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THF. CYCLING OF TOXIC ORGANICS I N THE
GREAT LAKES: A 3-YEAR STATUS REPORT*

Brian J. Eadie, John A Robbins, Peter F. Landrum, ifford P. Rice, MIlagros
S. Simmons, Mchael J. MCormick, Steven J. Eisenreich, Gerald L. Bell, Robert
L. Pickett, Kjell Johansen, Ronald Rossmann, Nathan Hawl ey, and Thonas Voice

This interim 3-year status report describes the results of GLERL's
studies on the cycling of toxic organics in the Great Lakes. A
hierarchy of models has been devel oped including 1) a |akescale
equi li brium nodel, 2) a one-dinensional steady-state nodel, 3) one~
and two-dinensional tine dependent nodels, and 4) several individ-
ual process nodels. These nodeling efforts have identified process
research needs, some of which have been supported. Reported here
are results of our work on: 1) air-water exchange; 2) photolysis;
3) sorption and partitioning; 4) particle settling and transport;

5) early diagenetic processes in |ake sediments; 6) interaction of
sedi nents, contaninants, and benthic organisms; and 7) sinmulation
studi es of organic contani nants.

1. BACKGROUND

In 1978, the United States and Canada signed a Geat Lakes Water Quality
Agr eenent

“reaffirming their intent to prevent further pollution of the Geat
Lakes Basin ecosystem owing to continuing population growh,
resource devel opment and increasing use of water*

"“reaffirmng their deternmination to restore and enhance water
quality in the Great Lakes System"

Among its many provisions and recommendations, the agreement states that

"An early warning . . . shall be established to anticipate future
toxi c substances problens"

i ncl udi ng

"devel opnent and use of mathematical nodels to predict consequences
of various loading rates of different chemicals."

In terms of research, it is stated that
"in particular, research should be conducted to determne:

(a) The significance of effects of persistent toxic substances on
human health and aquatic life;

#GLERL Contri buti on No. 369.



(b) Interactive effects of residues of toxic substances on aquatic
[ife, wildlife, and human health; and

(e) Approaches to calculation of acceptable loading rates for per-
sistent toxic substances, especially those which, in part, are
natural ly occurring."

In order to address these national goals and partially fulfill NOAA' s
responsibilities in the Geat Lakes, the Geat Lakes Environnental Research
Laboratory (GLERL) began a research program in cooperation with the Ofice of
Marine Pollution Assessnent (OWPA), whose goal is the devel opnent of a capa-
bility to predict the environnental consequences of persistent synthetic or-
ganic contamnants in the Geat Lakes ecosystem This program was initiated
inlate 1979. The understanding of long-term OWPA funding has allowed GLERL
to devel op cooperative agreenents with several research institutions and to
pursue a conprehensive research program focused on a few questions regarding
the flow of selected organics within the Geat Lakes. Mich of the results
generated in this programw || be transferrable to coastal marine systens.

A predictive capability is synonymous with mbdeling, and to acconplish
this a nodeling team has been set up in-house consisting of chemcal, toxico-
| ogical, ecological, and physical scientists. The nodeling group is supported
by researchers working on prinmary ecosystem processes. Mst of the process
research has been conducted at The University of Mchigan; however, our
program now has expanded to include several research groups, an arrangenent
that allows for a maxinum of flexibility.

2. | NTRODUCTI ON
2.1 Scope of the Problem

The |eakage of toxic synthetic organic contamnants into aquatic eco-
systens is a well-recognized global problem The conclusion of a recent
wor kshop on the "Scientific Basis for Dealing Wth Chemical Toxic Substances
in the Geat Lakes," cosponsored by GLERL (Sonzogni and Swain, 1980), was that
the Great Lakes are particularly susceptible because of high population den-
sity, concentration of heavy industry, and slow (decade-century) flushing
rates. Simlar evaluations have been expressed by the Geat Lakes Science
Advi sory Board (1JC, 1980a), Water Quality Board (IJC, 1980b), and Toxic
Substances Committee (1JC, 198Cc) of the International Joint Comm ssion. Over
400 toxic contam nants have been identified to date within the Geat Lakes
ecosystem (1JC, 198Cc) and the extent of the hazards for nost of these are
poor |y understood.

Wil e nmost of these contaminants are perceived to be detrimental to
environmental quality, several toxic organics have been identified as the
source of serious problems. H gh concentrations of DDT in Geat Lakes fish
severely inpacted the herring gull population of the basin in the late 1960s
and early 1970s. This once comon predator is now beginning to reestablish
itself, although high levels of PCB and TCDD may slow its recovery. PCB
level s in Lake Mchigan sportfish have been significantly above the FDA



recommended |evel of 2 parts per nillion. It has been estimated that this
contamination is costing the State of Wsconsin over $1 nillion per year
(University of Wsconsin, 1980), with costs for the entire basin many tines
this amount. A report by the National Research Council (NRC, 1979) states
that the Great Lakes are the largest reservoir of PCBs in the United States.
Another identified problemis mirex in Lake Ontario (Kaiser, 1978; Pickett and
Dossett, 1979). This conpound, a fire ant pesticide manufactured in the
basin, leaked into the |ake and contam nated the fish to a |level that resulted
in New York State ban on their comercial sale. [Increased incidences of
neoplasia (tumerous | esions) have been found in the fishes of the Great Lakes
and tentatively attributed to relatively high concentrations of polynuclear
aromati ¢ hydrocarbons (PAH) (Sonstegrad, 1977; Black et «l., 1980; Eadie et
al., 1982a,b). Hgh levels of dieldrin, toxaphenes, and dioxin have been
measured, indicating that other real problems are out there waiting to be

f ound.

2.2 General Nature of the Program

Attenpts to nodel the fate of toxic organic conpounds in aquatic eco-
systens appear to provide a good first-order estimate of their |ong-term beha-
vior (Baughman and Lassiter, 1978; Mackay, 1979; Eadie et al., 1981). These
model s are excellent tools for assenbling existing information, testing system
sensitivity, and designing a coherent research program In tine, they will be
useful tools in the decision-naking process as well.

Since its creation in 1974, GLERL has specialized in the design and
devel opment of ecosystem nodels that simulate or predict the physical, chem -
cal, and biological responses of the Geat Lakes to inposed stresses. In this
program our efforts to date have focused on the devel opnent of system nodels,
supported by the specific process research required to inprove, calibrate,
and/or validate our mathematical abstractions. Mbdeling-experimental interac-
tions enable us to make stepwise i nprovenents in our understanding of the
cycling, behavior, and fate of synthetic contam nants. Such information is
necessary to identify the contam nants that pose the greatest threat to the
environment, which organisnms or regions within the |akes are nost affected,
what can be expected in the years ahead, and what can be done to reduce the
| evel of ecosystem stress.

2.3 Program Goal

The goal of this proposed programis to produce a clearer understanding
of the cycling of toxic organic conpounds in the Great Lakes environment. In
order to meet the early warning and |oad reduction objectives cited in the
treaty, we need to be able to predict |ocations, concentrations. decay rates,
residence times, and the eventual sinks of these materials under conditions of
long-term low |level |eakage into the environment or a major |oading from sonme
point source. This information is critical for toxicologists, ecologists, and
resource managers to evaluate the potential inpacts of particular contanm nants
that have been introduced into the G eat Lakes Region and to provide cost
beneficial solutions to the problems in balancing the continued production and



use of these conpounds with the responsibility of protecting the Geat Lakes
as a resource. In the final analysis, environmental resource managenent comnes
down to a trade-off between "acceptable risks" and "unacceptable costs," and
best judgnments leading to a suitable balance can only be achieved if the
information base is sound.

2.4 Program Cbjectives

Qur primary objective is the development of the necessary tools (nodels,
informati on base, network of experts, etc.) that will enable us to reliably
predict the consequences to the Geat Lakes ecosystem of alternative toxic
managenment decisions. This requires the systematic understanding of the major
ecosystem processes that affect or are affected by the substance(s) under con-
si derati on. Preliminary nodeling efforts by ourselves and others and discus-
sions with many experts allowed us to approach the devel opment of these tools
in a systematic sense. A diagram of a generalized aquatic ecosystem appears
in figure 1. Such an approach has enabled us to devel op specific

Conceptualized Toxic System Model

Atmosphere [

Water
Column

Active
Sediments

Deep
Sediments

FI GURE 1.--Coneeptualized toxic system nodel. P represents particle phase, D
represents dissolved phase, and B is an abbreviated food web. The 15 pro-
cess arrows are. photolysis (1 and 6J), sorption (2 and 14), air-water
exchange (3), grazing and fecal pellet generation (4, filtering (5), bio-
| ogi cal decomposition (7 and 11}, settling and resuspension (8}, food web
dynam cs (9), advective and diffusive mizing (10), bentkos-sedi ment interac-
tions (12 and 13}, and burial and bioturbation (15).



research objectives, in terms of questions or testable hypotheses, that focus
on the conmon goal . In terms of the major identified processes, some of these
are:
Processes 1 and 6 (Photolysis)
Photol ytic deconposition rates of selected compounds are lower in Geat
Lakes waters (with their indigenous particulates and natural organics)
than in nodels devel oped from published |aboratory studies using
distilled water or sea water.

Photolysis is a mmjor renoval nechanism for selected synthetic organic
cont ani nant s.

Processes 2 and 14 (Sorption)
Partitioning of selected synthetic organic contaminants neasured in Geat
Lakes waters is proportional to compound solubility and can be repre-

sented as an equilibrium

The equilibrium partition coefficient is inversely related to particle
concentration.

Process 3 (Air-water exchange)

The partitioning of selected organic contam nants in the surface micro-
layer is different fromthat in bulk water sanples.

It is necessary to explicitly nodel the mcrolayer in order to simulate
the cycling of synthetic organic contam nants.

Process 4 (Gazing and fecal pellet generation)

Fecal pellet settling is the primary renoval nechanism from the water
colum for selected contaninants.

Process 5 (Filtering)

Zoopl ankton, benthos, and fish acquire nmore than 50 percent of their body
burden of selected contam nants by adsorption through their gills.

Processes 7 and 11 (Biological deconposition)

For selected toxic organics, decomposition rates in the water colum or
sediment are not significantly different from zero.

Process 8 (Particle settling and resuspension)
see process 4.

Particle residence times in the water colum are less than 1 year.



Resuspension, during the stratified period, introduces significant (with
respect to primary |oading) contaminant into the epilimion.

Resuspension, during the unstratified period, significantly increases
contanminant half-life in the water colum.

Process 9 (Food web dynam cs)

A significant fraction of the body burden of top predator fish comes from
bent hi ¢ or gani sns.

The contaninant concentration in fish establishes a rapid equilibrium
with the water colum.

Process 10 (Advection and diffusive mxing)

Diffusive flux at the sedinent water interface is small. It appears that
the downsl ope movement of particle-bound contaninants is domnated by
nephel oid | ayer processes.

The movenment of particle-bound contam nants into sedi ment catchment
basins is controlled by storms during the unstratified period.

Upwel ling events introduce a significant amunt of sedinent-bound con-
tamnants into the epilimnion.

Processes 12 and 13 (Benthos-sedinment interactions)

Benthic organisnms obtain a significant fraction of their body burden of
sel ected organic contanminants directly from the sedinment/pore water
system

Bioconcentration of selected contaminants by benthic organisms are
greater than by fish.

Process 15 (Burial and bioturbation)

Bi oturbation of recent sedinents, conbined with resuspension, signifi-
cantly increases the residence time of selected organic contamnants in
the water col um.

Lake-wi de averaged sedinment nixed depths represent tines of greater than
10 years.

Bi oturbation depths are proportional to organism density.

Burial into deep sedinents is a significant renoval process for selected
organi ¢ contam nants.



2.5 Rel evance of our Research Programto Marine Pol |l ution Problens

This topic has already been discussed in the preceding pages in terms of
the perception of the International Joint Conmission and the Geat Lakes Water
Quality Agreement. Qur nmodeling and process research goals also match the top
priority research needs for the Great Lakes as expressed in the 1981 National
Marine Pollution Program Plan and further described in its supporting Wrking
Paper #3, "Report of Geat Lakes Region Conference on Marine Pollution
Probl ens. "

Al'though we are not addressing all of the research needs expressed in the
above-menti oned documents, we feel that our programis well designed within
its level of support to neet a selected subset of these critical needs.

2.6 Current State of Know edge and Summary
of Work Acconplished During FY 1980-82

There are nine major units of work which will be reported on here. These
have been partially funded by the OWMPA program  Qther process research incor-
porated into our nodel, primarily biological and food web processes, have been
totally supported by Geat Lakes research funds and are not included in this
docunent. Reports on the nine topics follow

3. AlR-WATER EXCHANGE

There are three separable conmponents of the air-water exchange process:
precipitation, dry dustfall, and vapor phase exchange. Precipitation input is
being nmeasured throughout the Great Lakes and data are not yet fully analyzed.

Rai n and snow sanpl es anal yzed by Mirphy and Rzeszutke (1978) cont ai ned
an average of approximately 200 mg pol ychl orinated biphenyls (PCB) L1 and
constitute the major input of PCB to Lake Mchigan (table 1). Information on
precipitation from the National Wather Service will give sonme general tine
dependent loads. Inproved information is currently being obtained from analy-
sis of sanples collected during 1979-81. This input estimate does not include
vapor phase transport that Eisenreich (pers. comm.) and Ri ce {pers. comm.)
both consider inmportant. Further information on this latter process wll be
included as it becones available. Estimates of volatilization and aerosol
formation will be summarized below. The process appears to be well estimated
by a first-order form

= =x [q (1)

wher e ki = volatilization rate of the conpound under investigation.

The work of several research efforts (Tsivoglou, 1965; MacKay, 1982) has
been synthesized into the relationship of the form



(2)
kv d
wher e kz is the volatilization rate of oxygen;

d® i's the nol ecul ar di ameter of oxygen, assumng a sphere (2.98/); and

c

d” is the molecular dianeter of the compound under investigation.
TARLE |.--Inputs of PCB(kgyr1)to Lake M chi gan
Prior to

Sources 1975 1977
Maj or Industrial Dischargel (25, 000)
Precipitation 4,800 4,800
Streans and Waste Water Effluents3 1, 650 1, 650
O hers4 (2,500) (2,500)
Tot al 33, 950 8, 950

1This estimate is a lower limt. The actual anpunt nay be several tines
| ar ger.

2Murphy and Rzeszutko (1978).

3Hesse, J. L. (1976). Conference Proceedings. National Conference on

Pol ychl ori nated Bi phenyls, Nov. 19-21, 1975, Chicago, |ll., EPA 560/6 75/004;
NTI S, PB-253 248/9PSX; p. 127.

Kleinert, S. (1976). Conference Proceedings. National Conference on

Pol ychl ori nat ed Bi phenyls, Nov. 19-21, 1975, Chicago, |ll., EPA 560/6 75-004;

NTI S, PB-253 248/9PSX; p. 124; Personal communication.

Schact, R A (1974). Pesticides in the Illinois Waters of Lake Michigan.
EPA 660/3-74-002, January 1974,

4An attenpt to account for dry deposition of PCBs on the |ake
surface and to allow for small industrial discharges not yet identified.



A second fornulation, the two filmresistence nodel, is based on the work
of Liss and Slater (1974) and Liss (1973) and the rate of the process under a
given set of conditions is described as a sinple first-order exponential decay
with rate constant KL per depth. KL, the overall mass transfer coefficient,
has units of distance per time (such as cm hr~!) and can be expressed in terns
of three conponents: kg, k1, and H related by the expression

Hk k

- g 1
- » (3)
g 1

the Henry's Law constant, a distribution coefficient representing
the equilibrium distribution of a material between gaseous and
liquid phases. Units used for H are molar concentration con-
taminant in air per nolar concentration contamnant in water.

where: H

Ko = the gas phase exchange constant, a neasure of the rate of trans-
port of the material away fromthe interface in the air. Units

are ¢cm hr-l,

ky = the liquid phase exchange constant, a measure of the rate of
transport of the material to the interface in the water. Units
are cmhr-1,

Both kg and k; are influenced by mxing within their respective phases, and to
a lesser extent by mixing within the adjoining phase (Liss, 1973). The rate
of volatilization of substance from a given water body will be determned by
properties of the substance (H) and the environment (w nd, water turbul ence,
and tenmperature). Tenperature acts to influence H (Schwarz and Wasik, 1977),
while ky and k, are primarily functions of wi nd and water turbulence, which
vary to a lesser degree with tenperature.

The gas phase mass transfer coefficients (kg) are calculated at various
wi nd velocities by nultiplying the data of Liss (1973) for Hp0 by

mol. wte. H20 2
(4)

mol. wt. C

Li quid phase mass transfer coefficients were calculated for various
current velocities from stream reaeration coefficients (k2) converted to

metric units (Southworth, 1979).

“0. 969 1

k2 = 0. 2351@ (hr ™) (3)



where V is current velocity (m s-1), and R is nmean depth (ml).

The reaeration coefficient (a first order-rate constant) was converted
to the nmass transfer coefficient by multiplying by the depth. \Wile the nost
direct effect of varying wind velocity is upon kg and of current velocity is
upen k| . each also affects the mass transfer coefficient of the adjoining
phase.

Southworth (1979) fit the data of Liss (1973) to an exponential curve:
18

18\, (6)

kg = 1,137.3 (Viing + Veurrent) $ot. we?

for wind < 1.9 m s~]

"0.969
_ current 32 1.
Y17 B e Gmet. we % (7)

for wind > 1.9 m s-!

V0.969 19
_ current 32 1 0.526(Vyind )
k= 2352563 ol W, © (e ) (&)
Vigind = Wind velocity (ms 1), Vegrrent = current velocity (m s~—1y, R =
stream depth (m}, and units of kl and kg are cm hr-l.

For wind velocities below 1.9 m s~1 (<11 nph), the reaeration coef-
ficients were assuned constant. This approxi mation was nade because there
were no data for wind velocities below 1.9 m s™*.

02 reaeration values for |arge bodies of water are scarce. The EXANMS
model uses the values reported in Metcalf and Eddy (1972) of 0.10-0.30 per
day. For convenience they selected 0.24 per day,

0.24 = 2,98
k:, = (9

dC

Making k a constant for each substance under consideration.
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For the dynamc cal cul ations:

kI = f(currents, wind and depth) that are avail able;
ko = f(wind and currents).

The two filmnodel is theoretically nore satisfactory and data for
Henry's Law constants are becoming available for many conpounds.

Laboratory estimates of Henry's Law coefficients (H and estimates based
upon the ratio of equilibrium vapor pressure to aqueous solubility are pre-
sented in table 2 from Southworth (1979). The trend toward decreasing H with
increasing molecular weight within the PAH group is clear for either group of
estimations. The relationship between H and nol ecul ar weight for the |abora-
tory data is given by:

log H=-0.01910 (mol. wt.) + 0.78540, B> = 0.996. (10)

Except for anthracene, laboratory and literature values of H are in reasonable
agreenent, especially in view of the very |ow vapor pressures and solubilities
which nmust be determined. There is a tenperature effect in Henry's Law coef-
ficients; however, over the 25°C range in the | akes (273" to 298°K), the

effect is small with respect to neasurenent errors, which are probably a fac-
tor of two.

From our review work, the following formulations will be adapted initially:

KL = 0.30 + 0.028 W (M day~1) W= wind speed (a s-1 @ 10 M.

KL liquid transfer coefficient

Flux = KL (C air = C water)

1
18 /2

kg = 1,137.5 (W + V)(‘m)
kg = gas transfer coefficient
VvV = current velocity (assumed zero)

L

KT = I{Kg—+KL where H is Henry's Law coefficient.

Research on air-water exchange is being conducted in many places. Qur
work focuses on the question of whether the surface nmicrolayer plays an inpor-
tant role in the cycling of selected organic contam nants.
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TABLE 2.--Estimations of Henry's Law constants for PAH in water at 2s5°¢, S.E.
of regression coefficient. Units of H are molar concentration of 247 in
each phase. Exponent (10-n) applies to both colums (from Southworth, 1978)

Experi ment al Literature
-2
Napht hal ene 2.26 + 0.03 1.9 x 10 = (a)
Ant hr acene 2.66 + 0.07 12 x 10~ (b,d)
Phenant hr ene 2.24 + 0.05 2.0 x 10 -3
(c,e)
=4
Pyrene 7.64 + 0.26 4.3 x 10  (b,f)
Benzo(a)anthracene 3.28 + 0.46 1.0 x 10 (c,f)
- ~5
Benzo(a)pyrene 1 x 1074 2.1 x 10 ~ (b,f)

(a) Schwarz and Wasik, 1977.
(b) Solubility from Schwarz and Wasik (1976).

(c) Solubility fromDavis et al. (1942).

(d) Vapor pressure extrapolated from Handbook of Chenistry and Physics, 46th
Edi tion.

(e) Vapor pressure extrapolated from Osborn and Douslin (1975).

(f) Vapor pressure from Pupp and Lad (1974).

There is little question today that atnospheric transport is an inportant
route of delivery of pollutants to the Great Lakes. Sonme recent evidence for
this comes from the discovery of toxaphene, an insecticide used nmostly in the
south, in Great Lakes fish. Details of the processes that deliver these
materials to the lake surfaces are largely unknown.

Recently, interest has been growing in trying to explain cycling between
maj or reservoirs, and in describing exchange processes and defining new com
partnents. One of these conpartnments of interest in the Geat Lakes is the
surface microlayer. Because of its extrenme thinness (0.001 to 200 pm Liss,
1975), this conpartment is not inportant as a major reservoir for contam -
nants. However, its roles as a bhiologically active zone for neustonic pollu-
tant cycling and as a collector and recycler of both natural and anthropogenic
hydr ophobi ¢ conpounds have only recently been appreciated.

12



Critical to determing the inportance of the microlayer to PCB transfer
are precise measurenents of PCB concentrations in the surface mcrolayer end
deternmination of residence times for PCBs in this region. A number of nmea-
surenents of PCBs and related toxicants in microlayers fromthe marine envi-
ronment can be found in the literature; however, few data are available for
freshwater environnents. Andren et at. (1976) and Eisenreich et at. (1978)
reported DDT enrichnents in the surface microlayer of Lake Mendota, Wis., and
Elzerman (1976) and Rice ef at. (1982a) reported significant enrichments of
PCB in surface microlayers of Lake M chigan

Despite the many neasurenments of PCBs in surface microlayers, there have
been no studies to determne residence times et the air-water interface
Model ers of air-water transfer of PCBs have generally considered the micro-
| ayer as uninportant. Slinn et «l. (1978) stated that, without the water sur-
face being constantly covered by a surface film it is difficult to see how it
could be inportant to transport. MacKay (1982) and Liss (1975) have stated
that, from a theoretical standpoint, the microlayer would seemto offer at
most only a mldly increased resistance to transfer et the air-water inter-
face. Both of these suppositions, however, are based nore on conjectura
rather than on enpirical foundations end neither consider the inplications of
phot odegradati on. The extent of coverage of the water surface by mcrolayer
is not well known, and theoretical estimates are far from precise in terns of
nmodel i ng sir-water exchange of PCBs. Air-water exchange coefficients pre-
sently in use have been based on |aboratory experiments that only partially
reproduce the real system For exanple, the particul ate-to-dissolved asso-
ciations of PcBs in the mcrolayer have not been considered, biologica
invol venents in this transfer process have been largely ignored, and the
actual chemical conposition of the lipophilic materials in this region is only
poor |y under st ood.

PCBs, because of their high affinity to surfaces (Haque and Schneddi ng,
1976), would seem to be readily transported by particle and bubble transport.
Recent research has disclosed that bubbles and particles may function as
i mportant vehicles of transport of materials contained in mcrolayers.
Sodergren (1979) presented evidence from a |aboratory study which shows that
bubbl es discharging through the mcrolayer surface can remove significant por-
tions of lipid components of the microlayer. Johnson and Cooke (1980) studied
the rate of bubble dissolution in the formation of aggregates and particles.
Many of the processes described by Johnson and Cooke (1980) as "bel owsurface
phenomena” may actually be taking place at the sea surface as this surface
film can be |oosely construed as a large bubble surface separating the sir
fromthe |ake. \heeler (1975) denonstrated that particles could be produced
by conpressing surface films. Thus particle generation by and in surface
films may be an inportant nmechanism leading to transfer of substances from
this zone. A net result of this process would be a downward flux of sedi-
menting particles with their associated organi c contam nants.

Data are presented here on the concentration of PCB as Aroeclor® 1242 and
Aroclor® 1254 in the surface mcrol ayer, near-surface water, and air over Lake
Mchigan. The data are further detailed to describe these PCB distributions
as either absorbed to particles or free as a solution or gas. The prenmise is
that knowing the particulate phase distribution should offer insight into
transport pathways.

13



3.1 Methods

Sanples for this study were collected from Lake M chigan during cruises
in 1979 and 1980. The stations occupied are shown in figure 2. On each of
these cruises, samples of air were collected while underway and sanples of
surface mcrolayer and subsurface water were collected while on the designated
stations. The air was sanpled by drawing air first through a precleaned glass
fiber filter for particulate renoval followed by series of pre-extracted
pol yur et hane foam plugs for vapor phase renmoval of high nolecul ar weight
chlorinated hydrocarbons (Billings and Bidleman, 1980). Sonme of the sanples
were collected near shore in the vicinity of the Gand River (inset in figure
2). The details of sanpling are described in Rice et al. (1982b). Surface
filmcollection was done primarily with a screen sanmpler of the type first
described by Garrett (1965). Film thicknesses collected by this nethod were
calculated to be about 385 pm +55. The material collected by the mcrolayer
sanplers was drained into glass bottles. For subsurface water collection, a
10-L stoppered bottle was subnerged to a depth of approximately 1 m before
being opened. After collection, each of the samples was immediately filtered
t hrough preconbusted Gelman gl ass fiber filters which were stored frozen for
subsequent extraction. The dissolved fractions were extracted by mxing wth
pesticide grade methylene chloride.

To address the question of possible shipboard contam nation, sone nicro-
| ayer sanples were collected at a distance fromthe ship with a small fiber-
glass boat. Care was taken to position the boat upwind of the ship and at a
distance no closer than 30 m There was no significant difference in sanples
collected fromthe ship versus those collected fromthe snall boat.

Organic carbon concentrations of the dissolved and particul ate phases
were determned. Each of the sanple fractions--nicrolayer particulate and
di ssol ved, and subsurface particul ate and dissol ved--was anal yzed for PCBs.
This involved solvent extraction of the dissolved material with methylene
chloride and Soxhlet extraction of the filters with a 1:1 mixture of
acetone:hexane. For preparation of the sanples for electron capture gas chro-
matograph (EC/GC)analysis, each of the separate particulate and dissol ved
fractions was cleaned of contamnants by alumina chronmatography (Christensen
et al., 1979) and the" these extracts were separated by silicic acid col um
chromat ogr aphy (Bidlemanet al., 1978) into their various organochlorine
classes. Suspended solids determinations were carried out for the 1980
collections.

3.2 Results and Discussion

To conpile a total PCB concentration, each particulate phase concentra-
tion has been combined with its dissolved conplement and the Aroclor® |evels
added together. The total PCBs in each region--surface nicrolayer or subsur-
face water--for each sanpling period in 1979 and 1980 are summarized in table
3. AT collectd in 1979 averaged 2.8 "g m~ ! and ranged from0.84 to 4.6 ng
m~l PCB. Less than 5 percent of the total was collected on the prefilter and
the total PCB in these sanples was 70 percent Aroclor® 1242 and 30 percent
Aroclor® 1254, The various water and mcrolayer collections were conpared
statistically. The test of variance on the totals for each of the four

14



FI QURE 2.~~Cruise tracks and sampling stations occupied in 1979 and 1980 for
col l ection ofmierolayer and subsurface water from Lake Mchigan. The solid
arrows connecting the circles indicate that air sanmpling results are avail-
able for this cruise. The nunbered stations refer to figures 3-5.
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TABLE 3.--Average concentration of total PCB in Lake M chigan
surface mierolayer and subsurface water (1979-80)

Mean Val ues

Nunber of s.d.
Sanpl es (ng/L) (ng/L)
Surface M crolayer
August 1979 12 15.70 12.28
Cct ober 1979 5 21. 38 17.02
April 1980 11 22.03 8.91
July 1980 10 17. 63 3.71
Subsurface Water
August 1979 9 4.79 6. 56
August 1979
(qualified)* 8 2.88 3. 37
Cctober 1979 ----- no sanples taken -----
April 1980 4 5.66 1.12
July 1980 7 6. 36 1.30
“See text.

periods indicated that there was no significant difference between them  For
the subsurface values in August 1979, it was difficult to do any statistica
treatment due to apparent outliers in the data set. By discarding one suspi-
cious nearshore result, an average value of 2.88 ng L™ was calculated. using
the qualified value of 2.88 ng L™1, it appears that there night have been a

hi gher concentration of PCB in 1980 subsurface waters than in 1979

The April and July collections from 1980 offer the nobst conplete data

sets for statistical processing. Figure 3 illustrates the particle and
di ssol ved distribution of total PCBs in the microlayer and in the subsurface
water in these sanples. It can be seen in this figure that the proportion of

PCBs carried on particles is always higherin microlayer than in subsurface
sanples. Al so, the relative amount of PCBs on particles was higher in the

m crol ayer and subsurface sanples in July than in April. An explanation for
this preferential partitioning onto particles in July mght be related to a
probabl e higher abundance of organic-containing particles in July as conpared

to April (Wetzel, 1975). In addition, elevated tenperatures at this tine
resulted in higher rates of turnover (Paerl, 1978). Al though this explanation
is reasonabl e, organic carbon neasurenents were not carried out in April, and
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FIGURE 3.--The particulate and dissolved distributions of total PCB in sanples
of surface mierolayer and subsurface water from Lake M chigan. The station
nunbers refer to the stations identified in figure 2.

so we were unable to test this supposition. Another reasonable possibility is
the existence of a greater ampunt of suspended particulate material in Lake

M chigan waters in July than in April. However, our neasurements show that
for July the suspended solids averaged 1.66 mg L™1 in the microlayer and 1.57
ng -1 in subsurface sanples, whereas for April these values were 2.95 and
2.01 ng L71, respectively. Therefore, a greater particle density did not
correlate with the higher particulate partitioning, suggesting that the
quality of the particles seens to be nmore inportant than their quantity.

