected in monitoring programs
remain useful for model validation.

This section describes a model (Fates of Aromatics Models, FOAM) which
simulates the transport of PAH co.,ounds through lotic systems. Similar to
models developed by Baughman and Lassiter (1978) this model has been de-

signed to predict fates of PAH in a generalized stream environment. How-
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ever, model structure permits parameterization for simulation of PAIl dy-
namics it specific streams.
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SECTION 5.2

MODEL STRUCTURE DESCRIPTION

Simulation of PAH transport in lotic systems requires an understanding
of basic structure and function of streams and rivers, as well as, the
physical, chemical and biological processes that govern PAH movement.
Basic ecological informatinn concerning species composition, standing crop
and, in some instances, energy flow has accumulated for a variety of stream
systems (Coffman et al., 1971; Fisher and Likens, 1972; MclIntire, 1973;
McIntire and Phin;Ey, 1965; Minshall, 1978; Odum, 1957; Teal, 1957 and
Tilly, 1968). Yet streams have not received the degree of attention from
ecological modelers as have other aquatic systems (Patten, 1968). Models
of lotic systems have classically been the purview of ssnitation engineers.
State variables in these models typically included dissolved oxygen, bio-
logical oxygen demand, anda total solids. Model form typically divided a
particular stream or river into a series of reaches, which individually may
be quite differeat in hydraulic characteristics, but were assumed to be
internally homogeneous. Reach models have become sophisticated in the
realm of sanitation engineering, but little has buen done to enhance their
application to increase basic ecological understanding of stream structure
and function. However, ecologists have recently begun to simulate epergy
and material flow through loti¢ systems, in some cases borrowing the reach
model approach (Chen and Wells, 1976; Knowles and Wakeford, 1978; McIntire
and Colby, 1978; Sandoval et al., 1976; Zalucki, 1978).

The major objective of this modeling effort was to predict the pat-
terns of flow and accumulation in aquatic systems based on easily deter-
mined parametnrs for the compound of interest and the receiving enviroen-
ment. In this study we used laboratory studies to ascertain the most
important vectors and mechanisms to be included in the simulation model.
The effects of potentially mitigating factors on pathways and rate con-
stantg were also investigated. In some cases overall rate constants for
uptake, depurastion and biotransformation by biotic and abiotic matrices
were determined in the laboratory for use in the model. Finally, the
simulation model was parameterized for the conditions existing in the SREL
channels microcosm facility (Giesy et al., 1979; Bowling et al. 1980).

Simulaticn results were then compared to those of inputs of santhracene in
the channels microcosms.

The general strategy was to adopt the reach approach (Figure 5.2.1)
and to include fundamentsl biological production processes common to lotic
systems. Specific processes known to influence PAN flux somewhat inde~
pendent of ecological processes include photolytic degradation, volatiliza-
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tion losses and sorption to sediments and suspended particulates. These
processes were, therefore, included in the model.

The fate of aromatics model (FOAM) predicted concentration of PAH in
phytoplanEﬁon,“pe;}phyton, macrophytes, zooplankton, two benthic inverte-
brate compartments, bacteria, sediments, suspended particulate matter, and
fish (Figure 5.2.2). The overall simulation model is organized as a main
program (MAIN) which calls subroutines which calculate solar radiation
(SOLAR) movement of water (HYDRO), solubility of PAH, and resuspension and
calculates and graphs the relative and absolute mass of PAH in each com-
pactment (Figure 5.2.3). Other submodels calculate the photolysis (PHOTO)
volatilization (VOL) and sorption to sediments (SORP)}. The biotic compo-
nents are coupled as in the representation given in F.gure 5.2.4.

FOAM is programmed in FORTRAN. A modular structure was employed
wherein individual processes were separated into subroutines (Figure
5.2.3). For example, subroutine HYDRO generates the hydraulic history used
in subsequent calculations of state variable dynamics. Likewise, subrou-
tine SOLAR simulates hourly values of incident solar radiation. The physi-
cal-chemical processes important in PAH dynamics: photolysis, volatiliza-
tion and sorption, are modeled in routines PHOTO, VOL and SORFP, respective-
ly. Biological equations are contained in routine EQUA. Each routire
calculates part of the overcll derivetive for change in biomass or PAH in
each state variable (eg. equation %$.2.1). Modular structure facilitates
modification of the submodels as directed by comparison of simulation
results with observations to be made in the experimental streams.

Hodel Output

FOAM simulates the dynamics of biological production and PAH dynamics
through time and space (reach) (Table 5.2.1). Each state variable value is
printed in matrix form where row elements are values at a specific time for
each reach. Column elements are temporal values in a particulzr reach. To
assist in recognition of complex patterns in spatial-temporal dynamics,
each state variable can be plotted simultameously against reach number
(distance downstream) and time (hour) to provide a three dimensional fig-
ure. A complete listing of the modei code is heyond the scope of this
report but can be obtained from the auchors. It should be noted that model
davelopment is a dymamir process and FOAM is continually being updated. An

overall mass balance approach was taken to model changes of biomass and PAH
through time and space. ’

The first term on the right hand side of equation 5.2.1 represeats
time dep~rdent changes in PAH concentration that result from processes such
as volatilization, photolysis, biological transformation and translccation,
and sorption to suspended particulate matter or sediments. The second term

on the right hand side of equation represents downscreasm convective trans-
pert.

Thx general form of equation 5.2.1 implies independence between time
dependent change and ccavective transport. tlowever, as will be seen, cur-
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Table 5.2.1. Output from FOAM. Each variable is simulated hourly.

-1
Irradiance langleys * h
Alloch.hanous organic matter g * dry Weﬁght - m
Exteraal PAH loading 8 PAH
Periphyton biomass g " n
Macrophyte biomass "
Benthic Invertebrate Biomass "
Clam biomass ‘ "
Bacteria biomass "
Fish biomass "
Suspended particulate organics "
Dissolved organics "
Bottom Sediments "
Suspended inorganic particulates "
Settled detritus "4
PAH in periphytor gmol PAH - g ~, dry weight
PAH in macrophytes "
PAH in Benthic Insects "
PAH 'in Clans "
PAH in Bacteria "
PAH in Fish
Predacious "
Herbivorous "
Suspended organic particulates "
PAH in dissolved organic matter "
PAH in bottom sediments "
PAH in suspended inorganic particulates "
PAH in settled detritus "
PAH dissolved in water pmol PAH - 2-1
PAH which has been transferred .

rent velocity directly affects some of the rates of time dependent process-
es, for example, rate of volatization of dissolved PAH or rates of settling
and resuspension of particulate PAH. Time and space are to an extent the
same thing coupled by current velocity.

Similar to Sandoval et al. (1976), a numerical spproximation to the
solution of equation 5.2, 1 was used wherein the (x,t) plane was divided

;n;oa)an array and the derivatives approximated by differeances (Figure
ar p -
(x,t+1) P(x-l,tﬂ)
ax ax 5.2.1
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Pix,ee1) ~ Fix,e)
ot At 5.2.2

An element in the array represents the PAH concentration in a given
compartment, say periphyton, at a particular point in time and space. The
actual value is the sum of the time dependent change (vertical arrow) and
convective ghange (horizontal arrow). In another sense, the vertical arrow
represents 3t in equatégn 5.2.2 and the horizontal arrows, actually their

sum, represents U(x 33xn in equation 5.2.2. The time step was determined
H

by a necessary relationship At = U/éf = 6.01 H - S-l between reach length
(M, 18.28 m) and current velocity (S ') (Bella and Dobbins, 1968).
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SECTION 5.3

SUBMODELS

Hydrological Sub-model

Application of the model was constrained to conditions of constant
reach morphometry under a constant discharge regime (Figure 5.3.1).. Reach
dimensions and flow rates are summparized in the facility description. A
simple continuity equation was used to determine current velocity in rela-
tion to constant sectional area of each reach and discharge regime (equa-
tion 5.3.1).

Q= Ve ° A (5.3.1)
wvhere,
Q = discharge into reach, (H3‘t-l), .53 m3°h-l
Ve = current velocity (m-t-l), 18.3 m-h-l

2

cross sectional area of reach (mz), 0.12 m

This hydrologic submodel appeared reasonable for the artificial streams,
gince the channels were of constant length, width, depth and flow rate.

Temperature Dependent Processes

In FOAM water temperature indirectly affected flow of PAH's through
the food web by directly modifying rates of photosynthesis, consumption and
respiration. An empirically derived equation (0'Neill et al., 1972; Shu-
gart et al., 1974) was used to calculats the effect of water temperature in

reach j at time t on rate estimates of photosynthesis and respiration for
biological state variables (equation 5.3.2).

£(T) = v* . &20°V) 5.3.2

where

V= (Th - T)/(Tm - To)
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U-2At=A X U=m/time

t=time
X= meters
{
1+At -
t+2A1
X X+AX

PLUG FLOW

Figure 5.3.1. Schematic r:'presentation of pPlug flow used

to represent
water movement in reach model.
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X=w (1+ Q1+ 40/Y)*/600

W= (ln Qlo) (T, - To)
Y = (In QIO) (‘l‘m - To + 2)
T = water temperature®C; o = optimum, m = maximum

This function mimics a Q 0 relationship at intermediate temperatures
below T . At T , maximum rates are calculated. Beyond T , rates decrease
rapidlyoto zero at T , which corresponds to an upper lethal temperature.
Parameters were deriVed from published data for producer and consumer
components (Table 5.3.1 - 5.3.3). Currently, FOAM requires a user speci-
fied input temperature regime for each reach j throughout the simulated
time period.

Solar Radiation Sub-model

Incident solar radiation drives primary productioa and photolytic de-
gradation of PAH in the biological submodel of FOAM. Therefore, realistic
estimates of daily radiation inputs are required. FOAM incorporated, as a
submodel, a modification of a solar radiation model (Satterlund and Means,

1978) to simulate surface radiation incident on reach j at time t (equation
5.3.3).

I, = (1

T bs ¥ L) (1 - ©) + (I + I Ce e 5.3.3

where
IT = radiation at surface of reach (ly/min)

IDS = direct beam solar radiation, slope dependent

]
n

S scattered clear sky solar radiation

[
I

direct beam radiation on a horizontal surface

percent cloud over

F = slope correction factor for scattered clear sky radiation

d = parameter for seasonal cloud effects
Model inpitcs included latitude of stream (33 degrees N), slope direction,
slope inclination (0) and daily estimates of mean cloud over. The model

was calibrated with measurements recorded in the vicinity of the streams

site. Figure 5.3.2 represcats a simulation of the annual cycle of solar
radiation.

FOAM includes the capacity to attenuate surface light with depth as a
function of suspended sediments and phytoplankton biomass. Hyperbolic
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Table 5.3.1. Parameter estimates for consumer components of fates of aromatic model (FOAM).
See Table 5.3.3 for explanation of abbreviations.
Pavameter
Component DMAX Q1oc TOPTC ~ TMAXC  RMAX QIOR  TOPTR  TMAXR
- - o o
wh Co Coa™h o €O
Zooplankton 6.0375 2.0000 25.000  30.000 0.0042 1.8500 30.000 35.000
Benthic Invert 0.0150 2.0000 27.000 32.000 0.0042 2.8500 32.000 37.000
Macro Iavert 0.0125 2.0000 25.000 30.000 0.0042 1.8500 30.000 35.000
Bacteria 0.0042 2.0000 27.000 32.000 0.0083 1.8500 32.000 37.000
Carnivore 0.0021 2.3000 27.000 31.000 0.0010 2.1000 30.000 34.000
Component EXCR MORT EGEST LIPID DMAX QCi Kp
- - - -1 -1 -2
ah ah @ (%) CY) ' (gm )
Zooplankton 0.0042  0.0001  0.0042 .13 2.4x10" 4x10"° 1.00
Benthic Invert 0.0042 0.0001 0.0042 0.13 0.00 0.0004 1.00
‘Macro Invert 0.0042 0.6001 0.0042 0.13 0.00 0.0004 1.00
Bacteria 0.0023 0.0001 0.0042 0.13 0.00 0.0004 1.00
Carnivore 0.0021 0.0001 0.0042 0.13 0.00 0.0004 1.00
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Table 5.3.2. Parameter estimates for primary producer components of fates of aromatic model
(FOAM). See Table 5.3.3 for explanation of abbreviations.

Parameter
Component PSMAX Q1op TOPTP TMAXP RMAX Q10R TOPTR TMAXR EXCR
- - o -1
@™ Co Co  ah Co Co  ah

Phyteplankton  0.0080 1.4900 20.000  35.000 0.0021 1.8000 30.000 37.000  0.0008

Periphyton 0.0060 1.4900 20.00 35.000 0.0021 1.800C 30.000 37.000 0.0008
Macrophytes 0.0050 1.4900 20.00 35.000 0.0021 1.8000 30.000 37.000 0.0008
Component MORT SINK RK LIPID DMAX QPi KP
-1 -1. - -1 -2
ah ey o @ &hH ah (@ed
Phytoplankton 0.0001 0.0021 S. 0.15 0.00 0.0042 1.06
Peciphy'.on 0.0001 0.0 5. 0.15 0.00 0.0042 1.00

Macrophytes 0.0001 0.0 5. 0.15 0.00 0.0042 1.00
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Table 5.3.3. Key to parameter abbreviations used in FOAM for consumer and
producer components.

