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peterministic and Statistical Models of Chemical Fate
in Aquatic Systexs

Robert V., Thomann
Manhattan College

This paper has sevaral purposes: {a) to susmarize the basic sodels
of the stesdy state transport and fate of chamicals in aquatic systems
including uptake and digtribution in the aquatic food chain, (b} to
illustrate the detarministic time variable behavior of chemical fate
models with several applications to the Great Lakes and (c) to develop
some statistical models of chemical variabilicy in aquatic organisas,
specifically, the fish.

The sbility to analyze and predict the transport of potentially
toxic chemicals is one of the centrsl requirements of risk assessoent
and subsequent risk management. Stesdy state models can be of specific
value 1o the early stages of chemical screaning for generic problem
contexts and to slucidace basic principles of chenical fate and uptake
into the food chain. Time variable models ars parcticularly useful for
predicting recovary times of aquatic systems fallowing soue abatesent
program of chemical control. Thess eteady state sad time variable
modela essentially estimate the average or deterministically varylng
chemical exposure concentration to aquatic organisms. Risk assessment
also requires some evaluation of the stochastic behavior of chenicals
both in the water and in fish. The paper is therefore divided into four
parts: 1) the basic theory and associsted aquations; 2) steady state
simplificacions; 3) deterministic time variable wodels and 4) analytical

and pumerical models of statistical behavior of chemicals in fish.
1. THEORY

A, Physical-chemical Fate and Transport Model

The principal componsnts of the physical-chemical fate and trans-
port model framsvork are reviewed in Thomann aod Mueller (1987), Delos
et al. (1984), Thomsnn snd Di Toro (1983), snd Di Torce et al. (1981),

among othars.

The development canm begin by considering a simple one-dimensional
river as shown in Figure 1. The chemical in the water column is trans-
ported by the flow Q. Losses of chemical may occur as & result of
maicrobial degradation, volatilization or other pathways. The aediment
however in all of the models discussed in this paper is not considered
to be moving. There is a transfer of chemical from the sediment to the
vater column and vice versa via ssttling snd resuspensioc of particulate
chemical forms and sediment diffusion of dissolved chamical.

The one-dimensional mass balance squation for any form of the chem—
ical (dissclved or parr.icuhu) i{s for ths water columa

i

i —

acs ic;

i _la 13 g -1 -

T T Qc)) + 4 (u EA oo ] + sources - sinks )
and for the surface sedimant

acz

Y Sourcas - Sinks - (2)

where < and €y are the chemical concentrations in the vater column and
sediment [H.l.ll.’; Hy, « mass of toxicast, L¥ = bulk volume of solids plus
water], Q is the viver flow [L*/T), A is the cross-sectionsl srea [L7],
E 1s the longitudinal dispersion coefficiant [L3/T], x 1s distance down-
gtream and t is tisme.

The cheaical in the models discussad herein is assumed to be com—
posed to two forms: 1) the dissolved form, c" [HTIL:; 1.: = yolums of
water], and 2) the particulate form, :P (H.IJL’]. i.e. the toxicant
sorhed onto particulate matter in the water column or sedisent. The

rotal chemical concentration 1s then

ep=cy* ey (1)

T
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where ¢ is the porosity [L:IL’].
Eq. (3) is

c.[-cp*cd (&)

where
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for 4 IHTIL‘) as the porosity corrected dissolved concentration.

Wizh the general framework described, the detailed equatiocos for

the various forms of the chemical can be presented.

Dissolved chemical. An explicit finite differencing of Equation 1

together with sources and sinks of the dissolved chemical in a temporar-

ily constant control volume (v‘) of the vater column is given by

den + . -
vy ge = [{Qog )-Qpey B (e gy ) = g 4B (Ley ) = e,y )} (Transport)

+ kdlvlcpl - kul-lvlcdl (Sorption-desorption)
+ [ﬂza\(céz - c:") (Sediment diffusive exchange)
- "dlvlcdl ) (Decay & losses)
- tna\(c'lﬂ. - cél) (Volatilization)
. "dl (Ioput) (6)

The group of terms in brackets represents the transport and disper-
sjon of the dissolved toxicant. Superscript + indicates the upstream
direction and superscript - indicates the downstream direction. The net
transport flows, Q, are written ir an equivalent backward difference
approximation to the underlying partial differential equation {(Eq. 1).
The dispersion or mixing betwsen segments of length Ax is given by the
bulk dispersion coefficient which in turn is related to the dispersion
coefficient by

1 o EA
E 4x N

The second line on the left of Eq. (6) is the balance between the
desorption of the chemical io the particulate phase (k, . V.c ) which

41 1%p1
increases the dissolved form (the desorption rate is kdl {1/T], and the

adsorption from the dissolved phase onto the particulates given by
k™ Cay¢ (The sorprion rate is k“lll.’l!'l.-dl and the solids concentra-
tion is ®; lHBIL’]. Note that this lacter term depends on the mass of
solids available for sorption from the dissclved phase.

The third 1ine of Eq. (6) repressuts the diffusive axchange between
the sediment dissolved chemical concentration t:'dz in the interstitial
water and the dissolved chemical concentration in the water colusn,
c'dl' The sediment-water diffusive transfer coefficlent, xﬂz[m] can
be considered as an overall interfacial transfer coefficient relating to
the diffusion of the toxicant across the sediment-watar interface.

Decay and loss mechanisms such as biodegradationm, photolysis ete.
of the dissolved form are included in the fourth line of the equatien.
Therefore, K‘“[ll'r] represents the sum of individual rates, some of
which in turn may represent rather complex wechanisms. Note that for
this mode! all the loss rates asre assumed to be first order.

