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10.1 Theory

10.1.1 Physical-Chemical Fate and Transpo rt Model
The principal components of the physical -chemical fate and transpt
model framework are reviewed by Thomann and Mueller ( 1987), Delos
al. (1984), Thomann and Di Toro ( 1983), and Di Toro et al. ( 1981) amo
others.

The development can begin by considering a simple one -dimensiol
river as shown in Figure 10 . 1. The chemical in the water column is trat
ported by the (low Q. Losses of chemical may occur as a result of mice
bial degradation, volatilization, or other pathways. The sediment ho
ever in all of the models discussed in this paper is not considered to
moving. There is a transfer of chemical from the sediment to the wal
column and vice versa via settling and resuspension of particulate Chen
cal forms and sediment diffusion of dissolved chemic al .	 e
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The one-dimensional mass balance equation for any form of the chemi-
cal (dissolved or pa rticulate) is for the water column

act = — 1 a
(Qc t) + I 

a 
EA act + sources — sinks (10.1)

71 A Bx	 A Ox ax

and for the surface sediment

ace

at =
sources sinkssin
	

(10.2)

where c l and cZ are the chemical concentrations in the water column and
sediment (mr113 ; mr = mass of toxicant, 13 = bulk volume of solids plus
water); Q is the river Row (13/t); A is the cross-sectional area (11); E is the
longitudinal dispersion coefficient (!z/t); x is distance downstream and t is
time.

The chemical in the models discussed herein is assumed to be com-
posed of two forms: 1. the dissolved form, cd (mr/I,,; 13 = volume of
water); and 2. the particulate form, Cp (ritr/P), i.e., the toxicant sorbed
onto particulate matter in the water column or sediment. The total chemi-
cal concentration is then

Cr = Cp + OCe	 _	 (10.3)

where 4i is the porosity [ 1 3./13].

Equation 10.3 is

Cr =Cp+ Cd 	 (10.4)

where

Cd = OCA	 _	 . (10.5)

for cd (mr113) as the porosity corrected dissolved concentration.
With the general framework desc ribed, the detailed equations for the

various forms of the chemical can be presented.

Dissolved Chemical

An explicit finite differencing of Equation 10.1 together with sources and
sinks of the dissolved chemical in a temporally constant control volume
(110 of the water column is given by

VI 

ddt t —
 [(QC,

 — Qtcdl + E'((Cdt)` — CdJ

+ E'((cdl) - — CdOl (Transport)

+kdl Vi cpt — kat m , Vicdt (Sorption-desorption)

Figure 10.1. Notation for physico-chemical fate model in streams. 	 W	
+ KfnA(c — cat) (Sediment diffusive exchange)
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— Kd,V,cd, (Decay & losses)

— k„A(c8 1H, — cd t) (Volatilization)

+ Wd, (Input)

The group of terms in brackets represents the transport and dispersion
of the dissolved toxicant. Supersc ript + indicates the upstream direction
and superscript — indicates the downstream direction. The net transpo rt

flows, Q, are written in an equivalent backward difference approximation
to the underlying partial differential equation (Equation 10.1). The disper.
sion or mixing between segments of length Ax is given by the bulk dis;
persion coefficient which in turn is related to the dispersion coefficient

by	 , _i

EA	
(10.(10.

Ax

The second group (sorption-desorption) of Equation 10.6 is the balance,
between the desorption of the chemical in the pa rticulate phase (kdt VtcDt)^
which increases the dissolved form (the desorption rate is kd, [1/tl), and,
the adsorption from the dissolved phase onto the particulates given by'
k,,,m,V,cd,. The sorption rate is k t (P1m,—d) and the solids concentra-
tion is m, (m,/13 ). (m, = mass of solids.) Note that this latter term depends'
on the mass of solids available for sorption from the dissolved phase.

The third group of Equation 10.6 represents the diffusive exchange be-
tween the sediment dissolved chemical concentration cd 2 in the interstitial
water and the dissolved chemical concentration in the water column, cdl.
The sediment-water di ffusive transfer coefficient, Kf,2(1/t) can be consid-

ered as an overall interfacial transfer coefficient relating to the diffusion of
the toxicant across the sediment—water interface.

Decay and loss mechanisms such as biodegradation, photolysis etc. of
the dissolved form are included in the fou rth group of the equation. There-
fore, Kd,(1/t) represents the sum of individual rates, some of which in turn
may represent rather complex mechanisms. Note that for this model all
the loss rates are assumed to be first order.

Volatilization of the dissolved toxicant is given by the fifth group of
Equation 10.6 where ct represents the gas phase of the chemical (MT/13;

la = volume of gas) which may or may not be zero, and H, is the
Henry 's constant for the chemic al (mr/1+ mr11„.).

The last line represents all exte
rnal sources or inputs of dissolved

chemical, Wdl (mr/t) from point direct discharge sources as well as non-
point and tributary inputs.