DMAX ~ Maximum depuration rate

Q10C - Temperature dependence for consumption
TOPTC - Optimum temperature for consumption
TMAXP - Temperature of maximum photosynthesis
RMAX ~ Maximum respiration rate

Q10R ~ Temperature dependence for respiration
TOPTR - Temperature of maximum respiration
TMAXR - Temperature of which respiration goes to zero
EXCR - Rate of execution

MORT - Rate of mortality

EGEST - Rate of egestion

LIPID - Fraction lipid content

Qc - Maximum PAH uptake rate by consumers

KP - Half saturation constant for uptake (half of max solubility)
PSMAX - Maximum photosynthesis rate

Q10P - Temperature dependence for producer

SINK - Sinking rate of phytoplankton

RK - Light saturation of photosynthesis

TMAXR - Temperature upper limit for respiration

QP - Maximum PAH uptake rate by producers

PUC - Uptake rate (flux) of PAH by consumers
PUP - Uptake rate (flux) of PAH by producers

functions provided partial extinction coefficients for each component which
were summed to estimate an overall extinction rate used in a first order
exponential decay function. Depth in past simulations was 0.21 m. Attenu-
ated light drove thLe photosynthetic submodel for periphyton. Surface light
intensity drove the phytoplankton photosynthesis submodel. Photolytic

degradation of PAH was calculated with light intensities at several depths,
integrated over the water column.

Photolytic degradation of PAH

Light dependent degradation of aromatic hydrocarbons
potentially important mechanism for physico-chemical transformation of
these compounds in aquatic systems. Direct photochemical breakdown of
dissolved PAH and degradation of photosensitized PAH sorbed to suspended
particulates may both be important, however, Zepp and Cline (1977) indicate
that indirect photolysis of scrbed PAH is minor in comparison with direct
photolytic degradation of dissolved PAH. 1In the current version of FOAM
only direct photolytic degradation is simulated. '

represents a

129



Incident light intensity, R , simulated by equation 5.3.3.i§ attenu-
ated by suspended particulates via a diffuse attenuation coefficient cal-
culated from a.relaticnship (equation 5.3.4) based on published data (Zepp
and Cline, 1977).

K = 0.20 + 0.00247 - SS (r2 = 0.77) 5.3.4
where
-1
K = diffuse attenuation coefficient, cm
p L . -1
SS = suspended sedimeats, mg * £

In the subroutine that calculates phctolytic degradation of PAH, dis-
solved PAH, assumed -available for rphotolysis, is converted from units nof
grams per square meter to moles per liter for use in the equation for
photolytic loss (equation 5.3.5) adapted from Zepp and Cline (1977).

d PAHd o 5. (k. - PAL) 5.3.5
Fra A A d
where
¢ = yield coefficient
kA = light absorbed at wavelength A and
PAH, = dissolved FAH concentration

Reported yield coefficients range between 0.001 and 0.01 for polycy-
clic aromatic hydrocarbons (Zepp and Schlotzhauer, 198i). A linear re-
gression based upon data presented by Zepp and Schlotzhauer (1981) was
calculated to relate yield to molecular weight of PAH compounds with equa-
tion 5.3.6 (Figure 5.3.3) ¢ = 0.0235 - 8.38x10 * molecular weight (r =
-0.62).

The value of k, reprerents light absorbanﬁe at wqyflength A by the PAH
compound. Values 6& absorbance (photons + cm” * sec ') were summed at 10
nm increments between wavelengths of 300 and 500 nm, a region of peak
absorbance and intense photochemical breakdown for PAH compounds. Each k

was calculated as the product ~f simulated light intensity and a measureé
molar extinction coefficient, €,, at lambda. Values of CA must be supplied
as input to the model by the user.

Hourly light intensity simulated by subroutine solar is attenuated as
a function of wavelength following some assumptions concerning the quality
of light impinging upon the surface of each reach in the stream of inter-
est. First, we assume that only 12% of the simulated light intensity, R
is within the 300 to 500 nm range (Zepp and Cline, 1977). According o
data presented in Miller and Zepp (1979), we determine the relative compo-
sition of light at each 10 nm increment between 300 and 500 nm (Table
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Figure 5.3.3. Log ¢ as a function of VAl molecular weight.
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Table 5.3.4. Contribution of light of 10 nm increments to
total spectrum between 300 and 500 am.

Wavelength Per Cent of Total

(om)

300 0.0050
310 0.1009
320 0.2749
330 1.7309
340 1.9876
350 2.1307
360 2.2715
370 2.5441
380 2.8167
390 3.3619
400 4.8157
410 6.3376
426 6.5193
430 6.2922
440 7.4279
450 8.3593
460 8.4501
470 8.7227
480 8.9499
490 8.4501
500 8.6319

5.3.4). Twelve per cent of R is multiplied by the appropriate value in
Table 5.3.4 to estimate the incident light at each wavelength. Then, tlis
quantity is attenuated according to an equation fit to the curve of light

attenuation versus wavelength (equation 5.3.6) for 12 southeastern rivers
(Zepp and Cline, 1979).

-3

(-6.4366x10 ~- A)

o, = 0.42 e , (r2 = 0.56) 5.3.6

where o, has units of cm-l. A depth specific rate of photolysis is calcu~
lated at 1.0 cm intervals until either the depth of the reach has been
equalled or the depth specific rate is less than 10% the rale calculated at
the water surface. The depth specific rifes anf then integrated over the
water column and converted to gzPAH ‘m . Injtial light intensity
was converted to photons + cm~ -+ sec from ly h™ by calculating the
joules per Einstein for each wavelength A between 300 and 500 nm at 10 nm
increments. VWhile ¢, the yield coefficient, may reasonably be expected to
be a function of wavelength, the model specifies ¢ as a constant for a
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given compound over all wavelengths. Differences in photolytic degradation
of specific compounds, as simulated by FOAM, occur as a result of a molecu-
lar weight dependent value of ¢ and different absorbaance characteristics of
each compound in the 300 to 500 nm region of the spectrum (Table 5.3.5).
Photolytically degraded hydrocarbons were added to the pool of transformed
PAY.

Table 5.3.5. Comparison of observed quantum yield coefficients for
reaction of PAH in air saturated water to predicted quantum
yields based upon regression with molecular weight.

Compound Mol. Wt. Predicted® Observed
Napththalene 128 .0219’ .0150
Phenanthrene 178 .0075 .0100
Anthraceneb 178 .0075 .0030
9-Methylanthracene 192 .0055 :0075

o
9,10-Dimethylanthracene 206 .0041 .0040
Chrysene 228 .0026 .0028
Naphthacene 228 .0026 .0130
Benz(a)anthracene 228 .0026 .0033
Benz(a)pyrene 252 .0015 .009

aregression based upon data in Zepp and Schlotzhauer (1981)

bomitted from regression analysis, log ¢ = -0.465 - 0.0093 - mol. wt.

2 = 0.87

Volatilization of PAH

'

The submodel that quantifies losses of‘PAH through volatilization in
reach j at time t was adapted from Southworth (1981). The rate of volatil-
ization was modeled as a function of curreant velocity, wind velocity, reach

dezth and molecular weight of the PAH according to a. hyperbolic equation
invelving Henry's Law (equation 5.3.7).

KL = H - Kg . Kﬂ/(ﬂ . Kg + KQ) 5.3.7
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where

H = molar concentration of PAH in air divided by molar concentra-
tion of PAH in water

K = gas phase exchange ccnstant, cm-h”

= liquid phase exchang:> constant, cm+h”

=
|

The log of H can be estimated from molecular weight of the PAH coyPOund
(Zepp and Schlotzhauer, 1979, equation 5.3.8). Similarly, Kg was estimated
from ‘equation 5.3.9. -

log H = 0.7854 - 0.0191 - molecular weight 5.3.8
K8 = 1137.5 « (V+W) -« (18/molecular weight‘.)12 5.3.9
where
V = current ve}ocity (m~sec-1)
W = wind velocity (m°sec-1)

Values of K, result from zpplication of two regressions for different wind
velocity regimes (equations 53.3.10 and 5.3.11).

K2 = 23.51 (V0'969/R0'673) + (32/molecular weight)!2 5.3.10
if w < 1.9 m'sec—1
K, = 23.51 (V0'969/R0'673) + (32/molecular weight)a . (30'526(w'1'9))
if W> 1.9 mesec ! 5.3.11
where

R = water depth (m)

FOAM uses calculated current velocities plus a user supplied wind
regime in the volatilization model.

Microbial Biotransformation of PAH

Metabolic degradation of assimilated PAH is modeled as a function of
respiration rate and was therefore indirectly affected by water tempera-
ture. Respiration was multiplied by DMAX. for compartment i. The units of
DMAXi are grams PAH metabolized per gram dry weight respired per time. At
present, all DMAX values are set at zero.
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Sorption of PAH

Polycyclic aromatic hydrocarbons may' be quickly lost from SOlut'-IOD as
a result of sorptien to suspended particulate matter and settled sed1ment§.
Sorption to particulate matter provides a possible cntry to the aquatic
food web via filter feeding or sediment feeding animals.

The sorption sub-model in FOAM was based heavily upon daFa ptovideq in
Karickhoff et al. (1979) where the sorption of PAH was modeled as a first
order telat;gngﬁ}p between dissolved PAH in the water and partitioning ce-
efficient, Kp. The partitior coefficient increased linearly as a fu?cF1on
of the organic content of the sorbent material. The partition coefficient
also correlated with the octanol/water partition coefficient (Kow) of the
PAH.

Depending upon available data, FOAM calculates rates of sorption in
one of three ways. First, if K w and the organic fraction of the sorbent
were known, a partition coefficf%nt is calculated from equations 5.3.12 -
5.3.15,

K =K ° oc 5.3.12
- where
= - 0. 5.3.13
Log (koc) Log (Kow) 0.21

oc = fractional organic content of the sorbent.

Second, if K is not known, k is estimated from the solubility of the
; oc
particular PAR®

Log (Koc) = -0.54 + Log(s) - 0.44% 5.3.14
where
s = solubility of the PAH mole fraction
Solubility can be estimated from molecular weight (Figure 5.3.4). Third,
if neither k w oor the organic fraction of the sorbeniL were known, a parii-
tion coefficient was estimated directly from:
Log(Kp) = 4.16 - 0.51 - Log(s) 5.3.15
vhere

s = solubility of the PAH, ppm

Equation 5.3.15 resulted from further analysis of data presented by Karick-~
hoff et al. (1979).

Values of K were converted to units of inverse time by dividing by
the duration of gxperiments (24h) of the experimeuts which generated data
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Figure 5.3.4.
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for the regressions (equations 5.3.14 - 5.3.16). Because the e§periments
were performed with PAH concentrations that approached the maximum solu~
bility of the compounds and because the sorbent was suspended by contingous
stirring, we assumed that the K_ values provided estimates of a ?axlmum
rate of sorption, S At eachfiteration of the model, the specific rate

of sorption is calculated from equation 5.3.16.

S = SInax + SBATE - SBENT - oc / [SBATE + (SBENT -oc)] 5.3.16
where
. -2 . -1
S = rate of sorption, gPAHm “<h
smax = maximum sor?tion rate, 2+h

SBATE = soluble PAH, g°n >

SBENT = sorbent, g'm-z

Biological Production Sub-model

- .
/

Primary producers

Rates of biomass change were determined by first order mass balance
differential equations. The overall biomass equation for producer i in
reach j at time t (phytoplankton, periphyton, and macrophytes) is repre-
sented by equation 5.3.17.

dP,

i

— (FIi - FOi) + Pi (PSi - R, - Hi - Ui - Si) - Gi 5.3.17

i
dat
where
_ -2
P, = biomass, g dry wt * m
FIi = inflow of Pi from re=ch j-1

FO, = outflow of Pi from reach j
PSi = photosynthetic rate of Pi
R, = respiration rate of Pi
M. = non-predatory mortality rate
U, = excretion rate

S, = sinking rate

G, = grazing loss of Pi
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Photosynthesis

In FOAM, gross photosynthesis (of ﬁhytoplankton; periphyton and macro-
phytes) was modeled sfter Smith (1936) (equation 5.3.18).

Pijt = £(T) - Pmax . I(Ii + 12)5 5.3.18
where
Pijt = photosynthesis per unit producer i in reach j at time t
Pmax = liéht saturated photosynthetic rate fcr producer i
1 = light intensity supplied by solar submodel
Ik = light saturation constant for producer i

£f(T) = temperature function, (equation £.3.2)

Values of parameters for three primary producers in FOAM are listed in
Table 5.3.2.

Consumption

Food consumption provided energy for biomass production and an.uther
potential PAH source to the non-photosynthetic biological components of
FOAM. Contumption is mcdeled as a function of predator and prey biomass
after DeAngelis et al. (1975) (equation 5.3.19).

C axi B. «-W.._ B,
c; ;= (M L 5.3.19
’ B, +2 (W.. « R,
i 3 ( ij J)
where
Ci j = input of prey j biomass to consumer i
»
mexi = maximum feeding rate of consumer i (day-l)
Bi = consumer biomass (g - m-z)
Bj = prey j biomass (g ° m-z)

"

wij Bayesian preference of predator i for prey j (unitless)

f(T) = temperature dependent modifier of consumption rate (equation
5.3.2).

The behavior and stability properties of this function have been studied
(De Angelis et al., 1975). This equation has been usefully applied to
model feeding by zooplamkton, benthic invertebrates and fish (Kitchell et
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al., 1974; O'Neill, 1976; Smith et al., 1975). Figure 5.3.5 represents the
prey items allowed for each consumer by FOAM. When prey are plentiful,
consumption, C.., is proportional to predator biomass. Conversely, prey
abundance regulites consumptxon in equation 5.3.19 when prey are scarce.
The Bayesian parameter, (Table 5.3.6) can be estimated from data quan-
tifying the relative abund Jnce of prey j in predator i stomach samples and
the relative abundance of prey j in the environment (0'Neill, 1571).

Foodweb transfer of PAH was modeled as C,, multiplied by the PAH con-
centration in prey j summed over all j for consumer i. FOAM can therefore
be used to examine the relative importance of direct uptake of PAH by con-
sumers in association with respiration and trophic transfer of PAH through
the foodweb. Appreciable amounts of polychlorinated biphenyls have been
shown to accumulate from consumptive prccesses, especially at higher tro-
phic levels (Weininger, 1978). Behavicr of PAH's in this regard was essen-
tial.y unknown. Calculation of the PAH derivative for P, results from
multiplying each term in equation 5.3.17 by the fractional 'PAH concentra-
tion of P and adding two terms that quantify PAH uptake and degradation as
functions of photosynthesis and respiration, respectively (equation 5.3.20)

= . . 5.3.20
(Qi PU. PAHd) / (Ki + PAHd) ‘

In equation 5.3.21 H. (g * m 2. t- ) was the rate of PAH uptake mediated

by photosynthesis, PAH, was dissolved PAH (g * m ) available for uptake

and PUi was a linear function of photosynthetic rate (equation 5.3.21)

PU. = m * PS, 5.3.21
i i
where
PUi = g PAH assimilated per g producer i per time
PSi = photasynthetic rate of producer i, g * g-l . t-l

m = slope, of PAH taken up per g photosynthetically fixed biomass

Respiratory mediated PAH biotransformation is represented by equation
5.3.22.