Volatilization of the dissolved toxicant is given by the fifth line
of Eq. (6) where c‘ represents the gas phase of the cheaical [H.IJL;; L:
= vclume of gas] which may or may not be zero, and H is the Henry's
constant for the chemical [HIIL: + &IIL:].

The last line represents all external sourcas or inputs of dia-
solved chemical, Hdl[HTI'r] from point direct discharge sources as well
as non-point and tributary fmputs.

An equation similar to Eq. (6) can be written for the dissolved
chemical in the sediment layer undernesth the typical watsr column seg-

ment 1, This layer is designated with the subscript 2, Thus,
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The first three lines of the right side of Eq. (8) have already been
discussed relative to the water column. The fourth lise of Eq. {8)
expresses the “purial" or transfer dowm lanto the sediment of the dis-
solved toxicant due to net sedimentation or build-up of the sediment
layer at a net sedimentation vate of vdziLITl. The last line of Eq. (8)
is the diffusive exchange of dissolved toxicant between the first and
second sediment layers uoder the water colusn. Similar equations can be
written for esch successive sediment layer. Note that there are no dis-
solved transport terms for the sedimant thersby indicating that the sed-
iment 15 assumed to be stationary in the horizontal direction. Also,
sechanical mixing of sediment layers {dus, for sxample, to bioturbation)
is not included, but 1s readily added with an addicional mixing term.

Particulate chemical. Ths mass balance equation for the chemical
sorbed onto the particulates in ths wvater column segment 1 is given by

de i -
1 dtl - l(qcpl)+ - El((cyl)‘-cpl) + B'((cpl) -cpl)l(Transport)

v
- kdlvlcpl + knl.lvlcdl (Desorption-sorption)
- v.AcPl (Particulate settling)
+ vnucpz (Particulacta resuspension)
= K Y1%p1 (Decay)
s (Input) (9)

The first line of this equation 1s the transport of the particulate
chemical due to net advection (Q) and dispersion (E'). The particulate
chemical 1s assumed to be transported in the sawe manner as the dis-
solved form. The second line 1s the sorption-desorption mechanism dis-
cussed above and as can be poted for the particulace form, gorprion is &
source and desorption 15 a sink of toxicant. The third and fourth lines
are respectively the particulate setcling of the chemical from the water
column and the resuspsnsion of particulace chemical from the sediment
into the water column. The ssttling velocity, v.[LIT] and the resuspen-

sion velocity v“[LIT} are functions of particle type (sand, silt,
organics) aod the hydrodynanics of the vater-sediment interface. The
fifth line represents any decay atchanises (e.g. bacterial degradation)
of the chemical on/in the particulates at a rate K 1lll'l'l and the last
line is the external mass input of parciculats toxicant, "pllHTIT]'

The particulate chemical in the sediment 1is given by an equation
similar to Eq. (9) except that, as noted, the sediment is assumed to be
stationary in the horizontal direction. That 1is, bad load transport or
gedisent movement horizontally cthroughout the watar body is pot consid-
ered,

The particulate chemical equation for the sadipent segment underly-
ing the water column segmant 1 is then given by

dc

V2 2 = - kg¥aep * Rt
+ v'Acpl - vuncyz
- ko225
- “a“;z (10)

The first thres lines of this squation parallsl the aquivalent
mechanisms in the water colusn {sorption—desorption, settling-resuspen—
sion and decay, at Tate !pz). The fourth line rapresents the pet down-
ward flux of sediment particulate toxicant due to the net sedimentation
velocity vy Again, mixing of the sediment dus to factors sucy.as bio-
turbation or desp sediment mixing is not included, but can be added as
an additional mixing tarm.

B. Local Equilibrium Equations
Eqe. (6) and (8) for the.dissolved component and £qs. (9) and (10)
for the particulace component in the watsrt column segments and sediment

segments respectively represent a set of interactive, differeatial equa-
tions, one for each control volume of the finite difference grid. Note
that the coupling of the dissolved and particulate components is through
the reaction kinetics of sorption and desorptiom. For some cheaicals,



thase reaction kinetics tend te be "fast™ (i.e. completion times on the
ordet of hours) compared to the kinetics inherent in other mechanisms of
the problem. These latter mechanisms include bacterial decay, net loss
tates to the sediment snd sedimentation rates that have reaction times
on tha order of days to ysars.

The “fast" kinetics of sorption—desorption indicate that for time
scales of days to years, thers will be a virtually continuous equilibra-
tion of the dissolved and particulate forms depending on the local
solids concentration. This partitioning betwsen the two components
perwits the specificacion of the fraction of dissolved and particulate
chemical to the total. The dissolved and particulate chemical are
therefore assumed to be alvays in & “local equilibriun™ with each other.
Assuming that the kinetics are reversible and that the sorption/desorp-
tion kinetics are linear, then a partition coefficient 1[".1./!1s + HTILH]

can be defined as follows:

1= rlca (11}

*
or sioce c; © cd’.

' =« Y/p = rlcd (12)

for 1' as [HTIH. + HT,L,] and ¥ as the chemical coaceotration on #
solids basis [HTIH.].
The particulate toxicant concentration relative to the bulk volume
is given by
c_=re (13
p }

The fraction of the total that is dissolved, fd' is given by
T
fd = (1 +1'm) (14}

and the particulate chemical as a fraction of total chemical (fp) is
given by

£ --l—;'%‘— (15}

The local equilibrium sgsumption therefore permits specification at
all times and places of the fraction of the total toxicant in the dis-
solved and particulate form., 1t should be stressed agaip here that this
local equilibrium assusption assunes complete reversibility betveen the
solid and liquid phases. There is evidence (e.g. DI Toro, et al. 1982a,
and Di Toro, 1985) that this is not the case for certain chemicals.

