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INTRODUCTION AND BASIC CONCEPTS*

The presence of toxic substances, such as organic chemicals and heavy
metals, has become a major environmental problem in recent years. The
substances are present in varying degrees in all phases of the environment
- air, wvater and land. They are transferred between and emong these media,
undergo *ransformation within each and accumulate in viable and nonviable
constituents. The magnitude and significance of the problem has become
increasingly evident, particularly in the accumulation of toxic substances
in both the terrestrial and aquatic food chains and in the release of
these substances from land and water disposal areas. In this regard, the
impact on the health and activities of man is more direct and significant
than in the case of pollutants which the field has clessically addressed,
This concern led to the formulation of the Toxie Substances Control Act,
enacted by Congress in 1976, and, in turn, to the subsequent promulgation
of priority pollutants by the Environmental Protection Agency. The latter
is under continuous review and periodic updating both by EPA and interested
scientific groups in industry, research laboratory and environmental organ-
izations.

A total ban on ell organic chemicals is neither desireble nor practical.
The benefits derived from the use of these substances are evident in many
facets of our society - particularly with respect to the increased food
production. The demand for these materlals, more specifically the bene-
fits derived from their use, continuously increases. A dbalance must there-
fore be sought between the extreme positions - complete ban and no control.
Such & balance leads to the use of certain chemicals, which may be safely
assimilated in the environment to such levels as to yield the benefits
without deleterious effects. This goal necessitates the development of
assessment methods which permit an evaluation and ultimately a prediction
of environmental concentrations. The approaches developed herein are,
therefore, directed to two broad areas: an evaluation of the present extent
and distribution of these substances, with particular regard to their dimi-
nution and removal and secondly, a methodology to assess the potential

impact of proposed chemicals, which may be introduced into the environment.

®#D. J. O'CONNOR



Field surveys undoudbtedly provide much insight into the nature of the

first question, but this approach is evidently limited and not applicabdle
to the analysis of the second, and potentially more important, question.
In addition, the costliness and time factor of field surveys impose further
disadvantages. Theoretical analysis, in conjunction with controlled” labora-
tory experiments, is the preferred approach, The emphasis in the following
sections is therefore directed to a review of the basic knowledge of the

various phenomena and of the application of laboratory date to the analysis

of the problem. This approach, which is less costly and time-consuming,
lends itself to greater understanding of the problem and broader applica-
tion to a variety of similar problems., Ultimately, however, the equations
developed in this fashion may only be fully validated and tested by proto-
type data. Case histories and data on presently affected water systems
should be fully documented and utilized for this purpose.

In the following sections of these notes, the various phenomena, which
affect the transport, transformation and accumulation of organic chemicals
and heavy metals in the various phases of the aguatic environment, are
addressed., Taken into account is the exchange of these materials between
the water and the other phases of the environment, air and land. However,
the primary emphasis is directed to aquatic systems - specifically to the
spatial and temporal distribution of these materials in the various types
of natural water bodies - rivers, lakes, estuaries and the coastal zone.
The approach taken is similar to that defining the distribution of sub-
stances which are natural components of biochemical and ecological cycles
- oxygen, nutrients, minerals, dissolved and suspended solids and the basic
elements of the food chain - bacteria and phytoplankton. While these con-
stituents influence water quality and man's use of water, they do not have
the potentially profound effect of toxic substances, which may impact
directly the health and well-being of man. The basis of the determination
of the hazardous assessment lies in our ability to define the distribution
of these substances in the aquatic environment. While recognizing distinc-
tion between the effects and fate, it is important to appreciate their
interrelationship in that any reliable hazard assessment is based funda-
mentally on a realistic and valid definition of the fate of toxic substances.

The purpose of this course and these notes is to describe the various pheno-



mena which affect the fate and to develop the equations, incorporating these
phenomena, which define the spatial and temporal distribution of toxic sub-
stances. The notes are accordingly divided into two general sections: the
first which describes the various kinetic and transfer phenomena which
affect organic chemicals and heav& metals and the second which precents
various mathematical models of natural water systems, incorporating these
kinetic terms with the transport characteristic of each type of natural
system: streams, estuaries, lakes and the coastal zone.

In order to achieve some perspective of“the overall approach, it is
first appropriate to indicate the basic concepts which are employed in the
development of the various analyses: the principle of mass balance, the
dynamic equilibrium between the dissolved and particulate concentrations,

and the kinetic interaction between these components.