Di = Ri . di . Pi . hi 5.3.22

wvhere

Di = rate of PAH degradation by producer i

-9
U]

i fraction of respiration used to degrade PAH

-4
[

i fractional PAH content of Pi

temperature dependent respiration rate of P,
i

o)
n
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Table 5.3.6. Continued
Food Item j
Predator Predatory Herbivorous Suspended Dissolved Sediments Suspended Settled
Fish Fish Organics Organics Inorganics  Detritus
Zooplankton 0.0 0.0 0.1 0.0 0.0 0.1 0.0
0.0 0.0 0.9 0.0 0.0 0.01 0.0
Benthic 0.0 0.0 0.9 0.0 0.0 0.01 0.0
Invertebrates 0.0 0.0 0.0 0.0 0.05 0.01 0.4
Clams 0.0 0.0 0.0 0.0 0.0 ©.0 0.2
0.0 0.0 0.0 0.0 0.0 0.0 0.2
Bacteria 0.0 0.0 0.25 0.25 0.0 0.0 0.5
0.0 0.0 0.90 0.90 0.0 0.0 0.75
Fish (PRED) 0.0 0.0 0.0 0.0 ¢.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fish (Herb) 0.0 0.0 0.0 0.0 0.5 0.0 0.15
0.0 0.0 0.0 0.0 0.10 0.0 0.40




Consumer crganisms

The overall mass balance equation for consumer compartment biomass is
given by equation 5.3.23

aN 5.3.23
I (FI. -F0,)+3IC..-N (R, +F, +U +M) -G,
— i PG N Ry F AN i

dt J

-
n

-2
i biomass of consumer i in reach at 5, (g dry wt - m )

(]
1]

rate of consumption of prey j by consumer i

R. = temperature dependent respiration rate of consumer i
F. = fraction of ingested food that is egested

Ui = rate of biomass lost through excretion

M. = natural mortality rate of i

Gi = predatory losses of i

FI-FO = net convective transport of consumer i

~espiration

For producers, a fraction of photosynthesis or for coansumers, a frac-
tion of standing crop is lost through respiration. Respiration was modeled
as a temperature~dependent function by specifying an R value, which oc-

. . max
curs at To' for each biological compartment.

For consumers, a respiration dependent direct uptake of PAH was in-
cluded in FOAM. A limited amount of evidence suggests that Daphnia concen-
trate PAH in its lipid tissue (Southworth et al., 1978). These data fur-
ther suggested an active uptake mechanism which resulted in steady-state
concentrations after approximately 24 h. In FOAM, a hyperbolic function
which relates respiratory rate and lipid concentration in the biomass is

used to simulate direct PAH uptake by zooplankton, benthic imvertebrates,
macroinvertebrates and carnivores.

Biotransformation of PAH parent compound is modeled as a function of
respiration rate. A variable fraction of the body load is removed from all
biological compartments as a function of respiration rate. Biotransforma-

tion products are shunted to a dissolved pool of biotransformation products
that acts as a final sink.
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Excretion

It is assumed that part of the biomass .of the plant and animal co@po-
nents is lost through excretion. Secretion might be a more appropriate
interpretation of this process in plant metabclism. Excretion is modeled
in a linear fashion. It is further assumed that PAH is lost through excre-
tion in proportion to the concentration of PAH in the biomass compunent.

Rates of excretion (Tables 5.3.1 and 5.3.2) mul&ip}%ed by the bioma§s
in each component to calculate g, dry wt excreted'm “+h = by each biologi-
cal component. Multiplication of these rates by the concentration © Pé%
in each biological component, results in estimates of PAH excreted'm *h
by the biota. The model internally tracks the PAH concentration in each
compartment during the simulatioa.

Mortality

As for excretion, it is assumed that a comstant fraction (Tables 5.3.1
and 5.3.2) of biomass is lost from each compartment as the result of non-
predatory mortality. Again, multiplication of mortality losses by the con-
centration of PAH in the biomass produces PAH losses to mortality.

Sinking losses

Phytoplankton sinking losses are modeled separately from settling of
suspended particulate matter. Future versions of FOAM could incorporate
more realistic coupling betweea hydraulic aspects of the model and net
suspension of both phytoplankton and suspended particulate matter. Peri-
phyton and macrophyte mortality are added to the sedi@?nt organic pool via
the KSTL parameter. The sinking rate used is 0.9021 h .

Egestion

A fraction of the consumed food is egested by the consumer compoments
of the model (Tables 5.3.1 and 5.3.2). Egestion losses enter the suspended
particulate pools for Q&Fh biomass and PAH. Egested PAH is the product of
egestion rate (0.0042 h ') and PAH concentration of the food item.

Direct uptake of dissolved PAH by producers and consumers.

Uptake of PAH by plants was modeled as a second order, non-linear
.Michaelis-Menten process (equation 5.3.24).

PUi = Pi . Qi . PAH/(KPi + PAH) 5.3.24
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where

n

PUC, or PUPi

i uptake of PAH by producer (P) or consumer (C) i

P.
i

biomass (g, dry wt-m-z) of producer i

QPi or QC. = maximum uptake rate of Péq by producer (P) or consume:
1 (c) i, (g PAH/g, dry uteh ')

-2
PAH = dissoived PAH concentration (g PAH'm 7)
g 2
K°. or KC. = analagous to a haif-saturation constant (g PAd‘m”)
i i

Direct uptake by the pruducers was assumed, in the model, to be_iade-
pendent of photosygﬁhetic or respiration rates. {Q, was 20 g PAH - g °, dry
weight producers<h ~. This constant was derived trom laboratory accumula-
tion studies and was specific for anthracene in this case. However, the
Monod model was used so that structure/activity relationships could Le used
in future versicus of the model. The Monod model is a relatively simple
relationship to describe the saturation phepomenon observed in periphyton.

Direct uptake by consumers was coupled to the rate of respiration with
the assumption that direct uptake takes place across respiratory membranes
and is an active process. The equation is similar to (O'Neill et al.,
1972), except respiration rate, RSMAX., appears in the numerator as a
multiplier_?f Q. and Q. has units of g PaH s-cumulated*g , dry wt*h ~. Q

i i i
was 42 - h for all consumer components.

Exterrnal loading

Polycyclic aromatic hydrocarbons enter the artificial streams by
external loading of dissvlved PAH from the head tanks. This is reproduced
in the model structure, where dissolved PAH enters :ge upE?rmost reach as
the prcduct of the pre-defined dischagge regime (m~+day ") and the PAH
concentrations of the influent (g PAH-m ~). Future versions <f FOAM could
accomodate several point sources per reach. .

A statistical relationship between solubility and molecular weight of
PAH compounds was derived fvom published data (Braunstein et al. 1977)
(equation 5.3.25 and Figure 5.3.4).

log (PAHd) = 6.50 - 0.2 ¢+ mol. wt. rz = 0.77 5.3.25

This regression was used to estimate solubility of a specific PAH and
ensure that solubility constraints were obeyed throughout the simulatijion.
PAH in excess of solubility limits was shunted to the sediments.
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Initial conditions

Estimates of initial conditions (g dry wt ° m 2) of the biota for
all 5 reaches were derived from previous experimental work at the channels
microcosm facility, located on the Savannah River Plant site (G%esy_gg al.,
1979) (Table 5.3.7). Eack biological component of the syrtem 1s_d15cussed
in greater detail in this section. Simulations of other aquatic systems
would require parameterization for that system. Alternatively, for simula-
tion to compare fates among -ompounds a generalized system could be para-
meterized. :

f

{
li

Table 5.3.7. 1Initial biomass gguditioﬁs for simulations reported here
g dry weight - m .

Compartment Reach
1 2 3 4 5
Phytoplankton 0.0 0.0 0.0 0.0 0.0
Periphyton 0.18 0.18 0.18 0.18 0.18
Macrophytes 1.54 0.3 0.3 0.3 0.3
Zooplankton 0.0 0.0 0.0 0.0 0.0
Benthic Invertebrates 0.5 0.3 0.5 0.5 0.5
Clams 0.2 0.2 0.2 0.2 0.2
Bacteria 0.1 0.1 0.1 0.1 0.1
Predatory Fish 0.1 0.1 0.1 0.1 0.1
Herbivorous Fish 0.2 0.2 0.2 0.2 0.2
Suspended Organic Particulates 0.05 0.05 0.05 0.05 0.05
Dissolved Organic Matter 0.01 0.01 0.01 0.01 0.01
Sediments 1.0 1.0 1.0 1.0 1.0
Suspended Inorganic Matter 0.01 0.01 0.01 0.01 0.01
Settled Detritus 0.55 0.55 0.55 0.55 0.55
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Primary procedures: phytoplankton, periphyton, macrophytes

Phytoplankton contribute to the production dynamics of 1arge,.sloY
moving rivers; however, previous experience with the SREL cyannels micro
cosms indicated that phytoplankton do not contribute substantially to ove;;
all system p.oduction. While parameters for phytoplankton'gfoyth aqd P
metabolism have been generated for this model component, initial biomass
was defined as zero for the current simulations (Table 5.3.7).

The algal component of the aufwuchs community was measured to be ?P'
proximately 2 percent of the live volume (Giesy et al., 1979), of which
members of the Chlorophyta and Cyanophyta comprised more than 95%. In
1977, _algal volume collected from a reference channel ranged between 6 and
12 cm °m . Assuming a density of 1.0, this volume translated to 0.12 -
0.24 g-m- . Initial conditions for curreg& simulations were defined as the
midpoint of this observed range, 0.18 g'm .

Macrophyte flora that commonly colonized the artificial channels %n
past research included Juncus diffusissimusi, Gratiola virginiana, Calli-~
triche leterophylla and Bacopa caroliniana. Colonization was assisted by
transplants of J. diffusissimus which subsequently dominated the biomass of
the macrophytigvvegetation in the channcls. Estimates of standing crop
from the work of Giesy et al. (1979) suggested spatial heterogeneity in
distribution of J. diffusissimus, with the greatest abundance upstream.
Ini&ial macrophytz biomass in the first reach was defigEd as 1.54 g dry wt
* m . The remaining reaches were each set at 0.03 g - m .

Consumer components: zooplankton, benthic invertebrates,
macroinvertebrates, bacteria, fish

As in the case of phytoplankton, pelagic zooplankton were assumed to
be insignificant in the overall production dynamics of the SREL channels
microcosms. While parameters have been defined for the growth and PAH

metabolism by zooplankton, this component was initialized as zero for
current simulations.

The benthic invertebrate component in the model is derived to simulate
the growth and PAH dynamics of stream insects including the orders Ephe-
meroptera, Odonata, Coleoptera and families Notonectidae, Corixidae,
Centropogonidae and Chironomidae. An estimate of their combined standing
crop in previous research in the channels (Giesy et al., 1979) was 0.5 g

dry wt per m”. This value was used as an initial condition for all five
reackes.

The macroinvertebrate compartuent was defined to include larger in-
vertebrate organisms such as crayfish and clams that have been incorporated
in previous ecological studies involving the SREL channels microcosms.
This rompartment represents a complex fauna in natural systems; however,
species used in the channels included Corbicula fluminea (Asian clam),
Anodonta imbecilus (papershell clam), and Procamberus acutus acutus (cray-
fish). In experimental tests of the model, individual C. fluminea were
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added and, constrained in each reach by wire mesh. Clam biomass was 0.2 g
dry wt°m in_gach reach. Bacterisl biomass was arbitrarily defined as 0.1
g dry wt * m . In experimental tests of the model, 10 juvenile bluegill
sunfish (Lepomis macrochirusquere caged in each reach. Fish biomass was
estimated as 0.1 g dry wt * m

The biological state variable for simulations of the dynamics of
anthrcene in the channels microcosms facility are given in Tables 5.3.8 and
5.3.9. The physical parameters for simulating volatilization and photo-
lysis of anthracene in the channels microcosms are given in Tables 5.3.10
and 5.3.11.
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Table 5.3.8. Biological state variables for simulation of anthracene dynamics. See Table 5.3.3 for
explanation of abbreviations.
T SINK RK

RS Ty o T omarowy O G Um (w m am
Photoplankton 0.3000 1.4900 20.000 35.000 0.1000 2.3000 27.000 31.000 0.0300 0.0001 0.0021 5.4
Periphyton 0.0300 1.4900 20.000 35.000 0.1000 1.8000 30.000 37.000 0.0300 0.0001 0.0 5.4
Macrophytes 0.0200 1.4900 20.000 35.000 0.1000 1.8000 30.000 37.000 0.0300 0.0001 0.0 5.4
CONSUMERS CMAX  Q10C TOPTC TMAXC  RMAX  QIOR TOPTR  TMAXR EXCR  MORT  EGEST

(/HR) ©) © (/HR) (©) (© (/HR)  (/HR) (/HR)
Zooplankton 0.0375 2.0000 25.000 30.000 0.0080 1.8500 30.000 35.000 0.0042 0.0001 0.0042
Benth Javert 0.0150 2.0000 27.000 32.000 0.0042 1.8500 32.000 37.000 0.0042 0.0001 0.0042
Macro Invert 0.0125 2.0000 25.000 30.000 0.0042 1.8500 30.000 35.000 0.0042 0.0001 0.0042
Bacteria 0.0042 2.0000 27.000 32.000 0.0083 1.8500 32.000 37.000 0.0083 0.0001 0.0042
Fish (Pred) 0.0021 2.3000 27.000 31.000 0.0005 2.1000 30.000 34.000 0.0022 0.0001 0.0042
Fish (Herb) 0.0021 2.3000 27.000 31.000 0.0005 2.1000 30.000 34.000 0.0021 0.0001 0.0042




Table 5.3.9. Biological state variables for anthracene dynamics simulation.