Also in theae relationships it is assumed that the partition coef-
ficient does not depend on the coucentration of the sorbing solids.
There 1is considersble evidence, however, as given by 0'Connor and
Connolly (1980) and Di Tore (1985) who indicate that che partition coef~
ficient does apparently depend on the concentration of solids, The
development continues here on the assuaption of a coumstant partition
coefficient. .

With this assumption. sttention can then be focused solely on the
mass balance equation for the total chemical. The total chemlcal in the
uater column or sediment is given by Eq. (3). Adding the water coluan
equations for dissolved chemical (Eq. 6) and particulate cheaical (Egq.
9) and using Eqs. 14 and 15 gives

deg,y . ot R
1 gc = (Qeqy - Qo * Ellegy - eqy) * Bileyy - cpy)

+ ReA(f o0/t = fq10qy) - KDVieq

+ kllA[(c.IH.) - fdlctl] - v.Afplch . vuAfpznrz {(16)

v

where ll - Kdl +* Kpl

Note that the kinetics of sorption-desorption do wot appear in this
equation because it represants 3 Bass balance of the total. The aet
loss rates and exchanges that are dependent on the form of the toxicant
do however, remain. ‘

A total chemical equation for the sediment segment {subscripe 2)
can be obtained in & similar manner. Thus adding Eqs. (8) and (10)

gives:
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T2 _
v, go = - kAlfgacn/ty - facn) (®y)Vyc2

+ V.At'plc.u - V“Afpzc.n - vAEp Ty ¢ lfagf ascra/taf 4272742 Qan

whers Kz - ‘dz + lpl

Eqs. (16) and (17) are the fundamental equations used in the suc-
ceading snalyses. These squations arte coupled parametically to the
suspended solids and sadiment solids concentrations (see Eqs. 14 and 15.
These concentrations can be specified externally as an input or the
mechanisms of solids sectling, resuspension and deposition can be
explicitly modeled. In addicion, an independent tracer can be used to
calibrate these paraneters (ses Thosann and Di Toro, 1983 for the use of

plutonium-239,240 as a tracer).

C. Food Chain Model

The transfer of a chemical in the lqult!.c" food chain occurs through
two principal toutes:

1} dirsct uptake from the water

2} accumsulation due to consumption of contaminated prey

The uptake of a chemical directly from water through transfer
acrogs the gills as in fish or through surface sorption and subsequent
cellular incorporation as in phyctoplankton 1is an important route for
transfer of chemicals. This uptake is often measurad by laboratory
axperimants whare test organisms are placed in squaria with koown {and
fixed) water concentrations of the chemical. The accumulation of the
chemical over time is then messured and the resulting equilibrium com-
centration in the organism divided by the water concentration is termed
the bioconcentration factor (BCF). A simple representation of this
sechanism is given by a mass balance aquation around & given organisa.
Thus,

[ ]
:—:— - k“wc:l - Ev' (18}

where v' is the whole body burden of the chemical (HT)‘ ku is the uptaks
sorption and/or transfer rate (L}/T+H(w); M(w) = mass of organism, wet
veight)), w 1s the veight of the orgsaism (M(w)), c:l €3 the dissolved
water concentration (H,rll.’). E is the desorption and excretion rate
(1/T) and t is time. This aquation indicates that the wass input {ug/d}
of toxicant given by kuvc is offset by the depuration mass loss rate

(ug/d) given by Kv'. The vhole body burden ' 1s given by
v o= uw 19)

vhere v is the concentration of the chemical (HTIH(U)). Substicution of
{19) into (18) gives, aftar sinplification

g.:. - k- K (20}
where K=K+ G (20a)

for G(1/T) as the net growth rate of Che veight of the organisas., At

equilibrium or steady state,

kuc
v (21)
and the BCF is given by
v ku
L 2)

The racio N, the bioconcentration factor, is io units HTIH(u) + ”'r"'"
e.g., va/kg + ug/t (= t/kg).

For organic chemicals, the BCF 1s conveniently defined on a lipid
normalized basis, 1i.s. HTIH(I.'Lp) + H.l.ll.'. s.§.» ug/kg(lipid) + ug/t.
The 1lipid normalization sassumes that the 1lipid compartment of the
organiss is the principal receptor of the hydrophobic erganic chemical.

YThe octanol-water particion coefficient (Kw) of a chemical is a
useful ordering parametsar Lo eXpreass the tendency of the chesical to
partition into Che lipid pool.



At equilibrium then for orgaanic chemical BCF, to first apptoxima-

tion,

N, =K ' (23)

for tha laboratory case of no organic growth and Il“ as the 1lipid norm-
alized BCF. Thomann (1987) suggests the following expression for the

field BCF as & fuaction of ‘ou

10 K -1

ot
"U - lW[l +* --fw] (24)

where E(Kw) is an efficiency of chemical transfer across the gills as a

function of l“ and can be approximately expressed as
log £ = =1.,5 + 0.4 log Kw for log Kw - 2-3
E= 0.5 for log Kw = 3-6 (25}

log E= 1.2 - 0,25 log "ow for log Kw - §6-10

Age-Dependent Model

The general age—dependent model utilizes a mass balance of chemical
sround a defined compartment of the aquatic ecosystem. In the most
genersl case, a compartment 1s defined a3 s specified age class of a
specified organism or in steady stats simplification, a compartment is
conglidered am an “average™ age class or range of ages for a given
organisa. Figure 2 schemstically shows the compartments. As indicated
in Figure 2(a}, each sge class of a given trophic level is considered as
s conpartment and a mass balance equation can be written around each
such age class. The zaro trophic level is considered to be the phyto-
plankton-detritus component representing one of the principal sorption
wmechanisms for incorporating toxicsuts into the food chain.