A. BASIC PRINCIPLE - MASS BALANCE

Organic chemicels may exist in all phases of the aquatic environment -
in solution, in suspension, in the bed and air boundaries, and in the vari-
ous levels of the food chain. The interrelationships between and éﬁong
these phases, which are shown diagrammatically in Figure A-1, relate to the
transport, reactions and transfer of the substance. The approach taken is
identical, in principle, to that used to define the distribution of water
quality constituents, which are naturally part of biochemical and ecologi-
cal cycles. The equations describing the spatial and temporal distribution
of organic chemicals are developed using the principle of mass conservation,
including the inputs with the transport, transfer and reactions components.
The general expression for the mass balance equation about a specified

volume, V, is:

V:ti=Ji+ZRi+ZTi+£w (1)
in which
¢y = concentration of the chemical in compartment, i.
- J = transport through the system

R = reactions within the system
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Equation (1) describes the mass rate of change of the substance due to the net
effect of the various fluxes and transformations. The purpose of expressing
the transfer rate (T), distinct from the transport (J) and reaction (R), is
to provide a basis for the development of the equations, which describe more
fully the relevant phenomena.

The general term "compartment" refers to each phase of the physiochemi-
cal regime - the dissolved and particulate in the water, atmosphere and bed
- as well as to each element of the food chain - the phytoplankton, zooplank-
ton, fish and detrital material, The transport, reaction and transfer terms
may be positive or negative depending on the direction of kinetic routes
between the chemical in compartment i and its concentration in other compart-
ments with which it reacts or exchanges. The pathways are determined by the
hydrodynamic and geophysical features of the natural water systems and by the
physical, chemical and biological characteristics of both the system and the
chemical. The hydrodynamic components transport material from one spatiel
location to another by dispersion and advective mechanisms. The physicel
factors transfer from one phase to another, such as exchange with the atmos-
phere, adsorption to and desorption from the suspended and bed solids and the
settling and scour of these solids. The chemicel factors transform the sub-
stance by rrocesses such as photo-oxidation, hydrolysis and oxidation reduc-
tion reactions. The bioldgical phenomena effect both transference and trans-.
formation: the latter primarily by microorganisms which may metabolize the
chemical and the former by essimilation and excretion by the various aquatic
organisms. Accumulation in the food chain is brought about by both ingestion
of the chemical from the water and by predation on contaminated prey.

Consider the concentration, c, to be the dissolved component of the
chemical in the water. It interacts with the particulate concentration,
p- The interaction may be an adsorption-desorption process with the solids
or an assimilation-depuration process with the aquatic organisms. In either

case the particulate concentration is defined as:

P, = r.m, (2)



particulate concentration in i compartment (m/13)
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The mass balance equation for the particulate component, similar to equation
(1), is then:

dpi dmi dri
dT=riat—+mia-t—=J+ZR+ZT+Zw (3)

It is apparent from equation (3) that an squivalent expression must
be written for the concentration of the interacting compartment, m, . In
principle, the analysis of the problem requires the simultaneous solution
of the three equations: the concentration of the chemical dissolved in
the water, c, the mass concentration of the chemical per unit mass of
interacting species, r, and the concentration of the species itself, m.
Since this compartment may be further subdivided (inorganic and organic
solids, multiple species of fish), equation (2) is more generally expressed

as a summation of the individual components of the interacting substances:
n
P; = i r m (4)

The specific conditions for which the analysis is performed frequently
permit simplifying assumptions to be made. 1In laboratory batch reactors
and in certain prototype situations, the rate of change of the interacting
species may be zero - i.e. a constant concentration of suspended solids or
biomass. Thus %%-= o, from which an equilibrium concentration of solids
or biomass follows, resulting in two simultaneous equations to be solved,

instead of three.

B. DYNAMIC EQUILIBRIUM

As may dbe evident from the above discussion, one of the essential
properties of the analysis of this water quality problem is the inter-
action between the dissolved and particulate states of the constituent,
wvhich, in time, leads to a dynamic equilibrium between the two components.
Consider the most simplified conditions of a batch reactor in whieh the



mixing is of sufficient magnitude to maintain a uniform concentration
throughout the volume of fluid. Assume the concentration of absorbing
solids, m (M/LB) is constant. Let ¢ and p be the concentrations (M/Lg) of
the dissolved and particulate components. If there is ne:ther transfer

nor decay of the chemical, the total concentration, remains constant

c
T’
in time and is equal to the sum of the dissolved and part:culate:

cp=c+p (5)

The latter is related to the concentration of suspended solids, m, as shown

by equation (2):

P=rm

The equilibrium between the dissolved concentration in the water and
the mass concentration of the solids is usually expressed in terms of a
partition coefficient:

ﬂ=£=L
c mc

(6)
or fm = £
c

Equation (6) is the linear portion of the lLangmuir isotherm. Although not
always representative of actual conditions, it is a reasonable approximation
when the solid phase concentration, r, is much less than “he ultimate ab-
sorbing capacity of the solids. Combining equations (5) and (6), the total
concentration may be expressed as:

= = B
Cp = C+ fmc fm P (7)

The product, Tm, is a convenient dimensionless parameter, characteristic of
a particular system under equilibrium conditions. For a specified value of
fim, the equilibrium distribution between the dissolved and particulate con-
centrations is established by equation (7), as shown in Figure A-2.