Lipid Maximum® Uptake halfb Minimum®
Content Uptake Saturation Depuration
%) (QMAX) Constant DMAX
Producers
Phytoplankton 15 2x1078 1.0 2.4x107°
Periphyton " " " "
Macrephytes " " " "
Consumers
Zooplankton 13 4,2,10'6 " "
Benthi; Invertebrates " " " "
Clams " " " "
Bacteria " " " "
Predatory Fish " " n "
Herbivorous Fish " " " ) "
ah-l. v
bg PAH-m™
ch—l
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Table 5.3.10. Parameters for the simula-
tion of volatilization of
anthracene.

Gas phase constant, Kg = 3.6 x 102
liquid phase constant, K2 = 1.8 x 10“l
overall rate constant, KL = 7.3 x 10-3

Table 5.3.11. Parameters for photolytic degradatiog3of anthracene.
Quantum yield coefficient = 7.5 x 1Q ~.

-

Wave length Molar extinction coefficieant

(nm)

300 4.84 x 10%
310 : 1.17 x 10°
320 1.90 x 10°
330 2.1 x 10°
340 4.9 x 10°
350 3.4 x 10°
360 4.8 x 10°
370 3.2 x 103
380 2.7 x 103
390 5.4 x 102
400 2.2 x 10!
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SECTION 5.4
SIMULATION OF ANTHRACENE IN CHANNELS MICROCGSMS

RESULTS AND DISCUSSION

Water

FOAM was used to simulate a constant infusion of 0.056 pmol-£ 1 of
anthracene into the uppermost reach of the experimeantal channels. Param-
eter estimates were based solely upen laboratory measurements or published
data; only the initial conditions were measured in the channels.

During daylight hours the model predicts a decrease from 9.056 to
0.036 pmoles in a distance of 81 meters, between reach one and reach five.
At night, this concentration gradient is absent and all reaches exhibited a
concentration similar to the input concentration. Regardless of light
conditions, reach one gfhibited a constant anthracene concentration of
0.056 pmol anthracene:£ ~. The model predictions compared favorably with
the average day and nighttime measurements made in the channels (Table
5.4.1). Simulated values were somewhat lower, and the rate of loss down-
stream was slower in the model. Nevertheless, the general behavior of the
dissolved '"pool" was predicted by the model. When the constant infusion

was stopped,_&he concentration of dissolved anthracene quickly decreased to
0.006 nmol-2 ° within 24 h.

Table 5.4.1. Predicted and observed concentrations of dissolved
anthracene in channels microcosms.

Hool anthracene-ﬂ"l

Time Reach 1 Reach 3 Reach 5
Dawn .

observed .D66 .065 .063

predicted .056 - .056 .055
Noon

observed .067 . 045 .028

predicted .056 045 .036
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Sediments

Simulations of anthracene dynamics in the channels microcosms.pred1c-
ted that the bottom sediments would accumulate anthracgge llneafly.
Steady-state concentrations of 0.09, 0.004 and 0.0035 pmol-g , dry weight
wvere predicted for reaches 1, 3 and 5, respectively (Figure 5.4.12- The
simulation predicted a rapid desorption of anthracene from the sedlmgnts,
which was not consistent with the p “tern observed in the channels micro-
cosms (Table 5.4.2). FOAM also underistimated the rate of flux into tye
sediments. The simulation model did, however, predict a downstream gradi-
ent of anthracene concentrations in the sediments similar to the observed
gradient.

The routines to simulate sorption will need to be improved to give
better predictability in future simulation models. Sorption to sediments
is complicated by resuspension, transport and convective processes, wvhich
are difficult to represent by either deterministic or statistical models.
Long term simulations will be affected by large rainfall events, which may
cause great deviations from the patterns of sediment transport throughout
most of an annual cycle. The scaling of such events will probably be such
that good predictability will only be available on geologic time scales and
will cause large uncertainties 1in short-term simulations. Even beyond
this, differences in diffusion rates and micro-dynamics have not yet been
adequately described by FOAM to.predict anthracene dynamics in bottom sedi-
ments. Descriptions of thoroughly mixed suspended sediments are much more
adequately described by FOAM and other existing relationships. We suggest
that more research on sediment sorptive and desorptive processes as well as
interfacing to sediment transport models is required before PAH concentra-
tions iu this important PAH accumulating matrix can be made.

Periphyton

The simulated anthracene dynamics in periphyton showed 2 rapid uptake
to a quasi-equilibrium concentration of about 0.17 pmol:g ~ dry weight, by
dar 3 (Figure 5.4.2). Anthracene concentrations in the periphyton de-
creased downstream and are greater at night in all reaches. These patterns
probably reflect both the greater concentration of dissolved anthracene at
night and the initial assumption that depuration rate is physiologically
coupled to photosynthesis. This assumption is probably violated because
some depuration is due to passive diffusion.from the surface and interior
of the cells. The day-night pattern results in the broad envelope of

anthracene observed in periphyton in the simulations represented in Figure
5.4.2.

The steady state concentration of anthracene in periphyton predicted
by the simulation was similar to the results observed in the channels.
However, the great variability in measured anthracene concentrations made
comparisona difficult (see Section 6.4). The 2 SE confidence intervals for
the steady state anthraceme concentrations measured in periph¥ton from the
channels microcosm ranged from 0.07 to 0.15 Hmol anthracene°g- dry weight
which was in the same range as the simulated concentrations (Figure 5.4.2):
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Table 5.4.2. Comparison of predicted and cbserved concentrations of
anthracene in stream sediments.

Anthraceg? Concentration
(pmol-g ~, dry weight)

Time Reach 1 Reach 3 Reach 5
(h) Obs Pre Obs Pre Obs Pre
24 .0024 .00026 .0023 .00020 .0021 .00017
67 .0044 .00059 .0040 .00045 .0034 .00037
134 .0070 .0014 .0060 .0C096 .0053 .00080
201 .0096 .0027 .0086 .0018 L0073 .0015
269 .0149  .0073 0134 .0040 0123 .0033
336 .0137 .0079 .0118 .C041 .0106 .0034
403 .0108 .0084 .0104 .0043 .0104 .0035
470 .0113 .0092 .0116 L0044 .0107 .0035
537 .0092 .0096 .0076 .0044 .0065 .0035
672 .0072 .0092 .0065 .0042 .0053 .0034

Parameter values for anthracene uptake were derived from experimental
work with cultures of periphyton grown on glass slides in natural streams
located on the SRP. The uptake kinetics were determined for these actively
growing cultures (see Section 4.4). Periphyton in the artificial channels
was comprised of less luxuriant growth. Extrapolation of laboratory deter-
mined uptake kinetics, via the model, to the field situation seems to be
justified in this case. However, the comparison between half-lives of
anthracene in simulated periphyton and that measured for periphyton shows
the model results to be in close agreement. The depuration rate constant
determined in the laboratory studies with natural cultures appears to be a
reasonable estimate of the rate of depuration by periphyton in the chan-
nels. During daylight hours, photolysis reduced the dissolved anthracene
concentration, making less compound available for uptake. 1In addition, the
depuration process of the periphyton should be operating to reduce the con-
ceutration of anthracene in periphyton. In absolute terms, the equilibrium
concentration docs not agree within two orders of magnitude with the an-
thracene concentrations measured in the periphyton in the channels. The
balf-time for elimination of anthracene in periphyton following termination
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of the constant input, however, agrees within 2-3 h w{th the measured
half-time for elimination of anthracene from periphytoan in the channels.
Uptake might have been overestimated in the model, as par?ueters for uptake
rate were derived from actively growing cultures of periphyton ?hat colo-
nized glass slides placed in streams located on the Savaqnah River Plant
site. - Whereas, the peripuyton in the channels microcosgs did not appear to
be growing at the rate of the cultured plants and consisted of a different
flora.

Clams

The simulation of anthracene predicted that the maximum anthracene
concentration in clams would not be attained until after the agthracene
input was terminated (Figure 5.4.3). This is because the simulation model
assumes that the clams are accumulating anthracene both directly from t?e
water and from suspended particulates, which still had anthracene.assoc1-
ated with them after the anthracene input was terminated. The naximum was
reached earlier in reach 1 than 3 or 5 because the amount of anthtacege
-associated with suspended particulates was greatest downstream. The maxi-
mum anthracene concentration was attained in clams in reach 3 because Fhis
reach had the greatest exposure concentration between water and particu-~
lates.

The concentration of anthracene predicted to be in the soft tissues of
clams at,the time of termination of anthracene input was 4.16 pmol anthra-
cene* g-_ldry weight of soft tissue (Figure 5.4.3). This is,equivalent to
740 pg+g , dry weight, which is greater than the 16.6 pg-g, , dry weight,
actually observed in clams exposed to approximately 10 pge<f£ ~ anthracene in
the channels. This value is probably an overestimate of actual accumula-
tion because the simulation allows uptake from particulates, which have
been shown to be less important for accumulation of PAH by clams than
accumulation directly from water (Dobroski and Epifanio, 1980). Also the
model assumes that filtering is a continuous process, which was not observ-
ed in the channels microcosms. The clams living in the channels were also
under environmental stress (Giesy et al., 1979) because of factors other

than anthrzcene, which may have reduced the frequency and rate of filtering
as well as metabolism.

FOAM considers a component which we have called benthic invertebrates.
This term is somewhat misleading and needs to be defined here. We have
considered only macroinvertebrates such as insects and oligochetes and not
protozoans in this class of organisms. FOAM also includes another macro-
invertebrate component which for the anthracene simulation is the clam
component. This component can also be used to include other macroinverte-
brates such as crayfish. If better precision of accumulation by clams is

desired, this component needs to be separated and better mechanistic pre-
dictions made.

The results of the simulation of anthracene dynamics in benthic macro-
invertebrates cannot be compared to analogous results from the channels
microcosm because the benthic macroinvertebrate community had not developed
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to a great enough extent to allow sampling of enough biomass for represen=
tative, destructive sampling.

The results of the simulation of anthracene dynamics in the macroin~
vertebrate community (Figure 5.4.4) show that anthracene concenFrat{on is
greater in the upstream reaciies because the anthracene corcentration 1in the
water and periphyton is greater. Also, it shoula be noted that the‘anthra-
cene concentration in the benthic macroinverterrate romponent continues to
increase after the anthracene input was terminated. This is a functlon of
the ingestion of anthracene-containing food (periphyton and de§r1tgs) afFer
the anthracene input period. Even though we cannot compare this simulation
to the macroinvertebrates in the channels microcosm study we feel that t@e
prolonged increase predicted by the simulation is uurealistic. The main
reason is that the relative importance of accurulation ¢ PAH, anthracene
in this case, from food and directly from the water is not known. We
suggest further research be conducted to determine the relative importance
of flow materials along these pathways and determine better estimates of
KPi, KCi, QPi and QCi (equation 5.3.24).

Fish

As with the macroinvertebrate organisms, we were unable to compare re-
sults from the simulation to results fror the chaanels microcosms because
of anthracene induced mortality (cee section 6.6). The sirulation model
includes components for both nerbivorous and carnivorous fish. The herbi-
vorous fish and carnivorous fish attain arjroximately the same concentra-
tions of anthracene during the input period (Figures 5.4.5 and 5.4.6).
However, after the input of anthracene was stopped the concentratiors of
anthracene in the herbiverous fish stopped increasing while that of the
carnivorous fish continued to increase. This is a result of rapid depura-
tion from the periphyton, which was the major source to the herbivorous
fish. Alternatively, loss from the macrcinvertebrates, which were the
source of ingestion for the carnivoious fish was much slower, which caused
the simulation to predict a continued accumulation of anthracene. Some
preliminary laboratory studies indicate that bluegill sunfish (see section
4.8) accumulate most of their body concentrations of PAH directly from the
water. Thus, to improve the prediction capabilities of FOAM we will need
to bave better estimates of the maximum uptake rates and relative impor-
tance of various pathways under different conditions.

Relative Importance Along Biotic and Abiotic Pathways

We have calculated the relative importance of non-advective physical-
chemical processes and biological processes in determining the overall flux
of anthracene through the simulated lotic system. The periodic behavior of
anthracene corresponded to the light-dark cycle and emphasized the impor-
tance of plotolytic degrrdation of anthracene in the overall dynamics,
During the :.thracene simulations, the continued processes of photolysis,
sorption and volatilization accounted for more than 50% of the total an-
thracene flux along pathway which allowed for either uptake aad depuration
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or transformation. As more anthracene entered biological comp9nents the
relative importance of the biological processes increased. This was E:-
pecially true at night when the photosynthesis ratg was zero. When the
anthracene input was terminated, the physical chemical processes became
unimportant and biological degradation  processes assumed control over
the fate of anthracene. Of all biological processes, consumer egestion
and defecation of anthracene laden prey items accounted for more than 40
percent of anthracene flux. Plant uptake reprasented about 6 percent of
the total flux. The remaining anthracene moved fairly equally among Fhe
other biological pathways: depuration and excretion by plants, mortality
losses to plants and consumers, flux along the food web and uptake and
depuration of anthracene by consumers.

Comparison of Naphthalene Benzo(a)Pyrene and Anthracene Simulatioas.

One of our initial premises for constructing a model from first prin-
ciples of compounds to be released to the environment stated thgt, the
dynamics of PAH compounds could be predicted from a few readily aval}able
pieces of information about a compound. These include mclecular weight,
functional groups and molecular stereochemistry. There was given some
agreement between trends of the simulations and channels microcosms experi-
ments for anthracene, (mol. wt. = 178). The experiment was simulated again
with equal infusion rates of napthalene (mol. wt. = 128) and B(a)P (meol.
wt. = 252). The initial conditions and parameter estimates werc identical
to the anthracene simulation. Only the molecular weight and absorbance
spectra were changed to correspond to naphthalene or B(a)P.