Cousider then the phytoplankton, detrital organic material, and
other organisms, all of size approximately < 100 ym as the base of the
food chain. An equation for this compartment 1s given by a siwple
reversible sorption-desorption linear equation as:

duo

a " kuoc - Kovo (26)
wvhere all terms have bsen defined, the subscript zero refers to the base
of the food chain, and t is real time.

For a compartment sbove the phytoplankton/detritus level, the mass
input of the toxicant due to ingestion of contaminated food must be
included. This mass input will depend on a) toxicant concentration in
the food, b) rate of consumption of food and ¢) the degree to which
the ingested coxicant in the food is actually assimilated into the
tissues of the organisms.

The general mass balance equaticn for the whole body burden for a
glven compartment, i, is then similar to Eq. (18) for water uptake but
with the additional mass input dus to feeding. Therefore,

dvl v, dw

L]
‘h‘_".d(\“"’}"-“:l +i1-k v,c - K !
dt dt dt dt ul 1 i1
c,v,v i=1,..m N

* ;’11“13 1%

where uij

ingested), Ci

predator/M(v) prey-d), pu 13 tha food preference of 1 on j, and t is

is the chemical assimilation efficiency (H.r lblorbcdll‘l.r
is ‘the weight-specific consumption of orgsnism 1 {(M{w)

real time (days). Consider nov a simple case of a sequential food chain
where predation iz only on the next lowest trophic level.
An equation for the iadividual organisa weight ias

dw
i - (11.1_161 - ri)ui, 1i=1...m (28)
where a 1a the biomass assimilation efficiency (M(w) predator/M(w)

1,1~-1
prey) and r, is the respiratory weight loss (1/T) due to routine metabo-

lism, swimming, apd other activities. The weight change is therefors

dwi
Gy =g vy a6 - Ty (29)



Equation (27}, for s food chain in contrast to a food web, can then be

writtan as

dv
ek -Klv

e R TR UA R I (3¢)

where i is the predator and i-1 1s the prey.

The interpretation of v, and v in Equations (28) and (30) 1s
furthar explained in Figure 3. The variation of the welght (and cheai-
cal organism concentration) of a givan compartment (f.s. & given age
class of a given orgauism) is shown with real time. If as an example,
vy is a 0-1 year old alewife then it is ssen that the weight of this age
class may vary from year to year. $imilsrly., the distribution of the
chemical way change from yesr Co yaar for a given compartment depending
on, for exasple, the variation 1o the vatsr colusn toxicant concentra-
tion. The specification of the boundaries of a given coupartment
depesnds on the life cycle of the organise.

It should be recogaized tharefore that several of the biological
and chemical parametars of the waight change aquation (29) and the food
chain equation (30) are functions of orgsnism welght within the time
interval defined by the compartment. See Thomann and Comnolly, 1984,
for an application of the aga dependent model to PC8 accusulation in the

lake trout of Lake Michigan.

11. STEADY STATE SIMPLIFICATION

A. River thsio—cheaiul Fate

In spite of the complexity of Equations (16) and (17), it can be
shown (ses ¢.g. Thomann and Mueller, 1987) that under steady state and
constant spatial paramaters that for a singls source to first
approximation, the maximum concentration <, is at the outfall. Thus

€0 © (Q“c“ * Q.c.)IQ

where q“ snd ¢, are the upstreas flov asud concentration, Tespectively,
Q‘ and c  are the effluent flow and concentration raspectively, and @ 1is

the total river flow.

Since the maximum generally occurs at the outfall, there are
generally two situations vhere ona would be interested in astimating the
dovastrean fate of a discharged chemical:

a) Thare is & critical water use point downstreas of a single dis-
charge and the concentration st the point of use (e.3., 8 wvater supply
withdrawal) needs to be sstimated,

b} There are several inputs of the same chemical slong the length
of the river and the total concentratios must be astimaced.

The dowostrean fate of the chemicsl or mixcure depeads ou:

a) the properties of the river such as the depth, velocity sod
dilution downstream due to groundvatar infi{ltration or trib-
utary inflow,

b) the chemical propertias. such as volatilizacion, biodegrada-
tion, or partitioning onto the solids.

Thomaun and Mueller (1987) discuss these factors in some decail. 4
sivplified sumsary (frow Thomaon and Salas, "1986) is given hera. Ao
important point for the computation of the downstrean fate of a chemical
or chemical mixrure is that the calculation is very similar, indead for
preliminary snalyses, the computation is identical teo classical strean
water qualicy cslculations. The basic equacion under steady state con-
dictions is givem by

v,
c = ¢, expl-TRy + qlt = ¢ expl-Gy + D} G
*®
=c, exp[- (K + g')t ]

where ¢ i3 the concentration as & function of distance downstream, ¢, is
the chemical concentration or toxicity in the tiver after mixing of the
o:tfall. Ve {s the net loss of .chemical sxpressad as 2 velocity [L/T],
+" is the time of travel (= x/u), q 1is the slops of the natural log-
arithm of river flow with discance, B is river depth, U is river valo~
city aud q' is the river flow slope on & travel tiss basia.