The distribution between the dissolved concentration and the particu-
late concentration _in the various levels of the food chain may be expressed

in an identical fashion. Accounting for the distribution for various types



of adsorbing solids and various levels of the food chain, each with its
characteristic partition coefficient, equation (7) may be more generally

expressed:

Cp = cf1 + Eﬂimi] (&)

The distribution may thus be categorized in accordance with the adsorbing
solids (organics, clays, silts and sands) or the accumu.ating biomass
(phytoplenkton, zooplankton, fish and macrophytes). Since the total bio-
mass mess in most natural water systems is usually an order of magnitude
less than that of the non-viable solids, the equations defining each cate-
gory may be decoupled and the former may be solved independently. Under
those conditions in which it may be significant, it may be readily incorpora-

ted as shown in the above equation.

C. KINETIC INTERACTION

The equilibrium, described adbove, is & result of the kinetic inter-
action between the dissolved and particulate. This property which dis-
tinguishes the analysis from that of purely dissolved substances, leads to
equations of a more complex form. In order to gain an insight into the
nature of these interactions and an understanding of a practical simplifi-
cation, consider the kinetics in & batch reactor, as described above, in
which interaction is taking place between the dissolved and particulate com-
ponents and the former is being transferred by volatilization or transformed
by chemical or biological degradation:

K

1 K5
Pasc —» (9)
K,

The reversible reaction (Kl: K2) may represent the adsorption-desorption
between the dissolved component and the particulate in inorganic phase (sus-
rended or bed solids) or the assimilation-depuration in the organic phase
(aquatic organisms). These kinetic coefficients may be functions of the
s0lids concentrations, as discussed subsequently. In any case, their ratio
is a measure of the distridbution or partition coefficient. The non-rever-
sible reaction (K3) describes the decay or volatilization. The kinetic

equations are:



ol (K2 + K3)c + Klp (10)

= - K;p + Kyc (11)

ale
&1
[

By differentiating (10) and substituting (10) and (11) into the second-order

differential equation, there results:

d2c

dt2

de _
+ [K1 + K, + x3] =t K1K3c = o0 (12)

An identical expression results for p. Assuming the initial concentration,
s is totally in the dissolved form, the initial condition is
c=c¢c _at t =o0

(o]

Applying the second condition:

dc
H--choatt-o

the solution of the differential equation (8) subject to these initial condi-

tions is:

e = c [8e® + (1-8)e"") (13)
in which g,h are the positive and negative roots of the quadratic
K
g,h = - z [1 _':_ m]

in which K = Kl + K2 + K3

It may be readily shown that g and h are always real and negative.
In the case of edsorption-desorption, the assumption of instantaneous

equilibrium is frequently made - i.e. the coefficients K, and K2 are of

1
sufficiently large magnitude so that the exchange between particulate and



dissolved occurs very rapidly. Furthermore, for organic chemicals, the
decay coefficient is usually of a much smaller magnitude than the adsorp-

tion-desorption. Thus equation (12) simplifies to

de
[ky + %) G2 * KX

3c =o0
or
de _ — % e (14)
dt 1+ K27Kl
in which
X2
= distribution or equilibrium coefficient
1

An additional insight is gained by developing equation (14) in an alter-

nate manner by adding equations (10) and (11) which yields

—_— = - K. (15)

Assume the interaction between ¢ and p is an adsorption-desorption pro-
cess. The dissolved concentration, ¢, may therefore be expressed in terms

of the total, by equation (7) substitution of which in (15) yields

CT,

dcT K

3
at E - 1 +T; CT (16)

The total concentration decays in accordance with the dissolved coeffi-
cient modified by the parameter m. As & physically realizable example,
consider the transfer represents a volatilization process, in which K3 is
the gas transfer coefficient. The total concentration Cop decreases at a
slower rate than would be the case if there weré no partitioning to the par-
ticulate-form, with the total in dissolved form (fm = o). In defining the
rate of change of the total, the decay or transfer coefficient is simply

modified as shown by equation (16). Conversely, if the decay is associated



with the particulate component, the coefficient would be reduced by the
fraction Tm/[1 + Tm], in accordance with equation (7).
If both the particulate and dissolved components are subject to decay,

by more than one mechanism, equation (16) becomes

de )

dt [l

Kei “mzip;
T 0m T T+ ! Or (17)

in which the subscripts, ¢ and p, refer respectively to the dissolved and
particulate decay coefficients.