Without data for comparison with the FOAM simulation, discussion of
the dynamics of individual state variables becomes rather meaningless.
However, it is reasonable to examine the relative importance of various
pathways simulated in light of available information concerning observed
behavior of these compounds ir natural or experimental systems. The simu-
lated fate of naphthalene was similar to anthracene with respect to the
relative importance of physical/chemical versus biological processes.
Physico-chemical processes accounted for more than 90% of the napthalene
flux through the channels in simulations (Figure 5.4.7). However, the
absence of periodic behavior corresponding to the light-dark cycle indicat-
ed that, unlike anthracene, photolysis was not the dominant process but
that volatilization was the dominant physico-chemical pathway of napthalene
loss from the channels, according to the simulations. These results are
similar to the conclusions of Lee et al. (1978), that volatilization was an
important process in the overall loss of naphthalene from large pelagic
enclosures. Similar to the anthracene simulation, the process of consumer
egestion and defecation assumed importance in the overall flux of naph-

thalene following the trrmination of naphthalene infusion in simulations of
naphthalene dynamics in the channels.

The transport of benzo(a)pyrene (B(a)P) in the simulation was domi-
nated by biological processes in contrast to the lighter weight anthracene
and naphthalene (Figure 5.4.7). Following an initial 8 h period of infu-
sion, where photolytic degradation was important, uptake by primary pro-
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ducers, movement through the foodweb, and consumer preccsses of egestion
and defecation played the determining role in the non-advective transport
and fate of B(a)P in the modeled stream. Lu et al. (1977) measured b*o-
mzgnification of B(a)P by biota in a simple aquatic microcosm that contaln-
ed algae, mosquito larvae, daphnia, snails, and fish. Lee et al. (1978)
found 40 percent of B(a)P? added to marine pelagic enclosures in samples of
sediments. Of the physical/chemical processes simulated, sorption to
suspended particulates a2nd settled sediments was the most important vector
simulated for B(a)P by FOAM.

Discussion ’

To be useful, a model of the transport of FAH should be capable of
several functions. The model should trace the entry of PAH info ecosystem
components potentially affected by, or involved in the transfer of, PAH
throughout the system. Second, the model should quantitatively charac-
terize the movement of PAH among system components and across system bound-
aries. Third, the disposition of PAH within components should result from
model application. Finally, transport through the system to ultimate sinks
following remcral of the PAH input should be simulatad.

Examination of initial results of I0AM simulations suggests that this
model could become a useful tool for synthesizing current understanding of
PAH dynamics and developing capacity to reasonably predict the traansport of
PAH in lotic systems.

Initial results of simulations showed that FOAM predicted the spatial-
temporal dynamics of dissolved anthracene with reasonable accuracy (Table
5.4.1). This success might reflect the observation that photolytic degra-
dation is the major pathway of deg:radation for this PAH. The photolysis
submodel has a firm foundation in theory and photolysis information for PAH
in general exists in greater amount and sophistication than for other
processes. Given that the photolytic submodel is perhaps the most realis-
tic process submodel within FOAM and photolysis azppears as a key pathway
for degradation of anthracene, it is not surprising that FOAM predicts the
diurnal and downstream fluctuations measured for soluble anthracene in the
artificial stream channels.

The absence of rate coefficients for biological transport processes in
relation to molecular weight or other fundamental chemical properties of
PAH reflected the limited amount of data available for estimation of corre-
lations. Therefore, the model depended on extrapolation of rate constants
measured in the laboratory or published in the literature. As the number
of necessary rate parameters that must be directly measured in the system
of interest increases, specific application of the model becomes more
difficult. Lack of close agreement between simulated and measured concen-
trations of anthracene in peripbyton, clams, and sediments likely reflected
the difficulties in extrapolating laboratory determined rate constants to
the streaws. For example, rate of uptake by periphyton was overestimated.
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The cultures of algae used in the laboratory exper?ments to de?erm1n;
uptake did not resemble the flora that was growing in the experimenta
channels.

While no data from the artificial streams are available to evaluate
the simulated transport of naphthalene and B(a)P, the agreement between
predicted and measured anthrazene transport and several general aspegts of
the simulated behavior of naphthalene and B(a)P generated some copf1dence
in the model's general applicability over a wide range of possible PAH
compounds. In the naphthalene simulation, volatilization proved to be the
single most important process that determined transport of naphthalene.
This agrees favorably with general experience with this low molecular
weight PAH.

Photolysis initially accounted for &40 percent of the degradation of
B(a)P inputs to the simulated streams. The modeled importance of photo-
lysis agrees with the observations of Zepp and Schlotzhauer (1981) and are
consistent with expectations based upon the relatively high molecular
weight of this compound. However, the low solubility of B(a)P in water
(~lpg-ml ') resulted in most of the external input being shunted to the
sediments where it entered the food web via the feeding activity of benthic
invertebrates. Given the observation that B(a)P was imput in excess of its
solubility limits during this simulation, strict comparison with the an-
thracene and napthalene simulations may be unjustified. In future model
application, equimolar concentrations might provide results that are more
valid for purposes of comparison.

Initial results of application of the model indicated that molecular
weight carries considerable information concerning transport of PAH com-
pounds through lotic systems. Nevertheless, much work is still required to
evaluate the overall utility of FOAM. Rigorous sensitivity analysis will
identify a set of parameters, of whick the values must be measured with as
much accuracy as possible, as well as point out those parameters that need
only be estimated, say, within an order of magnitude. Systematic variation
of individual parameters in repeated zimulations will accomplish this
aspect of the sensitivity analysis. From past experience with functional
forms used in FOAM (Bartell et al., 1981), likely candidates for sensitive
parameters in the production submodel are the Bayesian food preference
values, wij’ and assimilation values, aij'

The dynamics of PAH transport implicit in molecular weight are me-
chanically translated by several regressions into variable parameters
associated with the processes of photolysis, sorption, volatilization, and
solubilization. As a function of available data, each regression has its’
own band of confidence limits about the regression equation. For a parti-
cular molecular weight, regression derived parameters can be selected
randomly about the regression within the 95 percent confidence limits. Use
of these stochastic parameters in repeated simulations constitutes another
aspect of the necessary sensitivity analysis of FOAM. This analysis will
evaluate the robustness of the regressions and indicate which relationships

should receive additional attention or which ones require larger data
tases.
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Even without the results of rigorous sensitivity testing, there are
several aspects of the wmodel that require modification. _The version of
FOAM used in present simulations fails to link hydraulic power to net
suspension. Resuspension and settling rates of particulates_are now 1nd§-
pendent of current velocity, clearly an unrealistic assumption. Given the
importance of PAH sorption to particulates, dyuamics of'partlculate sus-
pension are potentially important in terms of removing d1ssolged PAH_from
the water column and introduction of PAH into organisms that either fllter
feed or work the sediments. The submodel for nst suspension spould ipcor-
porate hydraulic power, reach dimensions, and size distr%but:ons of sus-
pended and settled particulates to more realistically simulate particle
processing in lotic environments.

The hydrologic routine is only capable of simulating constant flow.
conditions. All reaches are identical in morphometry, and dischagge into
the uppermost reach equals discharge between all reaches; Fhe §1gu1aFed
stream is hydrologically in a dynamic steady-state. While this limitation
does not constrain application of the model to the artificial channels,
model application to natural lotic systems depends upon the degree of
similarity between the stream segment of interest and the constant geometry
of the model reaches. Clearly, to make the model useful to the majority of
streams and rivers of interest, many of which are impounded, the hydrologic
submodel needs to be modified or replaced by an algorithm that can handle
variable reach dimensions and discharge regimes.

Simulation of B(a)P transport suggested, counter-intuitively, that
sorption was not an important process in determining the fate of this PAH.
Previous research (Karickhoff et al., 1979) indicated that this high molec-
ular weight, relatively insoluble PAH should readily sorb to particulate
matter. The regression was derived from analysis of data that described
sorption kinetics for a variety of PAH compounds and river sediments
(Karickhoff et al., 1979). The derived regression has an opposite slope
from a regression based upon sorption data from another source (SRI Report
in EPA file). Clearly, the analyses that lead to the present submodel must
be re-examined. It may be worthwhile to test the implication of the re-
gression based upon the SRI data base in the sorption submodel and overall

transport of compounds that appear readily sorbed to particulates, such as
B(a)P.

Another potential mechanical modification of FOAM resides in the
current integration scheme. The mass balance equations, while conceptual-~
ized as a set of coupled partial differential equations (e.g., equation
5.3.1), are mathematically handled as a set of different equations with a
simple Euler integration routine. Results of simulations repeated at
different time steps should be compared in order to determine a time step
that optimizes precision and computing time. It might be necessary to
include a more sophisticated numerical integration algorithm (e.g., vari-

able step size Runge-Kutta method) *n maximize precision at the expense of
increased computer costs per simulation.

A major conceptual weakness of the model lies in the production of
metabolic or degradation products of the particular PAH simulated. The
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current revision of FOAM directs a constant fraction of metabolized pareat
compound into the metabolite pool. We assume for the moment that
the metabolite pool does not undergo further degradation. No moleculér
weight was assigned to the metabolite. In future versions of the model it
may be possible to simulate some characteristics of the degradation pro-
ducts based upon the structure of the parent compound. For example, the
number of rings and the kind, location, and rumber of functional groups
that comprise the parent compound might be used to predict the chemical
structure of degradation compoui:ds that result from photolytic and metabo-
lic processes.

The physiological process structure of the equations for PAH transport
through the food web encourages linkage of lethal and suolethal toxicity to
the overall transport model. In the past, fate and effects have been
largely examined independently. As information accumulates concerning the
processes affected by toxic compenents of PAH, the component of the growth
derivative can be modified appropriately. For example, low molecular
weight fractions of certain oils have been shown to decrease the rate of
photosynthesis of marine algal species. This effect could be translated
into a concentration Jependent term that multiplies the simulated photosyn-
thetic rate by the appropriate factor to model the toxic effect. Similar-
ly, rates of other processes (feeding, respiration, excretion, etc.) might
be adjusted to simulate toxic effects. Incorporation of these toxic effect
multipliers would directly link effects to transport through the food web.

Feedback between the modeling effort, analysis of published data, and
evaluation of laboratory and field microcosm experiments will result in
modification of FOAM to increase the model's usefulness as a managemert
too! for predicting PAH dynamics in lotic systems.
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SECTION 6
CHANNELS MICROCOSM STUDIES
SECTION 6.1

FACILITY DESCRIPTION

The channels microcosm facility used in this study is locaEed on the
Department of Energy's (DOE) Savannah River Plant (SRP), a 507 km“ reserve,
including portions of Aiken, Barnwell and Allendale Counties in South Caro-
lina, U.S.A.

The channels microcosms facility (Figure 6.1.1) is a pass-through
system consisting of six separate cinder-block channels, each 91.5 m long,
0.61 m wide, and 0.31 m deep. Located at the upper end of each channel is
a pool 3.1 m long, 1.5 m wide, and 0.9 m deep. At the lower end of the six
channel facility is a single large pool 10.2 m lrag, 3.1 m wide, and 1.9 @
decp. For these studies, the channels and headpovls were lined with a 0.05
com thick black polyvinyl chloride (PVC) film and covered with 0.05 meters
of washed quartz sand substratum.

Water for the channels was pumped from the Tuscalcosa aquifer via a
deep well located near the facility, treated to remove CO,, and hydrated
lime added to produce inorganic water quality similar to that of surface
waters in the local upper coastal plain (Table 6.1.1). Water flows were
monitored by v-notch weirs on each head pool where water enters the chan-
nel. Flow rates of 75.7 £+min ~ were maintained manually by input valves
located abgve eag? headpool; tkis resulted 1n a current velocity
of 1.0 x 10 © m-sec and a retention time of 2.5 h. The water depth in
each channel was maintained at 20 cam by use of control gates located at the
lower end of each channel.

Effluent water from the channels was pumped from the tail pool at a
rate of 108 gpm, into a large steel treatment tank where it was gravity fed
through a filter of activated charcoal and gravel prior to final release to
the local environment. At the point of release anthracene and anthracene
degradation compound concentrations in the process water were at or below
background levels for water supplying the facility.

At the time water flow was commenced four channels were seeded with a
50-£ slurry of water, sediment and biological material (i.e., algae, zoo-
plankton, macroinvertebrates) from seven locations around the SRP site:
Brinkley Well, Skinface Pond, Ellenton Bay, Dicks Pond, Asphalt Pond and
Upper Three Runs Creek. Seeding was conducted weekly from March 11, 1979
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View of channels microcosms facility.

Figure 6.1.1.
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Table 6.1.1. Mean water quality of treated well water

Total alkalinity 17.5 mg/% as CaCO3
Hardness 21.5 mg/2 as CaCO3
PH 6.6

Specific conductance 31 ¢ mho/cm

Ionic strength (I) 2.5 x 10-4

DO 8.5 mg/L

CO2 3.25 mg/2

s0,”2 1.9 mg/2

Total P 10.1 pg/2
Nitrogen (NO2 + NO3) 19.2 ug/2

Ca 3.17 mg/2

Cu 3.4 pg/L

Co 2.5 pg/L

cd 0.023 pg/2

Cr 0.3 pg/2

Fe 1.7 pg/e

K 1.1 pg/2

Mg 246 pg/2

Mn 7.0 pg/L

Na 1.8 mg/2
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through June 13, 1979 and daily from June 13, 1979 to July 16, 1979 after
which these channels were allowed 10 weeks of additional colonization prior
to the introduction of anthracene. Also, during the early stages of the
seeding processes the macrophytic angiosperm Juncus canadensis was trans-
pPlanted to the system. Juncaceae represent the dominant imacrophytic group
which has naturally colonized the channels during past studies (Kania et
al., 1976, Giesy et al., 1979). o

METHODS AND MATERIALS

Anthracene (Aldrich Chemical Co.) was made up to 64986 mg-!l-1 in
pharmaceutical grade ethanol. Stock was introduced via a peristaltic pump
at 2.12#0.2 ml+min for a nominal anthracene_ioncentration of 18.2 ug-%£
and a nominal ethanol concentration of 28 mg+£ ~.  Fresh stock solution was
prepaied daily and was introdured through stainless steel tubing (excepting
15 cm of silicon rubber tubing within the pump) directly into the turbulent
mixing zonme of the channel. Ncminal anthracene concentrations were o
obtained. The average observed input of anthracene was 16.2 and 13.8 pg-£
for the abiotic and biotic experiments, respectively.