An equation similar to Equation 10.6 can be w ritten for the dissolved

chemical in the sediment layer unde
rneath the typical water column seg-

ment 1. This layer is designated with the subsc ript 2. Thus,

V2 dC 2 = kd2V2cp2 — kd2m2V2cd2dt

+ Kf , 2A(cd, — cd2)

— Kd2V2cd2

— ud2Acd2

+ KfvA(cdl — cd2)	 (10.8)

The first three lines of the right side of Equation 10.8 have already been
discussed relative to the water column. The fourth line of Equation 10.8
expresses the "burial" or transfer down into the sediment of the dis-
solved toxicant due to net sedimentation or build-up of the sediment layer
at a net sedimentation rate of od2 (11t). The last line of Equation 10.8 is the
diffusive exchange of dissolved toxicant between the first and second
sediment layers under the water column. Similar equations can be w ri tten
for each successive sediment layer. Note that there are no dissolved

transport terms for the sediment thereby indicating that the sediment is
assumed to be stationary in the ho rizontal direction. Also, mechanical
mixing of sediment layers (due, for exatnple, to bioturbation) is not in-
cluded, but is readily added with an addition al mixing term.

Particulate Chemical

The mass balance equation for the chemic al sorbed onto the particulates
in the water column segment 1 is given by

V, !Lc l = [(Qcpt)* - Q,cpt + E ((cp ,)* - cpt)

+ E'((cp,)- - cpl )) (Transport)

— kd,V,cp, + k,,,m,Vl cd, (Desorption-sorption)

— o,Acpt (Particulate settling)

+ u„ Acp2 (Particulate resuspension)

— Kp,V,cpt (Decay)

+ Wp, (Input)	 (10.9)

The first group of this equation is the transpo rt of the particulate chemical
due to net advection (Q) and dispersion (E'). The particulate chemical is
assumed to be transpo rted in the same manner as the dissolved form. The
second group is the desorption-sorption mechanism discussed above and as
can be noted for the pa rticulate form, sorption is a source and desorption
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is a sink of toxicant. The third and fourth groups are respectively the panic=
ulate settling of the chemical from the water column and the resuspension
of particulate chemical from the sediment into the water column. The
settling velocity, os(11t) and the resuspension velocity v, (11l) are functions
of particle type (sand, silt, organics) and the hydrodynamics of the water—
sediment interface. The fifth group represents any decay mechanisms (e.g.
bacterial degradation) of the chemical onlin the particulates at a rate K°t[I/
t] and the last line is the external mass input of particulate toxicant,
W°t[mrlt]•

The particulate chemical in the sediment is given by an equation similar
to Equation 10.9 except that, as noted, the sediment is assumed to be
stationary in the horizontal direction. That is, bed load transport or sedi=
ment movement horizontally throughout the water body is not con=
sidered.

The particulate chemical equation for the sediment segment underlying
the water column segment 1 is then given by

V2 dd'2 = —kd2 V2c°2 + knm2V2cdz

+ o,Ac° t — u Ac°2

— K°2Vzc°2

— odAc°2	 (10.10)

The first three lines of this equation parallel the equivalent mechanisms
in the water column (sorption-desorption, 'settling-resuspension, and de-
cay; at rate K°2 ). The fourth line represents the net downward flux of
sediment particulate toxicant due to the net sedimentation velocity od.
Again, mixing of the sediment due to factors such as bioturbation or deep
sediment mixing is not included, but can be added as an additional mixing
term.

10.1.2 Local Equilibrium Equations

Equations 10.6 and 10.8 for the dissolved component and Equations 10.9
and 10.10 for the particulate component in the water column segments
and sediment segments, respectively, represent a set of interactive, differ-
ential equations, 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 desorption. For some chemi-
cals, these reaction kinetics tend to be "fast" (i.e. completion times on
the order of hours) compared to the kinetics inherent in other mechanisms
of the problem. These latter mechanisms include bacterial decay, net loss

rates to the sediment, and sedimentation rates that have reaction times on
the order of days to years.

The "fast" kinetics of sorption-desorption indicate that for time scales
of days to years, there will be a virtually continuous equilibration of the
dissolved and particulate forms depending on the local solids concentra-
tion. This partitioning between the two components permits the specifica-
tion of the fraction of dissolved and particulate chemical to the total. The
dissolved and particulate chemical are therefore assumed to be always in
a "local equilibrium" with each other. Assuming that the kinetics are
reversible and that the sorption/desorption kinetics are linear, then a par-
tition coefficient 9[mr/ms - mrllwl can be defined as follows:

I = rlcd	 (10.11)

or since cd = cdl o

4' = 9/¢ = rlcd	 (10.12)

for T as [mrlm, = m,IP] and r as the chemical concentration on a solids
basis [mrlm,].