The assumption of "instantaneous" equilibrium as expressed by equation
(14) through (17) is a valid representation, or model, of kinetic reactions

provided the time to equilibrium, determined by K, and K2 is rapid relstive

to the other phenomena which affect the substancech & Kp. This condition
is generally applicable to the adsorption-desorption process, since its
equilibrium time is usually much shorter (min-hours) than that of other
kinetic effects, which may be in the order of days, months or years.

In summary, the models for the analyses of organic chemicals and heavy
metals are similar to those developed for constituents which are natural
components of ecological cycles., The terms relating to the particulate form
and its interaction with the dissolved component are the additional compo-
nents to be incorporated. These, with the other transform and reactive
terms, cover the various pathways of distribution. Accordingly, each of
these routes and the associated mechanisms are described in the subsequent
sections which comprise the first half of these notes.

The second half is devoted to the development of models, which incor-
porate these reaction mechanisms with transport and inputs, to define the
temporal and spatial distribution of toxic substances in natural systems.

By virtue of their interactions with the solids in these systems, it is also
necessary to analyze the distribution of the various types of solids. Fur-
thermore, the exchange between the suspended and the bed constituents is
taken into account. The models, which are developed in the second part of
the notes describe both the physical-chemical effects in the inorgenic realm,
in conjunction with the solids, as well as accumulation and transfer through
the various elements of the aquatic food chain. Application of these models

to various natural systems are also presented.

- 10 -
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ADSORPTION-DESORPTION*

Adsorption is an important transfer mechanism within
natural water systems, because of the significance of the sub-
stances which are usually involved in this process. The
majority of radionuclides, heavy metal and organic chemicals
are readily susceptible to adsorption. Bacteria and algae also
have a similar tendency. The surfaces to which these consti-
tuents adhere are provided by the solids, either in suspension
or in the bed. The clay, silica and'organic content of the
solids are the effective adsorbents by contrast to the sand and
silt components.

The substance, in the complexed form may be then affected
by additional processes such as flocculation and settling. 1If
the flux due to the latter force is greater than that of the
vertical mixing, the complex species deposit on the bed. 1In
streams or rivers, they may then be subjected to resuspension
during periods of high flow or intense winds and be transported
to a reservoir or estuary. Since the hydrodynamic regime of
each of these systems is more conducive to sedimentation than
is that of a flowing stream, the ultimate repositury of the
complexed species frequently is in the bed of the reservoir
or estuary. Furthermore, the physiochemical charucteristics
of the estuary tend to promote desorption and the constituent
may be released to be recirculated with the estparine system
or transported to the ocean. Therefore, in analyzing the
distribution of substances which are subject to adsorptionp it
may be necessary to take into account a seguence of- events both
with respect to the hydrologic and hydrodynamic transport
through various systems, as well as the kinetic aspects of the
transfer processes of adsorption-desorption and settling-scour
within these systems.

The following sections describe the various factors whaich
affect the adsorption-desorption processes and, ba§ed on these,

*Donald J. O'Connor
Kevin Farley



present the development of the relevant equilibrium relations
and transfer eguations.

1. Equilibrium

Adsorption is a process in which a soluble cénstituent
in the water phase is transferred to and accumulates at the sur-
face of the solids. The adsorptive capacity of a two-phase
system depends on the degree of solubility of the constituent
and the affinity of the constituent to the surface of the
solid. The greater the degree of solubility the less is the
tendency to be adsorbed. A number of organic compounds have
both hydrophylic as well as hydrophobic groups -~ resulting in
the orientation of the molecule at the interface. The hydro-
phylic component tends to remain in solution while the hydro-
phobic part adheres to the surface.

The molecular characteristics of a compound - its size
and weight - are related to adsorption capacity, in a fashion
consistent with solubility. For a given homologous series,
the solubility is inversely proportional to molecular weight
and it has been observed that the adsorption capacity 1increascs
with increasing molecular weight.

The affinity of the solute for the solid may be due to un
attraction or interaction of an ionic, physical (van der Walls
forces) or chemical nature. Most adsorption phenomena consist
of combinations of the three forms and it is generally diffai-
cult to distinguish between them. The more general term
"sorption" is used to describe the overall process. N

In any case, one notable characteristic of “the phenomenon
1s the dynamic equilibrium which is achieved between the con-
centration of solute remaining in solution and that on the
surface of the adsorbent solid. At equilibrium, the rate of
adsorption equals the rate of desorption. The equilibrium
relationship between the concentration of solute and the
amount adsorbed per unit mass of adsorbent is known as an

—'4.-.



adsorption isotherm. The amount adsorbed per unit mass

increases with increasing concentration of solute and usually
approaches a limit as the capacity of the solid to accumulate
is reached.