Some qualitative observations were nade on the particles in the micro-
| ayer from these two periods. Scanning electron mcroscopy was perforned on
the particles in the microlayer. In both April and July, bacteria were the
dominant organisns in the mcrolayer. There was little variation in actual
bacterial numbers (cell mL~l) between the sets of sanples. However, there was
a difference in the nean percent conposition. Bacteria represented from 76 to
90 percent of the total conposition in April, whereas in July, 65 to 84 per-
cent were bacteria. Algae represented a higher percentage of the total com
position in the April mcrolayer, while in July, a higher percentage of
m scel | aneous particles was present. This trend was also apparent when
sanpl es collected at the sane station in April and July were conpared.
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Conparison of the sanples collected on 0.2 pm and 0.8 pm filters showed little
variation of the contents and bacterial nunbers were quite simlar.

Careful examination of the peaks produced by the packed columm analysis
of the sanples showed that various bl ends of Aroclor® 1242 and Arcclor® 1254
coul d best account for nost of the GC peaks resolved in our analyses. Thus,
each sanmple subset is initally reported in terms of these mxtures. For 1980
mcrol ayer sanples, it appears that the relative anobunt of Aroelor® 1242 on
the particles is significantly correlated with the percentage of paticulate-
associ ated PcBs for both April and July sanpling times (figure 4). In
contrast, there appears to be a negative correlation on the percentage of
particul ate-associ ated PCBs with the proportion of Aroclor® 1242 on the sub-
surface particles (figure 5). For the subsurface region, this agrees with
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3
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[15]
o
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Relative Aroclor on Particulates

FI GURE 4.-—Correlation between the amount of total PCB associated with the
particulates i N the mierolayer. samples from April 1980 and July 1980 versus
t he percentage of the total anount of the PCB on the particles that was
nmeasured as Aroclor® 1242.
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predicted partitioning behavior of PCBs, because the |ess-water-soluble
Aroclor® 1254 shoul d associate nore readily with particles than woul d Arcclor®
1242.

A useful way to express partitioning behavior is to calculate a partition
coefficient (Kp) for the PCBs in each of the phases. For calculation of K;'s,
the usual procedure is to divide the concentration of the material on the par-
ticles by the concentration of the substance dissolved in the solution; there-
fore, this number adjusts for the concentration of suspended solids. In
samples from July 1980, we were able to normalize these values to organic car-
bon content as suggested by Karickoff et ai. (1979). Partition coefficients
calculated for 1980 sanples ranged from 1.4 x 105 to 9.4 x 105. A test of
difference was performed using a Student's t test. None of the values was
statistically different. After applying the Karickoff organic carbon correc-
tion to the July values, the nean K,'s were 4.5 x 106 and 1.5 x 106, respec-
tively, for the mcrolayer and subsurface sanples. The greater K, value in
the microlayer was found for both the non-organic and organic corrected
result. This finding is surprising as it would seem that the natural organic
conponents that constitute the nicrolayer would reduce the difference in par-
titioning and that the surface K,'s would be | ower than those in the subsur-
face. For instance, the greater level of dissolves lipophilic materials
general ly presentin microlayers (Meyers and Kawka, 1982) might keep hydro-
phobic materials in solution and therefore produce |ower K,'s in the surface
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mcrolayer. Furthernore, there was no difference in particulate organic car-
bon concentrations in these surface and subsurface sanples. The average orga-
ni c carbon content of particulates in microlayer sanples collected in July was
25.2 percent as conpared to 25.3 percent for subsurface sanples. Although
some unneasured difference in the biochenical conmposition of the particles may
be responsible for this unexpected observation, differences in organic natter
content of the surface microlayer and of subsurface waters do not seem to be

responsi bl e.

Partition coefficients for the subsurface PCBs were cal cul ated by
Aroclor® type and the relative values conpared. Solubility differences would
predict a stronger tendency for Aroclor® 1254 to be associated with the par-
ticles than Aroclor® 1242 (Haque and Schreddi ng, 1976). However, in general
there was little difference in Ky's for the two Aroclor® mxtures. CQhers
have al so observed this sanme lacE of difference for the Aroclor® m xtures
occurring on particles in Lake Superior water (Eisenreich ¢ al., 1981).

The correlation of percent particulate sorption of total PCBs with the
percent Aroclor® 1242 content of the particul ate6 has sone interesting
inplications (figures 4 and 5). It suggests that, when the amount of PCB in
the microlayers is nmore highly associated with particulates, the relative con-
centration of Aroclor® 1242 is higher. This is contrary to what solubility
rules would dictate, as Kp's are reported to decrease with increasing solid
concentrations (O Connor and Connolly, 1980). However, as the anount of
Aroclor® 1242 increases disproportionately to the Aroclor® 1254, this correl a-
tion appears to relate to disequilibriumin the mcrolayer, perhaps from a
recent input phenomenon. The |ikeliest source of higher than typical ratios
of Aroclor® 1242 to Aroclor® 1254 is the atnosphere (recall fromthe atnps-
pheric data that 70 percent of the total PCB was Aroclor® 1242). Both the
m crol ayer and subsurface K,'s could be influenced by a direct source input of
particles from the atnosphere. In this case, partitioning has occurred
t hrough vapor phase onto a solid surface (i.e., the airborne particle).
Therefore, it appears that the highly correlated particle association of
Aroclor® 1242 to microlayer content of particulate PCBs has a direct link to
an atnospheric input loading of this material. Mirphy and Rzeszutko (1977)
reported particles in rain to contain nore Aroclor® 1254 and 1260 t han
Aroclor® 1242: therefore, rainout of particles is not a likely source of the
Lake M chigan PCBs. A nore plausible source of microlayer particulates would
be the dryfall of particulates. A further inplication of these results is
that the particles, once in the mcrolayer, may play an inportant role in
downward PCB transfer. Processes have been reported which mght create par-
ticulate flux out of the microlayer (\Weeler, 1975) and |ead to downward
transport of PCBs and simlar hydrophobi c organochloride materials into deeper
portions of the water colum.

3.3 Summary and Concl usi ons

The results of this 2-year period of study of PCBs in the air-water
interface of Lake M chigan provide new information about the probable signifi-
cance of surface microlayers to the cycling and transport of contaninants.

This infornmati on can be sumuarized as:
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1. Concentrations of total PCBs are three times greater in the surface
mcrolayer than in waters 1 m below the surface. Al though considerable spa-
tial and tenporal variability exists in these concentrations, subsurface con-
centrations appear to be greater in sanmples collected in 1980 than in 1979
sanpl es.

2. A greater proportion of total PCBs is in the particulate phase in the
surface mcrolayer than in subsurface waters. This behavior does not corre-
late with organic matter nor with particulate natter concentrations.

3.  Aroclor® 1242 and Arcclor® 1254 are the major PCB types present in
Lake Mchigan waters. The amunt of Aroclor® 1242 with the particulates of
the microlayer correlates positively with the proportion of total PCBs asso-
ciated with particles. In subsurface sanples, there is a negative correla-
tion.

4. Particul ate-dissolved partitioning coefficients (K,'s) of total PCBs
are greater in the mcrolayer than in subsurface water, although organic
matter contents of particulates in both regions are the sanme. K 's of
Aroclor® 1242 and of Aroclor® 1254 are not significantly different despite the
possible effect of solubility differences.

These observations indicate that there is a significant enhancement of
particul at e- phase PCBs in the surface mcrolayer of Lake M chigan. The nost
probabl e origin of this phenomenon is dryfall input of airborne particles that
contain PCBs and their transitory accumulation in the air-water surface.

These particles have the potential of becoming sufficiently aggregated to sink
into deeper parts of this |ake.

We are currently attenpting to incorporate this information into our
nodel structures and determ ne whether we need to explicitly nodel a micro-
| ayer zone in order to sinulate organic contam nant behavior.

4,  PHOTOCHEM CAL DEGRADATI ON AND TRANSFORMATI ON STUDIES OF
TOXI C ORGANI CS | N THE GREAT LAKES

The overall objective of this research investigation is to conduct stud-
ies on the photochenical degradation of toxic organic conpounds and to deter-
mne the role of this process in their transfornation and fate in the Geat
Lakes. Laboratory simulation experiments using both natural and artificial
|ight sources were conducted for PCBs and polynuclear aromatic hydrocarbons
(PaH). The effects of varying conditions on the photodeconposition process,
expressed as photolytic rates, can describe the cycling, transport, and fate
of toxic compounds in the Geat Lakes when incorporated in a nodel.

In the aquatic environment, PCBs and PAHs are relatively stable and
resistant to breakdown. This persistent nature can be attributed to their
chem cal and physical properties, such as |low water solubility, |ow vapor
pressure, high dielectric constant, and resistance to chemcal, heat, and
bi ol ogi cal degradation. Concentrations in the water colum are nuch |ower
than concentrations in the sedinents and in aquatic organisns such as fishes
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(U.S. EPA 1976; WHO, 1976; Andelmar and Snodgrass, 1974; Ni sbet and Sarofim
1972) .

A conparison of analytical data shows that the Great Lakes contain the
hi ghest concentration of these conpounds (Peakall, 1975; N shet and Sarofim
1972). Effluents from wastewater treatment plants serving industrialized com
muni ti es have been found to be highly contaminated (Berg et al., 1974). It
appears that these conpounds continue to be discharged into the Great Lakes
from many small but diffuse sources, including atnospheric fallout (Delfino,
1976) .

For sone conpounds, it may take several years before their concentration
begins to decrease substantially in the environnent. Transformation processes
i ncl ude photochenical and mcrobial pathways. Al though these may degrade
these pollutants, they nay al so be responsible for the production of more
toxi ¢ substances. For exanple, chlorobiphenyls have been found to undergo
phot ocheni cal degradation to produce not only the lower chlorinated products
(less toxic) but also the nore toxic dibenzofuran and chl or obi phenyl products
(Safe et al., 1976).

For many of these conpounds, photochenical deconposition may be a ngjor
pat hway of degradation. PCBs absorb strongly in the ultraviolet region. PAHs
absorb both in the Uv-A (320 to 400 nm) and W-B (280 to 320 nm) regi ons.
Differences in the absorbance of these conpounds, as well as the intensities
in the water colum at certain wavelengths, wll strongly influence the photo-
chemcal fate of these conpounds. Because of the hydrophobic nature of PCBs
and PaHs, they are expected to occur mostly in the lipid phases of organic
films (Elzerman, 1976), in micelles (Ehrhardt, 1977), or adsorbed on par-
ticulate matter (Karickoff et al., 1979). Thus, sensitized photochenical pro-
cesses are possible.

A common parameterization of the photochenical process assunmes the reac-
tion to be first-order where the net rate, Kp,is defi ned as

Kp = Ky + Kl (11)

where K4 = direct photolysis rate, and

KI = indirect photolysis rate
Chemical transformations due to direct photolysis are caused by direct expo-
sure to radiation, while indirect photodeconposition occurs only in the pre-

sence of a photosensitizer. The two rate processes are calculated for any
depth in the water columm according to equations (1) and (2).

K,(2) = 6 [1(2,Z)e(A)d A (12)

K (Z) = 55 [I(A,Z)e(r,S)dr (13)
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where I(A,Z) = irradiance at wavel ength A at depth Z,

e(A) = molar absorptivity at A

nmol ar absorptivity of sensitizer,

e(A,S)
S = concentration of sensitizer,
¢ = quantumyield, and
¢g = quantum yield per unit concentration of sensitizer.

The results of this study provide information on the photolysis rates of
sel ected contamnants found in the Geat Lakes.

4.1 Experinmental Methods

Sources of ultraviolet light for the irradiation experiments include the
following:

(a) Natural sunlight,

(b) Sunlanp in an enclosure, GCeneral Electric 275W "Sunl anp- W
enhanced, "

(c) Blacklight (four General Electric F40 BL fluorescent |anmps nounted
with reflective backing),

(d) Rayonnet photochem cal reactor (merry-go-round type equipped wth
the RPR 2537 A, RPR-300 A and RPR 3500 A |anps), and

(e) Xenon arc lanmp (150 w, Canrad-Hanovia, using Pyrex glass as filter).

The emission spectra of these light sources are show' in figure 5. Light
intensities for the light sources in the Rayonnet are as foll ows: for 2537 &,
1.05 x 1016 quanta s~! mt~1; 3000 o, 3.53 x 1016 quanta s~1 mL~1; 3500 A&, 1.29

x 1016 quanta s! mL™l.

M dday, nidsummer values for sunlight intensities at 40°N |atitude in
natural waters at shallow depths are: 0.24 x 1013 photons ex 2 51 2.5 nm™!
for 3000 & and 0.102 x 1016 photons cm2 s~1 10 om~1 at 3500 & (Zepp and

Cline, 1977).

Pure compounds have been used in the studies from comercially available
sources. Experinental nedia included Lake M chigan water at 1- and 10-m Lake
M chigan mcrolayer, distilled water, and l|aboratory grow' phytoplankton.

A Varian 3700 gas chromatograph equi pped with a 6 ft by 0.318 cmID
col um packed with 3 percent OV-101 on Gass- Chrom Q100/120 3nd a nijchel - 63
el ectron capture detector, as well as an SE-54 silica capillary colum and a

flane ionization detector were used.
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Aliquots of the irradiated and control solutions were extracted with
solvents. |Internal standards were used in each case. The corrected peak
hei ghts or areas were averaged for the triplicate sanples and the rates of
deconposi tion cal cul ati on.

4.2 Results and biscussion

Prelimnary experinments using Aroclor® 1254 (PCB) in water, irradiated
under General Electric sunlanps were conducted. The results show that, with-
out stirring, disappearance wth time of the higher isomers was more pro-
nounced than that of the lower isoners. Wth stirring, the |ower isomers
di sappeared at a faster rate. In both cases a marked difference in the disap-
pearance rate of the PCB in the light flask versus that in the dark flask
(wrapped in foil) was observed. Figure 6 shows a chromatogram of PCB indi-
cating where the major changes occurred. These peaks corresponded to the
hexachlorobiphenyl (HCB) and higher chlorinated isoners of PCB (Stalling et
al., 1980).

Further experiments using fluorescent lights showed no significant change
in the PCB 1254 concentration even after 48 hours of exposure. Sealed quartz
tubes containing 60 pg L™l of PCB 1254 were irradiated under natural sunlight.
At the end of 5 days, nost of the peaks disappeared, except for the HCBs. No
appreci abl e change in the concentration of 2,4,5,2',4",5"-HCB occurred in 21
days, but a change was observed for ,3,6,2",3',6'-HCB after 10 days.

Arochlor 1254

«Inject

/T ¢+ ¢t ¢
0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45

Retention Time in Minutes

FI GURE 6.—~PCB chromatogram: "a" peaks remained unchanged, "b" peaks
decreased with time, and "e" peaks di sappeared conpletely after 30 mn.
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4.3 Photolysis Studies of Pure |somers

Commercially available pure isomers that have been previously identified
to be components of PCB 1254 were selected and obtained to be used in a series
of experinents.

Figure 7 shows a typical pattern of photodeconposition using the Rayonnet
reactor with 2537 &, 3000 A, 3500 &, and a conbi nation of 3000 A + 3500 &
light sources. The 2,3,6,2',3',6'-HCB sol ution shows no appreciabl e degrada-
tion with the 3500 A |ight source. The conbination of 3000 & + 3500 A shows a
rate intermediate of the individual lanps. And the 2537 & shows the fastest
rate. Because of the cut-off of sunlight irradiation at sea |evel at around
2950 A, the choice was made to study the isomers using the 3000 A |ight
sour ces.

The phot odeconposition rates of the isonmers irradiated in the Rayonnet
systemwith a 3000 & lanp are shown in table 4. The experinents using one-
half the intensity of the light sources showed decreased degradation rates in

100
80

60

40 A \ A 3500A
Y
A Control
20 A
o —_ 0
3000 A,_
10 + 3500 A
g
a &
g 4
(0]
=
£
o °f
O
a
1=
08— x
0.6
0.4
02
0.1 i | \ \ | J
0 10 20 30 40 50 60

Time (minutes)

FI QURE 7.--Photodecomposition pattern forZCB resulting from
exposure to several different |ight sources.
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TABLE 4.--pcB isomers selected for this study

Photolysig#*
Solubility Hal f-1ife (hr)
PCB |soners Mol . W. mg/m3 Total Surface Area (Sunmer )

2,4 Dichloro 223.10 1325 226. 01 3.42
2,4,4" Trichloro 257.54 266 243. 58 48. 21
2,5,4" Trichloro 257.5%4 e 93. 43
2,3,2' ,3" Tetra 291. 99 26.2 255.61 34.29
2,3,2',5" Tetra 291.99 oo ---- - 72.05
2,4,3,4" Tetra 291. 99 16.8 259. 15 9. 36
2,3,4,5,6 Penta 326. 43 9.04 269. 22 439.21
2,4,5,2',4",5 Hexa 360. 88 2.78 290. 78 167. 74
2,3,4,2",3',4" Hexa  360.88 ———————— e 43.93

*Mackay, D., R Mascarenhas and WY. Shiu. "Aqueous Solubility of
Pol ychlorinated Biphenyls" Chenmosphere, Vol. 9, pp. 257-264, 1980.

**Qur studies

all cases (both for the two isoners at all wavel engths). Their quantum yi el ds
were calcul ated according to the Zepp (1978). Fromthese data typical half-
lives of PCB isonmers were calcul ated (Zepp and Cline, 1977), and are shown in
figure 8.

Structure activity relationship between the photolytic degradation rate
photolysis half-lives of PCBs, and their physico-chemical properties were
investigated. The results of these studies are shown in table 5, indicating
that the photolytic degradation rate strongly correlated to the total nolecu-
lar surface area, the solubility, and fugacity ratio.

Continuing studies using HCB isonmers were conducted. 2,3,6,2',3',6'~HCB
and 2,4,5,2',4',5'-HCB were conpared in terns of their photolytic behavior in
the presence of |ake water, calcium carbonate (CaC03), humic acid, and al gae.

Using the sunlanp set-up, unfiltered |ake water was found to have a nuch
| ower rate for both isomers (table 6). A decrease in the deconposition rate
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FI GURE 8.-—Typical half-livee for four PCB isoners as a function of season.

was observed when 3.5 ppm CaC03 was added in solution. Filtered |ake water
exhibited a rate lower than the distilled water but higher than the unfiltered
| ake water. These results indicate the effect of shielding of |ight derived

from the presence of particulate natter.

The sane isoners showed the same behavior with filtered |ake water using
t he Rayonnet and the 3000 & lanps (table 7). However, quite different results
were obtained when algae were added to solution. The presence of al gae sus-
pensi ons (Cyclotella meneghiana) resulted in a marked increase in the decom
position rates for both isoners. These findings are in agreenent with those
of Zepp and Baughman (1978) using Chlorella and mal at hi on, but no expl anation

has yet been found.

Current work in progress includes the effects of mcrolayer, humic acids,
and CaC0y particul ate6 on the photol ytic degradation of PAH in aquatic
systens. Lake Mchigan nmicrolayer and water sanples were taken (on My 20,
1981; June 5, 1981; June 24, 1981; and August 3-5, 1981) at depths 1 and 10 m
Characterization of the mcrolayer by 6C/MS (with capillary colum) reveal ed
the presence of the high nolecular weight |ong-chain and aronmatic hydrocar-
bons, which were practically elinmnated when the sanples were irradiated with
a 5-Mrad dose of gamma rays. The radiation exposure was conducted to kill
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TABLE 5.-—Correlation coefficients

k degradation rate(]) Quantum Yie]d(z)

®300

Mol. Wt. 0.7027 (-) 0.87252 (-)
Y activity Coeff. 0.45741 (+) 0.52918 {-)
Tot. Mol. Surf. Area 0.90615 {-) 0.82278 (-)
Solubility (mg/m3) 0.90668 (+) 0.95335 {+)
Solubility (mol. f x 10%) 0.89967 (+) 0.95151 (+)
Fugacity Ratio 0.92419 (t) 0.88176 (+)
M.P. 0.86065 (-) 0.81945 (-)

(1)For 2, 47 Dichloro-; 2, 4, 4" Trichloro-;2, 3, 8', 3" Tetrachloro-; 2, 4,
3', 4" Tetra-chloro-; 2, 3, 4, 5, 6 Pentachloro-; 2, 4, 5, 2',4', 5";
Hexachloro- 2, 3, 4, 2',3',4'; Hexachloro- Biphenyl.

(Z)For 2, 4, 4 Jrichloro-; 2, 3, 2', 3" Tetrachloro-; 2, 4, 3', 4"
Tetrachloro-; 2, 3, 4, 5, 6 Pentachloro-; 2, 4, 5, 2', 4', 5', Hexachloro-
Biphenyl.

TABLE 6.--Laboratory first-order decomposition rates using the sunlanp

k(b )
Medi um 2,3,6,2',3",6"-HCB 2,4,5,2',4",5"-HCB
Distilled Wter 0.008251 0.007223
Distilled Water 0.00432§ 0.005152
+(3.5 mg L1y CaCo, 0.00345 0.00212
Filtered Lake Water 0. 00566 0. 0038
Unfiltered Lake Water 0. 00365 0. 0029
3 4
10 to 21 h. 221 to 115 h. 0.45 h. 43 to 100 h. 513 days.
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TABLE 7.--Laboratory first-order deconmposition rates using
Rayonet and 3000 A lampe

K(minﬁl)*

Medi um 2,3,6,2",3",6'-HCB 2,4,5,2' 4 ,5'-HBC
Distilled Water 0.038 0. 048
In Filtered Lake water 0. 029 0. 046
Wth Humic Acids 2.5

mg L-1 TOC 0. 037 0. 042
Wth Humic Acids 20

mg L™l TOC 0. 034 0. 034
Wth Algal Suspension

(1 x106 cells mL~l) 0.557 (**) 0.512 (**)

*Average of triplicate runs.

**From O to 10 mn.

bacteria and planktonic nmaterials that mght change the microlayer conposition
and affect the photolysis rates of the PCBs and PAHs. Work conparing irra-

di ated ws. non-radi ated microlayer effects on the photodegradati on process

are in progress.

A method for introducing the toxic organiecs (PCB, PAH) into the |ake
wat er nedi um was al so devised. This consists of exposing the solid or liquid
pure conpound through sublimation to 5 L of |ake water contained in a closed
system (vacuum desicator) as follows. The conpound is placed inside a
wei ghing vial, which is supported above the water surface by a glass pedestal
made of a three-legged Pyrex petri dish. Exposure is continued until the |ake
water nedium is saturated with the conmpound. The solution mixture is then
transferred to the reactor flasks and irradiated under sunlight along with the
p- ni troacet ophenone + pyridine and p-nitroanisole + pyridine actinoneters
(Dulin and M|, 1982). Dark control flasks are also set up along with the
reactor flasks.

Sunlight experiments using naphthal ene at two concentrations showed a
decrease of the degradation rate in Lake Mchigan water conpared to distilled
water. Two concentrations of naphthalene in Lake M chigan mcrolayer showed a
further decrease by a factor of two of the photolytic rate conpared with
deeper waters (table 8). Further studies of naphthalene with Lake M chigan
water and 10, 50, and 100 ppm CaC03 showed an increase in the observed rates.
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TABLE 8.--Sunlight experinents--
phot odeconposi tion of naphthal ene

Distilled Water 0. 0291
C., = 27.58 ppm

0

Lake M chigan Water 0.0112
C0 = 2.80 ppm

Lake M chigan Water 0.0130
C0 = 6.77 ppm

Lake Mchigan M crol ayer 0. 0059
C0 = 3.57 ppm

Lake Mchigan M crolayer 0. 0064
C0 = 5.82 ppm

PNAP + PYR 0. 0352
PNA + PYR 0. 0385

On the contrary, addition of 1, 5, and 20 ppm humic acid to Lake M chigan water
showed a slight decrease in the rates.

We investigated the effect that al gae (Scenedemug) grown in our |abora-
tory mght have in the photolytic rate of naphthalene. A marked increase in
t he phot odeconposition rate of naphthal ene in the presence of Cyelotella Vs.
Lake M chigan water was observed and further pursued. Gowth nedium only
exhibited a deconposition rate for naphthal ene conparable to that observed in
Lake Mchigan water. The addition of non-living Cyelotella to the growth
medi um showed a marginally increased rate conpared to the growth nedium al one.
Thus it appears that algal exudates must exhibit only a marginal effect on the
photol ytic processes. Instead, the nmechanism appears interconnected with the
phot osynthetic capacity of the cells. In any case, the inportance of this
process in natural systems is nost inportant as an efficient degradation path-
way of toxic organic conpounds.

4.4 Concl usi ons
In conclusion, the follow ng three points can be nade:

(1) Phot odeconposition rates for PCB are inversely related to their
degree of chlorination. Higher chlorinated biphenyls have slower deconposi-
tion rates than less chlorinated ones.
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(2) In general, the photodeconposition rate of PCB is slower in |ake
water than in distilled water. This is true for both filtered and unfiltered

| ake water.

(3) The presence of humiec acids has no effect on photodeconposition rates
for PCB, while algal suspensions markedly enhance the deconposition rate

5. SORPTION

Sorption is probably the single nost inportant process in the transport
and fate of toxic organic conpounds. This process affects all other sub-
sequent renoval nechanisns, the transport, and even the toxicity of these
materials. For the neutral (nonionic), highly insoluble conpounds that we
are considering, the follow ng equilibrium expression can describe the parti-
tioning of material between liquid and solid phases

Kp - [Cls/[Clw (14)

wher e Kp = partition coefficient,
[C]g = concentration in substrate, and
[C]y = concentration in water.

Baughman and Lassiter (1978) state some generalities related to the sorption
process based on their review of the field. They are:

« Sorption of highly insoluble organies by sedi ments and micro-organi sns
are rapid (time scale of hours);

+« Sorption is rapidly reversible (tine scale of days);
» Sorption by sedinents is strongest with finer particles; and

The nost insoluble conpounds are the mpbst strongly sorbed (i.e., have the
hi ghest Kp).

The sorption of organic materials by sedinments and soils is dependent on
the nature of the adsorber and the adsorbate

A nunber of soil/sedinment parameters have been related to the sorption of
organics. These include: organic matter, clay mneral content, clay mnera
texture, pH, and anorphous and crystalline iron and aluminium hydrous oxide
content. Organic matter and clay mineral content are the nost active sorptive
fractions of sedinents. The nature of the organic nolecule, whether it is a
cation, anion or neutral nolecule, its water solubility, its polarizability,
its effective chain length, and nolecular configuration are a few of the pro-
perties of the adsorbate that interact with the adsorber to influence the
amount of adsorption.
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Neutral nolecules are generally not adsorbed to nonswelling-type clays,
such as kaolinite, since only external surfaces are involved. Adsorption of
neutral organic nolecules by swelling-type clays is dependent on the polariza-
bility of the molecule in the clay interlayer. Adsorption of neutral nolecu-
les may or may not result in a corresponding release of exchangeable inorganic
ions.

Al'though clay minerals and to a certain extent hydrous oxides of iron and
aluminium may be the npst influenial in adsorbing organic cations and sone
polarizable neutral nolecules, sediment organic matter is undoubtedly of nmuch
more general inportance in controlling neutral organic adsorption. Bailey and
Wiite (1970) gave the affinity of soil conponents for pesticides adsorption in
this order: organic matter > vermculite > nontnorillonite > illite >

chlorite > kaolinite.

Adsorption measurements of organic materials by soil and soil constit-
uents generally have been expressed as adsorption isotherms. One of the nost
comonly used methods for describing the adsorption isotherns is the

Freundlich equation.

The Freundlich adsorption isothermis generally witten as:

X _ 1/n
a2 " KG (15)
wher e % = the amount of material adsorbed per gram of adsorber,

Co = the equilibrium concentration of the adsorbate left in solution,

K and n = constants.

An alternate form of the Freundlich isotherm can be witten as:

— [}
c,6 = K'C, (16)
or
n
|
K' = C/C_ (17)

where Cg4 (the concentration of the adsorbate on the solid phase) = x/m

c,=C, (18)

K* =K1 (19)
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The Freundlich isothermis an enpirical equation that has the disadvantage of
predicting that adsorption can continue infinitely.

Kari ckhoff and co-workers (1978) have denonstrated that the adsorption of
hydr ophobi ¢ organics can be related substantially to the organic carbon con-
tent of sedinments and sediment fractions. They also state that linear par-
tition coefficients (K,) are relatively independent of sediment concentration,
and m xtures of hydrophobic substances are sorbed independently. Further,
they determined that partition coefficients (Xy) that have been nornalized on
an organi c carbon basis (Kse) can be estinmated from octanol/water partition
coefficients. The relationships they suggest are:

K =0.53 K (20)
oc ow

and
log Koc - 1.00 log Kow - 0.21 (21)

These results were substantiated by Means et aZ. (1979) for several PAH/

sedi ment conbinations. Their average K, value for pyrene was 64,590 (+30
percent). Karickhoff (1979) reported that the rate of sorption was fast
(mnutes) up to 50 percents equilibrium but slowed to (-50 hours) for 90 per-
cent (pyrene) sorption on various classes of sedinments. Desorption was slower
yet. In our first-order nodel we will assume that sorption is "instantaneous"
and renains at equilibrium (steady state) within the [|ake.

Qur studies were initiated to quantitatively assess the effect of solids
concentration on the partitioning of organic compounds, using particles indig-
enous to the Great Lakes. Four solutes of concern in this systemand three
sediments from Lake Mchigan were selected for study. Table 9 lists these
materials along with the octanol/water partition coefficients of the solutes
and the organic carbon contents of the sorbents. This range of solute and
sorbent properties was selected to allow the devel opment of a nodel that
includes an organic carbon dependence (Karickhoff et al., 1979) and also
incorporates a solids effect. This study attenpts to conduct the necessary
experimental tests at solute and sorbent levels as close as possible to those
found in the Great Lakes toavoid errors resulting from extrapol ati on of
results outside the devel opnent data set.