The calculation of the downstrean fate of s toxic substance or
toxicity of an effluent or effluents depends then on the astimation of



the dilucion of the river and the loss rate of the chemical. The dis~
charge of a conservative substance with oo dilution would result in a
constant concentration in the downstream direction, i.e., from Eq. (31)
with ‘T and q* =0, ¢ = e,

The determination of whether there is an downstream infiltration
of groundvatar or overland drainage can be made by examining the down-
stream distribution of a known conservative substance such as chlorides
or total dissolved solids or other tracer.

If dilucion exists then a conservative subatance may exhibit
apparent non-conservative behavior. Then for KT = 0, but q' ¥ 0, Eq.
(31) 1is

c =, expl-qt’) (32

vhich indicates an sxponentisl decline io the couservative substance due
to distributed downstream dilution.

Finally, 1f the toxic substance iz non-conservative, 1.e., the
chemical undargoes biodegradation or volatilization or other losses and
dilution is also occurring then the net loss rate of the chemical, KT
sust be estimatad.

Table 1 provides some guidelines for a preliminary assessment of
dowvnstream fate. Toxicity in this Tablas 1s wvhole-effluent toxicity of
the chemical mixture to standsrd organisms and is expressed on s toxic
unit basis. A toxic unit is defined

Tu = [00/LC50 or NOEL (33

where LC50 1is the lethal concentration to 350X of the organisms and NOEL
is the po observed effect level. As indicated, both the heavy metals
and the roxicity measure are assumed to be a conservative variable for
firat approximations. Thus, only dilution need be considered for these
variables., For the organic chemicals s somewhat arbitrary division has
been made based on the water solubility of the cheaical.

The rationale is that st solubilities less than about 1 ug/t, the
chemical will partition onto the solids because of a relatively high
partition coefficient {about 10‘-106 8/¥g). Also, the general tendency

will be for such chemicals to biodegrade snd volatilize to s lessar
degree than the more soluble chemicals. For firs:t approximations, how-
ever, such low solubility chemicals may be assumed conservative.

For organic chemicals wicth solubilities greater than abour 1
ug/t, the loss rate must be estimated. For first approximations, the
net loss velocity Ve (= ITB) can be estimated from

o " KTH - (K‘H + kl)fd + 'nfp (34}

where Kd[T-l] is the decay rate of the chemical due to processes such
as bilodegradation or photolysis, kl is the loss due to velacilization
(L/T], v. is the net loss velocity of the solids in the river [L/T] and
fd and £ are the dissolved and particulate fractions of the total (see
Eqs. 14 and 15).

For rivers, the net loss of solids often, although not always,
can be assumed equal to zerc. Thus, v, " 0 and the chemical loss rate
depends only on the degradation rate, volatilizatioc rate and fraction
dissolved.

Table 2 provides some guidelines for estimating the fraction of
the chemical that is in the dissolved form. These guidelines employ a
more complex interaction of chemical partitioning and solids concentra-
tion as given in Di Toro (1985) and discussed in Thomson and Mueller
(1987). The fd can also be spproximated vith Eq. 14. Pig. & shows the
range of the volatilization loss rate as a function of the river depth
and reaeration charscteristics. This Figure is for substances with
Henry's constant > 1074 stw-u’/mol for which the volatiliration rate is
estimated from the oxygen transfer rate ‘L' Thus,

- @Htix (35)
where KL .I(DL g)ll: (36)

for D = oxygen diffusivity (.000181 m2/d),

The loss rate, ld. is generally site-specific and chemical
specific and no general simplification is available.



Table 2 also gives the approximste rtatio of the chemical ad-
sorbed to the suspended particulates to the total water concentration.

Therefore,
L= rlc.r an

for § in pg/g(d) ¢ ug/L, T i0 pe/u(d) and c 1o pg/t (g{(d) = grams dry
weight).

It can alsc be shown that for ‘2 - lll and !dz = 0, the sedisent
particulate concentration is squal to the water column particulate con-

centration, 1.8.,

T, " (38)
where 1, is the sediment particulate concentration and LAY is the water
column particulate concentracica both 1o ug/g{d).

In summary, it is seen that the calculation of the fate of the
cheaical or mixture is similar to the procedurs for conventional water
qualicy variablas. For many chamicals includiag the toxicity measure,
the assumption that the chemical 1s copssrvative is appropriate for
first approximstious. 1f such an assumption canpot be made, then an
astimate of the downstresm loss rate must be wade using the preliminary
guidelines discussed hers.

1I1. DETERMINISTIC TIME VARIABLE MODELS

A. Application of Time Variable Hodel to Benzo{a)Pyrene and
Cadmiua in the Great Lakes

In this section, the fully time-variable modal (Eqs. (16) and
(17)) 1s applied to two chemicals: a) benzo(a)pyrene, a polycyclic
aromatic hydrocarbon (PAH), and b) cadalum, & representative metal.
The wodel uses the Great Lakes ssgmentation of Thomano and Di Toro
{1983) shown in Figure 5 and details are in Thomann and Di Toro {1984).