Equilibrium exists when the rates of adsorption and
desorption are equal. The rate of adsorption depends on the
concentration of the solute and the available sites on the
adsorbing solid. The latter is proportional to the adsorp-
tive capacity of the solid minus the amount of solute
adsorbed. The rate of desorption is proportional to the
amount of solute adsorbed:

% - Kyelepemepl = Xpep (14)
in which
c = dissolved concentration of solute (M/L)
cp = particulate concentration (M/L)
cpc = capacity of the adsorbent solids (M/L)
_ . . 1
Kl = adsorption coefficient (TM L)
K, = desorption coefficient (%)

The overall reaction is second order with respect to adsorption
and first-order with respect to desorption. The particulate
concentration is a product of the concentration of adsorbing
solids in the water, m, and the mass of the solute per unit
mass of the adsorbent, r. Equation (14) may be expressed

g% = ch m[rc—r] - Kzrm (15)

At equilibrium, the rate of change of concentration is zero
and equation (15) becomes after rearranging:

'I.S'.-



cr

r = I—_E_ (16)
s 4+ C
Kl -
in which b = =
K,

Equation (16) is known as the Langmuir isotherm in which the
parameter, b, is related to the energy of adsorption. At

r = rc/2, the concentration equals 1/b. Lacking direct exper-
imental data on rc, its value and that of 1/b may be evaluated
graphically by a linear plot of é versus %. The intercept
eqguals 1/rc and the slope l/brc.

The capacity r. depends on the nature, size and charac-
teristics of the adsorbing solids, as shown in Figure 6. The
various types of clays have greater capacities than silts and
sands. The adsorption capacity is, thus, inversely propor-
tional to the size of the particle, specifically to the ratio
of its surface area to volume. Furthermore, the capacity is
directly proportional to the organic content of the solids.

In general solids, composed primarily of organic material,

have greater capacities than the inorganic components. These
materials include detrital matter, and various forms of viable
organic substances, such as bacteria, plankton and macrophytes
in natural systems and biological solids in treatment systems.

The Langmuir isotherm is based on the assumption that
maximum absorption occurs when the surface of the adsorbent is
saturated with a single layer of solute molecules. If one
assumes that a number of adsorbate layers may form, the equili-
brium condition, as depicted in Figure B-5, may have various
points of inflection. Essentially an additional degree of
freedom is introduced which reflects a greater degree of real-
ism. The resulting relationships fit certain experimental
data better than the Langmuir, particularly at the higher con-

- 16 -
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centrations of solute. At lower concentrations the two
isotherms may be approximately equivalent. 1In addition to
the monolayer assumption, there are other conditions for
which the Langmuir isotherm may not be appropriate. A ~
semi-empirical relationship, kncwn as the Fruendlich
isotherm, which has been found to be more satisfactory in
certain cases, is as follows
r = Kel/D (17)

The value of the exponent n is usually less than unity. This
isotherm has been widely used in the correlation of experi-
mental data, particularly with respect to the adsorption by
activated carbon in water and wastewater treatment processes.

It is generally accepted that the rates of adsorption
and desorption occur Very rapidly. Consequently equilibrium
between the dissolved and Particulate species, expressed by
equations 16 or 17 is assumed to be established instantaneously,

The above isotherms appear to be particularly appropriate
for the analysis of a singular adsorbate or those cases where
one is predominant, such as PCB in the Hudson and kepone in
the James River. When there are a number of compounds present,
preferential adsorption and displacement may occur. Present
research efforts are directed to the analysis of this problem.
A competitive Langmuir isotherm and ideal solution theory are
being applied in these cases.

2. Partition Coefficient

The partition coefficient is the ratio of the mass of
substance adsorbed per unit mass of absorbent solids and the
dissolved concentration of solute in the linear range of the
Langmuir and Fruendlich isotherms. For very low concentra-
tions of solute, ¢ << 1/b, the Langmuir isotherm is linear:

r = ne (18)

- 18 -



r
in which 7 = —+C

The parameter, 7, is a partition coefficient. At high concen-
trations of solute ¢ >> 1/b, the adsorbent is saturated at its
capacity r.. These characteristics are more dramatically
borne out when logarithmetic coordinates are used for various
values of the partition coefficient.

The constant K in the Fruendlich isotherm is comparable
to the partition coefficient. As the exponent n approaches
unity, the isotherms are identical. +Since the concentrations
of organic chemicals in natural systems are generally low and,
thus, well below the capacity of solids in these systems, the
linear assumption is a reasonable approximation in many cases.