Sorption isotherms were conducted on various conbinations of solids and
solutes. Al solutes were purchased as carbon-14-|abel ed conpounds, allow ng
quantification well below 1 ng L-l.  octanol/water partition coefficients were
determined by a nodification of the technique described by Ksrickhoff and
Brown (1979). The solids were collected from the near-surface sedinments of
eastern Lake Mchigan with a Shipek sanpler, washed, dried, and sieved to
remove particles larger than 60 pm. The organic carbon contents were neasured
by the persulfate oxidation technique. For each data point, a conplete nass
bal ance of each conpound was possible. Recoveries, based on a direct spike of
stock solution into scintillation cocktail, were found to range from 80
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TABLE 9.—-Experimental materials

% organic
Sol utes | og Kow Sol i ds car bon
chlorobenzene (MCB) 2.8 O fshore 2.9
G and Haven (OGH)
napht hal ene ( NAP) 3.4 Near shor e 3.4
G and Haven (NGH)
2,5,2' trichl orobi phenyl (TCB) 5.4 Benton Harbor 3.8
(BH)

2,4,5,2',47,5" hexachl or obi phenyl (HCB) 6.7%

"As reported in Chiou et at. (1977).

percent to 100 percent. Single isotherm experiments were conducted at con-
stant solids concentration. Reasonable linearity over the range of concentra-
tion was observed, and the data support the validity of a linear partitioning
model . The partition coefficients were determined from the slope of the
linear fit. Partition coefficients found at various solids concentrations
using the sanme solute and sedinent conbination were replotted using |og coor-
dinates, and a high degree of linearity was found (figure 9). In all cases
the partition coefficient increases significantly as the concentration of
solids in the system decreases. A reasonable degree of linearity can be
observed between the log-transformed variables. Simlar slopes were found for
all conbinations. The expected dependence of partitioning on octanol/water
partition coefficients and organic carbon contents were observed. An equation
was derived by fitting numerical constants to the data. The equation appeared
to accurately quantify the dependence of partitioning on solids concentration;
however, it offered little insight into the reasons for this behavior.

Any investigation into possible theoretical explanations imediately
confronts the unlikely possibility that the observed effect appears to violate
the laws of thernodynamic equilibria. The diversity of solute-sorbent com
binations that exhibit this behavior (O Connor and Connolly, 1980) suggest a
nonspeci fic, perhaps physical, explanation. It is believed that the change in
partitioning behavior observed in this study can be attributed to a transfer
of sorbing, or solute-binding, material from the solid phase to the liquid
phase during the course of the partitioning experiment. This material,
whet her dissol ved, nmacro-nolecular. or mcro-particulate in nature, is not
removed from the liquid phase during the separation procedure and is capable
of stabilizing the compound of interest in solution. The anmount of material
contributed to the liquid phase is nobst likely proportional to the amount of
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solid phase present, and thus the capacity of the liquid phase to accommbdate
sol ute depends upon the concentration of solids in the system The overal
effect can be viewed as either a two-phase system where the properties of one
phase (liquid) vary with the nass of the other (solids), thus resolving the
perceived thernodynanic inconsistency, or a three-phase system consisting of
water, solids, and a third phase that is not separated from the water but
possesses a higher capacity for the solute than the water itself. Gven the
denmonstrated dependence of partitioning on the organic content of the sorbent,
it is likely that the material transferred between phases is at |east par-
tially organic in nature

To investigate this explanation, several experinents were performed to
elucidate the nature of this third phase. In each experinent, a different
mass of solids, but no solute, was added to each of several centrifuge tubes
and was treated exactly as in the isotherm procedure. The liquid phase was
anal yzed after separation for total organic carbon (TQC), turbidity, Uv absor-
bance at 254 nm, and fluorescence (excitation at 365 nm emission at 415 nn.
The results suggested the possibility of a third phase; however, data scatter
at the low levels being worked with made absolute verification difficult.

From the results generated to this point in the study, we concluded two
t hi ngs:

1. The effect appears to result from the presence of mcro-particles
contributed to the solution phase by the solids, but not renoved in the
separation procedure

2. There are no sinple means by which the presence of these mcro-
particles can be quantified, and thus extrapolation of the results to other
systens can only be inferred

It appears that the traditional single-solute, two-phase (solid/liquid)
approach to sorption equilibria is not applicable to partitioning in aquatic
systens. The existence of a third phase that is not separated from solution
appears to be responsible for the observed solids effect. It is possible,
however, that other assunptions of the sinple equilibrium nodel are violated
Phenonena such as nonhomogeneity of the solid phase or solute reactions in
either the solution or solid phases may occur and produce the observed
results. To investigate these possibilities, a number of mpdels involving
deviations from sinple phase equilibria were explored. Anpbng these were a
phase transfer nodel, a coupled reaction/sorption nodel (DiToro and Horzempa,
1982), a heterogeneous solute nmodel, and a heterogeneous sorbent nodel. None
of these mbdels simulated a solids effect that was simlar in all respects to
conbi nation of processes, or perhaps nore accurately, a process that incor-
porates assunptions from more than one of the nodels. The nodel that was
finally constructed to explain the data was a synthesis of conceptual elenents
from the heterogeneous solute and phase transfer nodels.

The derived nodel is shown schematically in figure 10. It is based on
the follow ng three assunptions:

1. A portion of the organic material in the solid phase becones part of
the liquid phase and is not renpved during phase separation;
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2. This material is capable of complexing or binding solute nol ecul es;

3. The resultant complex retans some of the solute character, and is
t hus capabl e of being sorbed by the solid phase.

Mat hematically, this solute-conplexatio" nodel was formulated as. a com
bination of the phase-transfer and heterogeneous solute nodels. The deriva-
tions will not be repeated here

The predicted results according to the nodel were found to fit the data
closely in all cases (figure 11). Mbdel verification and sensitivity tests

carried out helped to define the limts for theobserved K values. An
i nteresting observation from these paranmeter checks was that the extentto

which a solute is conplexed is inversely related to the octanol/water par-
tition coefficient of the solute. This can be interpreted by considering that
t he octanol/water partition coefficient is a neasure of hydrophobicity, while
the organic material in solution necessarily has a certain hydrophilic
character in order to be stable in solution. It is not surprising, therefore,
that the |ess hydrophobic, or nore hydrophilic, solutes associate with this
material preferentially.

The inmplications of the major findings of this research--the effect of
solids concentration and the proposed explanation--are broad and far-reaching.
The initial casualty of this work is the assunption of constant partitioning.
It has been shown definitively that partitioning is not constant, but varies
with the concentration of solids in the system This suggests that the
distribution of a contamnant in the water colum is in all likelihood very
different fromthat in the sedinents. Assessments of contam nant burial by
sedi mentation, desorption, and resuspension all need to address this result.

This laboratory study was conplenmented hy a field program to exam ne the
particle concentration effect at high concentrations in the sedi ment/pore
wat er environment.

Fourteen pairs of sedinment/pore water data were divided into two groups.
The first, containing nine sets, represents sedinents from regions of recent
sedi ment accunul ation or depositional basins. These sedinments are fine
grained and have a" average organic carbon content of 3.2 (+ 1.0) percent.
The second group of five sets represents nearshore or nondepositional regions
of the lake. This group is conposed of sands to silty sands and has a"
average of 0.8 (+x 0.5) percent organic carbon. The mean PAH concentrations
fromthese two regions along with the five particulate/dissolved pairs are
listed in table 10. Due to the unequal variances, a parametric conparison of
t he means of the sedinment groups or their pore waters is not valid except for
phenanthrene (Ph) and BaP in pore waters. These neans are significantly dif-
ferent by Student's t test at the 0.1 level. Otherpore water PAH fromthe
two sediment groups are not different at the 0.05 Ievel of the Man" Witney
ranking test for neans (Zar, 1974), although the neans for all nondepositiona
pore water PAH are larger than their depositional analogs. PAH concentrations
in the pore waters are significantly greater than the dissolved PAH by this
test. Figures 12-16 illustrate the neasured partition coefficients, along
with the effects of substrate and dissol ved organic carbon
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TABLE 10.--ean PAH concentrations (ng ! or ng mi-1) measured in Lake

Michigan sediment, pore water, dissolved, and particulate sanples

Ph A’ FL Py Ch Bap BgP
Nondeposi tional Sedinents (n = 5)
90.0 18.4 185. 148. 76.1 62.1 65.7
82.9 2.7 132. 104. 49.8 49.9 61.1
Pore Waters From Nondepositional Sedinments (n = 5)
0.73 0.12 2.02 1.68 2.95 2.32 1.75
0.46 0.036 2.42 1.81 3.52 1.26
Deposi tional Sediments (n = 9)
836. 195. 1162. 999. 720. 462. 369.
252. 89.0 357. 3109. 338. 266. 362.
Pore Waters From Depositional Sedinents (n = 9)
0.43 0.21 0.83 0.82 0.39 0.85 2.67
0.53 0.30 1.29 1.09 0.23 1.26
Lake M chigan Suspended Particulate Matter (n = 5)
2,405. 56.7 4,378. 3,890. 3,678. 2,253. 1,081.
2,411. 1,768. 1,576. 2,156. 1,954.
Lake Mchigan Filtered Water (n = 5)
0.024 0.006 0.015 0.014 0.015 0.014
0.025 0.009 0.006 0.010 0.008
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FI GQURE 12.--Measured partition coefficients. Opencirclesrepresent the |og
ofthe mean &, measured for particulate:dissolved data, Solid circles are
deposi tional sediments: porewater, and open triangles fornondepositional
sediments:pore water. The straight horizontal |ines represent 1 standard
deviation and the curved synbols are the values of the maximm and m ni num
Kys nmeasured for each conpound.  Overlapping information between the deposi -
t&mat and nondepositional data were elinminated for clarity.

6. PARTI CLE CHARACTERI STI CS anD BEHAVI CR

Many of the toxic pollutants in the Geat Lakes show a narked tendency to
sorb onto particles suspended in the water colum and hence be transported
with them Understanding the behavior of these particles is essential if one
hopes to predict the fate of these pollutants. Cbservational, experinental
physical properties of these particles, their distribution as a function of
space and time, theirdynam c behavior, and transport mechanisns are reviewed
in this section

The types of particles found in the lakes vary with tine, depth, and
geographic location, but all individual particles are ultimately either bio-
logically or nonbiologically derived. Those of biologic origin include plant
and animal remains and other materials produced by organisms (fecal pellets,
for exanple), while those of nonbiologic origin are either precipitated
directly fromthe water or are of terrigenmous origin. One conplicating factor
when considering particle types is the presence of |arge nunbers of
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FI GURE 13.--Measured K,,. Open circles represent neans of particulate:dis-
solved data, solid circles represent means o.fsediment:pore Water data.
Horizontal bars illustrate 1 standard deviation; curved caps represent the
maximim and m ni mum val ues used inthe ealculations. Broad horizontal bars
represent the conmpounds' X,. as cal cul ated from water solubility. (See
text.) Solubilities (ppm) used were: Ph (1.002), An (0.0448), FL (0.206),
Py (0.132), Ch (0.002}, and BaP (0.0002). Solubility data takenfrom Neff
(19791 and May et al. 119781.

aggregates.  These may be of either biologic or nonbiologic origin and consi st
of both biologic and nonbiologic particles generally held together with sone

sort of organic matrix. Since the properties of these aggregates differ con-
siderably from those of their constituent parts, they nust be considered as a
separate particle type.

Most biologic particles are plant material. Diatonms appear to be the
most abundant. These siliceous particles have relatively slow settling rates,
so they remain in the water colum for long periods of .time even after death.
Relatively little of this material is found in the bottom sedinents, most
being redissolved at the sedinent water interface.

In spite of their relative scarcity, fecal pellets, which are conposed of
both biologic and nonbiologic particles, have been long recognized as signifi-
cant agents of vertical transport in the oceans {Honjo, 1980). There seens
little reason to doubt their inportance in the | akes as well. However,
because of the smaller size of pellets in thelakes, they probably settle |less
quickly than their marine counterparts. Fecal pellets are abundant in
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FI GURE 14.--The effect of solids concentration (5¢) on the equilibrium par

tition coefficient (Xl

Open triangles are data from Xrickhoff et al.

(1979) and solid eirec. es are from Means et al. (1979). Qur | ake water
val ues are shown as open eircles; the curved bars represent the range of

measured val ues.

The nean value for

depositional sedinents is represented

by the ¥ and the nean for nondepositional sediments by the open box.
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FI GURE 15.--The effect of solids concentration on the substrate organic

corrected partition coefficient (Kpz).

Synbol s are described in the figure

4 legend. In this case, the means for depositional
sedinents are equal.
rel ationship derived by Xnaga and Goring (1979).
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FI GURE 16.--The effeet of dissolved organic carbon (poc) on K,,. The error
bars represent 1 standard devi ation.

sediment trap sanples, where they are identified by their characteristic shape
(cylindrical or spheroidal) and high density. Qther types of bhiologic
material (spores, zooplankton) are of nminor inportance.

Terrigenous particles enter the lakes in one of four ways: shore ero-
sion, river discharge, atnospheric deposition, or bottom erosion. O the four
processes, shore erosion is the nost inportant in all but Lake Ontario (table
11). Since nuch of the shore-derived naterial is coarse grained, it noves
predom nantly as bedload across the shelf. Thus, this material plays a mnor
role in pollutant transport.

Ri ver and at nospheric sedinments are nuch finer grained and so renain
suspended for lengthy periods of tine in the water colum. They are con-
sidered to be the sources of nost of the terrigenous suspended naterial.

Ri ver sedinments depend on the types of bedrock in the drainage area, which in
much of the Great Lakes Basin is glacial till. The conposition of the
suspended material reflects this origin. It is rich in clay, mnerals,
quartz, and feldspars, with mnor anounts of carbonate mnerals.

At nospheric sedinents nmust be very fine grained. The types of ninerals
conprising themare probably simlar to those of the riverine sedi nents since
the |ocal sources are identical. Although atnmospheric loading is only a ninor
sediment source, it is inportant since many pollutants are deposited in this
way.

Erosion of the lake bed nust be distinguished from resuspension of the
nonconsol i dated sediments resting on the bottom The distinction is somewhat
arbitrary and artificial, but is useful in distinguishing sedinents that have
been deposited for lengthy periods of tine (and have presunably undergone
post-depositional alteration) from those that are nerely tenporarily depo-
sited.

In addition to these sources, nonbiologic materials may precipitate from
the lake water itself. The carbonate "whiting" event, which occurs in several
of the Geat Lakes during late sumer, is the npbst noticeable exanple (Strong
and Eadie, 1978). During this event nunmerous small (less than 10 um di anmeter)
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weel | . --Sedi nent budgets for the Great Lakes (from Rea et al ., 1987)

Input, 10° m yr -1 Qut put, 10% M yr -1
Lake Shore River Atnosphere O her Total Outflow  Sedi nent
Ontario' 2.8 5.6 0.1 0.6 9.1 3.4 4.8
Erieb 7.9 4.1 0.5 2.4 14.9 4.5 14.3
Hur on 1.8 1.1° 0.49 ? 3.3 1.4" 1.9°
M chi gan 16,77 0.7° 0.8% ? 16. 2 none 16.2°
Superior 7.2" 2.4 0.041 1.0° 10.6 0.10  10.5°
Tot al 34. 4 13.9 1.8 4.0 54.1
Per cent age 64% 26% 3% 7%

"Kenp and Harper (1976).
bKeer et al. (1977).
CPLUARG (1978).
dEstimate of the authors from Lakes M chigan and Erie data.
®Determined by difference.

fFrom vol une inputs of Mnteith and Sonzogni (1976) and estimated bul k density
of 1.75 g cm 3.

EEisenreich et al. (1977).

hAs in footnote f, with no sedinment from Lake Ontario shore; estinate by Kenp
et al. (1978).

'Kenp et al. (1978).
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calcite particles are preci pitated. Mst are redissolved since relatively
little calcite is found in the bottom sedi ments {Harrsch and Rea, 1982).

The aggregates found in the |akes are usually |oose collections of both
bi ol ogi ¢ and nonbiol ogic particles. Some, which have an abundance of diatom
parts, are probably degraded fecal pellets, while others are probably fornmed
by the collision of their constituents. Since aggregate formation and breakup
occurs constantly, the particle-size distribution also changes with time.

This makes predicting the behavior of these particles considerably nmore dif-
ficult.

6.1 Particle Properties

Al though particles may be characterized in nmany ways, when considering
the behavior of the particles in the water columm, two properties are nost
important: the electrical forces, which determne whether a particle is cohe-
sive or not, and the settling velocity. These properties are in turn governed
by other properties, such as particle composition, size, and shape.

The settling velocity of a particle may be used as a neasure of its dyna-
m ¢ behavior in the water colum. The settling velocity, in conjunction with
current velocity and water depth, determines the residence tine of the par-
ticle. In addition, it is also used as a neasure of the susceptibility of
noncohesive particles to resuspension.

For a sphere of radius r and density p_, Stoke's Law gives the settling
velocity, w P

(p_—pole
_ 2 2 P f
vegr ———— (22)

where g is the acceleration due to gravity, p the kinematic viscosity, and 0f
the fluid density. Stoke's Law works well for solid particles of known den-
sity that are at least fairly spherical, such as sand grains. For many of the
particles found suspended in the Geat Lakes, however, Stoke's Law cannot be
used, although it is applicable to the nunerous small mineral grains suspended
in the water colum.

Equations for the settling velocity of aggregates have been derived by
Hawl ey (1982a) based on the experinental work of Chase (1979). The average
fall velocity is shown as a function of size in figure 17.

No direct determnations of freshwater fecal pellet settling velocities
have been made. Because of the larger size of marine pellets, neasurements of
their sinking rates (Snall et al., 1979) are probably larger than those
obtained in the |lakes. The estimates made by Ferrante and Parker (1977) were
based on sedinent trap data and are probably incorrect. As yet, no neasure-
ments have been made of diatom sinking rates, but Glover's work (1982) sug-
gests a velocity of about 1.5 m day~l.
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FI QURE 17.--Fall vel ocity as a function of particle size (fromHawley, 1382b).

The electrical properties of the particles govern their ability to aggre-
gate, the strength of the aggregates, and their susceptibility to resuspen-
sion. Unfortunately, due to the conplex conposition of the aggregates and the
m ni mal know edge of the forces involved, little can be said on this subject.
It is known that the clay minerals will formrelatively strong bonds due to
doubl e-l ayer contraction (Krone, 1963). This does not however seemto play a
major role in aggregate formation, since nost of the material is not clay.
There is also some reason to believe that the aggregates found in the |akes
have bond strengths far weaker than those formed by clay ninerals (Haw ey,
unpubl i shed data). The presence of cohesive sediments (those that aggregate)
al so influences the degree of resuspension; as these sedinents consolidate,
more bonds are formed, nmaeking the sediment more difficult to erode.
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6.2 Distribution of Particulate Materi al

Both transparency neasurements and determnations of total suspended
materi al have been nade over the last 15 years. Typically, total suspended
material in Lake Mchigan concentrations range from1 to 3 my L™l., Both these
and the transparency neasurenents show that during the stratified period
(roughly June-Qctober) there are pronounced increases of particulate material
at the thernocline and in near-bottom water (Chanbers and Eadie, 1981) (figure
18). This bottom nepheloid layer is found in all of the Geat Lakes (Bell et
al ., 1980) and has been investigated in detail in southern Lake M chigan where
it is thought to be due to resuspension of nonconsolidated bottom sediments by
internal waves inpinging on the |ake slope (Chanbers and Eadie, 1981). The
origin of the nepheloid |ayer at the thermocline is unknown, but it may be the
result of decreased settling velocities as particles nigrate from the warner
wat er above to the cooler water below. Upwelling events associated wth
storms serve to greatly increase the suspended particle concentrations in
nearshore waters as bottom material is resuspended offshore and injected into
the nearshore areas (Bell and Eadie, 1982).

W}waukee, Grand Haven.
Wisconsin 6 5 4 3 2 1 Michigan

A 1.2°60
Yo-70--.
%

0.7

20 Kilometers

FI QURE 18.--Fast-west section from G and Haven, Mich., to M| waukee, Wis.,
(see insert) contouring the vertical distribution of \Water transparency
during August 21-22, 1979. Total suspended-natter values are superinposed
al ong the station profiles. The metalimmion transparency nmininumis clearly
depicted at approximately 20 m by a wedge of turbid water extendi ng lakeward
fromboth shores. Using the marine definition, the nepheloid layer is the
region below the md-water transparency maximum. The |argest portion of
this water mass has transparency val ues between 40 and 60 percent with the
| owest transparency and muimum TSM confined to the deepest portions of the
| ake extending 10 to 20 m above the bottom W& define the southern? Lake
M chi gan benthic nepheloid layer as the region in which the transparency and
TSM gradi ents are steeper than in other regions bel ow the hypolimion
transparency maximum (from Chanbers and Fadie, 1981).

45



The types of suspended particles vary as a function of both season and
| ocation. Harrsch and Rea (1982) have described the conposition of sedinment
found suspended in Lake Mchigan during the summer of 1979. They found that
bi ogenic material was mpst abundant, with quartz and carbonates al so inpor-
tant. Clay minerals were only nmarginally in evidence. No information is
available fromthis study on the presence of aggregates or fecal pellets.

Hawl ey (1982b,c) has anal yzed suspended particles as a function of size.
His results (table 12) show that nost of the particles less than 10 pm in
di ameter are single mineral grains, wth aggregates and diatons predoninating
in the larger size ranges. These results, though prelimnary in nature, also
show significant differences between populations collected on different days
and different depths.

Si ze neasurements of particles have been conducted in Lake M chigan over
the past several years. These results were sunmarized by Haw ey (1982d), who
showed that the size distribution of lake particles is weighted nore toward
the larger particles than sinmlar measurenents of oceanic material. Particle
concentrations are usually of the order of 1,000 to 2,000 mL-1 with the dis-
tribution fitting a power |aw

2.06

n = 6,804d (23)

where n is the nunber of particles larger than d, the particle dianeter
(measured in mcrons).

TABLE 12.~-Percent distribution of particle types as a function of size
{ from Hawley, 1982a)

Size Aggr egat es Minerals Fragnent s Di at ors
2-4 8.7 89.7 1.4 0

4-8 18.6 71.1 7.3 3.0
8-16 23.7 57.1 14.9 4.3
16-32 57.7 17.8 16.5 8.0
32-60 59.3 3.0 29.6 8.1
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6.3 Particle Behavior

Cbviously it is necessary to predict particulate behavior in changing
flow conditions if one is to accurately model sedinent transport. Unfor-
tunately, this is one of the areas where very little is known, particularly
with regard to cohesive sedinents.

The tendency of many particles to form aggregates has already been noted
Since this process and the process of aggregate rupture are continually
occurring, the size distribution of the particles, and hence their fall velo-
city, changes with tinme, making it exceedingly difficult to predict particle
bahavior, even in steady flow. Haw ey (1980) showed that the size distribu-
tion of particles near the bottom was not accurately predicted using a sinple
diffusion-settling model (Rouse's Law) and concluded that aggregate fornation
and rupture significantly affected the size distribution. Lo (1981) conducted
experiments that showed that particle sizes are significantly altered when
placed in a shear flow, unfortunately it is not possible to apply his results
to natural settings. Hawl ey (1982e) has constructed a nat henmatical nopdel of
aggregate formation and rupture, which at the present time is still being
refined and calibrated, but prelimnary results show that an increase in
current velocity hombgenizes the vertical distribution of particles and at the
same tinme decreases the average particle size because of rupture of the aggre-
gates. Because npst nonbiol ogi cal aggregation occurs as the result of dif-
ferential settling, an increase in current velocity does not noticeably
increase the rate of formation of new particles.

In contrast to noncohesive sedinents, whose deposition and erosion can be
predicted fairly well, little quantitative infornmation is available for cohe-
sive sedinents. Long-term depositional rates for the |akes, based on |lead and
pol I en geochronol ogy, vary between less than 1 to over 5 mm per year (Robbins
et al., 1978). However, the actual processes that result in deposition are
not known. |If the long-term average rate is used, the rates become microns
per day. Experinents on the deposition and resuspension of cohesive sedinents
with far higher deposition rates (Haw ey, 198la,b) suggest that sediments
deposited at such slow rates would be easily resuspended. The resistance of a
sedi ment to resuspension depends on its water content as well as the current
velocity (Postma, 1967; Fukuda, 1978). Figure 19 shows the entrainnent rate
for several sedinents collected from Lake Erie as a function of shear stress.
Al of these sedinents have water contents far |ower than those found in
recently deposited layers (90 percent water), so one would expect materia
that had just been deposited to be nore easily resuspended. Pore water con-
tent is usually reduced by gravitational conpaction due to the accumul ation of
overlying sediment. |f one conpares the deposition rate to the frequency of
current velocity changes, it is hard to inmagine how the deposited materia
coul d resist resuspension. Biological activity may provide part of the answer
since bottom feeders may increase the cohesion of sediments with nucus secre-
tions, but even this process may proceed too slowy to prevent the resuspen-
sion of most material. Marked increases in both particle fluxes (Chanbers and
Eadie, 1981) and total suspended material (Bell and Eadie, 1982) during storm
periods indicate that large anounts of sediment are resuspended during these
events.
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Fl QURE 19.--Entrainment rates for three sedinent types at various water con-
tents as a function of applied shear stress (from Fukuda, 19781

6.4 Transport Mechani snms

The general pattern of sediment transport in the | akes is downsl ope from
the coastal areas, where nost of thesediment is added to, to the depositiona
basins, which are nostly associated with the deep basins (figure 20). The
actual pathway followed is probably considerably moreconpl ex, involving suc-
cessive cycles of deposition, resuspension, and l|ateral novenent.

The situation is probably simlest for the sand and silt-sized sedinents.
These are nmoved nostly as bedload across the shelf by the anbient currents.
Qccasionally storms may resuspend this material, however, (Lesht, 1981) and
transport it large distances. Relatively little of this nmaterial escapes from
the shelf and upper slope

Transport of the finer-grained material occurs alnost totally in suspen-
sion, where it is advected through the |ake as it sinks to the bottom As
not ed earlier, thisprocess is conplicated by the formati on of aggregates. If
the material reaches the bottom it may then either be consolidated enough to
withstand erosion or, nore probably, be resuspended by a subsequent increase
in current velocity and nixed into the water colum. The process is then
repeated until it is finally incorporated into the bottom sedi nment
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What role the nepheloid |ayer plays in the transport is not known. It
may be either a" active transporting agent or just the result of |ocalized
resuspension. If it is, in fact, an agent of sedinent transport, its nagni-
tude in relation to storm action needs to be assessed. Stormgenerated waves
are very efficient agents of sedinment resuspension, although as Lick (1980)
noted, no quantitative work has bee" done on the resuspension of cohesive
sedi ments by wave action. The high frequency of storns (approxinmately one per
week), coupled with their ability to suspend and transport |arge amounts of
material, may make them the dom nant agent of transport in the |akes

6.5 Concl usion

Ideally one would like to be able to predict both particle transport
paths and depositional sites. At the present tine, however, this is
i mpossi bl e since the processes of deposition and resuspension are, at best,
only poorly understood. The formation and rupture of aggregates in the water
colum is a conplicating factor of considerable inportance since the dynamc
behavior of the particles changes with time. It seems |ikely that, rather
than having a sinple, one-step transport path, particles nove in a series of
hops, tenporarily being deposited and then resuspended as they nove to their
ultimate depositional site.

7. SEDI MENT TRAP PROGRAM  FLUX AND RESUSPENSI ON MEASUREMENTS

The role played by particulate matter in the transport and cycling of
nutrients, organics, and trace netals has been investigated by the Great Lakes
Environnental Laboratory since 1976. These studies have been prinmarily in the

sout hern basin of Lake M chigan

During these studies, Chambers and Eadie (1981) observed a persistent
benthic nepheloid |ayer of suspended materials. The layer is characterized by
high total suspended materials (TS8M), high total particulate surface area, and
| ow water transparency. They observed that from early March to md-My the
particle concentrations were nearly uniformfromthe surface to bottom The
nepheloid |ayer apparently is initiated during the tine that the thermal bar
is formed and noves progressively offshore. These weak but persistent cur-
rents apparently resuspend and transport offshore the lowdensity materials
that collect on the shelf and slope during the winter nonths. The layer is
mai nt ai ned by lakeward transport of fine particles resuspended during high
energy events (storms), and apparently also by the inpingement of the thermo-
cline on the bottom near the shel f-slope boundary. A recent study by GLERL
shows that pronounced upwelling events can disrupt the nepheloid |ayer and
reintroduce suspended materials into the nearshore area and subsequently into
the epilimion (Bell and Eadie, 1982). A conpanion study of [ight trans-

m ssion and suspended naterial data shows the presence of a nepheloid layer in
all of the Geat Lakes with simlar profile characteristics and variations as
t hose obéfrved during the detailed studies near Grand Haven, Mich. (Bell et
al., 1980
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The inportance of the role played by suspended matter in the chemnical
dynam cs of the lake systemis well recognized. The published infornmation
about the concentration and tenporal and spatial distributions of TSM
throughout the Geat Lakes is limted. Data within the nepheloid layer are
notably deficient. The conposition, concentration, and distribution of TSMis
controlled by many interacting processes, which include chemical and biologi-
cal production, resuspension of bottom sedinments, aggregation, coastal ero-
sion, and river and atnospheric |oading (Chanbers and Eadie, 1981).

7.1 Sanpling Procedures

The Geat Lakes have several features characteristic of oceans, such as
distinct shelf, slope and basin regions, with basin depths of 80 m or nore.
Qur study area was confined to the eastern half of Lake Mchigan's southern
basin during 1977 and 1978 (figure 21), and included both the southern and
northern basins during the 1980-81 study (figure 22). During 1979, several
cruises extended over a wider portion of the southern basin. The bottomis
relatively snooth, with a narrow shelf (2 to 5 km wide) and water depths of
approximately 25 m over the outer shelf. This region has gentle slopes (6 to
7 km wi de) extending to 100 m depth in the northern part of the study area
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FI QURE 21.~—hart Of the study area near G and Haven, Mich. Sedinent trap
locations are indicated by a triangle for 1977 and a dot for1978 (from
Chanmbers and Fadie, 1.981.)
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"ear Little Sable Point, Mich., and to approximately 80 m off the Grand River.
A detailed discussion of the bottom sediments is presented by Chanbers and
Eadi e (1980).