The particulate toxicant concentration relative to the bulk volume is
given by (for m as the solids concentration, m,/P)

c° = rm	 (10.13)

The fraction of the total that is dissolved, fd , is given by

.fd = (1 + 11'm) -t 	 (10.14)

and the particulate chemical as afraction of total chemical (f° ) is given by

_ 9'm
f0 1 + 9'm	

(10.15)

The local equilibrium assumption therefore permits specification at all
times and places of the fraction of the total toxicant in the dissolved and
particulate form. It should be stressed again here that this local equilib-
rium assumption assumes complete reversibility between the solid and
liquid phases. There is evidence (e.g., Di Toro et al. 1982a; Di Toro 1985)
that this is not the case for certain chemicals.

Also in these relationships it is assumed that the partition coefficient
does not depend on the concentration of the sorbing solids. There is
considerable evidence, however, as given by O'Connor and Connolly
(1980) and Di Toro (1985) who indicate that the partition coefficient does
apparently depend on the concentration of solids. The development con-
tinues here on the assumption of a constant partition coefficient.

With this assumption, attention can then be focused solely on the mass
balance equation for the total chemical. The total chemical in the water
column or sediment is given by Equation 10.3. Adding the water column
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equations for dissolved chemical (Equation 10.6) and particulate
(Equation 10.9) and using Equations 10.14 and 10.15 gives

V, dcT' 
= [Qcir — Ql crt + E' (cr̀I — cn) + E'(crI — cTl)

+ kfA(fd2cT210Z — fdt cTO — ( KI)VICTI

• knA[(c,t1HJ — A CTl) — V AfpI CTI + unAfp2cn

• WTI

where K, = Kd, + Kpf

Note that the kinetics of sorption-desorption do not appear in t]
equation because it represents a mass balance of the total. The net li
rates and exchanges that are dependent on the form of the toxicant
however, remain.

A total chemical equation for the sediment segment (subscript 2) can
obtained in a similar manner. Thus adding Equations 10.8 and 10.10 give

V2 
dn 

= — KfA(fd2cT2102 — fdl cn) — (K2)V2cT:
is

+ u,Afplcn — V.1%2cr2 — odAfP2cn

+ KfA(fd3CT3 103 — fd2er21(b2)	 (10.17)

where K2 = Kd2 + Kp2

Equations 10.16 and 10.17 are the fundamental equations used in the.
succeeding analyses. These equations are coupled parametically to the
suspended solids and sediment solids concentrations (see Equations 10.14
and 10.15). These concentrations can be specified externally as an input
or the mechanisms of solids settling, resuspension, and deposition can be
explicitly modeled. In addition, an independent tracer can be used to
calibrate these parameters; see Thomann and Di Toro (1983) for the use of
plutonium-239,240 as a tracer.

10.1.3 Food Chain Model

The transfer of a chemical in the aquatic food chain occurs through two
principal routes:

1. direct uptake from the water.
2. accumulation due to consumption of contaminated prey.

The uptake of a chemical directly from water through transfer across
the gills as in fish or through surface sorption and subsequent cellular
incorporation as in phytoplankton -is an important route for transfer of,
rhrmir,la We llntnke.. i q nften menmire-d by labnrntory exnenments dur-

ing which test organisms are placed in aquaria with known (and fixed)
water concentrations of the chemical. The accumulation of the chemical
over time is then measured and the resulting equilibrium concentration in
the organism divided by the water concentration is termed the bioconcen-
tration factor (BCF). A simple representation of this mechanism is given
by a mass balance equation around a given organism. Thus,

dd
di = 

knwc — Kv'	 (10.18)

where v' is the whole body burden of the chemical (mr); k„ is the uptake
sorption and/or transfer rate (13 1t • m(3v); m(w) = mass of organism, wet
weight; w is the weight of the organism, m(w); c is the dissolved water
concentration (mTll,3,); K is the desorption and excretion rate ( 1 /1) and i is
time. This equation indicates that the mass input (Agld) of toxicant given
by k we is offset by the deputation mass loss rate (µg/d) given by Kv'.
The whole body burden V is given by

V, = vw	 (10.19)

where v is the concentration of the chemical (mi lm(w)). Substitution of
Equation 10.19 into Equation 10.18 gives, after simplification

dv
dt = k„c — K'v

where K' = K + G

for G(1 /l) as the net growth rate of the weight of the organism. At equilib-
rium or steady state,

kc
v = K'	 (10.21)

and the BCF is given by

N. 
= K +" G	

(10.22)

The ratio N„., the bioconcentration factor, is in units mTlm(w) _ mT113,
®.g •, tsglkg Agll (= 1/kg).

For organic chemicals, the BCF is conveniently defined on a lipid-
normalized basis, i.e., mT1m(lip) _ mTl13 , e.g., µg/kg(lipid) _ µgll. The
lipid normalization assumes that the lipid compartment of the organism is
the principal receptor of the hydrophobic organic chemical.

The octanol-water partition coefficient (K..) of a chemical is a useful
ordering parameter to express the tendency of organic chemicals to parti-
tion into the lipid pool.

At equilibrium then for organic chemical BCF, to first approximation,

N. = Ke„	 ( 10.23)

(10.20)














































