The partition coefficient incorporates the capacity para-
meter, r.. Therefore, the same factors which influence its
magnitude has a comparable effect on the partition coefficient.
Large values are characteristic of organic material ang clays,
by contrast to silts and sands. Examples are shown in Figure
B-6.

3. Dissolved - Particulate Distribution

Under equilibrium conditions, the distribution be-
tween the dissolved and particulate fraction is established
not only by the partition coefficient as described above, but
also by the concentration of the adsorbing solids. The solids
may be suspended in the flowing water or relatively fixed in
the bed of the system. Under extremely high flow in rivers or
winds in lakes, the bed may be scoured and the solids are
introduced into the overlying water for a brief period of time,
after which they settle to the bed. 1In any case, assuming
sufficient time has elapsed to establish adsorption equili-
brium, the total concentration of organic chemical or metal,

-9 -
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c is the sum of the dissolved and particulate:

T'

cT =c + cp (19)

The dissolved component may be expressed in terms cf the par-
ticulate fraction, r, and the partition coefficient, while the
particulate concentration as a product of the concentration of

adsorbing solids, m, and the particulate fraction:

= L
Cp = 3 + rm ) (20)

The particulate fraction as a function of solids concentration
for various values of the partition coefficient is shown in
Figure B-7.

Given a chemical or metal, with a large partition coef-
ficient, whose major source is the bed solids, which is of
uniform and constant concentration, this eguation provides an
approximate means of correlation. A linear plot of total con-
centration of chemical versus suspended solids concentration
yields a straight line whose slope is r and intercept is r/m.

An example is shown in Figure B-8 for mercury in the Mississippi

and Mobile Rivers.

4, Transfer Rates

The discussion above concerned equilibrium condi-
tions. The time reguired to achieve this condition involves
the transfer and kinetic mechanisms between adsorbate and
adsorbent. The sequence of processes, which characterize the
transfer of a substance from solution to a material which has
an adsorptive capacity, may be grouped in the following three
steps: The first is the transfer of adsorbate through a liquid
film to the surface of the adsorbent; the second is the diffu-
sion of the adsorbate within the pores of the adsorbent; and
the third is the fixation of the adsorbate on the interior pore
or capillary surfaces of the adsorbent. The last step is
usually assumed to be very rapid and equilibrium exists at this
location. In some cases, the transfer of solute through the
surface film or boundary layer is the rate-limiting step. 1If
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there is sufficient mixing due to the turbulence of the flowing
water, the second step, that of diffusion within the porous
material controls the rate. -

In very dilute solution of both species, the frequency
with which the solute comes in contact with the absorbent may
determine the rate-limiting step. In some cases, adsorption
may be occurring on contact of the solute with the bed mater-
ial and the control may then localize in transfer through
surface film on the exterior surface of the bed solids. The
situation is comparable to the biological oxidation of organic
matter, which takes place in the flowing water by the plank-
tonic bacteria and in the channel bed by the benthic organisms.
Both reactions occur simultaneously in natural systems, but in
many cases, one or the other controls depending on the depth of
the flow, the nature of bed and materials contained in each.

Given the steps described above, the reaction sequence
may proceed in accordance with steps 1-2-3 or steps 1-3-2
depending on the nature of diffusion within the solid. 1In the
latter case the diffusion is referred to as solid-phase inter-
nal diffusion. 1In the former sequence, it is fluid-phase pool
diffusion. Various models have been constructed, incorpora-
ting these concépts and additional refinements. Most approaches
include the three mechanisms: film transfer, diffusion in the
particle and an interfacial equilibrium between ligquid and
solid phase concentrations.

The equilibrium coefficient, as previously discussed, may
be readily determined in the laboratory for the various types
of solids which may be encountered in natural systems.

The fluid phase film transfer coefficient appears to
conform to general mass transfer correlations developed in the
field of chemical engineering. 1In a simplified form the
transfer coefficient is approximately:

D, U 2
K, = (3] (21)

t
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in which DL

U

diffusivity in liquid

flow velocity

a

effective particle diameter

The diffusivity in the above expression is that in
liquid. The diffusivity within the pores is reduced by
virtue of the size, porosity and tortuosity of the pore
structure. A common correlation is of the form

DLE

Dp = —5— (22)
internal porosity of the solid particle

in which ¢

The model is structured with transfer in two phases:
liquid and pore. A flux balance is applied at the interface
and the concentration equilibrium applied at the appropriate
interface. A typical analysis is shown in Figure B-9.
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SUMMARY OF REACTION RATE COEFFICIENTS