Approximately 30 cruises were made from late April 1977 to COctober 1979
for instantaneous determnations of water transparency, total suspended natter
(TsM), and particle size analysis. Sanpling depths were deternmined after in-
spection of the transparency profiles and water was collected in 5-L N skin
bottles. Fromlate April to mid-Novermber 1977 and 1978, sedinment traps were
used in southeastern Lake Mchigan to study the seasonal gross downward mass
flux of TSM  The traps consist of a plexiglass cylinder with a 5:1 height-to-
di aneter collecting ratio (50 x 10 cnm) optimzed for Lake M chigan (Wahlgren
and Nel son, 1976), a powder funnel, and a 500-mL LPE w de-nouth bottle.
Thirty-six sedinent traps were deployed at 11 stations in 1977 to study sus-
pended naterial as it noved offshore fromthe Grand River (figure 21). Mjor
emphasis was on the shelf and upper slope, with two stations on the nid-slope
and one station at its base. Sanpling during 1978 provi ded amocre complete
investigation of the nepheloid layer, using 71 sediment traps at 12 locations
(figure 21). The traps located off Little Sable Point are not influenced by
any major point source of particle input, and provide a baseline to conpare
with those located off the Gand River. Trap depths for 1977 were 1 = above
the bottom and 5 = bel ow the surface. However, from August to Novenber the
near-surface traps at stations 77-9, 77-10, and 77-11 (year-station) were
| owered to the thernmocline region (-30 m) to estimate the flux of material
through the epilimion. Fixed trap depths at 1,3, 5, and 10 = above the bot-
tom and 35 m bel ow the surface were used during 1978. At most stations, dup-
licate traps were placed at each depth. Total mass was determ ned by weighing
the dried samples to the nearest 0.01 g. Although the traps were changed
every month during 1977 and every 20 to 150 days during 1978, the preserved
sanples did not becone anaerobic. Sediment traps placed in triplicate at four
stations in 1978 indicated coefficients of variation from 1l to 10 percent,
with an average of 5.5 percent.

Sixty-five sediment traps used in the 1977 and 1978 study plus 26 |arger
diameter (20.6 cm traps of sinmilar design were deployed at 10 |ocations
during June and July of 1980 (figure 22). Two to three traps were placed at
each level and preserved with either chloroform or nercuric chloride. Sanples
at station 8 were collected and the traps redeployed in July. Sanples from
all stations were collected in late Cctober and early Novenber. stations 2,
3,4,8,and 9 were reset with a" acoustical release at the bottom of the
mooring line and a subsurface float at 15 m  These stations collected
suspended sedinent during the winter and were recovered in late spring 1981.
The ten stations were selected to sanple areas in which the sedinmentation rate
varied from high (station 3) to low (station 1). The shipboard-collected
wat er sanples gave a tenporal view of water colum characteristics, and sedi-
ment trap results yielded profiles of integrated accumulation rates.

7.2 Tenporal Characteristics of the Nepheloid Layer
Total suspended matter neasurenents nmade during thisstudy and an earlier

study (Eadie et al., 1980) show that concentrations were nearly uniform from
surface to bottom (-1.5 my L~ fromearly March to mid-May). By late May

56



1976, TSM 5 m above the bottom had increased to 7.6 my L7! (3.6 mg L1 in late
May 1979), while the renminder of the water colum showed a nearly uniform
concentration of 1.3 mg L1 (1.7 mg L1 for 1979) et an 80-m station

Observations made by Chanbers while using SCUBA suggest that the nephel-
oid layer started to formby late April and was a distinct henthic zone by
late May 1977 and 1978. A very sharp visibility discontinuity was observed at
about 30 m  The bottom water had a |ayer several meters thick, inky-black in
color, end with zero visibility. These visual observations confirm O percent
transparency val ues neasured by the in situ transmissometer.

Figure 23 shows vertical cross sections of transparency and particle
count data beginning at the mouth of the Grand River at Grand Haven, Mich.
The transect bisected the river plume, which extended lakeward normal to
shore. Analysis of tenperature profiles for this cruise (June 15, 1977) show
the beginning of stratification with a weak thernocline at 7 m. The river
water was 14°C warnmer than the |ake, which produced a river-derived |ayer of
| ower transparency above the colder |ake water (figure 23a). Accumul ation of
material along the thernocline was common and nore fully devel oped after ther-
nocline formation during the summer (see figure 18). The particles contrib-
uted by the river (figure 23b) are confined to the first kilometer off the
river nmouth, with concentrations reaching |ake background rather quickly.
Eadie et al. (1980) also observed this phenonemon.
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FI GURE 23.--Transparency (4) and partiecle concentration profiles (B) from a
transect direct|v off the Gand river during June 1977. In these figures a
nepheloid layer is seen beginning at about 30 to 40 m. Transect described by
the line ertending due west fromthe mouth of the Gand River in figure 21
(from Chambers and Eadi e, 1981).
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A region of nighturbidity, defined in terns of low transparency (0 to 5
percent) appeared below about 30 to 40 m Wthin this benthic layer, TSM
increased from1.2 mg L-1 and 2 x 106 counts Ll at station 5 to 4.8 mg L7}
and 105 x 105 counts L™l at station 9. The data collected during this cruise
illustrate that the particulate natter in the open |ake was beginning to par-
tition itself into two regions separated by a zone of clearer, nore particle-
free water. A river-derived conponent of the nepheloid particulate naterial
appeared to be negligible.

Seasonal variations in particle concentration near the slope-basin bound-
ary show up to a five-fold increase in the amount of material present within
the nepheloid |ayer when conmpared to the overlying clearer water. There was a
general trend toward decreasing particle concentrations and total surface area
values in the nepheloid region from May to Cctober, with a major exception in
July. The July sanple probably reflected the settling of large amounts of
bi ogenic material fromthe spring bloom A simlar seasonal trend was also
observed during 1979 at station 78-7. Mcroscopic analysis of TSM aliquots
reveal ed the presence of nmny aggregates of several norphologies and the doni-
nance of calcium carbonate (calcite) crystals and cal cium carbonate aggregates
(4 to 20 pm in size) during Septenmber and Qctober. The in situ production of
cal cium carbonate peaks in early Septenber (Strong and Eadie, 1978) and con-
tinues well into COctober. The residual carbonate settling probably produced
the 10-m particle surface-area maximum observed at station 77-7 on Cctober 19.

7.3 Spatial Characteristics of the Nepheloid Layer

The results from several cross-lake cruises suggest that the benthic
nephel oid |ayer always occurs in water deeper than about 40 m during the stra-
tified period. The netalimion mnimm md-water nmaxi num and nephel oid
| ayer are clearly depicted by open |lake transparency profiles for stations
78-7 and 78-8 (figure 24a). During this cruise (September 16, 1978) an unu-
sually thick region of O percent transparency was present, and it thickened
fromabout 3 m at 78-6 (md-slope) to 10 mat 78-7 (basin boundary), but
thinned to about 5 mat 78-8. TSM values at 78-7 increased exponentially wth
depth in this highly turbid zone (figure 24b). The number of particles per
litre at the offshore station differed only by a few percent at 1, 3, 5, and
10 m above the bottom  However, particle surface area increased by alnost a
factor of two at 78-7. The significant increase in surface area reflected a
two- to fourfold increase in the nunber of particles in the >16 to 60 pm size
range. Particle concentration in the 2 to 16 um range was nearly constant
with depth.

Regionally, the nost turbid regions of the nepheloid |layer were confined
to the | ower slope and deep troughs of the |ake (figure 18). TSM concentra-
tions were 10 to 20 tines higher in the bottom1l m conpared to values in the
m d-water transparency maxinmum  The high turbidity may reflect |ocal resus-
pension by bottom currents. Trends sinmilar to these were also observed on a
transect south of this one between South Haven, Mich., and Waukegan, 111.,
during mi d-Septenber 1979.
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FI GURE 24.--(4) 1978 transparency profiles off G and Haven, Mich., illus-
trating the thickness of the nephel oid Zayer (region of O percent trans-
parency). (B) illustration of the increase in TSM (dots) in mg I-1 and
surface area in em? -1 (numerals) associ ated with the nepheloid |ayer
(from Chambers and Eadie, 19811.

7.4 The Vertical Flux of Particulate Matter

During the spring to fall of 1977 and 1978, 107 sediment traps located in
southeastern Lake M chigan were sanpled 4 to 6 times. Patterns and rates of
accunul ation in traps were quite simlar in both years, with large differences
apparent only during the storm period. Sedinment flux at the base of the slope
during nonresuspension events was at times an order of magnitude greater than
the flux of nmaterial at the outer shelf.

The upper traps located at stations over the mid-slope and basin region
should reflect more closely the actual sedinentation rate and flux across the
thernocline. Sedinmentation rates durin thermal stratification for nonstorm
condltlons ranged from0.21 to 1.7 g~mw~2 day~l with % (arithmetic nean) = 0.70
g m2 day~! (N = 20), s (standard deviation) = 0.40. Rates for storm and pre-
and paktskratified conditions ranged from1.2 to 9.1 g m2 day-1 with x = 4.8
g m% day"l (N =9),s=25  These fluxes are simlar to rates calcul ated
from radi oi sotope nmeasurements in cores (x = 0.64 g m2 day~l, s = 0. 30;
Robbins and Edgi ngton, 1975; Edgi ngton and Rebbins, 1976) and from the
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Ambrosia (ragweed) pollen (0.74 g m™? day'l; Davis et al., 1971) in the vicin-

ity of our study area.

Particle flux increases exponentially from about 10 m above the bottomto
1 m above the bottom (figure 25), suggesting thatal arge conponent of mate-
rial was resuspended. Assunming steady-state conditions (i.e., resuspension
equal s the flux determned by near-bottomtraps mnus the upper trap rates),
an average of 84 percent of the material collected in our near-bottom traps
coul d be resuspended sedinent. The 1978 flux profiles indicate that nost par-
ticle mass is confined to the bottom3 m. Mst material was collected by
traps located near the base and mid-slope, with |lesser amounts collected in
the basin. Flux patterns for traps located off Little Sable Point (traps 9 to
12, figure 21), far renoved from any river influence, are simlar to those off
the Grand River, supporting earlier observations that the Gand River input
into the nepheloid is not identifiable.

Particle flux profiles (figure 25) can be expressed nearly perfectly by
the exponential term

J =Jo e'_-:»:p_Bz (24)

where J (g m2 day~l) is the flux of resuspended material, Jo (g m 2 dayl)is
the downward particle flux at the sedinent-water interface, z(m is the height
above bottom and g(m~1) may represent the ratio of Stoke's settling velocity
to vertical eddy diffusivity, thus p~l will be the resuspension scale length
in meters (Wahlgren et al., 1980). Bs calculated fromthe particle flux data
ranged in value fromo0.08 to 0.55 m~l, with a_geonetric mean and standard
deviation equal to 0.30; 0.17; and 0.12 (+s; x; -s) producing resuspension
scales (871) of 3.3; 6.0; and 8.7 m.

7.5 Particle Transport Across the Shelf

Data collected during the 1977 sediment trap program provide insight into
material transport across the shelf. During the first four collection peri-
ods, the outer shelf and upper slope regions had |ower trap accunul ation rates
1 moff the bottomthan did the inner shelf and | ower slope (figure 26). The
regions of lower flux could reflect sedimentary bypassing where the fine mate-
rial does not accumulate. Coarsest bottom sediment for this area is at the
outer shelf, which contains less than 0.5-percent fines (<64 pm size fraction)
on a dry-weight basis (Chanbers and Eadie, 1980) and resuspension of the
coarser sedinment would only occur under severe storm conditions as seen in the
| ast two periods of 1977.

During Septenber and COctober 1977, several 2- to 3-day storms took place,
with waves up to 5 m high and winds in excess of 10 m s”l. Large quantities
of material were collected in the inner shelf traps, representing fluxes of up
to 560 gm~2 day~l at 1 m above the bottom Particulate material collected in
the bottom trapson the mid-slope and | ower slope increased by a factor of
three to five during Septenber and October. The flux 20 to 30 m above the
bottom at these stations also increased, but rarely exceeded 20 percent of the
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FI GURE 25.--Particle fluxprofilesofthe 1978 sedinment trap data. Units are
g m2 day-1. The nunbers correspond to 1978 station |ocations. (See figure
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1977 Sediment Trap Accumulation at 1m above the bottom (a m=2 day™7)
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FI GURE 26.--Seasonal sedi nent trap aceumulation rates at I moff the bottom
for 1977 (4A). Transect of mean nonstorm (April-Septenber) and storm
(Sept enber - Novenber) particle fluxes (B}). Transect X to X' shown in upper
left of figure 26r4). Units areg nm? day=1 (from Chanbers and Eadie, 1981).

flux neasured near the bottom In contrast to the slope fluxes, the rates
measured 5 m below the surface (7 to 20 m above the bottom) at the shelf |oca-
tions accounted for more than 50 percent of the flux measured at the bottom
However, flux gradients were steep because at 3 m above the bottom the flux
still only accounted for 60 percent of the flux at 1 m above the bottom
Al'though large amounts of naterial were resuspended on the shelf and upper

sl ope, nost of the sedinent transported offshore was probably confined to the
near bottom and suppl enented the nass of material in the nepheloid |ayer.

The trap program during 1980-81 provi ded data that allow the mass fl ux
rates during the thernally stratified period to be conpared to the rates
during the winter and spring nonths. Figure 27 shows that the flux rates in
three different areas during the unstratified period are higher at all three
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FI QURE 27.--Particle mass flux profiles frinthree trap profilesinLake
Mchigan. (See figure 22.1 Summer profiles representt he period mid-June
t hrough m d- Novenber; tinter profiles represent the period m d-Novenber
through md-June. Sedinment accunul ation rates are froml ocal eores neasured
by FEdgington and Robbins (1976) (from Fadie et al., 7982¢).

stations (figure 22) than the rates during the stratified period. Both rates
are much higher than the sedinent accunulation rates shown by the data point
bel ow the profiles for each station. The size and nunmber of particles at
various depths are shown in figure 28. These data are from sanpling near the
base of the slope and inshore from stations 7 and 8.

Particle-size distributions during the unstratified period generally show
a relatively high concentration of fine (2 to 8 um) particles. These fine-
grained particles are high in organic carbon and are the materials that even-
tually collect in the |akes' depositional basins. They are also, presunmably,
the vehicle upon which hydrophobic contam nants are transported.

7.6 Contam nants and Resuspension Effects

The Great Lakes are particularly susceptible te contam nation by synthe-
tic materials, primarily because of the heavy industrialization of the region
(leading to high | oads) and the slow flushing tines of the |akes. Slow
flushing causes conpound residence tines to be scaled to internal reroval pro-
cess rates. The disposition of synthetic organies in aquatic environments
depends strongly on their solubility. Chlorobiphenyls range in solubility
from-1 ppmto -1 ppb and, in general, the group of conpounds can be classi-
fied as hydrophobic, characterized by a strong tendency to sorb onto particles
and settle. For conpounds characterized by slow deconposition rates, such as
highly chlorinated PCB isoners, settling into the benthic boundary |ayer (BBL)
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and burial are a prine renoval nmechanism  Calcul ations based on anal yses of
materials collected in sedinment traps in southern Lake Mchigan indicate a
significant reentrainment of sedinment-bound PCB. Approximately 14 percent of
the current water colum inventory of particle-associated PCB can be accounted
for by winter resuspension. Reentrairment of pore-water-associated PCB is

smal |, but may be significant if associated with soluble natural organies of
colloidal material. The net effect of resuspension is to increase the resi-
dence time for contaninants in the active ecosystem (Eadie et al., 1982c).

Fromthe data in figure 27 and other data, it appears that the wnter
mass flux (at 35 m is conservatively estimated at 1 g m2 g7l greater than
the flux during the stratified period. From a ZOO day period, this represents
200 g m~2 of resuspended sedinent reaching near-surface waters. Assuning the
PCB concentration in surficial sedinments subject to resuspension to be 100 ng
g1, then approximately 20 g m2 year-1 of particle-associated PCB woul d be
reintroduced into the water colum. In Lake Mchigan, the inventory of PCB in
1 w2 of water colum is approximately 425 pg PCB m™2 (5 pg PCB m™3 x 85 n).

From the data for the dissolved fraction in table 13, a" estimate of the

i mportance of entrainment of dissolved material can be made. Assunming the
water reentrained is four times the particulate resuspension (vol vol~1) or

TABLE 13.--Sediment/pore Wat er PCB data and apparent partition coefficients

% 0.C. 1242 1254 Tot al

Nearshore® (Sandy)

Pore water (ng L~1) 0.153 0. 006 0.159

Sedi ment (ng g~ 1) 0.7 31.9 31.6 63.5

K 208. 5, 267. 399.
station 7 (Clay:Silt)

Pore water (ng L™1) 0. 201 0.013 0.214

Sedinent (ng g-1) 1.1 69.0 91.0 160. 0

K 343. 7.000.0 747.
station 3** (d ay)

Pore water (ng L~1) 0.308 0.034 0. 342

Sedi nent (ng g~1) 3.8 64. 4 86. 1 150. 5

K 209. 2,532. 440.0

*Inshore of Station 7/8 (see figure 22); 45-m depth.

**Off Benton Harbor, Mich.; highest recorded accunulation rate in Lake
M chigan; 3 g m2 day~l.
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approxi mately 400 mL m~2 and has a PCB concentration of 200 ng L~1, one can
cal culate a dissolved PCB flux of 80 ng m 2 year~!. This is about 0.4 percent

as large as the particulate reentrainment and less than 0.1 percent of the
wat er colum inventory. The inportance of this small |oad may be increased if

t he dissolved reentrained PCB is conpl exed with soluble natural organic
matter. Such an association would affect the cycling of this fraction and
tend to increase its residence tinme in the active ecosystem These indicate
that reentrai nment from sedinents can be very inportant, but nore data are
needed to get reliable estinates.

Atnospheric and total |oad numbers obtained fromthe literature (table
14) are seriously out of balance with the estimated sediment accumul ations.
This indicates either that the lake is far fromsteady state and pcRs are
building up in the water colum, in contradiction to the apparent decline of
PCBs in fish, or that reported | oad estinates are not representative of
current loads. Other reports indicate that ourestimateof the sedi ment
inventory of PCB might be a little high (D. Armstrong, University of
W sconsin, pers. corn.) and that atnmospheric |oads are probably high by an
order of nagnitude (A. W Andre", University of Wsconsin, pers.comm.).
These adjustnents would bring the system near to bal anci ng.

A study of the suspended fine-grained materials reintroduced into the
euphotic zone from the nepheloid | ayer during an upwelling event in

TABLE t4.—-pPCB | 0oads (Mt y—1) for Lake M chigan

At mospheric | nput' 6.9
Total Load? 8. 95
Sedi ment Accumul ati on’ 0.6
Particul ate Resuspension 1.0
Di ssol ved Resuspensi on 0. 005
Upwelling” 0.4

1Eisenreich et al., 1981a.
2I\/LII‘phy and Rzeszutko, 1978.

3Average sedi nent accunulation = 10 ng cm2yr-1; PCB
concentration = 100 ng g~1i.

4BeII and Eadie, 1982.
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southeastern Lake Mchigan allows an estimate of the sedinent-associated con-
taminant, such as PCB, that can be reintroduced into the surface waters (Bell
and Eadie, 1982). Assuning 10 upwel ling events affecting an area of 125 km2,
and an increase of 0.2 ng L™} (figure 29), thereare approximately 7.5 x 106
kg of suspended materials reintroduced fromthe nepheloid |ayer. Using PCB
concentrations of 100 ppb (Rice et al ., 1982b; Eadie et al., 1982c) and at nos-
pheric PCB |nputs of 6, 900 k(‘i yr~l (Eisenreich et al ., 198la), the cal cul ated
upwelled load is 6 g km™2 or approximately 5 percent of the estinated

at nospheric PCB | oad of 119 g km™ 2 yr~l, This estimte may be too conserva-
tive since the increase in TSM produced by a strong upwelling event may well
exceed 0.2 ny L~! and does not take into consideration the effects of |esser
events or the seasonal differences.

As the |oading of PCB and other contamnants to the |ake decreases, the
fine-grain-associated contaninants injected into the euphotic zone through
upwel ling events will play a larger role in the long-term behavior and fate of
such conpounds. The reentrainment of sedinent-associated contami nants will
undoubtedly increase the residence time of these materials within the active
ecosystem

8. PRESENT AND HI STORI CAL FLUXES OF CONTAM NANTS
TO GREAT LAKES SEDI MENTS

Most of the load of organic, as well as inorganic, contam nants entering
the Great Lakes ends up on the bottom The predom nance of sedimentation and

w Stations E
19 18 17 16 15 14 13 1211 9876 543 2 | Grand
0 1 1 | | | L, L , Haven
20}
E sof
5 | —
o - ‘-.‘:"7:
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FI GURE 29.-Total suspended matter contours (mg I-1) during an upwel ling
event. A conmparison with transparency and tenperature profiles shows
suspended materials being transported up the slope into the nearshore area
then lakeward in the epilimmion. Water sanples were collected at each dot
(from Bell and Eadie, 1982).
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burial as a rempval pathway is in part due to the strong affinity of nany con-
tam nants for particulate matter and to the long hydraulic residence tines of
most of the |akes. Al though some organic conpounds are subject to evaporative
or degradative losses in the water colum, sedinentation and burial generally
remain the nmajor renoval route.

Transport of contam nants between their source and final burial is com
plex, involving a cycle of resuspension and redeposition the net effect of
which is the preferential deposition of recent materials in selected areas of
the lake bottom  The so-called focusing of sediments and associ ated con-
tam nants occurs to such a great extent that only about 30 percent of the bot-
tom of the Great Lakes may be considered to have active |ong-term deposition.
(See figure 20.) In other areas (usually in shallower water), contaninants
may be initially stored, but seasonal or |onger-term resuspension events
reentrain materials, which then generally nove off to quieter portions of the
| ake bottom  Resuspension is a wdely occurring process, which serves to
coupl e recent sedinmentary deposits to the water colum.

The coupling brought about by resuspension affects the response of the
| akes to contanminant loading in two contrasting ways: upon introduction of a
new contami nant, resuspension provides a source of scavenging particles that
facilitate its renoval fromthe system on cessation of the contani nant
| oadi ng, resuspension serves to maintain levels in the water as the resus-
pended particles are then contam nated. The extent to which levels of con-
tam nation are nmaintained by resuspension depends not only on the degree of
coupling but on the rapidity with which contanmi nated sedinments are buried

In the Great Lakes the burial process is altered by the presence of a
variety of organisms (macrobenthos such as Pontoporeia and tubificid worns)
that mx sedinents as a result of their life activities. In the |akes their
range of interaction in sedinents is the order of 2 to 10 cm and for sedi nen-
tation rates encountered in the lakes this range corresponds to 5 to 100 years
of sediment. To the extent that sedinent particles are resuspended out of the
zone mxed by macrobenthos, the effect of these organisns is twfold: at the
onset of lake contamination they retard the buildup of levels in the |ake, but

on abatenent they prolong the contact.

Whol e | ake nmodeling of the behavior of contaminants nmust thus not only
t ake account of seasonally varying water colum processes, such as particle-
solution exchange, particle settling, resuspension, (and for organics photoly-
si's, bilodegredation, evaporation, etc.), but also sedinentation processes,
such as bioturbation (biological mxing), sedinentation, diffusion, and degra-
dati on.

The purpose of the present study is (1) to build an optinally self-

consi stent description of sedinentation, bioturbation, diffusion, and reaction
for a series of cores from eachof theGeat Lakes to aid devel opment of long-
term nmodeling efforts and (2) to use historical records of contamnant fluxes
reconstructed from sel f-consistent diagenetic nodels as a formof ground truth
for nmodel s describing the behavior of contaminants in the water colum. In
the case of conplex organic contam nants, often very little if anything is
known about the | oading history, so predictive nodels have relatively little
historical basis for success. But since any satisfactory predictive nodel for
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the water colum also produces a prediction for the flux to the sedinents,
sedi ment contaninant profiles can provide a calibration if the sedinentary
processes thensel ves can be properly understood and nodel ed.

To this end, cores have been or will be collected from areas of the open
| ake with maxi num sedi nentation. H gh sedinentation rates inprove the tine
resolution in reconstruction of time-dependent fluxes. As such areas occur
generally in the open lake, profiles are more likely to reflect the average
history of contamination in the water rather than the influence of |ocal sour-
ces, Box cores (and a set of subcores) are being taken at at |east two |oca-
tions within each area of high depositi on. Locations are chosen to provide a
set of cores with significantly contrasting sedimentation rates (roughly a
factor of two difference). Conparison of contaminant profiles in cores with
differing sedinentation rates is expected to help in sorting out the effects
of post-depositional movement or degradation of contam nants from real changes
in the tine dependence of the i nputs. Areas cored to date are illustrated in
figure 30. Sedinment cores are being collected by state-of-the-art oceano-
graphic box coring methods and by open-tube triple gravity coring techniques.
Because adequate characterization of sedinentary materials requires
interdisciplinary efforts, the skills and interests of a nunber of individuals
and institutions are being applied in the study. Listed in table 15 are indi-
vidual s presently involved. As the nature and scope of the study are being
nmore widely recognized, additional people are conming forward. The project
conmmenced in June 1981 with the coring of Lake Ontario sediments by R.
Bourbonniere under the auspices of the Canada Centre for Inland Waters. In
Cct ober 1981, cores were collected from the other |akes indicated (figure 30)

FI GURE 30.--Locationes of cores collected in 1981 (Lake Ontari o,
¢SS Limmos; ot her | akes, R/'V Roger R Simons).
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with the use of the EPA research vessel Roger R Simoms. In June 1982, addi -
tional cores were taken in Lake Erie aboard the Canada Centre for Inland
Waters research vessel Linps.

Mul tipl e subcores from each box core (up to 20) were sectioned aboard
ship and subsanples distributed to various participants. Subcores are first
analyzed at the GLERL-U.M Nuclear Measurenents Laboratory to determne their
suitability for detailed analysis. Qualifying cores are then analyzed by
other researchers for constituents indicated in table 15

Al'though this project has been funded for less than a year, the Lake
Ontario cores were soon available for analysis. Mst of the work to date con-
cerns the Lake Ontario cores, although sonme radionmetric measurenents
(especially the short-lived gamma emitters) have been conpleted in cores from
t he other | akes.

8.1 Radionetric Measurenents

Determnation of the distribution of |ead-210 and cesium 137 provides the
basis for deternmning sedinentation rates and the extent of biological mxing
inthis study. (Details of the nethods are given by Robbins (1978), Robbins
et al. (1978), and Robbins and Edgi ngton (1975).) Distributions of these two
radi onuclides are shown in figures 31 and 32 for Lake Ontario stations G32 and
E30. The excess |ead-210 profiles show the features commonly encountered in
recent sedinents of the Great Lakes: a zone of essentially constant activity
at the sedinent-water interface and an exponential decrease bel ow that zone
Such profiles are considered to arise as a result of a process of sedinen-
tation, mxing, and radioactive decay. The half-life of lead-210 is 22.3
years. The solid lines for |ead-210 are the predicted distributions based on
the assunption of a constant sedinmentation rate, constant flux of Iead-210
and rapid steady-state nmixing of well-defined range. As new sedinent is
added, the zone of mixing is envisioned to retain the sane thickness and thus
nove upward at a rate equal to the sedinentation rate. In these figures sedi-
ment depths are expressed in units of grams of dry material per square centi-
neter and sedimentation rates in units of g en~2 yr~1 to correct automatically
for effects of conpaction. The regularity in the excess |ead-210 data pro-
vides a very precise determnnation of the sedinentation rate in each core.
Values for the rates and depths of sediment mixing are provided in table 16
The two sites differ roughly by a factor of two in sedinmentation rate.

Distributions of cesium137 in these cores are shown in the right-hand
panels of figures 31 and 32. This radionuclide, which has a 30-year half
life, results primarily from at nospheric nuclear testing. Levels of cesium
137 were highest during the period from 1963 to 1964 and since that tine have
been markedly lower as a result of the test ban treaty between the U S. and
the US SR As the residence tine of the radionuclide in the lakes is very
short (about 1 to 2 years), sedinentary profiles of cesium 137 mght be
expected to minmic the history of atnospheric deposition unless there are near-
bottom integrative processes such as biological mxing. The distribution of
radi ocesi um expected in the absence of nixing is shown as the shaded area in
each of the two figures. Actual cesium activity extends downward farther than
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TABLE 15.-—urrent participants in the H gh Sedinentation study

Name

Affiliation

Contribution or Interest

Dr. Richard Bourbonniere

=

Ke

Mirray Charleton
Brian Eadie

St even Ei senreich

Wayne Gardner
Ef ri am Halfon
Kj el |

Johansen
Jim Kitchell
Peter Martin
Cerald Matisoff
Philip Meyers
Donal d Nel son
Jerome Nriagu
John Robbins
Ronal d Rossmann

Claire Schel ske

Jacob Sedl et
Karen Thonson

David Wiite/ Tim
ity

Canada Centre
for Inland
Wat ers (CCIW)

CCIW
NOAA/GLERL

Uni versity of
M nnesot a

NOAA/GLERL
CCIW

Uni versity of
M chi gan

Uni versity of
W sconsin

Uni versity of
GQuel ph

Case Western
Reserve Univ.