Benz(a)pyrene

The distribution of this chemical, ons of the PAR compounds
resulting from 1iocomplete combustion of organic materials has been
widely studied (e.g.. Neff, 1979) because of its potential carcinogen—
fcity. The fate of benzo(a)pyrene (BaP) 1n the Great Lakes has
recently been evaluated in a geries of papers by B.J. Eadie (Eadie ot
al., 1982; Eadie, 1983; Eadia =t al., 1983). 1In thac work, data are
presented for the range of concentration of BaP in the water colyan and
gurficial sediments as well as preliminary data on the BaP concentra-
tion in the pore watar of the sedipent. It is those data (togathar
with estimates of loading) that can be used as an application of the
physico-chemical wodel.

BaP 1is sparingly soluble io water 0.172 pg/L (Neff, 1979) and as
such would be sxpected to have an affinity for solids. The partition-
ing onto particulates and in addition, the extent of volatilization of
the BaP sust be estimated. Although BaP is known to undergo photolysis
(Neff, 1979) this pathway is not considersd in this application.

The satimated atmospheric loading om an araal basis is about 95 g
BaP/km®~yr across sll of the lakes but as noted by Eadie (1983), all
BaP load estimates ars besed o quite limited data and tharafore may
vary as additiomal information bacomes svailable. From the data givan
in Eadie (1983) for Lake Michigan, and other data, the wodel for BaP
was run for 1 from 10,000 to 100,000 t/kg, thereby providing a vange of
one order of magnitude in the solids partition cosfficlent.

The time variable calculacion using a steady loading for 20 ysars
is shown in Table 3 and in Figures 6 and 7. As shown in Table 3, the
lake to lake variation in BaP concantrations sither in the wvater column
or the sediment differs by less than sbout a factor of two. The high-
est concentration of BaP in the surface ssdimants for ¥ = 10,000 is in
Saginaw Bay. It can also be moted in Table 3 and Figure 6 that at 1=
10,000 the calculated surface sediment concaptration for Lakes Michigsn
and Erie is about &5 ug/g(d) or about one ordar of maguitude lover thae
the observed data. Figuce 7 shows the calculated time bistory underx
the tuo partition coefficlents. For {1 = 10,000 t/kg, ths vater column



and sediment sre at about 80 and 60X of steady state respectively while
for x = 100,000 t/kg, the water colusn aud ssdiment are at about 20% of
steady state.

Figure 6 and Table 3 indicate that a mors favorable (but not
totally desirable) comparison to observed data 1is obtained at the
higher BaP partition coefficient of 100,000 t/kg. The results also
indicate the peed to determine the partition coefficient for BaP, as a
representative PAB for Greac Lakes solids concentrations. On the basis
of this application of the physico-chemical model to BaP in the Great
Lakes, it is concluded that:

(1) the sstimate of the BaP partition coefficlent obtalned from
published empirical relatiouships is probably low by about an order of
magnitude for the Great Lakes system,

(2) with an increased BaP partitios coefficlent and assuming loss
due to volatilization, the physico-chemical toxic substances model of
the Great Lakes approximate observed BaP water column and sediment data
only to order of magnitude,

(3) the mwodel confirms that on a lake-wide scale, the principal
external source of BaP is the atmeaphere,

{4) for the larger lakes such as Michigan, the 501 respouse time
of the lake to external loads is about 6-10 years for the water ¢oluan-
sediment system while for Lake Erie the response time is about two
years,

{5) lake to lake variations in BaP water column and sediment con-

centrations are less thao a factor of two.
Cadnium

Time variable model calculations for cadmium were made using the
low and high load estimate of Table & and two assumptions on the cad-
wium partition coefficient: a) variable particion with solids concen-

tration as given in HydroQual (1982) by

9= (3.52 - 105270-92 (39)

and b) a constant partition coefficient of 2 - 10s t/kg. Cadmium was
assumed to be conservative. For all cslculations, terc initial condi-
tions were assumed and the loads were inputted as constant over time.
It became apparent from initial runs that the time to steady stats
especially for the upper lakes is long so that the computation was
carried out for a 100 year period. The computation therefore repre-
sents the response of the Great Lakes system to & constant loading and
such loading can be viewsd as & loading in addition to the background
loading and cadmiuw concentratious shown in Table 5. 1If increased
loading of cadmium is assumed to have begun in approximately the 1920's
then the output from the model calculation at t = 50 years would be
representative of the 1970's, the period during which some reliable
data are available.

Figure 8 shows the compsrison of calculsted snd observed surface
gediment cadmiuvm dats for t = 50 years. As shown, the caleulation is
reasonable to order magnitude. Figure 9 (high load estimate) show the
full 100 year calculation for Lake Michigan snd central Lake Erie as
illustrations. The sensitivity of the calculation to the assumptions
in the partition coefficieat is shown. As indicated, the effect of the
solids dependent partition coefficient 1s to greatly increase the time
to steady atate as a result of the diffusive flux of cadmius from the
sediment due to the lower partition coefficient. For Lake Michigan,
the surface sediment concentration decreases with the variable parti-
tion coefficient but for Lake Erfe the surface sediment concentration
increases. The continusl increase in concentration for central Lake
Erie reflects the non-equilibrium condition of the upstream Lakes.

If a constant partition coefficient is asssumed (as in Muhlbaler
and Tisue, 1981), then it is seen that for the water column a steady
state is reached in about 25 years for Lake Michigan and about 10 years
for Lake Erie. A calculation then for Laks Michigan that attempts to
calibrate to a mean concentration of 27 ung/t (Muhlbaier and Tisue
(1981)) then is simply a matter of estimsting the approximate average
load and may not raflect a non-steady scate coundition as concluded by
Mulhbaier and Tisue (1981}, Hovever under a solids depandent partirion
coefficient for cadmium, the Great Lakes are not in equilibrium with

-~



the external load and for all practical purposes never teach a steady
state condition. Clearly then, under this model comstruct, it is
important to dcter-inc':hc solids dependence of cadniun for the range
of solids encountersd in the Great Lakes water colusn and sediments
(4.e. 0.5-240,000 ag/t). 1f hovever it is assumed that a solids depen=
dant partition cosfficient as given by Eq. (1) is aspplicable to the
Great Lakes, then the system {s sot in squilibrium with respect to the
sxternal load.