Carbaryl

Propham

Chloropropham

Malathion

Parathion
Diazinocn

2,4-D Butoxy
ethyl ester

Captan

Methocychlor

Toxaphene
DDT

Atrazine

*

sensitized photolysis in natural

-28 -

waters

Chemical Direct
pH, Temp Hydrolys:is Photolysis Biolysis
day-l day—l <:3ay_l
5 4.6 x 10°%  o0.11 2.3 x 10
6 5.3 x 10~
7 0.046 0.11
8 0.53
9 4.6
7 6.9 x 10™° 2.7 x 10”3  0.22
7 6.9 x 10°° 5.7 x 10”3  0.24
6 slow
8,0°C 0.058
8,27° 0.46 slow 6.1
8,40° 17.3
7,20° 2.8 x 10°3  0.017
7,20° 0.023 0.022
6,28° 0.63 0.049
9,28° 27.7
8,28 1l.39 slow
7,27° 1.9 x 1o‘3 0.053
0.1-0.3"
7 slow slow
7,27 2.4 x107% 1.3 x 1074
3 0.011 0.017
11 8.6 x 10~



MODELING FRAMEWORK"

This section of the notes presents the development and application of
various mathematical models which define the spatial and temporal distribu-
tion of toxic substances in natural water systems. The previous sections
discussed the various transfer and kinetic factors which affect the concen-
tration of such substances. These factors are now combined with the trans-
port regimes characteristic of the different types of natural water systems,
both freshwater and marine. The former include reservoirs/lakes and
streams/tidal rivers, and the latter estuaries/embayments and the coastel
zone.

The purposes of the modeling framework are twofold: the first relates
to the general hazard assessment of proposed or existing chemicals which,
in turn, may lead to waste-load allocation procedures., Such analyses may
usually be accomplished by means of the spatial steady-state distributions.
The second general purpose relates to the time-variable aspects of the
problem, Such analyses apply to the effects of a short-tern release of a
toxic, such as an accidental spill or a storm overflow discharge. An
equally important application in this regard is directed to the time re-
Quired to build up to the steady and perhaps more significant the time
required to cleanse a system from existing contamination.

As discussed in the previous sections, one of the most distinguishing
characteristics of toxic substances is the partitioning between the dis-
solved and particulate components. Thus equations are developed for each
of these components and in addition for those solids which provide sites
for the adsorption of the substance. The analysis involves therefore, the
solution of at least three simultaneous equations, describing the concen-
tration of the various components in the water column. Furthermore, for
those water systems which interact with the bed, additional sets of equa-
tions are developed to account for distribution in the benthal layer and
its effect on water column concentrations. Given these concentrations,
the dissolved and the particulate in the water column and in the bed, the
distribution through the food chain is then considered.

* Donald J. O'Connor
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In order to provide a perspective of the overall approach, the basic
concepts which are employed in the analysis are first presented, followed
by the development of the equations defining the dissolved, particulate
and solids components. Certain sections which are contained in the first
part of the notes are therefore repeated in the following in order to pro-

vide continuity of development.

A. BASIC PRINCIPLES

1, Mass Balance

Organic chemicals may exist in all phases of the aquatic environment -
in solution, in suspension, in the bed and air boundaries, and in the vari-
ous levels of the food chain. The interrelationships between and among
these phases, which are shown diagrammatically in Figure 1, relate to the
transport, reactions and transfer of the substance. The approach taken is
identical, in principle, to that used to define the distribution of water
quality consitutents, which are naturally part of biochemical end ecoloéi-
cal cycles. The equations describing the spatial and temporal distribution
of organic chemicals are developed using the principle of mass conservation,
including the inputs with the transport, transfer and reactions components.
The general expression for the mass balance equation about a specified

volume, V, is:

v ;;i =J, + ZRi + ZTi + IW (1)
in which
c; = concentration of the chemical in compartment, i.
J = transport through the system
R = reactions within the system
T = transfer from one phase to another

W = inputs

Equation (1) describes the mass rate of change of the substance due to the
net effect of the various fluxes and transformations. The burpose of ex-

pressing the transfer rate (T), distinct from the transport (J) and reaction



(R), is to provide a basis for the development of the equations, which des-
cribe more fully the relevant phenomena. :

The general term "compartment" refers to each phase of the physiochemi-
cal regime - the dissolved and particulate in the water, atmosphere and bed
- as vell as to each element of the food chain - the phytoplankton, zooplank-
ton, fish end detrital material. The transport, reaction and transfer terms
may be positive or negative depending on the direction of kinetic routes
between the chemical in compartment i and its concentration in other compart-
ments with which it reacts or exchanges. The pathways are determined by the
hydrodynamic and geophysical features of the natural water systems and by the
physical, chemical and biological characteristics of both the system and the
chemical. The hydrodynamic components transport material from one spatial
location to another by dispersion and advective mechanisms. The physical
factors transfer from one phase to another, such as exchange with the atmos-
phere, adsorption to and desorption from the suspended and bed solids and the
settling and scour of these solids. The chemical factors transform the sub-
stance by processes such as photo-oxidation, hydrolysis and oxidation reduc-
tion reactions. The biological phenomena effect both transference and trans-
formation: the latter primarily by microorganisms which may metadbolize the
chemical and the former by assimilation and excretion by the various aquatic
organisms. Accumulation in the food chain is brought about by both ingestion
of the chemical from the water and by predation on contaminated prey.