Univiversity of
M chi gan

Argonne Nati onal
Laboratory (ANR)

CCIw
NOAA/GLERL

Uni versity of
M chi gan

Uni versity of
M chi gan

ANL
CCIW

University of
M chi gan

gamma emitters,

Phot ogr aphi ¢ docunentati on,

organic, inorganic carbon, fatty
acids humic materials

Sedi ment oxygen demand

Pol yaronatic hydrocarbons

PCB i somers, other chlorinated

organics (mirex, toxaphene, etc.)
Forns of phosphorus

Sedi nentary process nodeling
Cesium 137, |ead-210

Copepod fragnents

Descriptive sedimentology,
sedi mentary structures

Nutrient/stable elenent
chem stry, process nodeling

Li pi ds, hydrocarbons

Short-lived alpha emtters

Sul fur conpounds

Lead-210, cesium 137, short-1lived
bi ot ur bat i on,

sedi mentation nodeling

Maj or and mnor metals (AAS),

grain size

Anor phous and diatom silicon

Tritium
Bacterial activity

Macr obent hi ¢ organi sns
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FI GURE 31.--Distribution Of excess | ead-210 and cesium-137 in Lake Ontario
core G32. The solid lines are fits using the steady-state m Xi ng model.
The shaded histogram indicates the distribution of cesium-137 expected from
directfallout with no sedinent mxing. (Data and nodel of J. Robbins/K.
Johangen.)
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FI GURE 32.--Distribution Of excess |ead-210 and cesiuml37 in Lake Ontario
core E30. The sedinmentation rate in this eore i s about hifthat for eceore
&B2. (Data and nodel of J. Robbins/K. Johansen.)
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TABLE 16.-<Sedimentation rate and mi xed depths for the Lake Ontario (1981)
core inferred from distributions Of cesium-137 and excess | ead-210

Cesium 137 Distribution Excess Lead-210 Distribution
SedimenationT M xed* SedimenationT M xed*
Core Rat e Dept h Rat e Dept h
L0O-81- (g cm?2 yr‘l) (g cm'z) (g cm—2 yr“l) (g cm'z)
E30-RNA 0. 0153 0.160 0.0248 0.04
(Gavity)
E30 RN\B 0.0314 0.312 0.0343 0.519
(Box)
E30 RNC 0. 0319 0.28 0.042
(Box)
&B2 RNA 0. 0494 0.436 0. 062
(Gavity)
G32 RN\B 0. 0692 0.588 0.0714 1.12
(Box)
G32 RN\C 0. 0693 0.589
(Box)

TLeast square increnents for the best value of high sedinmentation rates:
0.0001 gem~2 yr~1,

*Least squares search increnents for the best value of the nixed depth:
0.001 g cm 2.

expected without mixing and post-1963 levels are considerably higher than
expected fromthe fallout record. Application of the steady-state mxing
model using the known deposition history yields the theoretical profiles shown
as solid lines in each figure. The steady-state, finite-range mxing nodel
provi des an excellent description at the observed profiles. Mreover, sedi-
nentation rates based onthisanalysis of cesium 137 profiles are in excellent
agreenent with rates from | ead-210. However, depths of mixing are twice as
great for lead-210. Further analysis is required to understand this dif-
ference. Wiile distributions of cesium-137 and |ead-210 are generally con-
sistent with the concept of instantaneous honpgenization of near-surface
sediments, distributions of shorter lived particle-bound radionuclides suggest
i mprovenents in nodeling. On time scales on the order of decades, particle-
bound radionuclides appear uniformy mixed, but on scales on the order of
months to years, they are generally not.
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Shown in figure 33 are the distributions of three radionuclides in a high
sedi nentation rate core from Lake Mchigan. The distribution of cesium 137
(right panel) is consistent with the rapid steady-state nodel, indicating a
m xed depth of about 5 cm  The histogram shows the distribution expected in
the absence of mixing, while the shaded area is the predicted distribution.
In contrast, the distribution of beryllium7 in the core is essentially expo-
nential (decreasing with about a 1 cm half depth). This isotope is produced
by cosmic ray interaction with air nmolecules and is introduced into the |ake
primarily via precipitation. Because of its short half-life (53.5 days), its
penetration into sedinents is restricted. In the absence of sedinent mxing,
the beryllium7 would be confined to a submillineter veneer of material. If
the mxing process were solely advective (only conveyor-belt feeding worns
were present), then for an essentially constant input of beryllium7, the
expected profile is given by

A(g)=A (g)e - Ag/(r_+ r)) (25)

where g is the cumulative dry weight of sedinment, rg is the sedinmentation
rate, r_ is the advective reworking rate (g em 2 yr~l), and A = 0.693/53.5
(d%). Xfit of this equation to the data yields a rate of 0.55 g en™?2 yrl
which is about 10 tines as high as the sedimentation rate of about 0.06 g cm2
yr~l. Cerium-144, which has a half-life of 284 days, shows greater penetra-
tion into the sediments, as expected. However, assuming the flux of this
fallout radionuclide to be constant, the purely advective nodel yields a
reworking rate of only 0.27 g cm2 yr~l. Smaller advective reworking of this

Activity (dpm /g)
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FIGURE 33.--Distribution of beryllium?7, cerium-144, and cesium 137 in a high
sedi mentation mate core from Lake Michigan. \While cesium 137 appears uni-
formy tied, the #wo short-lived isotopes are not. The uniform mizing
model can only apply tO processes occurring on tine scal es ofdecades.
(Data and nmodel of J. Robbins.)
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nucl i de suggests a decrease in the extent of advection with increasing sedi-
ment depth. Such a reduction is expected on the basis of several |aboratory
studies involving the use of radiolabeled sediment mncrocosms containing
conveyor-belt species (Fisher et al., 1980; Krezoski and Robbins, 1980). The
conveyor-belt species feed with their heads extending downward into sediments
and tails protruding above the sedinent surface. Ingested material passed
through the gut is redeposited on surface sediments. If a population of worns
feeds uniformy over some depth, then the velocity of particles initially at
the sediment surface decreases with depth since wornms feeding above the |evel
of the particle can contribute longer to its downward motion. In this case it
can be shown that the time for a particle to reach a depth of g is

g de
r (0)(1 - g/gm)

rt
I
Q

where g is the maxi mum depth of feeding (g m2) and rp (0) is the advective
reworking rate at the sedinent surface. The expected activity is then

A(g) = Afo)e Mt

Application of this nodel yields 0.62 and 0.43 g cm~l yr=1 for beryllium?7 and
cerium 144 respectively, which is necessarly nore consistent.

In reality both advective and diffusive processes conspire to produce the
observed profiles. The nature of sedinment reworking depends in detail on the
type of organisns present. The distribution of macrobenthos in the Lake
M chigan core is shown in figure 34. The center panel shows the vertical
distribution of tubificid and lunbriculid worms, which transport sediment in
the advective conveyor belt mpde. Their range of occurrence is conparable to
the range of penetration of cesium 137--a result anticpated from application
of the mixing nodel to the distribution of this radionuclide. Also shown is
the distribution of Pontoporeia hoyi, an anphipod that churns up surface sedi-
ments in an eddy diffusive manner. Their range of penetration (roughly 2 cm
is consistent with the results of laboratory tracer studies wth sediment
m crocosns (Robbinset al., 1977). The results of this and related studies
indi cate devel opment of a nodel for nmixing of sedinent particles that has (1)
a diffusive conponent with a range of 1 to 2 cmand (2) an advective conponent
derived from uniform feeding and redeposition of materials on surface sedi-
ments. Further devel opnents in nodeling will probably have to take account of
the particle selective nature of the process.

8.2 Geochem cal Characterization of Sedinents

Interpretation of metal and organic contaminant distributions in sedi-
ments requires a conprehensive model that takes into account processes such as
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FI GURE 34.--Digtribution of maerobenthie organisms in the Lake M chigan high
sedinentation core. Tubifieid and lumbriculid worms adveetively recycle
sedi ment particles over a range consistent with cesium-137 m xed depths. In
contrast, Pontoporeia, which m x sedinents diffusively, are confined to the
upper few centinmeters. Their effect nust be included in describing short-
term sedinment redistribution processes. (Data of T. Reilty.)

di ffusion, advection, bioturbation, chem cal or biochem cal reactions, and

ti me- dependent changes in contaninant flux. Chemcal processes are primarily
a product of the oxidation of organic matter in surficial sedinments. This
oxidation has three results: 1) the consunption of organic matter; 2) the
consunption of oxygen; and 3) a decrease in the EH and pH of the sedinent.
This diagenesis can serve to mobilize, alter, or preserve deposited contam -
nants. The net inpact of diagenesis depends upon the contam nant's chenical
characteristics and the geochenical environment to which the contamnant is
subj ect ed.

Sectioned cores from Lakes Ontario and Mchigan are being analyzed for
vertical variations in their content of calcium nmagnesium iron, nmanganese,
| ead, nercury, arsenic, zinc, chromum antinony, cadmum bisnuth, copper,
organi ¢ carbon, inorganic carbon, and acid insoluble materials. To date, only
the analyses of the Lake Ontario cores are conplete enough to allow a prelim-
nary interpretation of the results.

Several major conponents exist within Geat Lakes sedinments. These
include carbonates (calcite and dolonite), ferromanganese conpounds (hydrated
manganese oxides and ferric hydroxides), silicates (quartz, feldspars, and
clay mnerals), and organic matter. Conponents that may be inportant in
deeper sediments are iron sulfides. A contamnant's concentration will vary
with the occurrence and post-depositional alteration of the najor conponent
with which it is associated.
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Wthin Lake Ontario surficial sedinents, carbonates probably dilute
radi onuclide, netal, and organic contanmi nant concentrations. The majority of
carbonate in the near-surface sections of each core is calciumcarbonate. In
core LO81-E30-RNB, the inorganic carbon and cal cium profiles, both indicative
of calcite, reflect major decreases in amunts of the mineral with depth in
the top 14 to 18 cm (figure 35). The maxinmum calcite content is about 21
wei ght percent. In core L081-G32-RNB, the cal cium and inorganic carben pro-
files indicate the presence of calcite between 0 and 22 cm  The maxi mum
calcite content in the upper region of this core is nearly 12 weight percent.
Whet her concentrations of netals, organic contaminants and radionuclides
should be corrected for the decrease in carbonate content with increasing
dept h depends on whether the profile is due to change in the calcite flux over
time or to steady-state diagenesis.

A fraction of the carbonate may al so be present as dolomte, CaMg(COj3),,
which is thernmodynamically nore stable than calcite (Rossmann, 1980). Since
magnesi um concentrations are relatively constant with depth in both cores, a
dolonmite correction of the radionuclide or contamnants data is not necessary
(figure 36). Mjor variations in calcite (carbonate) content appear re-
stricted to the Lake Ontario cores and probably reflect significant sources of
eroded limestone in this |ake.

Li ke the carbonates, organic carbon nmay dilute radionuclides and con-
tam nants by varying amobunts at different depths within a core, although the

effects of dilution are smaller. In core LO81-E30-RNB, organic carbon
decreases between 1 and 14 cm (figure 36). Its maxinum concentration is 4.81
wei ght percent. In core L081-G32-RNB, it decreases in concentration between 0

and 26 cm and reaches a maxi mum concentration of 4.18 weight percent.

Anot her possible diluent of |ead-210 and cesium 137 activities and con-
tam nant concentrations is silicate. The most often encountered silicate in
G eat Lakes sedinent is quartz. The method used for extraction of the sanples
for lead-210 and netals anal yses does not dissolve silicates. Since these are
the only fraction of the sediment not dissolved, the acid insoluble fraction
is a direct measure of silicate concentration. Both Lake Ontario cores have a
variable silicate content (figure 37). Core LO81-E30-RNB has a silicate con-
centration varying fromb55 to 75 weight percent, and core L081-G32-RNB has a
silicate concentration varying from 62 to 76 weight percent. For both cores,
the weight percent insoluble decreases with decreasing depth in the core in
response to increasing carbonate and organic carbon content.

Because manganese oxides are very sensitive to changes in dissolved oxy-
gen, they serve as an excellent marker for depth of sediment oxygenation. To
exi st, nmanganese oxides require a highly ozygenated environment (Rossmann,
1973). Sedinments are oxygenated by both diffusion, and nore inportantly,
physical processes that mix the surficial sedinments. In both cores, the
depth of sedinment oxygenation defined by nanganese profiles is 2 cm (figure
37).
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FI GURE 35.--Vertical distribution of inorganic carbon and calcium in the Lake

Ontario COIE€S.  These etmongly vayingCONStituents const itute a si gni ficant
mass of the sediments.  proper npdeling of sedjmentation, reworki g and
geochronology must include a treatnment” of such profiles. (Data of R.
Bourbonmiere/R. Rossmann.)
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FI GURE 36.—Vertieql distribution of magnesium organic carbon in the Lake
Ontario cores. The conparatively constant concentration of magnesium indi-
cates that the probable formof inorganic carbon is ealeium carbonate, a
material probably Zost from sediments by dissolution on burial. (Data of R
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FI GURE 37.--Distribution Of acid insoluble fraction and manganese in the Lake
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(Data of K Johansen and R Rossmann.)

80



8.3 Selected Metal Contam nants

The vertical distributions of several trace elenents (chrom um copper,
mercury, lead, zinc,antimony, and bismuth) neasured in the Lake Ontario cores
are very simlar. Each element reaches a maximum concentration at 3 to 7 cm
bel ow the sediment-water interface and then decreases nmobre or |ess exponen-
tially to a constant concentration at greater depths in the cores. Data from
the Great Lakes (Kenp and Thonas, 1976; Kenp et al., 1976; Edgi ngton and
Robhi ns, 1976; Robbins, 1980) and el sewhere (Crecelius and Piper, 1973;

Hami [t on- Tayl or, 1979), indicate that elevated concentrations of these ele-
ments (except previously unreported bismuth) in surface and near-surface sedi-
ments, as conpared to deep sections in the cores, are anthropogenically
derived.

The vertical distributions of lead (figure 38) illustrate the relation-
ship between anthropogenic sources and deposition in the |ake. Because geo-
chem cal evidence indicates that lead will he relatively inmobile in these
sedinents, the shape of the observed profiles should be the result of |ake
processes and the history of lead emission within the Geat Lakes region
(Robbins, 1980). In contrast to lead profiles in earlier (1971-73) cores from
Lake Ontario in which the lead concentration peaked at the sedinent-water
interface (Farmer, 1978), the | ead concentrations in cores E30 and G32
increase with depth to a subsurface maxi num before decreasing to pre-cultural
concentrations. In both cores, the |ower |ead concentrations in the upper few
cm of sediment may reflect declining lead use in the Geat Lakes region.

A correspondence between lead emissions and lead profiles can be
illustrated quantitatively by independent determination of the |oading of |ead
to the lake. This approach was first taken by Edgington and Robhins (1976)
who constructed the historical |oading of anthropogenic lead to Lake M chigan
from regional records of coal and gasoline consunption. These two sources
constitute the mgjor environmental burden of lead. As the residence time of
lead in the waters of the lakes is expected to he short (roughly 1 year), pro-
files of lead should he congruent with the historical |oading (source
function). Edgington and Rohhins showed that this is true within linits
i nposed by sediment mixing. The Lake Ontario cores provide a significant con-
tinuation of the approach since, in the decade since Edgington and Rohhins
anal yzed the Lake M chigan cores (collected in 1972), there has been a
substantial reduction in the anount of atmospheric |ead produced. This reduc-
tion should be apparent in areas of the Geat Lakes where sedinents accunul ate
rapidly and provide good tine resolution. To construct the source function, a
pi ece was tacked on to the Edgington-Robbins source function to extend it from
1972 through 1981, using currently available information on |ead emssions and
their reduction in gasoline conbustion (Shelton, 1982; Anonynous, 1982). The
results of using this source function in the steady-state mixing nodel wth
the sedinmentation parameter fixed from |ead-210 are show' in figure 38 as the
dashed lines. The excellent quality of the fits supports the validity of the
approach, suggesting a comon tine-dependent lead flux to the |ake and a very
limted nobility of lead in the sedinents. The nodel results (and data) indi-
cate that the average lead flux in Lake Ontario increased 680 percent fromthe
early 1800s to the tine of maximum | ead usage in the md-1970s.
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FI GURE 38.--Vertieal distribution of stable lead in the Lake Ontario copes.
The solid lines connect data points, while the dashed |ines are the distri-
butions predicted on the basis of Zead atnospheric em ssions inventories and
the steady-state mixing nodel. The sedinmentation rate is fixed in each case
by the |ead-210 data. Recent deereases in the uee of |eaded gasoline are
reflected both in the emssions inventory and in sedinent |ead profiles.
The excellent quality of the model fits encourages use of refined nodels to
treat distributions of contaminants with nmore poorly known | oadings and nove
complex sedimentary behavior. (Data of R Rossmarm/X.Johansen; model of J.
Robbins.)

In contrast with | ead, the tine-dependence of the |oading of nercury to
the lakes is poorly known, and may involve significant |ocal sources. The
sel f-consistency of the assumption that profiles in the two Lake Ontario cores
reflect a conmon flux tine dependence may still be quantitatively illustrated
Because the sedinentation rate is conparatively high in core G32, the nercury
profile in this core is taken as the source function (using |ead-210 data).
Gven this source function, the steady-state mixing nodel predicts the distri-
bution shown in figure 39 as the dashed line for core E30. The agreenent is
extrenely good and suggests 1) a common tine-dependent flux, and 2) limted
post-depositional mobility of mercury. Note that the doubl e peak observed in
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FI GURE 39.--Vertieql distribution of mercury inthe #wo Lake Ontario cores.
As the flur to this area is not known, it 7s inferred frmthe hiah sedinen-
tation core (32}, assuning no renobilization. The dashed |ine ¢» the left
panel is the flur expected in core E30 using that from G32. The agreenent
with experimental resutts inplies linmted nobility of nercury in these sedi-
nents. (Data of R Rossmanm/k. Johansen; nodel of J. Robbins.)

core (B2 is not predicted to occur in core E30. As the sedinentation rate is
considerably snmaller in core E30, a given sedinment section averages concen-

trations over a greater number of years. This loss of resolution is predicted
by the nodel, which conputes profiles by averaging theoretical concentrations

over interval thicknesses.

An important early result of this study has been the discovery of a maxi-
mum in the distribution of anorphous silicon at depths corresponding to about
1840 A.D. in the Lake Ontario core E-30 (figure 40). Amorphous silicon in
sediments is considered to be largely of biogenic origin, resulting fromthe
deposition of diatonms and their remains. The 1840 maximumis interpreted as
due to a major increase in the rate of diatom production in Lake Ontario study
just after the turn of the century (-1800). The diatom "explosion" is
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FI GURE 40.--Vertieal distribution of anorphous (biogenie) silica in Lake
Ontario core E30. The broad subsurface maximum is interpreted as due to
early eutrophication of the |ake as a result of forest clearance in the mid-
1800s.  Associ ated increase in phosphorus |oading is thought to have accel -
erated di atom production, which eventually cleared nuch available silicon
fromthe lake water. (Data of C Schelske.)

conjectured by C. Schel ske to have been set off by increased |oads of phos-
phorus to the lake as a result of forest clearance activities. Post-1840
decline in silicon deposition should correspond to establishment of silicon
depl etion of Lake Ontario waters. Further evidence for the early eutrophica-
tion of Lake Ontario is being sought by W S. Gardner in the distribution of
phosphorus forms in this core. The ides of early eutrophication of Lakes Erie
and Ontario is not entirely new as several others have chronicled the changes
in plankton species in these |akes based on dated cores.

The distribution of mrex and total PCBs are shown in figure 41 for core
G32. The dashed lines in each case are distributions conputed using the
steady-state mixing nodel and annual U.S. production figures for the source
function. In the case of nirex there may be a strong regional source
Apparently a major quantity of the conmpound was introduced into a tributary to
western Lake Ontario and this pulse reached the nouth around 1963. Shown in
figure 41 as the solid line is the distribution expected to result froma slug
of mirex deposited in 1970. There is roughly a 7-year difference between the
optional nodel date and the estimated time of introduction. The difference is
worth following as it may be inportant for understanding in-lake processes.
Sone expl anations worth considering include: predom nance of other nore
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FI GURE 41.-Distribution of mirex and total PCcBe in the Lake Ontario cores.
The dashed line in each case is the distribution predicted fromtotal sales
figures for the conpounds. The solid curve for mirex is the distribution
expected for a pulse entering the |ake around 1970. As the PcBs show sedi-
mat degredation rates or nobility that depend on isomeriec conposition, any
rel ation between sedinent profiles and production figures nust be considered
fortuitous. Distribution of 2Be will ultimately be treated in terms of
specific isomers. (Data of S. Eisenreich; nodel of J. Robbins.)

distributed sources, delay in appearance of signal at the offshore |ocation,
and processes of external integration of the signal as a conpetitor to |ocal
integration (nixing).

In the case of the PCBs, little relation is expected between annual pro-
duction nunbers and profiles. Distributions of individual isomers generally
have an appearance simlar to the total PCB profile, but ratios of specific
isoners to total PCBs group systematically. The four chlorinated isoners gen-
erally have ratios that decrease less with increasing sedinent depth than do
the five chlorinated isoners. Simlarly, the six chlorinated isomers decrease
more rapidly than their five chlorinated counterparts. This behavior is
interpreted by S. Eisenreich as due to a higher post-depositionsl nobility of
the lower chlorinated species. Evidently, nodeling the behavior of these com
pounds in sediments will require the use of diffusion/advection nodels with

i soner - dependent paraneter val ues.
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8.4 Directions

Nextspring, @ Set of cores will be collected fromsuitable |ocations in
Lake Superior. This sanpling will conmplete the five-Ilake surveyof nighsedi -
ment ation areas.

Radi onetric, nmetal. and organic contamnant analysis of cores wll con-
tinue with Wi deni ng participation of individuals withskills critical to the
st udy.

Modeling efforts at GLERL will be devoted to the devel opment of sedinent
bi oturbation equations that include the effects of solids dispersion and
advection and are appropriately coupled to solution phases. |nprovenments will
be made in the definition of source functions, where possible, and in esti-
mates of the relative inmportance of nonlocal versus |ocal sources.  Sedinent
profiles will be predicted on the basis of coupled whole |ake nmbdels that take
account of the losses through decay and degradation as well as integrative
processes occurring in the water coumn prior to deposition.

Uncertainty in the estimate of the sedinentation rate is prinmarily due to
the uncertainty in estimating the activity of supported |ead-210.

9. ROLE OF BENTH C | NVERTEBRATES IN THE FATE OF
POLLUTANTS IN THE GREAT LAKES

PCBs, chlorinated pesticides, and PAHs are exanples of pollutants of
maj or concern inthe Great Lakes (Delfino, 1979). These conpounds are readily
sorbed to particles and sedinents, due to their limted water solubility. As
a result, benthic organisnms will be exposed to high sedinment concentrations of
pollutants in addition to the dissolved conponent. Under these conditions,
benthic organisns can potentially influence three najor xenobiotic fate pro-
cesses in the aquatic ecosystem  xenobiotic distribution within the sedi-
ments, renobilization out of the sedinents, and biodegradation. The above
processes in combination with the previously described physical fate processes
serve to determne the bioavailability and ultimately the effect of xeno-
biotics 0N the ecosystem.

Redi stribution of xenobiotics within the sedinment by benthic organisns
can be divided into two major classes, physical reworking of the sedinents
resulting from bulk sedinent noverment and differential noverment through
ingestion, and elinination of selected sedinent particles resulting in zonal
redistribution of some materials (Robbins and Edgi ngton, 1975; Reobbins et al .,
1977, Wite and Kl ahr, 1982). Mst of these effects have been attributed to
the oligochaetes; however, Powntoporeia hoyi and other benthic organisns are
thought to contribute to the overall nixing of sediments. The result of this
redistribution is predicted to extend the time for conplete burial and thus
prolong the bioavailability of xenobiotics.

As a result of sorption, the water concentrations are very low, there-

fore, the appearance of these pollutants in the food chain nmust result, at
| east in pat froma renobilization out of the sedinents. This
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remobilization may result from both phsica and bi ol ogi cal processes. The

bi ol ogi cal processes involve absorption of xenobiotics from contaninated sedi-
ment and pore water and elimnation into the water colum or passage of the
xenobiotic up the food chain. This renobilization by benthos nmay be the major
source for some conponents in the higher trophic |evels of the food chain
(Weiniger, 1978; Jarvineu et al., 1977).

Lastly, biological degradation provides a potential route for the loss of
xenobiotics from the system Benthic organisms such as chironomids and poly-
chsetes have the capability to biotransform xenobiotics (Ernst et al., 1977;
Leversee et at., 1982). other benthos are expected to be able to biotransform
as well and would contribute to the loss of xenobiotic fromthe system

Little is known about the influence of the above processes either on the
fate of xenobiotics or their accunulation in ecosystem conmponents. Laboratory
accunul ation of pollutants from contaminated sedinments has been exam ned for
few marine species (Roesijadi et al., 1978; Elder et al., 1979, McLeese et
al ., 1980) and for no freshwater species.

The studies reported attenpt to exanmine the role of benthos in the fate
of xenobiotics, in particular PAHs, using both laboratory and field experi-
ments. Further, these studies attenpt to examine the significance of the
above-mentioned processes in xenobiotic fate and provide data for inclusion in
a general overall fates nodel.

9.1 Laboratory Studies

The approach for these studies was to enpl oy pharmacoki netic experinents
simlar to those of Neely (1979) and Lleversee et al. (1982) and focus on the
use of carbon-14-1abeled anthracene as a representative PAH  These studies
exam ned the uptake, depurstion, and biotransformation of anthracene in two
anphi pods, Pontoporeia koyi, the nost abundant invertebrate in the Geat
Lakes, and Ayalella azteca, a warmer water form  The effects of environmental
factors such as tenperature, pollutant concentration, and season on kinetics
were exanined for P. koyi, while the influence of sedinment on kinetics was
followed for H azteca.

Pont oporei a koyi were collected approxinmately 3 miles south of Grand
Haven, Mich., (figure 21) at a depth of 23 to 25 m using a PONAR grab
sanpler. The animals were gently renoved from the sedinment and placed in
plastic bags filled with water. They were transported on ice to the [|abora-
tory (transport time was 4 to 5 h) and held in incubators in shallow aquaria
containing 3 to 4 cm of Lake Mchigan sedinment (as a food source) and approxi-
mately 10 cm of Lake Mchigan water at 4°C. The incubators were illuninated
with red darkroom lights to help keep the P. koyi in the sedinents (Donner and
Lindstrom 1980). Low background concentrations of some PAHs (<0.01 pmole~l
maxi num concentration) were found in P. koyi collected at the sane site as the
animals used for study (see Field Studies). Anthrscene was not detected and
it was assumed that the other PAHs would not interfere with the anthracene
ki netics because of their |ow concentrations.
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Ayalella azteca were dip-netted from ponds at the Botanical Gardens of
The University of Mchigan, Ann Arbor, Mchigan, and transported to the [ab-
oratory in pond water. Aninals were held at 24" to 25°C on a 12:12 h [ight:
dark cycle in shallow aquaria containing algae and macrophytes collected at
the sane tinme. Water and sedinments for the experinents were collected from
Sugar | oaf Lake, Washtenaw County, Mchigan. Those sedinents contained 5 per-
cent organic carbon on a dry weight basis (nmethod of Menzel and Vaccaro,
1964).

Ant hracene (9-1%4c, specific activity 3.3 mCi mmole™l, | ot #770824,
California Bionuclear Corporation) was dissolved in acetone and radiopurity
determned using thin |ayer chromatography (TLC) on silica gel plates (E.
Merck, 250 pm coating) with hexane:benzene (4:1 v:v) as the solvent system
Anthracene was 99.6 #0.6 percent pure and was used as purchased. Al prepara-
tive and anal ytical procedures were performed under gold fluorescent |ight
(» > 500 mm) to mninize the photodegradation of anthracene.

Lake Mchigan water for P. koyi or Sugarloaf Lake water for H. azteca was
filtered through 3-um menbrane filters (Gelman, AN-3000), | abeled in bulk (5
L) and dispensed to replicate test chanbers after 1- to 2-h equilibration.
Acetone carrier (<20 pg mL™1) in addition to the experinental pollutant, was
added to the water. Since acetone had only marginal effects on the uptake of
nonpol ar conpounds after 52 days of exposure (Mac and Seelye, 1981), its
i nfl uence on anthracene kinetics should be negligible under the experinental
conditions. Al studies were done at or below the reported solubility of the
anthracene. Actual anthracene water concentrations were determned from
cal cul ations based on measured DPM mL™l and known specific activity.

Upt ake rates were determined in quadruplicate in tenperature-controlled
fl owthrough chanbers containing 0.2 L of water, 30 to 60 animals, and one of
three physical environnents: no substratum sand substratum or Sugarl oaf
Lake sedinment substratum for H. azteea and with no substratum for P. koyi.
Label ed water flowi ng at approxi mately 100 mL h~! mai nt ai ned const ant
toxi cant-water concentration during the study. The tenperature for the H.
azteca studies ranged from21" to 25°C, with less than 0.5°C variation for

each study.

For P. koyi, the experinents were run at 4°C under low level red light to
m ni mze response to |ight (Donmer and Lindstrom 1980). For studies with P.
koyi above 4°C, the animals were acclimted gradually by elevating the
aquariumtenperature 1°C per day and holding the aninmals at the study tem
perature for 5 days prior to experimental use.

Depuration experinments were performed by transferring 10 to 20 |abeled
animals into flowthrough chanbers or 6-L glass aquaria containing clean water
(no added anthracene). The flowthrough depuration experinents lasted 8 h,
with two to three animals removed at 0.5, 1, 2, 4, and 8 h, weighed; and fro-
zen for later analysis. The flow rate was approximtely 100 oL h~L of clean
water to wash out excreted metabolites. Depuration studies performed in 6-L
aquaria under static conditions lasted approximately 1 week. Animals were
transferred to aquaria containing both clean water and sedinent. Three repli-
cates of two animals each were renmoved at approximately 1.5-, 3-, and 5-day
intervals (exact times were used for calculations).
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All aninmals were analyzed for carbon-14 by the Mihin and Lofberg (1966)
procedure in a Beckman Mbdel LS-150 Liquid Scintillation Counter using 3a70b
(Research Products International) scintillation cocktail. The external stan-
dards ratio nethod was used and sanples were corrected for background and
quench.

Bi otransformation rates were deternmined for animals renoved after 8-h
exposure to anthracene. The animals were kept frozen (-20°C) prior to analy-
sis. Ten to sixty H azteca or P. koyi were extracted with 2 x 20 mL
ethylacetate:acetone (4:1 viv) and 1 x 20 mL cycl ohexane. The extracts were
conbined and filtered through Whatman No. 1 filter paper, reduced in volume by
a conbination of rotary flash evaporation and evaporation under a stream of
nitrogen to approximtely 500 pL, and anal yzed by TLC using hexane:benzene
(9:1 v:v) and cycl ohexane as solvents. Devel oped plates were divided into a
total of four sections corresponding to anthracene and three other sections,
including the origin. The silica gel from each section was scraped from the
TLC plate and carbon-14 activity determined. The extracted animal carcasses
were also assayed for carbon-14 activity by the same nethod as the whole ani-
mals. Total metabolite was determined as the sum of all non-anthracene
carbon-14 on the TLC plate plus unextractable carbon-14 residue.

Water sanples (500 mL) renoved at the end of the uptake phase of experi-
ments were extracted with 3 x 100 mL hexane. (The extraction efficiency,

based on neasurements of carbon-14 activity renmaining after extraction, was
greater than 99 percent.) The hexane extracts were conbined and dried over

anhydrous NagS04, reduced in volume, and analyzed by TLC as previously
described; carbon-14 activity was found to be 97.4 percent anthracene, indi-
cating that its degradation was negligible in the water after 8 h.

Depuration rate data were fit to a first-order decay nodel:

_ _Kat
c (t) = C_(D)e (26)
where C (O = initial concentration in animal (nmole (g wet wt)~1)
Kq = depuration rate constant (h7l)
t = time (h)

Assumi ng constant uptake and depuration rate constants and water as the only
source of toxicant, the concentration of anthracene in the aninmal (Ca) during
t he uptake phase of the experinment should be described by the foll ow ng two-
conpart ment nodel :

dc_
g =K ¢, - K, C_(£) (27)
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wher e K1 = uptake rate constant (mL(g animal wet weight) h ™)
K2 = depuration rate constant (h7l)
C, = water concentration (nmol mL7l)
t =tine (h)
C, = concentration in aninmals [nmol(g animal wet weight)~l]

If ¢, is held constant, as in our experinents, the equation has the follow ng
solution:

7¢
_ 1 -KZt)
Ca(t) =X

CW (1 ~e (28)

ro?