It is concluded from this spplication of the tise variable

phylico-chc.tcal model to cadmium in the Great Lakes that

1) The degres of any dependence of the csdnium partition coeffi-
ciant with solids has a marked effact on time to steady state
and interstitial cadaium concentration.

2) Under a solids dependent cadaium partition assumption, the
Cresat Lakes, espacislly the upper Lakes, do pot reach a
steady state condition aftar 100 years of constant loading.

1) Under a constant partition coefficlent for cadmium, the Lakes
do reach an equilibrium condition varying from about 25 years
for Lake Michigan to years for Lake Erie.

4) The concentration of cadmiua in the Lakes would be expected
to increase by about 601 over the mext 50 years if the aver-
age cadmium loading for the preceding 50 years continues.

5)  Based cn sssumad sediment cadmium concentrations for Lake
Erie, it is estimated that the cadmium concentracion in the
water column is about so order of magnitude higher than the
other Lakas.

IV. STATISTICAL VARIATION IN FISH

The statisctical behavior of a chemical in fish is of interest for
at least three Teasons:

a. U.5. Food and Drug administration action limits for fish have
resultad in the closing of commercial fisharies because of excessive
concentrations of chemicals 1n predators such as the striped bass 1o
the Hudson estuary and surrounding vaters. The abilicy to predict not

only the mean value of chemical in a fish but also the variance of the
concentration is of importance {n control strategies needed to Teopsn &
fishery. ‘

b. The relationships betvesn variable exposure concentrations in the

vater colusn and resulting varisbiliry in fish and other organisas is also

related to the subsequent &cute and chronic toxicity sffects on the organ-

ism, and, as such, & framavuork for predicting organiss chemical variance
is of valus in elucidating roxic affects oo squatic animals.
c. The integration of the phynicn—chcnical modeling framevork (which

includes extarmal imputs of the chemical to the vater colusn) and the bio-
logical modeling framework iu & Cime variable senss to predict statistical

properties in the watar and fish is of particulasr valus in a generalized
risk assessment determination.

The variability of chenicals in watar over time is large. Figure
10 from the Mississippl Ziver is an example. Recognizing this varia~
bility in the water chemical concantratict of the food chain model of
Section 1-C, analytical models of expectad response in the fish can be
developed.

A. Analytical Model of Statistical Variation of Organic Chemical
in Flsh - Water Uptake Oaly

Congider the case vhers che water concentration to vhich tha
fish is exposed is reprasented by a first-order sutoregressive process.
Thus, the autocorralation functiom for the water concentration 1is

asgumed as

Py ™ exp(-ak); k = 0,1,2...m (39)
where P, is the normalized aucocovariance, k is the lag nupber, @ is
the maximum oumber of lags and a is the sxponential decay vate of the
autocorralation.

How

Pek © Pe1 (40)

and then from (39) and (40},

an



Py ® exp(-a) (41)

For the synthetic generation of a time series x. with a

first-order autoregressiva input, Bras and Iturbe (1985) give

Y
- 2
(x, = w) = py(x ;= ¥) * o (l=pi) z(r) (42)
for mesan p, varlance cx’ and Z(t) a staundard normal deviate {(mean = O,

variance = 1).
Thus if a »> 0, i.e. the autocorrelation function drops

rapidly to zero at about lag cne, Pt 0 and Eq. (42) gives

x, -w" ze(t)

‘or s normally distributed uocorrelsted random variable, the "white
noise” case.

For the autocorrelation given by Eq, (39), Bendat and Plersecl
(1971) show that the spectrum for frequeacy f is

G (0 = 25 @

a” ¢ &' f

where cz (f) 1is a normalized spectrum. Therefore,
2
¢, (£) = o’ & (D) (44)

The variance of the fish concentration can then be shown to be (Thomann,
1987) - i -
o} = o? 1% 4a ] 2+ 4Pl (aF ¢ anlED) ot (45)
o
Complating the integration, the ratio of the coefficients of varlation
betwveen the fish and the water is

K’
=3 (46)

<

v
wvhere r = —
v

N

for v, and v, 8 the coefficients of variation of the chemical in the
fish and in the water, rtespectively., This remarkably simple result
indicates the significance of the depuration rate plus growth rate, K',
as the principal controlling factors in generating relative variability
io the fish concentratiom.

In Eq. 46, r depends primarily on K' because at low excretion
rate, pulses in water concentration tend to be retained by the fish over
a longer period of time than at high excretion rates. - Similarly, as a
fish increases in weight, concentration variability will tend to shift
fnto the low frequency end of the variance spectrum.

Figure'll shows the behavior of r from Eq. &6 aod indicates
that correlated water concentrations increases the variability of the
fish concentration relative to water, This is a consequence of corre-
lated ioputs introducing more "low frequency™ variations in water con-
centration which are not dampened by the fish. Thus additjonal variance
propagates through the fish and 1is reflected in the increase in the
coefficient of variatiom.