Anthracene was introduced into a newly lined uncolonized channel
microcosm (abiotic study) for five days (August 18-22, 1980) and samples of
water, sediment (sand) and plastic liner material were taken from reaches
one, two and five. Samples cf water, sand and plastic liner were taken on
days two and four at dawn and 1530. Samples of water, sand and plastic
liner were taken at noon on day one and three and at 1030 on day five. No
samples were taken after the five day input period.

Anthracene was svbsequently introduced into a biologically colonized
channel (biotic study) for 14 d of exposure (September 22 - October 6,
1980). Samples of water, organic sediment, periphyton, fish, clams and
plastic liner were takeu from reaches one, three and five on days 1, 2, 3,
5, 8 and is during the period of anthracene input. Samples were also taken
1, 2, 4, 8, and 14 days after anthracene input was terminated (October
6-20). For sampling and modeling purposes, the channels were divided con-
ceptually into five 8.3 m long reaches. Samples were taken at 4.58, 9.15,
and 13.7 m from the beginning of each sampled reach. For the abiotic
study, water samples only were taken on days two and four at dawn and 1530
to evalunate photolysis losses. Water, sand, and plastic were also sampled
at noon on days one and three, and at 1030 on day five.

In the biotic study, water samples were taken at noon on days 1, 2, ,
5 and at dawn on days 2, 5, 8, 15, 16, 17, 19, 23 and 29 from reaches one,
three and five. Sediments and periphyton were sampled from reaches one,
three and five on days 2, 3, 5, 8, 15, 16, 17, 19, 23 and 29 at 0830.
Clzms, fish and plastic were sampled from reaches one and five at 0830 on
the szme days as the sediment and periphyton.
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Water

One-liter water samples were acidified with 1 ml of concentrated HC1.
Control and blank waver samples were taken at the weir prior to the addi-
tion of compound. The control was spiked with 3135 ng (abiotic study) or
5371 ng (biotic study) anthracene and 4578 ng (abiotic study) or 5076 ng
(biotic study) anthraquingpe in 30 pl acetonitrile. The water samples were
passed through Amberlite -4 resin (Rhom and Maas, Philadelphia, PA)
macroreticular adsorbant for anthracene and anthraquinone. The resin
columns were 1.5 cm diameter x 25 cm long equipped with a 250 ml reservoir
and a stopcock. A plug of glass wool was placed in the column and 30 ml of
wet precleaned XAD-4 resin was added to the column. The resin was pre-
cleaned with and clored under nanograde methanol. Prior to use the columns
were drained and rinsed with 10 bed volumes of deionized water. Water
sagqles were percolated through the resin at a flow rate of 0.8-1.2 £ -
hr °. The columns were eluted sequentially with two bed volumes each of
anhydrous diethylether and nancgrade acetone. The solvents were combined

.and dried over anhydrous sodium sulfate. The solvent volume was reduced to
~ 200 pl by a combination of rotary flash evaporation and evaporacion under
a stream of nitrogen. Acetonitrile (2.0 ml), containing the chrysene
internal standard, was added to each sample. This was mixed and 25 pl
analyzed by high pressure liquid chromatography (HPLC). The recovery from
fortified control samples was 62.3%9.8% (x * SE) for anthraceme (n = 7) and
841+13% for anthraquinone (n = 7) in the abiotic study. For the biotic
study the recoveries were 89.2%2% for anthracene (n = 24) and 105%3.4% for
anthraquinene (n = 24).

Sediment

Sand sediment to be sampled during the abiotic study was placed in the
channel in 3.3 cm deep crucibles. One crucible was iemoved from each sta-
tion at each sampling time. The interstitial water was removed by vacuum
filtration. Samples were extracted in a soxhlet apparatus for 18 h with
benzene:acetonitrile (65:35, v/v). The samples were dried over sodium sul-
fate and prepared for HPLC analysis as previously described. Blanks and
control samples were vremoved from the stream prior to the addition of com-
pound, filtered and stored frozen under acetoniirile. Prior to analysis,
controls were spiked with 1045 ng anthracene and 1526 ng anthraquinoge.

Organic sediments for the biotic study were collected from a silt bank
at Box Landing on Upper Three Runs Creek. The sediment was sieved throvgh
a 5 mm stainless steel screen, mixed and placed in 144, 15 x 60 mm glass
petri dishs. Twelve cof the sediment filled petri dishes were placed at
each sampling station in reaches 1, 3 aod 5. One randomly chosen petri
dish from each rampling station was removed at each sampling time. Three
control sediments from an adjacent channel, which did unot receive anthra-
cene, were removed per sampling time. Figure 4.2.1 (Section 4.2 this
report) shows a flow diagram of the extractiou and analytical procedure
utilized for sediment samples during tne biotic study. Each sample was
filtered through Whatman aumber 4! filter paper usirg ~20 ml of distilled
water to rinse the petri disk. The sediment was weighed and ~10 g sub-
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sampled for extraction and analysis. The remainder was dried at ~50°C for
1 to 2 weeks and dry weight determined. Each subsample for extracticn was
mixed with ~10 g of granular anhydrous Na.SO,, transferred to a Whatman 22
x 80 mm cellulose extraction thimble and stored under 35 ml of acetoni-
trile, at -20°C. The three control sediments were treated identically
except that one sediment was spiked prior to addition of sodium sulfate
with 1045 or 1790 ng of anthracene and 1526 ng or 1685 ng anthraguinone in
acetonitile.

One sample set corresponding te one sampling date consisted of 9 ex-
periment:ls, 2 background controls and ) spiked control. The sediments and
acetonitrile for each samrle set were placcd in soxhlet extractors with 65
mnl of benzene and extracted for 18 h. The crude extracts werg rotary flash
evaporated to ~2 ml; passed through a 7 cm column of Florisil®, eluted with
three benzene rinses (v2 ml each) of the round bottom flask and 10 ml of
90% Benzene:methylene Cl1,(9:1, V/V). The sample volume was reduced by
rotary flash evaporation ‘and evaporation under a stream of nitrogen to 200
pl. Two or four milliliters of acetonitrile containing a chrysene, ianter-
nal standard was added to each sample. The samples were mixed and placed
in a freezer overnight. Precipitates that formed overnight were removed by
ceatrifugation and the superantant was transferred and stored at -20°C
until HPLC analysis. Recovery of anthracene from spiked sediment was 73.3
+ 7%, n = S. Anthraquinone could not be quantified in extracts from sedi-
wents because of aa interfering compound, which could not be resolved from
anthraquinone by HPLC (see Section 4.2).

Periphyton

A constant area of 75 cmz of periphyton was scraped from the walls of
the channel. This was removed as an aqueous suspension., After all the
samples were tlaken, the water was removed by filtration and a wet weight
determined.

Subsamples from each reach were removed for subsequent species identi-
fication. Samples for identificaticn were stored in a mixture of 60% deio-
nized water, 30% ethanol (35%1) and 10% formalin, prior Lo microscopic
analysis. A sccond subsample was stored under ethylacetate:acetons (4:1,
V/V) at -20°C. Three controls and one blank were taken from a non-exposed
channel. The controls were spiked with 1790 ng anthracene and 1685 ng
snthraquinoane in 10 pl acetonitrile,

The samples were extracted by homogenization in a TenBroeck Uissue
grinder with 2 x 12 ml ethylacctate:acetone (4:1, V/V) and 2 x 12 ol cyclo-
hexane. The extracts were combined, dried over Na, S0, and the volume re-
duced to ~ 300 pl. The internal standard was added initizlly in 2 ml
acetonitrile. However, problems of a two phase separation occucred; subse=
quently, 1 ml ethanol was used to add the internal standard. The samples
were analyzed by HPLC. ‘The recovery of anthracene from forlified samples
was 70.1%2%. Samples were corrected for backgrouand, which averaged 107 ng
anthracene per sample.
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Fish

The conditions for the subsequent experiments on fish in the channels
were slightly different. Juvenile bluegills, Lepomis macrochirus, of mean
length 5.0 + 0.1 cm (+ 2SE, N = 58), mean wet weight 1.2 + 0.1 grams (N =
58), and with a dry to wet wcight ratio of 0.222 (N = 45), were obtained
from the National Fish Hatcheries at Millen, Georgia and Orangeburg,
South Carolina. Only fish appearing in excellent condition were used. The
fish were acclimated for 48 h in a control channel and thea transferred to
glass and stainless steel mesh cages in the experimental channel 12 h
before the 1vitiation of anthracene dosing. During hoth the acclimation

and experinental periods fish were fed with Tetra Min staple food flakes
once a day.

Fish for anthracene assays were collected by dip net, wet weights were
determined and whole fish were placed into wvials containing ethvlacetate:
acetone (4:1 v/v) aud stored at =-20°C until analyzed. Prior to analysis
fish were homogenized in 2 x 12 ml ethylacetate acetone (4:1, V/V) and 2 x
23 ml cyclohexane in a TenBroeck glass tissue grinder. Extracts were
combined, dried over anhydrous Na, SO, and volume reduced to ~ 300 pl.
Coatrol fish were spiked with 895 ng anthracene and 843 ng anthraquinonz in
5 pl of acetonitrile. A chrysene internal standard was added to each sample
in 2 ml of acetonitrile. Analysis was by HPLC and anthracene recovery from
fortified controls was 94.5 + 2.5%. Reported fish whole boay anthracene
cotcentrations after 24 - 144 b of depuration are freshly dead animals
collected when observed or taken at the end of the experiment. Analyeis of

-dead fish became necessary due to unexpected acute phototoxicity (sce
Section 6.6).

Clams

Individual clams were sampled from each sampling station and a wet
veight determined. The tissue and all fluid from the closed animal were
blended and a homogencous subsample taken for analysis. The weight of the
subsample and shell were determined. The sample was added to 40-60 w®l of
anhydrous Ns,SO, for desiccation and stored under either cyclohexane or
cycohexane:ethylacetate (1:1, V/V) at -20°C. Three controls and two blanks
were prepared in the same mann:r from an uncxpesed population. The con-
trols were spiked with 895 ng anthracene and 843 ng anthraquinone respec-
tively.

The sodium sulfate coated with desiccated clam was extracted by shak-
ing with 2 x 50 ml cyclohexane:ethylacetate (1:1, V/V) and 2 x 50 =l cyclo-
hexane. The volume was reduced to ~ 200 pl and internal standard added in
acetonitrile. The recovery of anthracenc from fortified samples was 8727%

(n=6).
Plastic Liner

Plastic strips were placed at mid-reach in reaches one, two and five
(abiotic study) and one, three and five (biotic study). These were sampled
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using a cork borer which yielded plugs of /.45 cmz. Six plugs were taken

at each sampling time. The plastic was stored in the freezer prior to
analysis. The plastic was extracted by shaking 5 min in (2 x 20 ml) ethyl-
acetate:acetone (4:1, V/V). Recovery for fortified samples was 91%7% for
anthracene. The samples were prepared for HPLC analysis as previously des-
cribed for water extracts.

Weather and Sunlight

Air temperature, water temperature and general weather conditions were
recorded at each sampling time. Solar radiation was determined using a
Belfort Instrument Company Pyranograph Cat. No. 5-3850A located approxi-
mately 10 miles southwest of the channels microcosms.

Quantification

The saamples were analyzed for anthracene and amnthraquinone using a
Varian Model 5000 HPLC system with a 254 nm fixed wavelength detector.
Separations were made with a 35 cm Micro-Pak MCH-10 reverse-phase column,
which wvas cquipped with a Whatman guard column of Co-Pel C. OD5 on 35 um

s . o, 18 .
particles. <{ompounds were eiuted from the column at 28 C by programming
the moble phase from a 75% acetonitrile: 25% water mixture to 90% acetoni-
trile: 10% water (Johnson et »l., 1977). Acctonitrile (90%) was pumped
through the column for five min before recreating the initial conditions.
The sediments required a gradient to 100% acetonitrile to remove late
eluling compounds.

Quality Control/Quality Assurance

The recovery and precision for each of the matrices was determined by
applying the proposed method to for&zfied samples (Table 6.1.2}. Many of
these studies were performed with C-anthracene. The stovage stability
was checked by storing fortified samples the same length of time as the
samples.

The background determinations were made from samples analyzed at the
same lime as the eavironmental samples. The limit of detection was taken
to be 3 0 + background (Table 6.1.3). The linearity of the analysis was
determined with ecach sample set by creating & standard curve.

The accuracy of the analysis wvas determined by analy:ing a standard
PAH mixture Alltech (PAH-I) which contained anthracene. The relative
amount of anthracene determined over several months was 96.5 + 8% (n = 10).

Double peaks at or near the retentioa time for anthraquinone for some
sediment samples were confirmed by GC-mass spectrometry (see Section 4.2).
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Table 6.1.2. Recovery and precision of anthracene and anthraquinone from
various matrices.

MATRIX % RECOVERIES a
Anthracene Anthraquinone

Sediments

A) Sand 15.5 ¢ 2 b

BR) Organic 71.2 t 12 b
Fish 87.7% 6 92.3 ¢ 8
Periphvton 78.5 t 2 g2.2 3
Clams . 78.9 £ 2 93.2 t 2
Water 81 2 97.6 £ 4
Plastic Liner 91.1 ¥ 7 b
®x t 15D

bnot determined because of interferences
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Table 6.1.3. Background cand limits of detection for analysis of Anthracene
and Anthraquinone from various matrices.