Ti me- course neasurenents of C4 in the absence of sedinent or with sand
substratum (sand does not absorb significant amobunts of anthracene) were ana-

lyzed with this nodel; Ky and K2 were estimated by nonlinear, [east-squares
regression of C; on time. Alternatively, Ky can be estimated using C (t) and

i ndependently determ ned K2 by averaging:

Ca(t)K2

= (29)
177 (1 - Koty
w
for all corresponding Cz(t) and t during each experinent.
A further sinplification can be enployed where K2 is very small.
(t) _
LES gy (30)

Therefore, K can be estimated fromthe slope of the line resulting froma plot
of C4 versus t.

The two-conpartment nodel is inappropriate for experiments with natural
sedi ment because it does not allow for transfer of toxicants within that com
partment. Allowing for the transfer of anthracene from sedinent to aninal
(K3) and varying the concentration of sedinent-associated anthracene, F(t),
since the sedinent is originally uncontam nated, the following is an
appropriate three-conpartnent nodel.

== = K €~ Ky C () + Ky F(1) (31)
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Because this equation has no sinple solution and because we have independent
estimates of K2 in the presence of natural sediment, time-course neasurenments
of ¢, and estimates of F(t) were fit to the follow ng nodel:

AC
(—2+ K C(t)) = KC+ K F(t) (32)
At 2 a 1 w 3

with linear, |east-squares regression. Derivatives (ACa/At) were estimated
directly fromdata collected at times 0, 0.5, 1, 2, 4, and 8 h. C (t)
corresponding to each derivative was cal culated as the average value between
nmeasurements, ¢, was held constant, and F(t) was assumed to vary according to
the sorption kinetics of anthracene on high organic sedinment (Giesy et al.,
1982) (organic carbon content 20 percent; J. Haddock, Savanah River Ecol ogy
Laboratory, pers. comm.).

Anal yses of the two-part nodel for experiments with sand or no substratum
and of the three-conpartnent nodel for experinents with natural sedinment pro-
vide independent estimates of uptake constants from water (Ki). These analy-
ses also provide an estimate of uptake kinetics of sedinent-associated

anthracene (K3).

The uptake rate constants for anthracene were deternmined for P koyi
using the one-conpartnent nodel. This nodel assunes that elimnation is unim
portant over the time period for which the uptake rate constant is calcul ated
and that the water concentration renmains constant. The water concentration
had a relative standard deviation of 8.4 + 3 percent (n = 13) for anthracene.
The curves for determination of the rate constants were all linear (xrZ2 > 0.9).
Elimnation rates were very slow and less than 10 percent of one elimnation
half life occurred over the course of the uptake exposure. Therefore, the
model assunptions were not violated.

The uptake rate constant at 4°C ranged from 83 + 15 mL(g ani mal wet
weight)~1 n~1 (hereafter mL g~lh™} to 141 + 10 nL g ! h1 (X + 1SD) over a
concentration range of 4.6 + 0.2 ng mL~1 to 16.9 + 1.4 ng mL~1. The uptake
rateconst ant for P.keiwas i ndependent of anthracene concentration, an
assunption often made but rarely tested.

1
-1

Al though phoyi were held in the laboratory for 1 to 96 days, no cor-
relation between time held and uptake rate constant was found. In contrast,
changes in the physiological state of aquatic organisns brought about by
removing animals from their natural environment and holding themin the
| aboratory have resulted in an alteration of toxicokinetics (Landrum and
Crosby, 1981a,b).

The effect of tenperature on poikilotherm physiol ogy and biochenmistry is

of major inportance. It could be expected that p.koyiwoul d be exposed to a
maxi mum range of 0 to 23°C for the Great Lakes, the extrenes occurring at the
surface and nearshore areas (Pinsak, 1976). Laboratory studies, however,

indicate that the extreme tenperature linmit for P. kyifor 24 h is 12°C
(Smth, 1972) to 14.5°C (Thienemann, 1928). Therefore, the uptake was
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foll owed over the tenperature range 4" to 15°c. The anthracene uptake rate
constant increased with temperature (figure 42).

Additionally. the uptake rate constant for P. koyi appeared to show sone
tenporal variation. It appeared to increase to a plateau by late sumer and

early fall (figure 43).

The elimnation of anthracene by P. koyi in the presence of sedinent
substratum was slow and fit a first-order elimnation curve of equation (1)
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(r2 > 0.9). The depuration rate ranged from 0.004 ™1 to 0.00 71 (t 1/2

77-173 h) at 4°C and had a" apparent maximumat 7°C (figure 44). This coin-
cides with the maxinum tenperature reported for successful reproduction in the
| aboratory (Smith, 1972). Depuration was al so exanmined at 15°C; however, the
data were deermed unsuitable because of high nortality. No depuration occurred
with P, hoyt in the flowthrough system containing no sediment substratum.

9.2 Biotransfornmati on and Bioconcentration

The bioconcentration factor (BCF) for conpounds can be predicted fromthe
ratio of the uptake and depuration rate constants, assunming biotransformation
is uninportant (Leversee et at., 1982). The biotransformation of anthracene
by P. hoyi was undetectable eve" after 48 h exposure. BCF predicted fromthe
14°C kinetics averaged 16,800 (n = 2) for anthracene at 4°C. The BCF reached
a mninumat 7°C, reflecting the maxi num depuration rate (figure 45).

Rate constants for uptake of anthracene from water as determined with the
two- compartment nodel for H. azteea exposed to no substratumor to a sand
substratum are statistically indistinguishable, but are higher than those for
ani mal s exposed to natural sedinment (table 17). However, rate constants for
uptake from water for animals exposed in the presence of natural sedinent,
deternmined with the three-conpartnent nodel, are not statistically different
fromthose determined with other substrates (table 17). The rate constants
for anthracene uptake from water are within the range of values previously
determned for other benthic and pelagic invertebrates (Gerouldet al., 1982;
Herbes and Risi, 1978).
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FI GURE 44.--Temperature variation of the depuration nte
constants for anthracene by Pontoporeia hoyi.
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factor for anthracene by Pontoporeia hoyi.

The rate constant for uptake of sedinent-associated anthracene in the
presence of natural sediment is 19 + 5 g dry sedinent (g aninmal wet weight)~!
h-1. The rate constant estimate is dependent on the values used for F(t)
These values are based on sorption-desorption kinetics of a sedinent of dif-
ferent conposition. [Al though both were high in organic carbon, the sedinment
from Sugarl oaf Lake was 5 percent organic carbon, while that used by Gesy et
al. (1982) was 20 percent organic carbon.] Thus the rate constant can be con-
sidered to be only of order of nmgnitude accuracy.

H asteea in the presence of natural sedinment elimnated carbon-14-
| abel ed compounds significantly faster (P < 0.005) than those in the presence
of no substratum or sand substratum (table 17). Presence of a substratum
other than pure sand has previously been shown to increase the elinination
rate of PAH (Gerould et al., 1982; Leversee et al., 1982). Depuration rate
constants for H aszteea estimated from the two-compartnment nodel, however,
suggest that depuration is slower in the presence of organic sedinents. This
di sagreenent between independently deternmined depuration constants and those
estimated via the two-conpartnment nodel has not previously been observed and
is attributable to bias introduced by violating the assunptions of the two—
conpartnent nodel. That is, by ignoring the large contribution of anthracene
from sedinent, estinmated depuration rates have to be artifically |ower to com
pensate for the increased body burden.

H. azteca biotransformed antracene slowly but neasurably (table 18). The
rate is nmuch greater than that found for the col dwater anphipod P. hoyi and
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TABLE 17.--Uptake and depuration rate constants for anthracene by Hyalella azteca
{ from Landrum and Seavia, 1982)

Two-Compartment Model Three-Compartment Model

i water Uptake Depuration water Uptake Sediment Uptake Experimental
Experiment Ky (K?) Ky K (K3) Depuration

mL({g wet welght)~! h=! h™ mL{g wet walgh‘r)'I h=! mL{g wet welgh'l')" h=! g dry sedlme?‘r h=1

{g wet wefght)” il

No Substratum* 303 + 45 0.57 + 0.7 224 + 71 - -——— 0.22

212+ 6 0.15 £ 0.1 193 + 14 ——— 0.09

270 * 48 0.44 £ 0.1 227 * 54 —-—— 0.24

227+ 35 0.22 + 0.07 210t 63 — 0.06

432 + 85 i 0.23

342 + B85 M3t 0Rt 0105 Maustt 56 — 0.10

Sand Substratum” 213+ 24 0.21 * 0.43 191 £ 65 —-— 0.12

250 + 54 0.38 * 0.12 215 *+ 39 o -— 0.25

Sediment Substratum* 175 + 20 0.16 £ 0.04 -— 226 * 16 25F 4 0.56

187 + 33 0.31 * 0.66 -—- 250 * 42 10 £ 10 0.63

119 + 32 0.10 + 0.09 - 187 * 37 13+ 9 0.48

88 + 26 -0.03 * 0.06 - 147 + 13 27 £ 12 0.23
No Substratum + Sand** 218 + 27 0.37 £ 0.06 227 t 14 -—- -—- 0.16 + 0.03
Sediment Substratum** 142 * 23 0.15 + 0.06 -—- 202 + 23 19 + 5 0.48 t 0.09

* i, ,
% xean + standard deviatfon of estimate from regression.
Mean + standard error of the individual estimates.
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TABLE 18.--Biotransformation of anthracene by Hyalella azteca
(from randrum and Seavia, 1982)

Water Bi ot ransf ormati on Bi ot ransformati on Ratio Bound to
Concentration Rate at 8 h Rat e Const ant Extractabl e
Experi ment ng mL=1 nmole g-1 dry wt h~l h-l Metabolite
No Substratum 7.65-8.7 2.2 + 0.5% 0.024 t 0.005% 0.72 + 0.08%
(n = 6) (n = 6) (n = 6)
Sand Substratum 7.65 3.0 + 0.08 0.030 * 0.007 0.75 *+ 0.13
(n = 2) (n =2) (n = 2)
Sedi ment  Substratum 6.1-7.6 1.0 + 0.15 0.014 + 0.005 0.42 *+ 0.06
n =4 (n =4 (n = 4)
No Substratum Plus Sand 7.65-8.7 2.4 £ 0.5 0.025 + 0.005 0.72 %+ 0.06
(n = 8) (n =8 (n =8)

*x + SD



much | ower than that found for the nidge |arvae Chironomus riparius (Ceroul d
et al., 1982). The biotransformation rate constant at 8 h was deternined by
dividing the biotransformation rate, based on body residue, by the concen-
tration of the parent conpound at 8 h. This constant was significantly
smaller (P < 0.005) for animals in the presence of natural sediment as com
pared with aninmals in the presence of sand substratum or no substratum

The ratio of nonextractable, "bound" netabolites to extractable metabo-
lites is higher (0.72 + 0.06) for the no-sediment and sand-substratum experi-
ments than for the natural-sedi ment experinents (0.42 + 0.05; P < 0.01).

H gher fractions of nonextractable netabolite inply greater binding of netabo-
lites by the organism The binding of PAH netabolites to macronol ecules, in

particular DNA and RNA, is the nechanism by which these conpounds exert their
chronic toxic effects and has been clearly denmonstrated for sone aquatic spe-
cies (Varanasi et al., 1981).

The BCF can be estinmated fromtheratio of the rate constants for uptake
fromwater and for depuration. BCF based on total carbon-14 will be an over-
estimate if biotransformation is not accounted for (Leversee et at., 1982).
For exanple, the BCF for the no-substratum and sand substratum experinments was
estimated to be 2,089 + 366 without biotransformation correction. Correcting
the total carbon-14 body burden for the fraction of netabolite at 8 h reduces
the BCF to 1,800 + 329. The BCF is higher than that found for anthracene with
Chironomus riparius (132 + 39; Cerould et al., 1982) and Daphnia pulex (760;
Herbes and Risi, 1978) determined fromsinilar experinments. However, the BCF
is much lower than that estimated for the col dwater anphipod P. hoyi (16, 800).

BCFs cal cul ated as above are inappropriate for animals in the presence of
natural sedi ment because sedi nent-associ ated toxicant contributes to total
uptake. FoOr this case, we use the ratio of estimtes of steady-state body
burden to source concentration. The former was estimated by the steady-state
solution of the three-conpartment nodel with parameter estimtes from regres-
sion (table 17). The steady-state value of F [1,852 mg (g dry weight)™1] was
cal cul ated from partition characteristics of a high organic sedinent (Gesy et
al ., 1982) and our water concentration. The animl body burden at steady
state divided by the water concentration is 10,985 + 2,368. \Wen corrected
for biotransformation, the BCF estimte becomes 9,096 + 1,960. This water-
concentration based BCF estimate is, however, misleading because, in our
experinents, the sedinent contributes approximately 77 percent of the body
burden at steady state for H. azteea. The bioaccumulation factor calcul ated
fromthe ratio of the steady-state body burden (wet weight basis) to the
amount of anthracene in the sedinment (dry weight basis) was 41 + 10. If one
assunes that anthracene is associated only with the organic portion of the
sedi nent (5 percent by weight), then the bioaccunulation factor becomes 2.4 *
0.4

The kinetics of anthracene in P. hoyi are different from those of H
azteca and other aquatic animals (table 19). The najor difference is the very
sl ow depuration rate. This may result fromthe |ow temperatures of the
experiment; however, the maxi num depuration rate constant at 7°C is still
approximately an order of nagnitude slower than that of chironomds at 16°C
(Gerould et al., 1982).
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e 19.—=4nthracene uptake and depuration nte constants
for various aquatic species

Upt ake Rate Depuration

Const ant s Rate Constants

Ant hracene Ant hracene St udy

(mL x g1 n~hy* (h71y Tenperature

Bl uegi | | sunfishl 36 £ 3 0.04 + 0.006 23" - 25°C
Chironomus viparius? 77 = 21 0.215 + 0.006 25°C
Pont opor ei a hoyi 118 + 20 0.007 4 0.003 4°C
Daphnia pulex3 767 0.21 23°C
Hyalella azteca 130 + 41 0.16 + 0.08 2" - 25°C
lspacie et al. (1982). 3Herbes and Risi (1978).
2Gerould et al. (1982). *mL (g wet weight)~! n~l,

Enhancenent of the depuration rate in the presence of a sedinent or |ike
substratum for benthic organisns appears to be an inportant feature. This
difference in rates with the presence and absence of a substratum has also
been observed in the elimnation of PAH for other benthic organisns: H
azteca (see section on H azteca) and Chironomusriparius (CGerould et al.,
1982; Leverseeet al., 1982). This likely reflects either enhanced activity
because the aninmals are not stressed from lack of food and/or the partitioning
of pollutant into the fecal material as it moves through the gut.

The increase in the uptake rate constant with tenmperature was sinilar to
that found with the nidge, Chironomus riparius (Gerould et al., 1982). Unlike
the nmidge, however, P. hoyi did not exhibit a change in uptake rate constant
with a change in pollutant concentration (Gerould et aZ., 1982).

P. hoyi did show an apparent change in uptake rate constant wth season
of the year. Such seasonal variation in kinetics has also been seen wth
other aquatic animals (Landrum and Crosby, 198la,b; Dewalde, 1971). These
changes may result from various reproductive, nutritional, and disease states
that change with the season or from having been acclimated to different tem
perature, although the experinments were all done at 4°C.
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Optimization of the ability of aquatic aninals to handl e xenobiotics wth
tenperature has been shown with Chironomus riparius (Gerould et aif., 1982).
The tenperature optinmum for P. hoyi appeared to be 7°C and reflected a m nimm
bi oconcentration factor brought about by an enhanced depuration rate relative
to the increased uptake rate. The apparent optimum tenperature of 7°C al so
corresponds to the nmaxinum tenperature for keeping a reproductive culture in
the laboratory (Smth, 1972).

The absence of neasurable biotransformati on was unexpected, since other
crustaceans have been reported to biotransform PAH (Herbes and Risi, 1978;
Leversee et al., 1981; Sanborn and Malins, 1980). Failure to detect biotrans-

formati on may have been due, in part, to the [ow experinental tenperature.

Upt ake of anthracene from water by H aateca was rapid, and steady state
was achieved in 4 to 8 h (figure 46). In experinents with a natural sedinent
substratum the kinetics were nore conpl ex. Initial uptake rates were
controlled prinmarily by uptake from water; however, as the sedinment becanme
charged with anthracene, the kinetics were controlled additionally by
sedi ment -associ ated uptake (figure 46). The sedinent contribution at steady
state was estimated to be 77 percent of the total body burden. This apparent
excessive food-based source is unusual in that it has been observed only for
DDT and PCB (Macek et al., 1979; Weininger, 1978; Southworth et al., 1979;
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FI GURE 46.—Uptake of anthracene by Hyalella azteca in the presence of natural
sediment. The theoretical curve for uptake from water enploys rate con-
stants from sinul taneous experiments adjusted for the difference in the
wat er concentration of anthracene caused by the sedinent.

99



Teal, 1977; Chadw ck and Brocksen, 1969; Hansen, 1980). Mre recently,
benzo(a)pyrene and anthracene via food for Daphnia feeding on yeast.

The sedi ment - associ ated uptake rate constant is high [19 + 5 g dry sedi -
ment (g ani mal wet weig‘nt)“1 h™ and even if all the anthracene were in the
organic portion of the sediment, the rate constant would imply that the aninal
processes 0.95 + 0.4 g organic carbon (g aninal wet weight)™l h~l. These very
high rates suggest that aninmals are obtaining the toxicant other than via
ingested sediment or that the PAH is associated even nore preferentially
within the organic material and it is only that fraction that is being
ingested by H aszteeca. The latter may be |ikely since anphipods have food
size cutoffs of about 30 pm (Ankar, 1977) and the fine-grained naterial should
be highly sorptive, with a large surface area to mass ratio and a high organic
content. Additionally, uptake from pore water containing relatively high con-
centrations of conmpounds may also contribute to the high rate.

The presence of a natural sediment substratum not only increases rates of
uptake and elinmnation (table 17), but also decreases the apparent biotrans-
formation rate and "binding" of netabolite to macromol ecules in the aninal
(table 18). The lower biotransfornmation rate estinmate probably results from
bi as due to increased netabolite elimnation in the presence of sedinment. The
rate was calculated as the mcrograms of netabolite accumulated in the aninal,
divided by the duration of the experiment. (The rate constant sinply nor-
malizes this rate to the body burden of anthracene at the end of the experi-
ment.) The increased carbon-14 elimnation rate is probably due to increased
elimnpnation of metabolite because the relative pool size of bound netabolite
decreased in the presence of natural sedinent (table 18). Since elimnation
increased and apparent biotransformation decreased both by factors of 2.5 to
3.0, it is likely that the biotransformation rate deternmined in either sand
substrate or no substrate is closer to the actual rate. OF course, even these
are possibly underestinmates due to elimnation of metabolite.

Data presented here suggest that BCF, as usually calculated, is an inap-
propriate conparison for benthic organisns and will result in artificially
el evated val ues because the body burden is achieved by uptake from both water
and sedinent. Bioaccumulation factors in relation to sediment concentrations
may be a better neasure of the overall magnification of the conpound. In
fact, our BCF calculated fromdry sedinent is sinmilar to bicaccumulation fac-
tors for PAH in benthic organisnms of Lake Erie. (See Field Studies.)

Wil e natural sedinent appears to increase both total uptake and elim na-
tion of anthracene for H azteca, the net effect is an increased body burden.
After our 8-h experiments, animals in the presence of natural sedinment had
body burdens nore than twi ce those of aninmals w thout that sediment (figure
46). The effect is even more dramatic if the three-conpartnent nodel and
constants in table 17 are used to extrapolate data from the sedinent experi-
ments to steady state. In that case, steady-state body burdens are increased
by a factor of five in the presence of sedinent. Benthic organisnms are,
therefore, apparently at greater risk from pollutants that sorb to sedinents
than are their free-sw ming neighbors.
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The differences in the kinetics of anthracene in the two anphipods are
striking. The major differences are the slow elinmination rate and the absence
of biotransformation for P. hoyi. Since the uptake from water is simlar
(table 19), it is expected that the contribution from contani nated sedi nents
woul d be of the sanme order of magnitude. As a result P. #%oyi should have high
body burdens of PAH due to high BCF and exposure to relatively high sedinent
concentration.

Therefore, P. hoyt may be a mgjor food chain Iink for bionagnifying
important pollutants by renobilizing pollutants from the sedinents and con-
centrating pollutants from water. Studies of direct uptake from sedinents
remain to be done, however, to confirmthe renobilization ability of P. hoyi.
Additional ly, the absence of biotransformati on and high BCF may make P. hoyi
particularly susceptible to even low levels of pollutants and may account for
the absence of p, hoyi in polluted areas (Nalepa and Thomas, 1976). Lastly,
since this organismis an inportant food chain animal in the Geat Lakes
(Parker, 1980; Mozley and Howniller, 1977), the potential loss of animals from
pollution and the potential to pass accunulated pollutants up the food chain
may have a significant inpact on the Geat Lakes ecosystem

9.3 Field Experinents

Since the laboratory experiments pointed toward high concentrations of
PAH in P. hoyi and the concept that benthic organisnms in general would be
exposed to high concentrations of pollutants in thesediments, two field
col lections of benthic organisns and their corresponding sedinments were under-
taken to examne the relationship between sedinent and organi sm concentra-
tions. Wrms, mdges from Lake Erie, and P. hoyi from Lake M chigan were
examined with their respective sedinments for PAH.

The study site for the worns and midges (figure 47) was located in the
western basin of Lake Erie, offshore from the Detroit Edison Mnroe Power
Plant in southeastern Mchigan. The River Raisin, which |loads Lake Erie with
approxi mately 150,000 Mr of suspended solids per year (Sullivan et al., 1980),
flows past the plant. Prevailing winds are southwesterly, which tends to
drive both the river and stack plunes along shore nost of the tine.

Sedi nents and benthos were collected with a PONAR sanpler at 1, 5, and 10
km from the assumed source. Eleven ponars were taken at the |-kmstation and
three at each of the other stations in the 5 and 10-km arcs. In order to
obtain sufficient biomass for extraction, organisns fromthe 5-km stations
were conbined and a simlar conposite was prepared for the 10-km stations.

The density of oligochaetes and chironom ds was nuch higher at the extrenme
sout hern stations of both the 5- and 10-km arcs. It is estimated that over 50
percent of the biomass was obtained from these stations. The domi nant oligo-
chaete wormin the area i s Limmodrilus hoffmeisteri and the domi nant chirono-
m ds are Chironomus and Procladiuse.

The three sanpling locations for P. hoyi were in southeastern Lake

Mchigan. The first was 3.5-km of fshore of Gand Haven, Mich., (43" 03', 86"
17.5') in 23 m of water. The sedinent was coarse sand (0.4 percent organic

101



Kilometers

———— M %
01 2 3 4
%@ 0

Power Plant.

0.54
2 O(51)
077 &
(4.1)
0
o)
00.64 ©
(2.9) o

FIGURE 47.~#ap Of study area. Bold nunbers are the concentrations of sedi-
mentary PAH (ug g~1); numbers in parentheses are percent organic carbon.

carbon) with approximately 5 percent of the mass less than 64 pm in grain
size. The second location was 4 km further offshore in 45 m of water. The
sediment was a silty sand (1.7 percent organic carbon) with approxinately 30
percent of the particles less than 64 um in grain size. The third |ocation,
about 90 km south (42" 18', 86" 38') in 60 m of water, was in a region of high
sedi nent accunul ation. The sedinent contained 3.3 percent organic carbon, and
approximately 90 percent of its mass had a grain size below 64 pm

Sedi ment sanples for comparison with P. hoyi were collected with a Shipek
grab; the upper 1 cmwas renmoved with a spoon and stored at 4°C in an al um num
foil covered glass jar. Sedinents were placed in 250-mL glass centrifuge
tubes and spun at room tenperature for 20 nin at 2,000 rpm The supernatent
was decanted through a precleaned glass fiber filter to renove residual par-
ticles. These pore waters (200 to 500 mL}) were then extracted with 3 x 30 mL
of hexane. The spun sediments were Soxhlet extracted w thout further drying.

PONAR sanpl es collected at the sane |ocation were washed through a 500-pm
screen with |ake water. Benthic organisms were handpi cked from the residue,
depurated in filtered |ake water overnight, and stored frozen in foil covered
glass containers. After thawing, the organisms were blotted dry on paper
towel s and weighed prior to extraction. Sanple extracts were cleaned up by
chromat ogr aphy on Sephadex LH 20 and silica gel (Ceiger and Blumer, 1974;
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CGei ger and Schaffner, 1978). A gas chromatograph (GC, 30 m SE54 WCOT fused
silica colum; 100 to 260°C at 4" min‘l) equi pped with a photoionization
detector and a high performance |iquid chronatograph (HPLC, 25 cm Vydac 201 TC
reverse Phase colum; 45 to 100 percent MeCN in water; 1 mL min~! fi ow)

equi pped with UV (254 nm) detector were used for quantitative analysis. A
fluorescence detector was used on the HPLC for qualitative verification.
Extraction yields were calculated by adding a known spike of carbon-I1I-1abeled
ant hracene or benzo(a)pyrene (BaP) to each matrix prior to extraction and
counting a known fraction of the final extract. Yields of the other PAHs were
estimated by correcting the yields of standard extractions with the anthracene
or BaP extraction efficiency.

Anal ytical precisions are shown in table 20. The larger variances asso-
ciated with the mdge and nultiple sediment analyses are prinarily due to
smal | sanple size and spatial heterogeneity, respectively. An estimte of

accuracy was obtained through the analysis of a sedinent sanple supplied by
NMFS/NOAA, Seattle, which has been used in an interlaboratory calibration

(Brown et al., 1980). CQur values were the same as those reported in Brown et
al. (1980) at the 0.05 confidence level of a Mann Witney test for means.

TABLE 20.—-Analytical precision (eoefficient of variation)®

Standarcls_‘.b Sedimentsb Sedi nent s’ Midgesb

n =5 n =3 no=4 n =
Phenant hr ene 6.8 18.2 33.6 23.0
Ant hr acene 6.0 66. 7 41.8
Fluoranthene 7.4 7.8 20.8 32.6
Pyrene 7.4 17.6 19.6 26.3
Chrysene 4.6 23.3 14. 4 25.0
Benzo-e-Pyrene 19.3 6.6 19.0 8.8
Benzo- a- Pyrene 20.0 5.2 18. 4 12.0
Benzo ghi Perylene 31.6 4.1 38.4

8oy o 100 % Std Dev‘
mean

bRepl icate analyses from a single sanple extraction.

€single anal yses of replicate extracts of honogenized sanple.
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Replicate analysis by GC and HPLC yielded coefficients of variation for
i ndi vi dual conpounds ranging from 5 percent to 25 percent. An apparent sys-
tematic difference was observed between the GC and HPLC results. Anthracene,
phenant hrene, and nost fluoranthene values were not significantly different
for the two systens, but pyrene, chrysene, and benzo(a)pyrene val ues were
significantly higher (50 percent to 100 percent) on HPLC than on GC.  Reported
values are the neans of GC and HPLC anal yses. Checking our glass capillary GC
results with HPLC sometines prevented a gross overestimate of individual PAH.
Sanpl es that disagreed by nore than 50 percent were rechromatographed on our
silica gel colum and rerun on the GC

PAH in Lake Erie sedinent sanples were asymetrically distributed within
the study site. Sediments from stations 5 and 10 kmto the north contained
several times the level of PAH as did those from stations directly offshore or
to the south. Surficial (upper 1 cnm) sedinentary organic carbon was highest
at these northern stations (11 percent and 7.8 percent respectively) due to
the presence of abundant leaf litter. The remaining stations (not including
the one in the river) contained 3 percent to 5 percent organic carbon and were
silty muds. The concentration of the sum of the eight neasured PAH correl ated
significantly (r = 0.96, n =7) with percent organic carbon in the sedinents.

Concentrations of individual PAH are illustrated in figure 48. The upper
panel shows sediment values for the two anonalous northern stations and a sta-
tion approximately 1 km upriver fromthe nmouth. The concentrations of PAH
tend to decrease offshore to the north, indicating a terrigenous source, pre-
sumably through the river. As previously mentioned, worns and midges were
scarce at these northern stations. This |ow organism density may be due to
the presence of toxic conpounds; PAH concentrations are near (phenanthrene) or
above (fluoranthene) the 96-h LC50 reported in Neff (1979) for a nmarine
polychaete.

I ndi vi dual PAH concentrations for the sanples of wornms, midges, and sedi-
ments from1, 5 and 10 km offshore are shown in figure 48 (B, D). Since the
bi omass from the anomal ous northern stations was insignificant, sedinent con-
centrations from these stations were not included in the averages.

The sediment sanples depicted in figure 48B are the averages of the indi-
vidual sanples for which total PAH are shown in figure 47 and a conposite
sample (1 tabl espoon of surficial nmud per grab) fromeach arc. Except for
benzo{ghi)perylene (BgP), PAH were honogeneously distributed within the
regi on.

The worns had relatively high concentrations of pyrene (Py), chrysene
(Ch), and benzo(e)pyrene (BeP) (figure 48C). For the other PAHs, the con-
centrations in worms (wet weight) were lower than their associated sedinents.

PAH concentrations in nmidges collected 1 km from shore were high and
general |y decreased with distance offshore (figure 48D). The data for both
organisms were replotted as the ratio of organism concentration (wet weight)
to sediment concentration (dry weight) (figure 49). These ratios inply that
the mdges concentrate several PAH conpounds from their surroundings at the
nearshore station, but not further offshore. Wth the exception of phe-
nant hrene (Ph), this trend was not observed for the worns.