Laboratdty data for avnlung}ng this analytical developoent
come from two papers of Oliver snd Niimi (1963, 1985). In this work,
rainbow trout were exposed to chlorinaécd and brominated organic chemi-
cals for up to about 100 days.

In Oliver and Niimi (1983), the data reported include the
individual fish concentrations and associated water concentrations and
the accompanying statistics of mean and standard deviaction. For Oliver
and Niimi (1985) only the BCF ars reported. To use the data in this
research, the fish concentrations wvere calculated from the iadividual
ECF values and the mean water concentration. These data are therefore
only an approximation to the actual fish concentration.

As noted frequently by the authors, several of tha chemicals
did wot resch equilibrium during the test., The preceding statistical
development assunes & dynamic equilibrium has been veached. The compu-

tarion of the variance would be severaly biasad by the increase in con-



centration to a dynamic equilibrium. With a few exceptions, those chem—
icals excluded by the suthors have also been sxcluded herein.

Figure 12 (top) shows the rasults of compiling these data and
calculating the r ratie: vvlvc. As & function of log lw. it is seen
that thers is a general dowvnuard trend to the dats from initial values
of >1 at low log ‘w' The four circled points at the high log ‘ow value
of >6 are sxceptions. The chemicals are pentabromotaluena, peatabromo-
sthylbenzene, hexabromobenzens and octachloronaphthalene. These points
were also noted by Oliver and Niimi (1985) in their evaluation of the
BCF data. No ready explanstion 1s available for why these chemicals
exhibit less relative varisbility than expected, slthough there are no
data in this log Kn o Tanee where T values are low. Indeed, the data
todicate & trend towards decraasing r values to a minizum at sbout log
Kow of about 5.5 and then an increase to higher r values with increasing
log KW. This is not consistent with the previgusly developed theory as
shown in Figura 12 (bottom).

This Figure shows the calculation of the thsoretical r ratio
under thres different assusptions. For thess calculations the growth
rate of the rainbow trout was calculsted from the peporced data at an
average level of about 0.01/d. Also, the sxcretion rate is given Eqs.
22 and 23 snd the uptake rate as & function of the efficlency of
transfer E. Thus,

K- msw;°'zzlg “n
o
vhere p 18 the fracrion lipid and E 1is given by Eqs. 25.

The first calculation assumed the water concentration was statis-
tically “"white noise™, 1.s. uncorrelacsd in time. As noted, this calcu—
lation underestimates r by a significant amount.

The second calculation using Eq. 46 assumed a correlated firsc
order process (a = 0.3) for the water concentration. Now, the lower
bound of the r ratios is captured although at log KW'I of >6 the model
deviates from the data,

Case 3 1s a calculaction assuming some wetabolism at a high
rate of 1.0/d. This is essentially an additive [actor to the excretion

rate aod as seen, the cslculacion now approximacas the dats somavhat
better. As noted however, this calculation is simply an hypothesized
pechanism for increasing tha loss rate of che chemical. 1In the
theorerical development, the only paramster that influences the shape
of the r function is Che excretion {+ metabolism) rate. To captura the
four circled points with the theory would require am increase in the
effective excrstion + metaboliss rate to levels of >1.0 day.

In summary, the laboratory data of Oliver aund Niimi shov a
general downward trend of the r ratfo with log l“. but with several
notable exceptiouns at high log ‘w' The theory spproximately duplicates
the observed data only with a high level of first order corrslated water
input at to about log K of sbout 5.5-6.0. At higher log Kw's.
increased metabolism andfor axcretion would be nacessary to reproduce

the cbserved datas.
V. CONCLUSIONS

The physic-chemicsl and food chain modsl structures discussed
hezein provida a basis for understanding and predicting the fate and
transport of chemicals in surface vater systems. While the fully time
variable equuioﬁs appear formidable, steady atate simplifications
pemit rapjd sssessment of chemical fate, both in the vatar columa and
in the food chain. Such initial scresnipg models have the same struc-
ture as "classical” water qualicy wodsls; notably s linear raspgnse to
external inputs of chemicals.

The interaction of tha sadiment snd vater column plays & signifi-
cant role and agaio under some reasonable assumptions, rapid esgimates
can be made of chemical concentrations in the sediment.

in a similar setting, the age dependent food chain wodels can be
simplified at steady state and rapid scresning assesswments of chemical
bloconcentration can be made, For organic chemicals, the octanol wvater
partition coefficlent i{s a useful ordering parsmater. Long ters time
varisble deterministic calculations for the Great Lakes indicats the
significance of the sediment s a raservoir of the chemical. Response
times to changes in external load ars long (e.g. years) and are signifi-

nE



cantly increased when seciment partition coefficients &re assumed
to be different from water column partition coefficients.

Stochastic variabilitv in chemical concentration is high,
Analytical models of the resulting variatility o’ chemical zon-
centration in fish indicates the importance of the excretion rate
of the chemical. However, additicnal research is necessary to
morw fully describe the observed variance in laboratory experi-
ments especially for chemicals with log octanol water partiticn
coefficients greater than about &.%.
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TABLE !

Cuideline for Estimating Downstream Loss Rate
of Chemicals and Toxicity

Group Guidellne(l)
Reavy Metals Conservative (11 « () and addicive
Toxicity Consarvative (‘T = 0) and additive
organic Chesicals Conservacive (KT = 0) and additivas

Water Solubility > 1 ug/t

Organic Chemicals Estimata loss rate {Eq. 34)
Water Solubility > 1 ug/t

13 In all cases, dilution in the downstream direction must be included.

Source: Thomauns and Salas (1986)
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