Hatrix Background Limit of Detection
Anthracene Anthraquinone Anthracene Anthraquinone
Water
Input Phase 56 + 44 ngn?..l 322 + 336 188 ng-.ﬂ.1 1330 ng°2-1
Depuration -1 -1
Phase 3.8 t 8.5 ng-2 ND 29.3 ng-¢ -
Periphyton 0.68 t .64 ng‘cm-z ND 2.6 ng-cm-z -
Fish 47.6 ng/fish ND 116.9 ng/fish
Clans 103 + 70 ng-g dry w'l ND 315.75 ng°g dry vt
S:diments 53.3 t 26 ng°g dry wl-l ND 131.6 ng-g dry wt'l
Plastic ND ND

ND Not detected. Instrument Detection limit 0.25 ag =5 x 2N
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Statistical Methods

Rate constants for accumulation and elimination from eack geological
and biological matrix as well as steady state concentrations were estimated
by least-square fits of the data to first-order, donor-dependeat models.
Each data set was fit independently by the methods of Giesy et al. (1980)

vith the Marquardt iterative least square proccdures (NLIN of the Statisti-
cal Analysis System, Barr et al., 19/9).

Dynamics of anthracene in each component were calculated by fitting
data to cquations with the general form given in equation 6.1.1

dCa 6.1.1
— =K C -~ K,-C
dt U W d “a
where
Ku = uptake rate copstant
Kd = depuration rate constant

Cv = concentration of anthracene in the water
Ca = concent.ation of anthracene in the component
t = time

To avoid biases introduced by making inaprropriaste assumptions, most param-
eters were estimated by several different equations, which wade differecnt
assumptions.

Plastic Liner

Accumulation of anthracene by the PVC liner was linear during the
period which anthracene was input into the channels (Fig. 6.2.3). AfFer
anthracene iaputs were terminated, .nthracene desorbed slowly from the PVC.

Because organic compounds such ag anthracene tend to partition into
organic matrices an rstimate of the possible loss to the PVC liner was made
by exposing PVC strips, which were not colonizea by periphyton. Sorptive
losses to PVC estimated in this manner are a8 conservative estimate. That
is, becduse the PVC extracted was not covered by periphyton, this number
represents a maximum loss to the liner that weuld be expected.

The uptake flux into any component can be describcd by equation 6.1.2

J =cCc - K 6.1.2
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By making the initial rates assumptions, that the amount or anthracene in
the component of interest is small during the initial uptake period, one
can estimate the uptake rate constant by taking a tangent to the uptake
curve (J) and dividing by the water concentration.

Because the water concentration C  is relatively constant for a given
period of exposure the equation which descrives the dynamics of anthracene
in a given component can be simplified to

K . 6.1.3
c, =Y. a-e %t

a
Ks

the concentration of anthracene in the component cf interest approaches
steady state as t »* a. Thus, at t » «

»

u
-_ 6.1.4

K

Equation 6.1.4 gives the relationship between the bioconcentration factor
(BCF) or steady state distribution between the water and component of inter-
est. Also, from equation 6.1.4 it can be seen that the steady state concen-

tration can be predict~d from equation 6.1.5, when the water concentration is
constant ‘

c,=¢. Q- e (Kgt)) R 6.1.5
where
css = steady state concentration in component.

We have given equations for estimating KU, KD and CSS during the
period of exposure. To test for biases in fitting equatioas to estimate KD
during only the uptake period, the coocentration of anthracene in each
component was followed during the depuration period, when no anthracene wss
being added to the channels. Estimations of multiple depuration rate
constants were made by fitting the observed data to equation 6.4.1

n -(Kdi-t)
C,=2Ca, e 6.1.6
at |~ i
i=1
where
at = concentration in componeunt at time t
cai = initial concentration in ith component
i = individual depuration component
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di

depuration rate constant for ith componew’.

aumber of independent depuration componentsg
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RESULTS AND DISCUSSION
CHANNELS MICROCOSM STUDIES
SECTION 6.2
WATER
In the asbiotic study the control samples for the water had recoveries

of 62.3 t 9.8% (x * SE) for anthracene and 84 * 13.1% for anthraquincne
(Table 6.2.1). These values were considerably lower than those determined

Table 6.2.1. Percent recovery of anthracene and anthraquinose from coatrol
water samples in abiotic channels experiment.

Saaple Set Anthrac?ne % Recoveryb AnthraquxTone % Recovcryb
ng-£ ng-£
1 1745 56 5442 119
2 2960 84 5178 113
3 1917 61 3192 70
4 2172 69 3493 76
5. 674 22 1451 32
6 2265 12 4298 94
7 3096 99 5705 125

®0ne liter control water samples were taken upstream of anthracene input
(weir) at each sampling period and spiked as follows: 3135 ng anthracene
and 4578 ng anthraquinone in 30 pl acetone. Blank water (no additions)
recor?ed anthraccne (91.8 t 78 ng- £ ') and anthraquinone (298 * 213
ng*2

bCalculated as; ng°£- detet:u:-d/ng'ﬂ-l spiked.
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for samples of the same water fortified in the laboratory -- 81.1 % 1.5%
for anthracene and 97.6 * 3.9 for anthraquinone. This may have occurred
due to the additional handling and transport time (30 minutes) in the heat
from the channels microcosms to the laboratory.

Aftcr correcting for recovery, some loss occurred between the input
aad the first sampling station which was not accounted for by the sum of
the anthracene and anthraquinone (Table 6.2.2). The average accountability
vas

Table 6.2.2. Calculated input of anthracene to channel
and measured values in reach one.

Day Calculated Anthracene Measured Anthracengl
Input (pg-£ °) Concentration (pg*2 ')

1 17.7 11.4 + 0.4%°

2 12.6 11.4 £ 0.7°

3 21.1 7.3 ¢ 1.3

4 21.8 18.4 ¢ 1.7°

a

x t 1SD, all values corrected for average control
recovery

bValues recorded at noon

Cvalues recorded at dawn (7:30 am)

76 £+ 5.3% and ranged from 48-95%. The average actual anthracene concentra-
just below the_{nput in both the biotic and abiotic studies were approxi-
mately 12 pg*2 . Anthracene concentrations in the water showed signifi-
cant diurnal variation. MHaximum water concentrations (steady state) were
achieved and maintsined during periods of darkness. However concentrations
decreased significantly with distance downstream during daylight periods.
Photolysis accounts for 100% of the loss down the channel, with the other
matrices falling fn the experimental error of our ability to measure water
concentration. In the absence of photolysis (dawn samples) the anthracene
concentration in the water was at steady state within 24 h in both the
abiotic and biotic studies (Table 6.2.3 and 6.2.4) (Figs. 6.2.1 and 6.2.2).
Samples taken at noon or 1530 h had lower concentrations of anthracene than
dawn samples in reaches 3 and 5 (Table 6.2.3 and 6.2.4, Figs. 6.2.1 and
6.2.2 ). The loqﬁ rate constant for all noon and afternoon samples was
0.016 t 0.006 min wvhich is a half life of 4” 3 % 12 min. Siuce the loss
of anthracene was observed in both the abiotic and biotic study the most
probable cause is photolysi; rather than photo-respiration by microbial
populations in the water and Lenthos.
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Table 6.2.3. Concentration (pg-ﬂ-l) of anthracene and anthraquinone in water.

Day Time Reach 1 Reach 2 Reach 2
Anthrag?nc Anthraqginone Anthragine Anthraqg}none Anthrag?ne Anthraqui?one
Hg -2 Hg-2 Hg 2 Hg2 pg -2 Hg-1l

1 12:00ps 7.7 20.3 2.4 % 0.3 3.1 0.1 3.9¢2 1,8+ 0.1 2.4 to0.7

2 8:00 am 7.7 £ 0.4 0.09 2 0.05 8.2 0.3 0.08 * 0.03 7.9+ 0.2 0.08 £0.05
2 3:00pm 5.3 % 0.8 0.8 % 0.4 3.4 2 0.3 2.1 *0.5 1.7% 0.3 1.7 0.3

3 12:00pm 4.9% 1.0 3.0 0.4 3.4 1.0 3.1 0.4 1.320.1 2.7 £0.3

4 8:00 am 1.8 + 13.3 0.8 % 0.5 13.1 £ 0.3 0.6 *0.3 11.7 £ 1.3 0.3 *0.08
4 3:00 pm 14,1 % 12,2 3.6 % 1.2 4.7 0.6 4.6 t 1.4 0.9+0.2 3.0 *0.9

5 10:30 am 5.2 % 3.4 1.5 2 0.6 9.9 £ 1.5 4.9 *1.5 9.0+ 0.2 4.8 %1.2

All values wean %t SD of three sam,...ng stations in ecach reach.



Table 6.2.4. Percent accountability nM anthracene + nM anth:aqui-
nona/actual anthracere input (uM).

Reach 1 Reach 3 Reach S
Dawn ‘ 102 106 103
Noon 96 77 48
Dry 8 Heavy .
Cloud cover 110 95 80
Noon

Concentrations of anthraquinone were more variable than those of an-
thracene. Anthraquinone concentrations werc near zero in camples taken at
dawn (Table 6.2.5). Concentrations QS anthraquinone in water samples taken
during the day ranged from 1-5 pg-£ '. This suggests that the cuthraqui-
none was due to photoliysis of anthracene.

Plastic Linecr

Accumulation of anthracene by Jhe PVC liner was linear durirg the
period during which anthracene was input into the channels (Fig. 6.2.3).
Atter sunthracene inputs were terminated, anthracene desorbed slowly from
the PVC.

Because organic compounds such as anthracene tend to partition inte
organic matrices an estimate of the possible loss to the PVC linear was
made by exposing PVC strips, which were not colonized by periphyton. The
estimate of sorptive losses to PVC estimatec in this manner sre a conserva-
tive estimate. That is, because thc PVC extracted was not covered by
periphyton, this number represents a maximum loss t the liner that would be
expected.
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BIOTIC STUDY
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Table 6.2.5. Input and mass balance of anthracene/anthraquinone in reach one.

Day Sagple Calculated Input Measured Concentration Mensured Conceatration Perceat
Time Anthracene (nM) Anthracene (nM) Anthraquinone (nM) Accountability

1 12:00 pm 99 63.9 13.1 77.8

2 7:00 am 99 63.5 0.4 64.7

2 3:30 pm 71 44.7 4.3 €8.7

3 12:00 pm 118 40.4 15.8 47.7

4 7:00 pm 118 108.7 1.3 94.7

4 3:30 po 122 58.4 19.2 63.6

5 10:30 aa® 0 42.5 8.1 -

aAccountability = uM anthracene + nM anthraquinone/calculated anthracene input (aM).

blnput stopped 1 h prier to sampling.
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SECTION 6.3

SEDIMENTS

The rate constants for uptake and depuration from sediments were not
significantly differeat among the three reaches (Table 6.3.1 and Fig.
6.3.1). This indicates that the rates of accumulation were indeed first-
order with respect to water concentrations of anthracene because the mean
concentrations of anthracenc in the water varied and fluxes into the sedi-
ments varied in proportion to the water concentrations. Depuration from
the sediments was also first order with respect to the concentration in the
sediment (Table 6.3.1 and Fig. 6.3.1). Because the rate of accumulation
could be related to the rate of diffusion intc the sediment, we normalized
the concentration of anthracens in the sediments on both a weight (Tuble
6.3.1) and area basis (Table 6.3.2). The relative variabilities of the K ,
K, and Css values from the three reaches were less when normalized to aréa
but not greatly so (Tables 6.3.1 and 6.3.2,.

The sorption and desorption of PAH are some of the most difficult
mechanisms to model and predict. Most previous models have used steady
state partitioning coefficients in completely mixed systems to predict the
proportion of PAH associated with the sediment. It is difficult to develop
a probabilistic model to predict the PAH sorbed to settled sediment or to
quiescent sediment. Also, the rate of sorption and desorption of PAH from
quiescent sediment may be determined by the rates of diffusion into and out
of the sediment as well as settling and resuspension processes.

The results of the experiments presented in Section 4.2 indicate that
PAH diffuse into organics and clay lattice spaces as a function of time and
become less available. One of the most difficult hydraulic processes to
twode]l is bed movement of sediment. This process may be potentially impor-
tant in determining the dynamics of PAH associated with sediments. Fur-
thermore, catastrophic (i.e., storm) events may be the most important
process in determining the overall movement of PAH associated with sedi-
ment. Bioturbation has been found to be an important process in determin-
ing the transport of PAH into and out of sediments. Even though many of
these transport and :esuspension mechanisms are kmown and quantifiable,
developing a mathematical simulation model will be difficult. One of the
main rcasons is the temporal scaling of catastrophic effects, relative to
the time steps required to attain adequate resolution of other processes.
For this reason we feel that simulation of the dynamics of PAH associated
with sediments will always be one of the least accurate components of
simulation models. This will be a severe limitation of simulation models
becaus: of the great affinity of sediments for PAH in aquatic systems
(Giddings et al., 1978). We suggest that for short-term simulations the top
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2 cm be considered us a homogeneous completely mixed storage pool for which
the sorption and desorption fluxes are not diffusion limited.
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TABLE 6.3.1. First ovder rate constants for uptake and release of anthra-

cene from organic sediments during the channels microcosm
experiment based oa dry weight of sediment. Data was fit by
the Marquardt iterative least squares procedure. X + SE,

n =3, PF < 0.001 for all regressions. -

Reach Reach Reach
1 3 5

K,° 1.3 + 0.093 1.4 + 0.13 1.4 + 0.11
xdb 0.0048 + 0.0007 0.0049 + 0.9009 0.0040 + 0.0007
K,° €.0022 + 0.0003 0.0022 + 0.0004 0.0025 + 0.0003
c_° 3265 + 266 2980 + 298 2917 + 306
a ml-g-l'h-l
b, -1

h °, assuming density of sediment is near 1, estimated from data collccted
during anthracene input.