104



Sediments

S AIATUIANI
VSTt
sl

AVANATARIARURUARNARARNAY

A
atetelolelelnied

LRI AR ALAALAAR R

PUSEXEN

?./’df’t/f/t///ﬂtdd///’fd

DR

Teta% %

ANNANRRARNAWY

ERRRRRRRRR

/NNANARNANERARNRRNANNY

L KK K SO, ]
PN SEERENY

AVANALANTNANRNALANANANARNANNN

SN
RS OEY

NNANUURARRARRARRARRANARAY

ENKRRRVAVAY
—

T%ﬂ.v.:.a..
AARRRRRARY
Hi.
Fdussnn
ANARRRNNANANY
- E—

e
ARRRTITTTNNY

— ——

INRRRNAN w N
. m ||
UHION W O FRERmmmsaisas m Wi O vt
UON L G RARRENERRARARRNY 2 ud G AW
1oAY I w |-
AN L | | J
(=) [a] [ ] [ Qo (=] [=] (] o [an] Q [e]
o o Q (=) (] (] o uy (=] u
w un <t ] [aV] - (o] hand —

L]

b
X
e

2

P

5,

OO

(%]
%

TSI
BRSO

P

W QL8R

Worms

W | -
N S S

0 0
& 3 )
o~ —

1o

(qdd) uoREAUBDUOD

[ RS
S o

AR o

S
SR
EEM

SN
ARRRURRY €

DO KOO
oty
Wit p

NN S

L 2]

INARRANRRNANY £

— —

RS
]
3
- wn Ol 888
g W G NN &
wy |
L | | I l
g 88 ¢ °

5 kmand 19

(4) River,

PAH.

FI GURE 48.--Sediment concentrations of individual

® 1
oo
O + + Ja
~
Os 8™
< S E ©
o< S
~ Cw..s
-eOnT.e
.M|gSS
smﬂey
o=
o0
= .
—WEE®
Y )
O . 3
Sm.tl
OS5 &0
em:_lo.l
© - OE o
O - &
- — t.ﬂbw
£
(ORI
o5 © .
[ Onn
Eo.—0
D o_ —
hrcnt
—u— O ®©
Ec =3
oo Sy
_ S o
=
.— OO T
Svrcr
—= QL S E ©
ndgmd
Bo20¢
df!.la
- —
TS chy
Sam .U
g mn
8 n O ]
B o~ g
o™ n o
ted S o
G D oy YD
wl..l.e =
T C2OCw
 © c &
)Smam
mmeu..i
L £
2®o¢g
= 2= O
trdf
~ @ — <
o
eezgm~
O T
eEXc c
k%.lma

singl e ertract.

105



3.o|—
Worms
25— ® |Okm
o 0 1 km
20
>
o 15
2 e * o
o e
~ 1.0 — ey
H ®
E O5Le O * .
? 3 ® o
w 0
%’ 30— 0 Midges
9 . ® [Okm
2 25"“0 0 A 5km
£ 01km
8 20
C 0
« 0
D 154
S
a
10—a 3
o ® o 4 2 3
05— . A
A A
0
K o i E L O o
o
< CR &g

FI GURE 49.--P4H ratios fOr worms and m dges (wet W.) to Zoeal
sediments (dry W.) for 1-, 5-, and I0-km conposite sanples.

PAH concentrations for pore water, sediments, and P. hoyi from Lake
M chigan are presented in figure 50. Sedinment PAH concentrations for the
three environnents ranged over nore than an order of magnitude. The distribu-
tion of individual conmpounds is very simlar to those for western Lake Erie.
Concentrations of individual PAH are within the range of those reported from a
wor | dwi de distribution of marine sedinments (Neff, 1979) with our 60-m (high
sedi mentation) sanmple near the highest. The sum of the seven reported sedi-
ment PAHs on a dry weight basis were 0.18, 0.77, and 4.6 ppmfor the 23-, 45-,
and 60-m sanples, respectively. In nearshore Lake Erie sedinents, these

val ues range from0.42 to 3.2 pg g-1.

Sediments at the 5~ and 10-km stations in Lake Erie and from upriver had
PAH conpositions very similar to those reported by Laflanme and Hites (1978)
for sediments near an anthropogeni ¢ conbustion source. Qur |-km sedinents
were enriched in BeP and BaP (CygHi2 = 52 percent) and depleted in Ch (CygHia
= 10 percent) relative to their reported gl obal averages. The concentrations
of PAH in these nearshore sedinents are sinmlar to those reported (Laflamme
and Hites, 1978; Hites et «l., 1980) for Buzzards Bay, Gulf of Mine, and
Hudson Channel sedinents, which are similari{ly near anthropogeni ¢ sources.
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station, and hatched bars are data fromthe 60-m high sedinentation station.

The anomal ously high sedi nent concentrations 5 and 10 kmto the north are
simlar in relative conposition to the river sedinment, their probable source.
The PAH levels are high but considerably |ower than those of Lake Washington
and the three Swiss |akes reported by Wakehamet al. (1980) or the highly
pol luted Charles River (Hites et al., 1980).

A PAH point source |oad associated with the power plant was not apparent,
probably because conbustion products are well dispersed and leachate from coal
stored on the | akeshore appears to be snall in agreenent with Carlson et al.
(1979).
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Alnpbst no data are available on PAH levels in aquatic organi sms except
for fish, nollusks, and crustaceans (Neff, 1979). The ol igochaete worms ana-
lyzed in this study did not bioconcentrate (on a wet weight basis) any of the
PAH.  Fluoraanthene (FL), BeP, and possibly BaP appear to be depleted in worns
with respect to their sediment environment. This depletion may be the result
of biotransformation by the wornms. Degradation of several PAH including FL
and BaP was enhanced by the marine pol ychaete Capitella capitata (Gardner et
al., 1979).

The midges display a nore conplicated accunulation pattern. Those
collected at |-km offshore exhibited bioconcentrations of Ph, FL, Py, Ch, and
possi bly BaP. Further offshore, these apparent bioconcentrations disappeared
with the mdges at near equilibriumwith the sedinents. In both organisns, FL
was the nost depleted of the identified compounds relative to local sedinents.
A simlar resutwas reported for the marine nollusk mMytilus edulie (Dunn
1980) .

A possible explanation for this apparent nearshore anomaly lies in the
fact that the I-km station is very near the river nmouth and would often
(al though not during our collection period) be within the plume. The high PAH
concentration in the river sedinent indicates it is a source, thus the near-
shore filter-feeding mdges would be exposed to occasional high concentrations
of riverine material, and appear to be out of equilibriumwth their |oca
environment. The infaunal worns feeding primarily within the sedinments woul d
be buffered fromthis effect.

Al'though the distribution of PAH in Lake Mchigan pore waters resenbled
those in associated sedinents, pore water concentrations did not reflect the
order of magnitude differences seen for the sedinents. " fact, the con-
centrations in different pore waters appeared to be about the sane except for
chrysene and benzo(ghi)perylene. Dissolved organic carbon measured in the
pore water was 4.8, 3.7 + 0.5, and 19.8 = 0.7 ppmfor the three Lake M chigan
environments. PAH in pore water does not appear to be strongly correlated
with dissolved organic carbon. Benzo(a)pyrene and chrysene occurred in higher
concentration than their reported solubility (<1 ppb, 25°C, distilled water)
(Neff, 1979; My et al., 1978), while other PAH conpounds, having solubilities
rangi ng from-1,000 ppb (phenanthrene) down to -150 ppb (pyrene), were sub-
stantially below saturation. Equilibrium partitioning, which is proportiona
to solubility (Karickhoff, 1981), would predict a dramatically different
distribution of PAH higher concentrations of thenore soluble and | ower
concentrations of the less soluble PAH  The npst |ogical explanation for the
observed distribution and invarance of concentration is that fine-grained par-
ticles (<1 pm passed through our filtering process and that the anmount of
these particles and the PAH associated with them were relatively honpbgeneously
distributed throughout the |ake sedinments. Thus, our pore water sanples were
domi nated by PAH associated with very fine particles, colloids, and/or humic
subst ances.

The distribution of individual PAH in the P. hoyi was simlar to those of
the sedinents and pore water; fluoranthene and pyrene were thenobst abundant
conpounds and anthracene the |east abundant. The concentrations of the PAH
were not nearly as systematic anbng the aninals fromthe three sites as they
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were for sedinments, where the 25-m sanple had the |owest concentration for all
PAH and the 60-m sanple had the highest. Nearshore sanples of P. hoyi had

hi gher concentrations of fluoranthene and pyrene than sanples fromthe 60-m
high sedinentation area. In contrast, the sedinments from the high sedimen-
tation area had approximately 20 times as nuch fluoranthene and 30 timesas
much pyrene as the 23-m sedi nent.

Ratios of PAHin P. hoyi (wet) to PAH in sedinents (dry) are shown in
figure 51. The 60-m sanples had a consistent ratio of 1 (x50 percent) and was
simlar to our earlier results on oligochaete worns and chironomids in a fine-
grained sedi nent region of Lake Erie. These benthic organisms appear to be in
a secular equilibriumwth their sedimentary environnent; a substantial frac-
tion of their body burden of PAH, therefore, nust cone from the sedinent or
associ ated pore water. The 45-m sanples had a consistent ratio of approxi-
mately 10, whereas our shallower sampleshad a variable ratio, ranging from5
to 45. W believe that these higher ratios can be explained in terns of the
grain-size distribution of the sedinents. PAH distribution should be biased
toward smaller particles because of their greater surface area per mass and
their high organic carbon content, which makes them better sorption sub-
strates. In figure 51B the ratios are again plotted, but this time the PAH
concentrations in the sedinments were corrected for grain size based on the
assunption that particles larger than 64 um contain an insignificant amunt of
PAH. These corrected val ues {(PAH(64)) were cal culated as foll ows:
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FI GURE 51.--Top: ntio of Pontoporia hoyi PAH to sedinment PAH (@= 24-m
station; 0 = 45-m station;A= 60-m station). Bottom same ration; sedi ment

corrected for 64 wr grain size.
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PAHs(64) = 100 x PAHs/(% Mass < 64 pum)

Al'though this calculation brings all of the ratios close to 1, it is not
a conpletely satisfactory correction. Analysis of the gut content of
Pont oporei a femorata and P. affinis, both closely related to our hoyi, show a
particle-size cutoff at approximately 30 pm whether the aninmals were col-
lected froma silty or sandy substrate (Ankar, 1977). W do not have any
information on the particle-size distribution (below 64 pm) for our sedi-
nents.  The concentration of PAH in P. hoyi appears to reflect the apparent
PAH content of the fine-grained sediment (likely uniform throughout a |arge
region) rather than the bulk sediment that they inhabit

9.4 Biocencentration

The concentrations of PAH in Lake Mchigan P. hoyi were high, with indi-
vidual conpounds reaching concentrations of greater than 1 ppm (wet weight) or
10 ppm based on organismdry weight. Wth the exception of those for BaP and
chrysene, our measured bioconcentration factors (BCF = Pontoporeia PAH/

di ssol ved PAH) presented in table 21 were approximtely one order of magnitude
hi gher than those calculated (for fish) from experinmental or theoretical rela-
tionshi ps (Kenaga and Goring, 1979) based on conpound solubility. The fact
that our calculated BCFs (based on overlying water) are high may nean that the
sedi ments and/or porewater are inportant for the more soluble PAH

9.5 Compartnmental Bioconcentration Factors

In order to estinate the contribution of sedinent and pore water PAH to
the body burden in P. hoyi, we assune that the animals are at steady state
with respect to their local environment and enploy the following relationship

pAH (Pontoporeia) = BCFw x PAHw + PCFs x PAHs + BCFpw + PAHpw

The neasurenent of PAH in P. hoyi, water, sedinent, and pore water from
three |ocations where concentrations were significantly different yields three
equations in three unknowns, BCFw, BCFs, and BCFpw. This allows for a unique
solution to the equations. A sanple calculation for BaP is:

260 = 0.010 BCFw + 32 BCFs + 2.4 BCFpw
410 = 0.010 BCFw + 42 BDFs + 3.0 BCFpw
980 = 0.010 BbFw + 430 BCFs + 3.4 BCFpw
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mee 21 .~—Fgtimates Of bBiloconcentration factors

Solubility  Calculated Ponto(ppb)  Water(ppt)%

PAH (ppm)? perl X s X BCFmO

Ph 1.002 617. 767 + 604 40 19,175 + 15,100
An 0. 0446 3,571, 200 12 16, 667

Fl 0. 206 1, 507. 1,833 + 635 23 79,696 + 27,607
Py 0.132 1, 939. 1,767 + 1,460 40 44,175 + 36, 500
Ch3 0.0018 21, 829. 507 + 262 25 20,280 + 10,480
Bap 0. 0002 75, 374. 550 + 380 10 55,000 + 38,000

1Iog BCF = 2.791-0.564 log S (ppm) (Kenaga and Goring, 1979).
2References (Neff, 1979; Rossi, 1977).
3For triplenylene; s = 0.040; calculated BCF = 3,797

4Nban of two 20-L glass fiber filtered offshore water sanples (parts per
trillion).

5BCFm = (mean neasured PAH in p. hoyi)/(mean nmeasured PAH in Lake M chigan

water (n = 2)

Solving this system by substitution yields

BCFw -33,014

BCFs 1.233

BCFpw = 229.5

Results for the four conpounds having a conplete data matrix are given in
table 22.

Negative BCF values make these results difficult to interpret, and are
probably a result of our unsatisfactory analytical precision.
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TABLE 22.--8¢F cal culations from the three-conpartnent node

PAR BCF" BCFs BCFpw
Ph 66, 392. 2.017 - 1330.
FL 169, 583. -1.310 -212.8
Py 324, 864. -1.871 -1190
Ba?P - 33, 014. 1.233 229.5

In an attenpt to extract nmore information fromthe data, we can renove
one of the degrees of freedom from our conceptual nodel by assunming that the
theoretical /experinmental BCF cal cul ated from solubility i s equivalent to our
BCF'. Using the value fromtable 21, we rewite our sanple calculation (for
phenant hrene; calculated BCFw = 617) as foll ows:

200 = 0.040 x 617 + 8.3 BCFs + 1.35 BCFpw
700 = 0.040 x 617 + 65 BCFs + 1.07 BCFpw
1,403 = 0.040 x 617 + 730 BCFs + 1.55 BCFpw

Reducing and solving the three sets of equations yields

BCFs = 3.83 + 4.7 and BCFpw = 262 + 287

The results for the other PAHs are given in table 23.

Sedi nent and pore water BCF could not be calculated for chrysene and BaP
because the theoretical/experinental BCF for water were equal to or |arger
than our neasured total BCF, indicating that (under the assunptions stated)
the organisnms obtained all of these two compounds from the water. Calcul ated
results for Ph, FL, and Py indicate that BCF cal cul ated independently for pore
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TABLE 23.--B¢F cal cul ations from the three-conpartnent nodel,
with BCF for waterfromtable?l

PAH BCFw BCFs BCFpw

Ph 17 3.83 + 4.7 262 + 287
FL 1, 507 0.17 + 1.9 480 + 130
Py 1,936 0.25 + 10.7 1,052 + 1,337

water were sinilar to BCF for overlying water and that the BCF calculated for
sedi ments were small.

The percentage of PAH P. hoyi obtained from each of the three sources can

now be cal culated by going back to our original equations (such as the exanple
set for phenant hrene above) and substituting in the cal cul ated BCFs and BCFpw.

The results, presented in table 24, are relatively consistent for the three
conpounds.  They suggest that overlying water plays only a small part in the
accunul ation of phenanthrene, fluoranthene, and pyrene in P. hoyi and that the
animal s obtain most of their body burden of these PAH from the pore waters.

If we nornalize the sediment concentrations to the less than 64 pm grain
size (the approximate food size of the Pontoporeia), the calcul ations indi-
cate a slightly higher percentage comng out of the sediments, with an accom
panying small reduction in pore water contribution.

Qur results inply that P. hoyi can renobilize PAH from sedi nents and move
them up the food web, where they have the potential for damaging top preda-
tors. These results should be tested in controlled |aboratory experinments.
The followi ng conclusions can be nade from our results to date:

TABLE 24.--Percentage of PAH obtai ned by P. hoyi from water,
sediment, and pore water

PAH Wt er Sedi nent Pore Water
Ph 4.8 + 4.3 43.3 + 39.7 51.9 + 38.7
*FL 1.5 7.0 91.5
*Py 2.9 25.6 71.5
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1. The distribution of individual PAis in sedinment sanples are sinmlar
to the distributions reported from other marine sedinents collected near urban
envi ronnments.

2. Concentrations in sedinments range up to near the highest reported for
marine sedinents.

3. Pore water PAH exhibits a distribution simlar to that of |ocal sedi-
ments, although PAH concentrations are not related to |ocal sedinent con-
centration. This may be an experinental artifact due to PAH association with
very fine particles or conplexed with naturally occurring organic matter
collected and reported as pore water.

4. paHs measured in Pontoporeia do not correlate well with the PAH in
their bulk sedinment environnent, but do appear to correlate with fine-grained
sediments that serve as their food source. G ain-size-corrected PAHs in sedi-
ments from dramatically different environnents appear to have approxinmately
the same concentrations, indicating a large-scale honogeneity (with respect to
PAH) in the fine-grained sediments of Lake M chigan and possibly the Geat
Lakes.

5. Based on a static equilibrium nodel, Pontoporeia nay obtain a
substantial fraction (>50 percent) of their phenanthrene, fluoranthene and
pyrene body burden from |ocal sedinent and pore water. They appear to obtain
chrysene and benzo(a)pyrene primarily fromthe water.

6. PAH bioconcentration factors (from water) are calculated to be
approxi mately 104 to 107 for Pont opor ei a.

7. Infaunal worms, feeding on the well-mixed upper few centineters of
the sediments and of fshore midges, do not appear to bioconcentrate individual
PAH relative to the sedinent.

8. The high concentrations of PAH (and possibly other hydrophobic orga-
nic compounds) in the northern region of the Lake Erie study site may have
caused the sedinments to be an unsuitable environment for a healthy benthic
communi ty.

Both the laboratory and field work indicate that sedinment-associated PAH
are responsible for a large portion of the body burden of the higher solubil-
ity PAH such as aanthracene, phenanthrene, pyrene, and fluoranthane for benthic
organi sns.  However, the nore insoluble compounds such as BaP appear to be
obtained to a nuch larger degree from the dissolved phase. Further, the
sedi nent - associ ated material absorbed by the benthic organisms appears to be
associated with the fine grain fraction of the sedinents.

The bioconcentratfon factors for P. hoyi are high and correl ate reason
ably well with octanel water partition coefficients and the relationship is
approxi mately parallel to that published by Kenega and Goring (1979) for fish
(figure 52). The bioconcentration factor also shows a good correlation wth

the second-order molecul ar connectivity term (®xP) (Kier and Hall, 1976)
(figure 53). This termis a nonenpirical mathematical descriptor for nole-

cules and thus nolecul ar connectivity ternms nmay provide an excellent
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FI GURE 52.--Log Of bioecomcentration factor forPAH in Pontoporeia hoyi wersus
| 0g ocetanol water partition coefficient conpared with the simlar rela-
tionship forfish from{xenegae and Coring, 1979).

Log Bioconcentration Factor

FI GURE 53.--Log bioconeentration factor for PAH in Pontoporei a hoyi
versus the second order molecular connectivity term(2,V).

nonenpirical neans of describing organic conpounds to relate to their physio-
chem cal properties for fate nodeling.

The Pont oporeia hoyi are very slow to elimnate PAH and have negligible
bi otransformation;, therefore, they will pass naterials concentrated from the
sediments and water up the food chain. The field studies indicate that worns
and midges are at equilibriumwth the sediments. Wile they have |ower
bioconcentration factors than P. hoyi, midges and worns also contribute PAH to
higher forms in the food chain. Therefore, prelimnary findings indicate that
oligochaetes rework the sediments and redistribute conmpounds to the surface,
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sl owi ng burial and making them moreavail able to organi sms such as P. hoyi
(Wiite and Kl ahr, 1982), while P. hoyi bioconcentrate the conmpounds and pass
them up the food chain

10.  VERTI CAL DYNAM CS MCDELI NG OF TOXIC CONTAM NANTS |IN THE GREAT LAKES

The presence of potentially harnful contam nants (PCB, PAH, toxaphene
etc.) in the Geat Lakes has stinulated research on their fate, distribution
and bioconcentrations within the environment. Recent recognition of the prob-
lem coupled with the conplex behavior of organic conpounds, has left critica
gaps toward predicting bioconcentrations with high certainty. This has neces-
sitated that predictions be nade fromhighly idealized nmodels (e.g., Thomann,
1981; Eadie, 1981). Therefore, to provide nore reliable estimtes of bioac-
cunul ation at different trophic levels requires process-oriented nodels with
physically realistic nechanisns.

Cal cul ations have been nade on a fine grid, one-dinensional nodel as part
of an effort to describe the fate and deconposition pathways of toxic organics
in the Geat Lakes. Herein, we discuss the nodel conceptualization and then
present results of a case study nade on the pesticide mirex found in Lake
Ontario

10.1 Model Description

The nodel is vertically segmented into 16 layers in the water colum and
1 layer in the sediments, and represents an offshore region of 1 m2 in area
Cal cul ations are performed on a stretched grid where grid size is calculated

from the surface down according to
AZ3 = 1.28AZ3-1 (34)

where 4Z3 = grid size at level i
The surface layer is set at 1 = and the sedinmentary one at 3 cm

Model conceptualization is based on carbon flow through three particulate
pool s and a dissolved pool. Phytoplankton, zooplankton, and detritus repre-
sent the particulate material and are described in a nass bal ance nodel based
on Volterra dynamcs, i.e.,

dp/dt = GP - gryp (35)
d¥/dt = - W + agrvp (36)
O =y + (1 - g, 2P - wgE + (37)
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where P = phytoplankton (Mg C L1
Y = zoopl ankton (mg C L-1)

detritus (ng C 171y

m =
G = growth rate (day-1)

G = grazing rate (L dayl mg™l)

M= nortality rate (day-1)

a = assinmlation efficiency

vy = detrital fraction of dead zoopl ankton
w = settling velocity (m day-1)

S = detrial load (mg C L-1 day-1)

Rate constants are selected by the set that yields a best fit to
avai | abl e data. The grazing rate is adjusted with depth in order that the
pl ankton dynamics nimc results from nore elaborate plankton nodels (MCorm ck
et al., 1982).

Equi librium partitioning is assumed between the dissolved and the total
particulate material. Equilibrium conditions are approximately naintained by
switching on reactions to either sorb or desorb contami nants, as the case may
be. Reaction selection is made every tine step by comparison of the desired
with the calculated partitioning.

Turbul ent transport is explicitly considered in the dissolved conmponent
only. Turbulent fluxes in the particulate pools are not npbdel ed because their
non-neutral buoyancy contributes to particle motion of unknown correlation
with the motion of the neighboring fluid. Nonetheless, fluxes due to tur-
bulence indirectly affect concentrations in the particulate pools through the
sorption connection. Calculation of the turbulent flux in the dissolved pool
i s parameterized by an eddy diffusion coefficient calculated according to
McCormi ck and Scavia (1981).

The sinulated renoval pathways are volatilization, photolysis, sedinmen-
tary burial, and outflows. Al processes are treated as first order.
Volatization | 0sses are estimated from|loss rates set equal to the square root
of the ratio of the molecular weights of water/contanm nant (Liss and Slater,
1974).  Phot odeconposition |osses are patterned after Zepp and Cline (1977)
where |oss rates are estimated from conpound-specific information on the nolar
extinction coefficient, absorption spectra, and quantumyield as well as the
photon flux. Sedinentary |osses are assunmed to be proportional to the sedi-
mentary mass loading. Burial rates are calculated by dividing the mass
| oading to the sedinments by the mass of the sedinents. This maintains the
sedi ment layer at constant mass and porosity. Finally, losses due to river
outflows are estinated by assuming the dilution rate is uniform throughout
depth and is equal to the volume outflow rate divided by the |ake vol une.
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The follow ng equations describe how a contaminant is transferred through

the system

don 4 dxbp

4 = k) + K(me + Yoy + P op)/(n+ v+ P)

* - k‘ K
I CE LV L L

d¢p

T:—gr\if¢p+(Ku¢D—Ke¢p]P/(n+\P+P)

d¢T

= Moy + ag ¥ oy + (K op =K 6, )¢/ (n+ ¢+ P)
do 4oy
=V + A -ae Yoy Moy + (R 6y =K o dn/(n+ Y+ P)
where ¢p = dissol ved contam nant concentration (ug L~1)

¢p = phytopl ankton contaninant concentration (pg -1
¢y = zoopl ankton contani nant concentration (ug L-1)
on = detrital contaminant concentration (pg L~1)

K = eddy diffusivity (m? day-I)

Ke = desorption rate (day~1)

Ku = adsorption rate (day-I)

Kp = photolysis rate (day-1)

Ky = volatilization rate (day™1)

Kq = dilution rate due to outflows (day-1)

bs = particle associated contam nant |oading (pg -1 day)

Material transfer between the sedinments, pore waters, and water colum is

related by
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d dc
dat T +K, dt (42)
Ly 1 de
dt I +X, dt (43)
d 3 gl 3 km °
qr = w107 by =) = 107 22 (E -0 ) (44)
s P

where g = sedi ment contam nant mass (ug m2)
Cp = pore water contanmi nant mass (ug m2)

Kd mass distribution coefficient

Vp = pore water volune (L)

~
1

a = molecular diffusion coefficient (m? day~1)

(@]
1

total contaminant Mass (pg m=2)
Mg = sedinent mass (gm

A flow chart of the preceding equations is show' in figure 54.

10. 2 Case Study

Thonmas et al. (1972) estimated that over several hundred kil ograms of the
pesticide mrex have been introduced into Lake Ontario over the course of its
production. Studies have been conducted on its horizontal distribution
(Pickett and Dossett, 1979; Pickett and Paduan, 1982) and concern over its
future levels has notivated this study, the objective of which is to calculate
the background levels of mrex that night be expected in offshore areas.
Background |evels as used here are defined as those concentrations produced
from sedimentary |eakage via nolecular diffusion fromthe pore waters into the
wat er col um.

The nmodel was integrated over a lo-year period by a paired fifth- to
si Xt h-order Runge-Kutta routine fromI|ML. Coefficient values and initial
conditions are listed in table 25.

The particle distribution generated by equations (35) to (37) is show
for three of the layers in figure 55. The seasonal plankton dynanics control
the large surface fluctuations in the particle concentrations, while |ower
| evel dynanmics are prinmarily determned by the nmagnitude of the settling
velocity. Higher sedinentation rates cause larger anplitude signals at depth,
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and eddy diffusivities
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Phytoplankton Outflows Volatilization
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Sediments |« Pore Water
h
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FI GURE 54.--Model conceptualization depicting the transfer

of carbon and synthetic organic contam nants.

TABLE 25.——Initial conditions and paraneter val ues
for mirex cal culation

Total Sedinentary Mirex (PPB) 5
Total Water Columm Mrex (PPB) 0
Sedi rent Mass Distribution Coefficent 9
Mol ecul ar Mass Diffusivity (n2 day-1I) 10"6
Settling Velocity (m day-1) 0.5

Vol atilization Rate for Top Meter (day-1) 0.87

Photol ysis Rate (day-1) 0
Qutflow Rate (day-1) 3.48 x 10°°
Partition Coefficient 10°
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Total Particles

1978 1880 1982 1984 1986
Yeat

FI GQURE 55--Simulated total particle distribution for Lake Ontario.

whilewith | ower settling velocities, a near steady-state condition is
achieved as local particle concentrations remain at nearly constant |evels.

The tenporal behavior of mirex associated with the individual particle
groups, total particulate material and in solution are shown in figures 56-60.

Figures 56 to 60 show strong seasonal oscillations, with the |argest gra-
dients occurring in the sumer and the smallest in winter. The onset of
stratification limts the vertical flux of mirex to the surface waters neces-
sary to replenish that lost by volatilization and adsorption due to particle
production. The vertical gradient then increases and remains |arge throughout
the stratification period until fall overturn when the thermocline i s no
-longer a barrier to vertical transfer.

Concentrations span over two orders of magnitude during the sumrer with
pl ankton ranging from 0.01 to 1 PPB (figures 56 and 57) and the detritus from
0.01 to 0.5 PPB (figure 58). The detritus group is the only grouping that
shows subsurface peaks in concentration. No subsurface peaks are seen in the
total particulate or di ssol ved conponents (figures 59 and 60), but rather they
show uni form decreases in concentration with increasing distance from the

Phytoplankton Mirex Concentration

160 m 30m :

100 W N Ve Ve
/K 101
L/ K9 10-2

10 -3 1m
10 -4 —] | I S I B
1978 1980 1982 1984 1986
Year

FI GURE 56.-Si nul ation of phytoplankton mrex.
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Zooplankton Mirex Concentration
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FI QURE 57.--Simulation Of zooplankton mirex.

Detrital Mirex Concentration

0,
. 160m  30m
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| | | | | | | | |
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FIl GURE 58.——%imulationofdetritus mirex.

Total Particulate Mirex Concentration

107

o 100 | 30m 160 m
ff 10 7
T 10-2
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10-4 \ | | | | | | | ]
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FI GURE 59.--Si mul ati on of total partieulate mirex.
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Dissolved Mirex
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FI GURE 60.-=-8imulation of di ssol ved mirex.

sedi ment source. Individual particle groups, like the detritus, nmay show pat-
terns that are inconsistent with expectations if concentration profiles were
to be inferred from examning the total particulate profiles alone. However,
no inconsistency exists when it is recognized that contam nant partitioning is
assuned to equate with the total substrate concentration and not with some
fraction of it. Furthernore, by assuming an equal affinity for adsorption
anong the groups, subsurface maxima can be explained by noting the concentra-
tion of dissolved contanmi nant and the conposition of the total particulate

mat eri al

Total vertically-integrated concentrations are seen in figure 61. The
percent total relative to the sedinents peaks at approximtely 0.25 percent
about 4 years after the start up, followed by a slow decline to about 0.20
percent by the end of the sinulation. The seasonal fluctuations denonstrate
the inhibitory effect of |ow eddy diffusion on sediment |eakage by decreasing
the concentration gradient across the sedinent/water interface and, therefore
reducing the mass flux of mrex into the water colum.

Mirex in Water Column
0.41-

Total

{%) 02—

Particulate

0.1
Dissolved

IS SN IS I S I S N
1978 1980 1982 1984 1988

FI GURE 61.~-Model approximation of percent totalof water
colurm mirvex relative to sedinents.
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Curmul ative mrex |osses suggest that 99 percent is by sedinment burial,
0.7 percent by volatilization, and 0.3 percent by outflow (figure 62). Burial
| osses domi nate because of the high concentration of mirex in the sediment
relative to that in the water colum. After a |o-year sinulation, approxi-
mately a third or 12 pg of mrex were lost owing to burial. In a nore real-
istiec situation where resuspension is taken into account, |osses due to
volatilization and outflow will be much higher, but will probably never exceed
that due to burial.

In conclusion, the following three points can be made: (1) Less than 0.3
percent of mrex is ever present in the water colum due to molecular dif-
fusion from the sedinents; (2) despite |ow solution concentrations the
particle-associated nirex concentrations are relatively high. Background
| evel s should range between 0.01 and 1 PPB; and (3) the effect of all mrex
| osses on water columm concentrations is small and suggests that mrex should
persist as a future source of contamnation for at |east the next two decades.

11, EQUILI BRI UM CONTAM NANT MODELI NG

A previous report (Eadie, 1981) described a nodel based on the concept of
fugacity, which predicted the equilibrium distribution of hydrophobic organic
contami nants in aquatic ecosystens. Al though many synthetic organic conpounds
are designed and used because of their stability, they are subject to nmultiple
environmental deconposition pathways, such as photolysis, biological decom
position, and chenical oxidation. These, along wth physical processes, such
as outflow and sedinment burial, combine to renove the contam nant from an eco-
system  The obvious question to ask of a nodel is how long will it be before
the contam nant concentration drops below a specified |evel.

There are several ways to address such questions: the approach basically
comes down to the level of detail required and the level of information
avail abl e. The latter is the constraining factor in the devel opnent of eco-
system nodels. This section describes a sinplified approach in which all

Cumulative Mirex Loss

Total
Volatilization

(%) 11

Outflows

| | | | |
1982 1984 1986

Year

!
1978 1980

FI GRE 62.--Model approximationof cumul ative percent
| oss of mirex from the water col um.
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transformations are handled as first order with respect to contam nant con-
centration and that provides useful insight into the fates of synthetic orga-
ni ¢ conpounds in well-mxed aquatic systens.

11.1 Model Description
The nodel, which is based on the fugacity concept described in detail
el sewhere (Mackay, 1979; Eadie, 1981), assunes all conpartnents are in
equilibrium but allows input and transfornations. Briefly, the nodel cal-
culates the fugacity or escaping tendency of the contam nant wthin each eco-
system conpartnment. At equilibrium the fugacities in all conpartnents are

equal. At the low concentrations of contaninant encountered, fugacity (f) is
proportional to concentration {C),

where Z is the fugacity capacity.

At equilibrium
fi1 =f2=. . . £y, i = nunmber of conpartnents, and
the total mass in the system (M is
M= 2C1Vy, (44)

where Vi = volume of the ith conpartnent. Then from (43)

M= Zf124Vy = £45V4Z4; (45)

t hus
£1 = M/3 ViZ4 (46)

and
My = £4ViZi, (47)

where M; is the contam nant mass in the ith conpartment. The concentration in
the ith conmpartment is

Ci = £124. (48)

125



The fugacity capacity (Z) values for each conpartnent are calcul ated as
follows:

* Vapor phases: PV = aRT i deal gas
fV = nRT at low concentration
CV = ZnRT from (1)
Z = 1/RT fromCV = n
R =82 x 10-6
T is Kelvin tenperature
Liquid phases: H = P/C Henry's constant
H=f/C at low concentration
Z =1/H from (1)

* Sorbed phases: Z = Kp/H,

where Xp = equilibrium partition coefficient, which is estimated in this
model from the solubility of the contam nant and the organic
content of the substrate as follows:

log Koo = 4.75 - 0.70 log s

where S = solubility in pmel/L and K, = K, x % substrate organic carbon/100.

Fish: Z =6 x bioconcentration factor H-l
log BCF = 3.5 - 0.54 log S
factor of 6 converts wet weight to dry weight.

Conceptually, the water colum is divided into two parts and the equilibrium
distribution is calculated twice each year, representing the stratified (no
m xing) and unstratified (conplete mxing) periods.

For more detail on these cal cul ations, see Mackay (1979) and Eadie
(1981). Deconposition at other renpval processes (photolysis, biolysis),
settling, and burial can be included in the fugacity nmodel. Al of the reno-

val nmechanisns are approximated as first-order reactions. The sum of the
first-order rates for each conmpartment (i), period (j) is:

n
Kigy= I Ki,9,ko n = nunber of processes. (49)
Thus the total renoval rate from conpartnent i is
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ViCy, iKi, 3 (mol/half year) (50)

i,]

For the purz]goses of initial analyses and flexibility, the ecosystem will
represent a |-nm¢, 100-m-deep basin with the biological and sedinentary charac-
teristics of Lake M chigan.

Ecosystem Conpart ment Vol ume (m3) Comment s

At nospher e 104 10-km t hick

Epi I'i mion 25 25-m deep

Hypol i mi on 75 75-m deep

Detritus 1.5 x 10-4 1.5 ppm; 10per cemndani ¢ or der

Bi ot a 5 x 10-6 50 mgn™ ;3 p@érceotganic order
Sedi ment s 2 x 10-2 2 c¢m mxed; 2 percent organic order
Fi sh 2 x 10-7

The sem annual time steps represent a cold, well-nixed system (tenper-
atures = 4°C) and a stratified condition with an epilimion tenperature of
20°C and hypolimion tenperature held at 4°C. A caveat in this conceptual
framework is that the sedinents and hypolimion are considered to be in
equilibrium with the epilimion and atnosphere during the stratified period
when it is well known that transport through the thermocline region is small.
The effect of this will be discussed later.

Load information for trace organic contam nants is very sparse. For the
nmodel runs described in this report, |oads were assumed to slowy increase for
10 to 15 years, level off for a period of tinme, and then decline rapidly.

Detritus settling is set at -0.3 m day~l (Chanbers and Eadie, 1981);
thus, one-half of the detritus mass enters the sedinent each tine step and an
equi val ent mass of sedinment is buried, leaving the mixed |ayer constant. For
this model, the detritus mass is renewed each tine step, keeping all conpart-
ment volumes constant. At the end of each time step, a mass bal ance cal cul a-
tion is made to warn of any internal inconsistencies.

11. 2 Model Runs

The nodel was run for a nmixture of PCBs as Aroclors®. The results are
presented below. In the graphical output, winter conditions inply that the
epilimion was kept at 4°C for all time steps and that microbial deconposition
was one-quarter and photolysis one-half of the sunmmer case. These winter/
summer scenarios were designed to approxi mately span the range of deconposi -
tion rates in the literature.

The environnmental history of PCBs is simlar in many ways to DDT. Both

conpounds were first developed in the 1930s and slowy |eaked into ecosystens
for which they were not intended. DDT values reported prior to about 1975 are
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very often contam nated with PCBs because anal ytical techniques had not been
designed to separate them

This class of conpounds, consisting of more than 200 theoretical isomers
(less than one-half of which are believed to be present in any quantity in the
environment), is of current concern in the Geat Lakes. Lake M chigan sport
fish have concentrations nany times higher than the 5-ppm Food and Drug
Admini stration |evel considered safe for human consunption. This report
applies the calibrated DDT nodel to the PCBs, attenpting to gain insight into
their rate of removal from a Lake M chigan-like ecosystem The National
Research Council (NRC) recently published a report on PCBs in the environnent
(NRC, 1979) that has been used as a mmjor source of information for this
report.

Unfortunately, information on PCBs is predonminantly reported in terns of
comercially available nmixtures, called Aroclors® in the United States. These
are coded such that the last two digits represent the weight percent chlorine
in the mxture (e.g., 1254 contains 54 percent chlorine, an average of five
chlorines per molecule). Figure 63 illustrates the approximte conposition of
the Aroclors®. The nodeling of these mixtures is very unsatisfying because of
the range of characteristics and, consequently, environnmental pathways that
are "snoothed over" in this averaging process. Also, it appears that a ngjor
phot odeconposition reaction is dechlorination, which produces another PCB.
| mprovenents in ecosystem simulation nodels can only cone when sufficient
information is available to nmodel the individual isomers.

The version of the nodel discussed in this report follow the novenent of
PCB mi xtures 1242, 1248, 1254, and 1260. The nodel information is listed in
table 26. The two tenperatures and corresponding pairs of rate nunbers and
physi cal characteristics are designed to span a range that can be obtained

50— 1242 1954
[ oy
o 45(—
c8L4O —_
£ 35—
3 30}~
B25|—
o
= 20—
ks
15-
3
8 10—
jth]
a ® | ! |
0 |
0 1 2 3 4 5 6 7 B e 10
Number of Chlorines
1 3 12 24 42 46 42 24 12 3 1

Number of Isomers

FI GURE 63.--Tsometric CONPOSi tion of commercially
avai |l abl e Aroclors®, Mdified from NRC (1979).

128



TABLE 26.—--Input parameters for PCB nodel

1242 1248 1254 1260 commrent s
"Mol ecul ar Wi ght" 258 290 324 375 1
Tenperature (°C) 4: 20 4: 20 4: 20 4: 20 1
Solubility (g m‘3) 0.20; 0.24 0.043; 0.054 0.010; 0.012 0.002; 0.003 2

vapor Pressure

(mm Hg) x 1o% 1.5; 7.2 1.3; 6.3 0.28; 1.5 0.14; 0.75 3
Photol ysis Rate

(0.5 yry~! 0.05; 0.1 0.03; 0.06 0.02; 0.04 0.01;, 0.02 4
Burial Rate

(0.5 yr)~1 0.005; 0.02 0.005; 0.02 0.005; 0.02 0.005 0.02 5
Bi ol ysi s Rate

(0.5 yr)~1 0.5; 1. 0.2, 0.4 0.05; 0.1 '0.01; 0.03

1) From NRC (1979).

2) Calculated frominformation in NRC (1979).

3) Estimated from Simmons (personal conmunication).

4) From Chanbers and Eadie (1981); J. A Robbins (GLERL, pers. comm.).

5) Calculated fromC P. Rice (The University of Mchigan, pers. comm.);

Anderson (1980), Furukawa et at. (1978). See discussion on nicrobial
deconposition rates for dissolved contam nant reduced by 10x (Lee and
Ryan, 1979).

fromthe literature. The low rates (winter conditions) are conbined for the
first run and the high rates (summer conditions) for the second run, producing

an envel ope of prediction.

I ndividual process rates are often difficult to extrapolate from the
literature. Early results from GLERL's program at The University of M chigan

(M. 8. Simmons, The University of M chigan, pers. comm.) provide the npst
realistic nunbers for photolysis. These have been subjectively conbined wth

the results of Safe and Hutzinger (1971), Ruzo et at. (1972), Herring et al.

(1972), Hutzinger et at. (1972), and Crosby and Moilanen (1973). Variations
in experimental conditions and exotic experinental procedures (from the point
of view of someone trying to extrapolate to an aquatic ecosystem) nake objec-
tive conparisons inpossible. Thus, the photolytic rate nunbers in table 26

are conparatively weak at this tine.

Model output for sediments and bhiota are shown in figures 64 (winter
conditions) and 65 (summer conditions). The winter condition is the result of
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PCB in Biota; Winter Conditions
(a)
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£
o
=2
c
S
S 1242 Load (mols)
1=
8§ 01 N L\
(3]
O - . - .
2 , PCB in Sediments; Winter Conditions
—
(b)

-1} TOtaJ PCB

_2 —

—3 1233

7242 Load (mols)
—4 I ] I | | |

] 5 10 15 20 25 30 35 40 45 50
Time (years)

FIGURE 64.--(A) PCB mixturee in b-iota using the | ow rates in table 2. The
nunbers refer to Aroclors® as described in figure 6. The 1242 shape load is
depicted to give a feeling for the shape of the input function. The other
Aroelors® have the same | oad function but a | ower (0.25xz) magnitude.

(B) 2CB mixztures in sedinments for the same run.

using the low rates in table 2 and is calibrated to yield a maxi mum con-
centration of approximately 10 ppm in the biota. At the same tine, sedinent
concentrations peak at approximately 75 ppb, a value within the range reported
for Lake M chigan (Konasewichet al., 1978). In order to obtain simlar maxi-
mum concentrations, the summer condition run required 20 tines the |oad of PCB
used for the winter case.

Year 35 is approxinmately equal to 1972. Figure 66 conpares nodel output

for the winter and summer cases with PCB data for Lake Mchigan fish as sum
marized in Sonzogni et al. (1981). The nodel outputs can be noved up and down
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PCB in Biota; Summer Conditions
Total PCB

1
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FI GURE 65.——(4) PCB mi xtures in biota using the high rates in table 2.
(B) PeB mxtures in sediments for the same run.

the page by altering the load, and the outputs will remain very nearly paral-

lel. The agreement with bloaters and coho salmon is encouraging, considering

the sinplicity of the nodel. The |ake trout data could not be sinulated with
a nodel as sinple as this. \Wininger (1978) proposed considerable food chain

transfer from benthic organisms to lake trout and there is no food chain accu-
mul ation explicitly considered in this nodel

The nodel outputs indicate that the loss we are presently observing in
fish and sediments is primarily the lesser chlorinated isomers contained in
1242 and 1248, whereas the Aroclors® 1254 and 1260 decay much nore slowy.
This scenario predicts an exponential approach to a |ower concentration of
predoni nately hexachlorinated and higher isomers that will remain for a long
time. The absolute value of this |ower concentration strongly depends on the
present concentration of highly chlorinated isoners because atnospheric trans-
port of such isonmers is small and future loads are predicted to be small

The loss rates from the ecosystem are illustrated in figure 67
Aroclors® 1242, 1254, and 1260 are shown; 1248 is internediate between 1242

131



Lake Michigan Fish

Lake Trout

14

/\ Coho Salmon \

L 4

_.
o
I

Total PCB Concentration (ppm)
® X
[ [

Bloaters

1972 1974 1976 1978 1980
Years

FI GURE 66.-~Total PCBs in Lake M chigan fish. Data are from Xmasewich et
al. (1978) and 1JC (1979). The model outputs for biota from the runs

illustrated in figures 14and 2B are shown as smooth curves.

and 1254, and was onmitted for clarity. Atnospheric photolysis predom nates,

fol lowed by microbial deconposition in the water and sediment. In the Geat
Lakes, burial is a slow process, which is slowed by bioturbation. The node
consi dered a general condition of a 2—cmmixed thickness with 0.,5- to [-nm
accunul ation per year. Assumi ng desorption occurs, the sedinments can act as

a source of stored hydrophobic contam nants for several decades.

12, MODELI NG HORI ZONTAL TRANSPORT OF SEDI MENT- BOUND CONTAM NANTS

Mirex i S a chlorinated hydrocarbon (CigClip) that has many applications,
the primary one being an insecticide for fire ants in the southeastern region
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1242 Loss Rates; Summer Conditions
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FI GURE 67.--PCB | 0SS wmates (mol per half year) from the summer Scenario
(figure 6}. (A4) Aroclor® 1242, (B) Aroclor® 1254, and (C) Aroelor® 1260.
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of the United States. The conpound was manufactured along the N agara River
and used in industrial processes along the Oswego R ver between 1959 and 1976.
Both of these rivers flow into Lake Ontario, and by 1974 mrex was discovered
in Lake Ontario fish (Kaiser, 1974). By 1976 both New York State and the pro-
vince of Ontario had to issue warnings against Lake Ontario fish consunption,
and New York soon extended the warnings to a" outright ban. Summaries of this
mrex problem including history, health aspects, chemstry, quantities manu-
factured, applications, and fish and bird egg residues can be found in Hetling
and Collin (1978) and Kaiser (1978).

The magnitude of the Lake Ontario contam nation was made clearer when
sedi nents taken during a 1968 |ake-wi de sanpling progam (Thomas et al., 1972)
were analyzed for mirex (Holdrinet et al., 1978). These results suggested
some 700 kg of mrex were mxed with the top 3 cm of sedinents off the N agara
River and Oswego River nouths. These mrex-contanminated sedinments extended in
a path along Lake Ontario's south shore and around the eastern end of the
| ake.

Hol drinet et . (1978) al so anal yzed a small nunber of replicate mrex
sanpl es taken in 1976. These new data were too limted to pota distribu-
tion, but they suggested a doubling of nmirex concentrations between 1968 and
1976. Production data (Kaiser, 1978) confirmthat mrex was still being manu-
factured (and apparently escaping until 1976.

By 1978, Canada and the United States had signed a Water Quality
Agreenent that required research to identify tenporal and spacial trends in
concentrations of persistent toxic substances such as mrex. As a result,
model tests were run to determne whether the observed mirex pattern on the
| ake bottom was consistent with the known sources and with the lake's cir-
cul ation pattern (Pickett and Dossett, 1979). A reasonable sinulation of the
observed patter" was obtained by allowing nmirex to adveet, diffuse, and settle
from Niagara River and Oswego River sources in a sinple circulation nodel.
Results confirmed that the two known sources accounted for the quantity and
patter" of the observed sediment contam nation.

Al though the above studies have provided nuch insight, the problems with
mrex in Lake Ontario persist. Norstrom et al. (1978) and Norstrom et al.
(1980) described how mirex is still mgrating up the food chain and con-
centrating in fish and birds around the |ake. The ecological inpacts of this
mgration were described by the Great Lakes Water Quality Board (1978), and
the human health aspects by the U S. Food and Drug Administration (1978).

Most recently, Scrudato (1980) suggested that mirex will be a long-term threat
in Lake Ontario because the sedinments can act as recurring sources of the com
pound.

TO help evaluate theabov e threat, We decided to sinulate the horizontal
novenent of the nirex-contanminated sediments in Lake Ontario. To do this, we
used current and water quality "odel s to predict howresuspended nmirex could
move around the |ake bottom over a |lo-year period. Qur major finding was that
m rex- cont am nat ed sedi nent patches tend to move around the eastern end of the
| ake and eventually out into the deep central basins.



12.1 Model Description

The nodel used in this paper was simlar to the nodel used in Pickett and
Dossett (1979). A steady-state current nodel was driven with the nean wi nd.
This linear, honmogeneous current nodel calculated vertical integrated trans-
ports for the given winds, and the effects of both bottom topography and the
earth's rotation were included. Inflows were added at the N agara River and
oswego River (5,700 and 180 m s71, respectively) and a" outflow at the St.
Lawr ence River (5,880 ms-1),

Mirex cal cul ations were next added to this sinple circulation nodel so
that mrex could advect, diffuse, settle, and resuspend according to:

acC —_——
w = - - .M..oﬂ 1
Ho— + U*MCy = AV-HVGy ~ ACy + k(7°7)Cy in water (51)
and
2 = ACy - k[%'g]CB in the bottom (52)

where H (x,¥) is local water depth (cm, Cy (x,y)is mirex concentration in
the water colum (gr gr=l), t is time (s), M(x,y) is water transport (3.5 x
10~3 cms™! or 3 m day-1), Ais a horizontal diffusivity (1.5 x 105 cm? s-1),
Ais a settling speed (0.083 cms-1 or 3 mday-1), k is a resuspension con-
stant (10-7 s cm 1), Cg is the concentration of mrex in the sedinments (gr
gr~ly, and D is the depth of sediment contanination (3 cnj.

Horizontal diffusivity was taken from dye experinments (Kullenberg et al.,
1974), and settling speed was taken to be 3 mday-I because mrex was assuned
to attach to fine particles.

Resuspension was allowed by adding a new termto the original nodel.
This term depended on a constant (k) times current speed squared (kinetic
energy of the water). W selected the constant by noting that suspended par-
ticles in Lake Ontario average about 3 ppm (Bell, 1980), and that observed
mrex in the bottomwas initially around 10 ppb (Holdrinet et al., 1978).
Hence resuspensi on would bring up 30 x 1015 units of nmirex per unit of |ake
wat er [(3 x 1076)(10 x 10~9)]. Thus in the total volume of Lake Ontario (1.64
x 1018 cm3) some 50 kg of mrex would be resuspended on particles. Hence, we
selected a value of k (107 s cm|), which resulted in roughly this amount of
mrex resuspended in Lake Ontario water at any one tine.

Using the original nodels with the new fornulation for resuspension, we
proj ected the movement of mrex-contam nated sedinments for 10 years. This was
done by starting with the observed mirex pattern in Holdrinet et al. (1978)
and using a mea" wind of 7 m s~1 fromthe west (National COimatic Center,

1975) that blew over the | ake for the entire period.
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12.2 Results

Figure 68 shows the distribution of nmirex in the nodel. Since the ini-
tial conditions have all the mrex in the sedinents, about 2 nonths are
required for a balance between resuspension and settling to occur. As nen-
tioned earlier, the ambunt of nmirex in the water attached to particles is
controlled by resuspension. The rest of the mirex (about X5 percent) is in
the bottom

In addition to the Z-nonth time scale nentioned above, there are also
several other time scales of interest. For exanple, the tine required for
material to settle out of the |ake depends on the settling speed (3 md~1lin
the nodel) divided by |ocal water depth. This value ranges from about 3
months over the deepest regions, to 1 nmonth over regions mear the mean depth
(90 m), to a few days over nearshore regions.

Qpposing this settling is resuspension. Initially resuspension continues
until all of the 3 cm of mrex-laden sedinent is eroded. The total tmefor
this to happen equals 3 cm divided by the resuspension constant and by the
current speed squared. In regions of low currents (1 cm s-1), about a year is
required to erode the initial mrex-laden sedinent. In regions of noderate
currents the tine is about a nonth. Finally, in regions of higher currents (>
10 cms-1), only a few days are required to erode the top 3 cm of sedinent.

Besides this up and down notion of mrex, there is also a net loss that
occurs due to the St. Lawence River outflow.

This outflow loss is small because only a snall portion of the mrex is
attached to suspended particles at any one time and thus available to be car-
ried out the St. Lawence River. Since the flushing time of Lake Ontario is
about 10 years, and since only 15 percent of the mirex is resuspended and
available for flushing, some 60 years would be required for the Lake Ontario
mrex to dilute to one-third of its original value.
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FI GURE 68.-he simulated distribution Of mirex in Lake Ontario.
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Figures 69 through 74 show the observed and predicted nirex patterns in
the sedinents of Lake Ontario. During the first few years the mirex-contam-
inated sedinents sinply nove eastward along the south shore of the lake. The
pattern also becomes snmoother as it mgrates eastward.

After 4 years, mrex is starting to accunulate in the |ower current
regions of the western and central basins. The nirex patch north of the
Ni agara Bar did not come from mirex noving directly north. [Instead, this
patch is accunulating from mrex noving east down the center of the |ake and
being deposited off the N agara Bar.

After 6 years, the trend is continuing with accunulation into the center
of the low current regions and a gradual eastward drift of the south shore

Initial Mirex Pattern in Model , T
S AR
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Oswego
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FI GURE 69.—-Initial distribution Of sedi nentary mirex,
based on the data in Holdrinet et al. (1878).
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FIGURE 70.--Predicted sedimentary mrex distribution
2 years after source is cut off.
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FI GURE 71.--Predicted sedimentary mirex distribution
4years after source iS cut off.
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FI GURE 72.--Predicted sedimentary mirex distribution
eyears after source i s cut off.
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FI GURE 73.--Predicted sSedinentary mirex distribution
8 years after source is cut off.
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FI QURE 74.--Predicted sedimentary mirex distribution
10 years after source is cut off.

patch. After 8 years all the original mrex on the N agara Bar region has
moved eastward.

Finally, after 10 years, the prediction shows three patches: eastern and

western deep water patches that continue to accumulate, and a southeastern
patch that is a vestige of the original south shore contam nation.

13.  CONCLUSI ONS

The above predictions suggest sone general conclusions about the future
of mrex in Lake Ontario. First, deep regions will accunulate mrex or any
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other pollutants attached to fine sedinments. The bottom concentrations in
these regions, however, wll be nitigated by a process ignored in this nodel--
burial. Burial is inportant because some 5 mllion tons of fine-grained sedi-
ments are added to Lake Ontario each year (Kenp and Harper, 1976). Polluted
sediments will be diluted and buried by some 2 cmof fresh, and hopeful ly
uncont am nated, sedinents per decade.

Second, the nodel shows little mrex ending up on the lake's north shore.
Strong north shore currents and no initial load conbined to keep the north

shore cl ean.

Third, the southeastern nmirex patch lasts a long time. The strong south
shore currents driven by the prevailing west winds nmoved the initial nirex
patch eastward. But as the mrex reached the eastern end of the |ake, cur-
rents slowed down and turned northward, and the rate of mirex migration also
slowed. Hence the southeastern mirex patch remains and only slowy bleeds
mrex to the deep regions.

Fourth, hypothetical npodel runs showed simlar final results regardless
of which Lake Ontario river was assunmed to leak mrex. By nobving a mirex
source to each river, we found that it would always nove eastward, then turn
and head for the deep basins. By contrast, when sources were placed in the
deep basins, the mirex stayed there. Resuspension was insufficient to nove
the mrex. These nodel runs suggest that any sedinent-attached contamni nant
fromany Lake Ontario river will end up in the deep basins in a few decades.

We also tested the sensitivity of the above results to the wind by trying
a variety of steady and time varing winds. W found that west winds do the
maj or sediment novenent, because they occur nost frequently and set up the
strongest currents.

In simlar fashion, we tested a variety of resuspension formulations and
values. Hi gher resuspension made the contamnants nove faster, but the pat-
tern was basically unchanged.

In summary, our work suggests a general pattern of nmovement for sediment-—
attached pollutants in Lake Ontario. Nearshore sources produce eastward m-
grating sediment patches that reach the eastern end of the |ake, turn around,
and eventually end up accunulating and being buried in the western and central
deep basi ns.

Confirmng evidence for this pattern comes from surveys of other sedi-
ment -attached pollutants. Studies of PCBs in Lake Ontario sedinents (Frank
et al., 1979) show a simlar south shore patch with some accunulation in the
deep basins. One suspects an original N agara River source. Mercury in Lake
Ontario sediments (Thomms, 1972) also shows a patch streamng eastward al ong
the south shore. Finally, decomposition products from the relatively old
pol lutant DDT (Frank et al., 1979) are now found mainly in deep basin sedi-
ments.

The slow nmovenents, snall dilution, and slow burial predicted above sug-
gest that sediment-attached pollutants in the Geat Lakes will pose problens
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far into the future. These results, coupled with the fact that mllions of
people drink the water, make the Great Lakes dangerous dunpsites for such che-
m cal s.

14, SUMMARY

Qur efforts to date have focused on the devel opnent of system nodels,

supported by the specific process research required to inprove, calibrate,
and/or validate our mathematical absractions. Research-nodeling interactions
enabl e us to nake stepwise i nprovenents in our understanding of the cycling,
behavior, and fate of synthetic contam nants and to identify priority research
areas.

During the early part of our program we concentrated our research
efforts on processes at the air/water interface (photolysis, air/water
exchange, etc.). As our research on air/water processes w nds down, we will
incorporate the information into our nodeling programto inprove our parame-
terizations of processes occurring in that region.

This past year we have noved a substantial fraction of our effort into
processes at the sedinent/water interface (uptake by benthic organisns,
burial, resuspension, etc.). During the next few years, we will devote the
maj or portion of our program to the bottom boundary which we feel controls the
| ong-term behavior and fate of contaminants in the Geat Lakes.

This interim report discusses results of nost of our current projects,
which are in various states of conpletion. A summary of recent acconplish-
ments in our program include:

1) Equilibrium nodels that predict the distribution of an organic con-
tam nant based on the contanminants solubility and a physical description of
the ecosystem

2) Inproved understanding and prediction of equilibrium partition coef-
ficients as a function of the concentration of substrate,

3) Estimates of the resuspension rates of sediments and cal cul ations of
the flux of reentrained PCBs in Lake M chigan,

4) Estimates of bloconcentration of contami nants by benthic organisms,
along with rates of uptake, depuration, and netabolic deconposition,

5) Inproved estimates of the mixing rates in surficial sedinments, rates
of contami nant burial and early diagenesis,

6) A nodel of the horizontal novenent of sedinent-associated con-
tam nants under the influence of wind driven currents,

7) lInproved estimtes of photodeconposition rates of selected PCB and PAH
congeners i n | ake water, and
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8) Measurenents of PCBs at the air/water interface that suggest signifi-
cant conpound behavioral differences withing the nicrolayer.

In addition to the work on behavior and fate (which is the focus of our
ongoing program), Wwe are beginning a major new program on the nodeling of con-
tami nant uptake by fish. Currently we nodel fish as passive substrates upon
whi ch contaminants can sorb. A nore realistic approach enploys bioenergetics
and food chain transfer that connects fish to their food source. Qur work on
the bioaccumulation of PAH by benthic organisnms indicates that they nmay be an
i nportant vector for the novenent of contaminents fromthe sedinents into the
food web. This process will be incorporated through our new grant to Jim
Breck at Oak Ridge.

Another new area for our programare the two projects on effects of con-
taminants. Studies of bioturbation and mixing rates will give us information
on nmixing of recent sediments. These experiments are al so designed to use
m xing rates as a behavioral indicator of chronic stress in worns exposed to
increased levels of contanminants. A second stress test for benthic organisns
is under study: the lysosomal enzyne release rate. After a year or two of
| aboratory devel opnent, these tests will be used to estimate the condition of
i ndi genous Great Lakes benthic organi sns.

14.1 Mbdeling Strategy

We are structuring our nodeling efforts nore toward answering the nost
likely kinds of questions to be asked regarding toxic contam nants, such as:

« How long will the concentration of contaminant xyz in fish be above the
| evel recomended by the FDA, [JC, EPA etc.?

+ What | evel of |oad reduction is necessary to achieve a specified con-
centration of contami nant xyz in fish, birds, water, etc.?

If such a load reduction is inplenmented, how long will it take the system
to respond?

We feel that by developing the tools to answer such questions we are
addressing some of the mmjor responsibilities of both the OMPA and GLERL.

Qur long-termnodels will be nodified to become a coupl ed Great Lakes
model . They will incorporate resuspension input and the time steps shortened
to 1 nonth in order to incorporte the variances associated with changing par-
ticle characteristics. Case studies of DDT, BCBs (characterized by chlorine
content), cesium 137, and PAHs will be run.

We will continue to inprove our detailed process nodel and run studies on
air/water exchange and sedinment/water exchange. Another conponent of this
modeling exercise is an analysis of the sensitivity of its response to pertur-
bations in input information and coefficients. Such error analyses enable us
to examine the nobst sensitive areas of the nodel in greater detail and aid us
in our research planning.
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15.  PRCDUCTS

Publications, presentations, and the documentation of nodels are inpor-
tant products of this program but other, intangible products nust also be
consi dered. Such things include the devel opnent of a scientific research team
and a network of experts on the cycling, behavior, and fate of contamnants in
the Geat Lakes. W have provided our results to several working groups of
the International Joint Commission and to the State of Mchigan, and have nade
presentations at scientific neetings.

A list of our program documents and presentations through Septenber 1982
follows.

15.1 Publications

Chanbers, R L., Eadie, B. J., and Rao, D. B. (1980): Rol e of nephel oid
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2:32.
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GLERL- 35.
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