< hul, estimated from data collected during period of no anthracene input.

ng ant.hmcene'g-1 sediment, dry weight
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Figure 6.3.1.
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TABLE 6.3.2.

First order rate constarts for uptake and release of anthra-

cene from organic sediments, based on area of sediment.
Data was fit_by the Marquardt iterative least squares

procedure.

X+ SE, n =3, PF < 0.0001 for all regressions.

Reach

Reach Reach
1 3 5
K 0.22 + 0.014 0.27 + 0.016 0.26 + 0.019
xdb 0.0034 + 0.00056  0.0039 + 0.0005 0.0032 + 0.0006
K, 0.002 + 0.0003 0.0023 + 0.00033  0.0027 + 0.00028
c_¢ 800 + 85 685 + 57 680 + 87

8 ml'cm.z'b-1

b, -1

h °, estimated from data collected during period of anthracene exposure

¢ . -1

h °, estimated during period of no anthracene input

ng anthracene°cm-2

cediment
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SECTION 6.4

PERIPHYTON

The anthracene concentrations reported are not corrected for extrac-
tion efficiency which was 71% + 0.1 (X + SD). Thus, the numbers reported
are approximately 30% less than the total amount of anthracene contained in
the periphyton. Since the reported values would be corrected by a constant
this does not affect the trends reported. Since there is an error associ-
ated with determining the extraction efficiency at each point we decided
not to ccnfound this error with that of the extractions and quantifications

of anthracene in periphyton. The drv to wet ratio for periphyton was 0.034
+ 0.016 (SD, n = 11). -

Concentrations of anthracene in the periphyton community were normal-
‘ized to both an srea and a wet weight basis. Similar crends were observed
for data reported in both ways (Figs. 6.4.1, 6.4.2, and 6.4.3). The coef-
ficient of variation was generally less wien concentrations were reported
on an arez basis but this was not always true. There was a general in-
crease during the first 48 h of exposure, however, there was some decrease
between 24 and 48 h in reach 1. Concentrations in periphyton from reach 1
were much greater than those in reach 3 which were in turn approximately
four times greater than those in reach 5. The trend of greater concer-
trations at the upstream sites was consistent at all sampling times during
anthracene exposure.

Because of the variability of anthracene concentrations in periphyton,
no rate constants were calculated. Uptake of anthracene was rapid, and
reached steady state within 168 h. Furthermore, desorption cf anthracene
was very rapid (Figs. 6.4.1, 6.4.2, and 6.4.3). The anthracene concen-
tration was not significantly different from buckground after 48 h. The
half-time for elimination was less than 1 day.

The concentration of anthraquinone in periphyton was variable and oot
very different from background. An interferring pcak could not be resolved
by HPLC so anthraquinone concentrations are not reported here.

Removal of anthracene from the water column by periphyton was not a
significant vrctor. After day 4 and 14, 0.09 and 0.04% of the anthrazene
added to the channels had been removed by periphyton. While this is not a
significant reduction of the mass of anthracene added to the water, con-
sideration of the periphyton component could be much more important as a
potential for food web accumulation. While it is our opinion that the
vector of food is not as important as that of direct cxposure from water,
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for aquatic organisms, more data are needed 'to determine the relative
importance of this vector.
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SECTION 6.5

CLAMS

After 336 h of exposure to anthracene, papershell clams, Anodonts
imbecillis, had attained 96% of the projected steady state concentration of
17,580 ng anturccene*g , dry weight of soft tissue which could be attained
at approximately 500 h of exposure (Fig. 6.5.1). The first order uptake
and depuration rate constants estimated simultaneously during the;IBBth
exposure period were 13.99 *+ 1.7 (asymptotic standard error, ml'g *h )
and 0.0080 + 0.0015 h respectively. This depuration rate constant cor-
responds to a half time for elimination of approximately 88 h. See Section
4.7 for a discussion of PAH accumulation and depuration by molluscs and the
lack of oxidative biotransformation observed in most molluscs.
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Figure 6.5.1.
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SECTION 6.6

FISH

During the channels microcosm study, we observed mortality of bluegill
sunfish. The first fish mortality was observed as early as 1530 hrs, 7 h
after the anthracene infusion was started. By 1700 hrs, 9 h of exposure,
all of the fish in reach 1 of the experimental channels were dead. In
reach 5, the reach farthest from the input, no fish died during the first
day of the experiment. All of the fish in this reach were zlive at 0800

hrs of day 2 of the experiment. Fish in reach 5 started dying at 1000 hrs
and were all dead within an hour.

Bluegills were collected just after death in reach 1 and alive from
reach 5 after 4 h exposure. Fish were also collected from reach 5 at 08090
hrs on day 2 (24 h after anthracene infusion was initiated), which was
prior to any observed mortality. The total anthracene concentrations in
fish in reach 1 after 4 h was 2389, ng'g °, wet weight (SD = 275, n = 3).
Anthracene concentrations in reach five were 457 (SD = 182, n = 3) and 7763
(SD = 1325, n = 3) after &4 and 24 h exposure, respectively. Subsequent
-studies showed that the mortality was not due to the ethanol carrier.

From the anthracene concentrations measured at the times when fish
died, we suspected a photo-induced mortality of anthracene contaminated
fish. To try and elucidate this possibility we considered several experi-
ments., A brief description of the design as well as the results and dis-
cussion of each experiment are given in this section.

Initially, we repeated the anthracene exposure to determine if the
mortality observed during the chaanels microcosms study could be repeated
(Figure 6.6.1). Again all of the f{ish in both reaches were killed. The
onset of mortality was more rapid in reach 1 than in reach 5, as in the
first biotic channels microcosm experiment. However, in this second study
of fish mortality, which was conducted on 8-10 January, the mortality was
less rapid than in the first experiment. Also, the solar radistion was
less during the second experiment, due to prrtly cloudy skies.

A second study was conducted to determine if the mortality observed
was due directly to light on the fish or indirectly from a photo-product.
Jo this study fish in reaches 1 and 5 were shaded so there was no sunlight
and one reach (reach 3) which was between then was unshaded. In reaches 1
and 5, which were shaded, only 1 mortality was obscrved (Figure 6.6.2).
However, in reach 3, which was not shaded, all of the fish died between
0800 and 1800 hrs of the second day of the experiment. These results
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support the hypothesis that the mortalit

- y observed was an anthracene-light
mortality. ’

In anogher experiment fish were dosed for 72 h in the dark (reaches 1
and 5) and in the light reach 3 (Figure 6.6.2). After 72 h of dosing at

0800 hrs the anthracene input was terminated and the fish which had been
shaded (reaches 1 and 5) were unshaded at 1000 hrs.

All of the fish which had been dosed in the unshaded reach 3 were dead
at the end of the 72 h dosing period. One fish had died in both reach 1
and 5 after the 72 h dosing period. Upon being exposed to light after
accumulating anthracene, all of the fish in reaches 1 and S died within 24
h (Figure 6.6.3). These results suggest that the mode of action is by
anthracene or an anthracene transformation product in the organisms since

we allowed a washout period to remove anthracene from the water column
prior to removing the shading.

An additional experiment was conducted to determine the time necessary
for fish held in clean water to depurat. photoactive contamiuanti. Caged
fish were dosed continuously for 48 h with anthracene (14.6 pg-ﬂ- ) at the
shaded 9 meter station. The anthracene infusion was stopped and fish were
transferred from the shaded 4w station, after 24, 48, 72, 96 snd 144 h of
depuration in shaded, uncontaminated water (eight fish) to an unshaded,
uncontaminated section.

After 48 h of exposure whole fish had attained an average anthracene
concentration of 318 pgeg °, dry weight (n = 8, SD = 79). No fish had died
during dosing in the dark.

The first group was removed from the dark at 0800 (following 24 h
depuration in the dark). The mean anthracene concentration in whole fish
was 47.3 pgeg ~, dry weight (n = 6, SD = 1£.9). All of these fish were
dead by 1500 h (7 h exposure to light) (Figure 6.6.4).

Fish which were allowed 48 h_pf depurstion in the dark had a mean
anthracene concentration 36.0 pgeg (n =5, SD = 28.3) dry weight. The
mortality of fish in this group was less than those which had been allowed
only 24 h of depuration in the dark before exposure to light (Figure
6.6.4). Aftey 48 h four of the eight fish were still alive. The fish
which were allowed 72 and 96 h of depuration in the dark exhibited rates of
mortality, which were similar to that observed tor fish which were allowed
to depurate for 48 h. After 72, h of depuratien the anthracene concentra-
tion had decreased to 73 pg*g , dry weight (SD = 37). After 144 h the
concentrations were not different from those in coantrol fish. Some of
these fioh were able to survive in sunlight and reduce the concentration of
anthracese in their bodies until they were urdetectable. We observed.no
mortality in fish which had been allowed to depurate until their whole body
concentrations had decreased to background (Figure 6.6.4).

The rapid depuration of anthracene from fish, which we observed, is

congistent with those reported tor many ditferent fish species and PAl (Lee
et al., 1972; Roubal et al., 1978). Elimination mechanisms reported for
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Fifgure 6.6.3.

CUMULATIVE MORTALITY
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Figure 6.6.4.

CUMULATIVE MORTALITY
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fish include partitioning of PAH into clean water as well as active bio-

;;;3§formati0n and excretion (Neeley et al., 1974; Melancomn and Lech,

The mechanism of anthracene phototoxicity is unknown, but can be

p?stglatgd to involve photooxidation of anthracene to form toxic products
within fish or, more likely, to involve sensitized photooxidation of macro-
molecules binding anthracene. The oxidative photo-chemistry of anthracene
has been well studied. Solution phase formation of endoperoxides by sing-
let oxygen as well as further oxidation to anthraquinone has been reported
(Foote, 1968). Anthracenc derived fluorescent dyes, used as environmental

probes of protein structure, cause photooxidation of histidine and other
amino acid residues (Harrington et al., 1956).

Photooxidation in the presence of <ensitizing dyes has becn reported
to cause cell death, in vitro and in vivo damage to nucleic acids, enzyme
inactivation and degradation of proteins and carbohydrates (Means and
Feeney, 1971; Spikes, 1977). Light is also known to increase fish activity
levels and trigger many complex physiological processes which could contri-

bute indirectly to mortality under stress conditions of anthracene contami-
nation.

Phototoxicity effects may be widespread among PAH. Death of &. Coli
due to photodynamic action of benzo(a)pyrene in the presence of oxygen has
been reported (Harrison and Raabe, 1967). Mutagenic and potentially toxic
photoproducts have been f~rmed from fuel oil exposed to sunlight (Larson et
al., 1977) and on PAH contaminated atmospheric particulate matter (Fox and
Oliver, 1981). While many PAH are known to be photolabile, to our know-
ledge phototoxic effects in aquatic biota have not been reported previous-
ly. Tests of phototoxicity should be included in protocols for risk as-
sessment of compounds known to be photclabile. The common practice of
studying PAH fate and effects under laboratory conditions which minimize
photo-degradation should be re-examined until additional studies determine
the potential ecological significance of PAH phototoxicity in aquatic
biota.
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APPENDIX I

Open literature publications containing information collected during

this study are given below.

1.

B§tte11, S. M., P. F. Landrum, J. P. Giesy, and G. J. Leversee. 1981.
Simulated gransport of polycyclic aromatic hydrocarbons in artificial
streams. in: Energy and Ecological Modeling Mitsch, W. J., R. W.
Bosserman and J. M. Klopatek (eds.), Elsevier, N. Y. 839 p.

L?versee, G. J.{ J. P. Giesy, P. F. Landrum, S. Gerould, J. W. Bow-
ling, T. E. Fannin, J. D. Haddock, and S. M. Bartell. 1981. Kinetics

and Biotransformation of Benzo(a)Pyrene in Chironomous riparius.
Arch. Environ. Contam. Toxicol. 11:25-31. T

Leversee, G. J., J. P. Giesy, P. F. Landrum, S. Gerould, M. Brunmo, A.
Spacie, S. Bartell, J. Bowling, J. Haddock, and T. Fapnin. 1981b.
Disposition of benzo(a)pyrene in aquatic systems components: periphy-
ton, chironomids, fish. pp. 357-366. In: Chemical Analysis and Bio-
logical Fate: Polynuclear Aromatic Hydrocarbons. M. Cooke and A. J.
Dennis (eds.), Battelle Press, Columbus, COhio.

Landrum, P. F. and J. P. Giesy. 1981. Anomolous Breakthrough of
Benzo(a)pyrene During Concentration with Amberlite XAD-4 from Aqueous
Sclutions. Chapter 22 in: Advances in the Identification and Analy-
sis of Organic Pollutants in Water, L. H. Keith (ed.), pp. 345-355,
Ann Arbor Science, Ann Arbor, Michigan.

Gerould, S., P. F. Landrum snd J. P. Giesy. 1982. Anthracene biocon-
centration and biotransformation in chironomids: Effects of tempera-
ture and concentration. Envivon. Poll. (in press).

Bruno, M. G., T. E. Fannin and G. J. Leversee. 1982. The disposition
of benzo(a)pyrene in the periphyton communities of two South Carolina
streams. Can. J. Bot. (in press).

J. W. Bowling, G. J. Leversee, P. F. Landrum and J. P. Giesy. 1982.
Photo-induced Toxicity in Anthracene Contaminated Fish Exposed to
Sunlight. Aquatic Toxicol. (in press).

Leversee, G. J., P. F. Landrum, J. P. Giesy, and T. Fannin. 1982.
Effect of Humics on Polycyclic Aromatic Hydrocarbons: Accumulation by
Daphnia magna and Coprecipitation at Estuarine Salinities. Can. J.
Fish. Aquat. S<{. (submitted).
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9. Sl?aCie» A., P. F. Landrum and G. J. Leversee. 1982. Uptake,'Depura-
tion and lBiotransformation of Anthracene and Benzo(a)pyrene in Blue-
gill Sunfish. Ecotox. Environ. Safety. (In Press).
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