2. Generasl Equations for Various Components

Consider the concentration, c, to be the dissolved component of the
chemical in the water., It interacts with the particulate concentration, p.
The interaction may be an adsorption-desorption process with the solids or
an assimilation-depuration process with the aquatic organisms. In either

case the particulate concentration is defined as:
Py = T3Wy (2)

*p = particulate concentration in i compartment M/L3

mass of chemical/unit of interacting mass M/M

e
[}

concentration of the interacting species M/L3
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The mass balance equation for the particulate component, similar to equation
(1), is then:

ap, am, ar,
F=ri-dt_+mia-t_-=J+ZR+ZT+zw (3)

It is apparent from equation (3) that an equivalent expression must
be written for the concentration of the interacting compartment, m, . In
principle, the analysis of the problem requires the simultaneous solution
of the three equations: the concentration of the chemical dissolved in
the water, c, the mass concentration of the chemical per unit mass of
interacting species, r, and the concentration of the species itself, m.
Since this compartment may be further subdivided (inorganic and organic
solids, multiple species of fish), equation (2) is more generally expressed

as a summation of the individual components of the interacting substances:
n .
= !
Py i Ti® ()

The specific conditions for which the analysis is performed frequently
permit simplifying assumptions to be made. 1In laboratory batch reactors
and in certain prototype situations, the rate of change of the interacting
species may be zero - i.e. a constant concentration of suspended solids or
biomass. Thus %%-= 0, from which an equilibrium concentration of solids
or biomass follows, resulting in two simultaneous equations to be solved,

instead of three.
3. Dynamic Equilibrium

As may be evident from the above discussion, one of the essential
properties of the analysis of this water quality problem is the inter-
action between the dissolved and particulate states of the constituent,
which, in time, leads to a dynamic equilibrium between the two components.
Consider the most simplified conditions of a batch resctor in which the
mixing is of sufficient magnitude to maintain a uniform concentration
throughout the volume of fluid. Assume the concentration of absordbing
solids, m (M/L3) is constant. Let c and p be the concentrations (M/L3) of



the dissolved and particulate components, If there is neither transfer
nor decay of the chemical, the total concentration, Cms remains constant
in time and is equal to the sum of the dissolved and particulate:

cT=c+p (5)

The letter is related to the concentration of suspended solids, m, as shown

by equation (2):

p=rm

The equilibrium between the dissolved concentration in the water and
the mass concentration of the solids is usually expressed in terms of a
pertition coefficient:

-
c me

(6)
or o = E

Equation (6) is the linear portion of the langmuir isotherm. Although not
alvays representative of actual conditions, it is a reasonable approximation
when the solid phase concentration, r, is much less than the ultimate ab-
sorbing capacity of the solids. Combining equations (5) and (6), the total
concentration may be expressed as:

Cp = ¢+ ime = %;-+ ) (1)

The product, Tm, is a convenient dimensionless parameter, characteristic of
& particular system under equilibrium conditions. For a specified value of
fm, the equilibrium distribution between the dissolved and particulate con-
centrations is established by equation (7), as shown in Figure A-2, Chg‘,,:[.
The distribution between the dissolved concentration and the particu-

late concentration in the various levels of the food chain may be expressed
in an identical fashion. Accounting for the distribution for various types
of adsorbing solids and various levels of the food chain, each with its
characteristic partition coefficient, equation (7) may be more generally

expressed:
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cp = c[l + Zﬁimil (8)
The distribution may thus be categorized in accordance with the adsorbing
solids (organics, clays, silts and sands) or the accumulating biomass
(phytoplankton, zooplankton, fish and macrophytes). Since the total bio-
mass mass in most natural water systems is usually an order of magnitude
less than that of the non-viable solids, the equations defining each cate-
gory may be decoupled and the former may be solved independently. Under
those conditions in which it may be significant, it may be readily incorpora-

ted as shown in the above equation,

L, Kinetie Interaction

The equilibrium, described above, is a result of the kinetic inter-
action between the dissolved and barticulate. This property which dis-
tinguishes the analysis from that of purely dissolved substances, leads to
equations of a more complex form. In order to gain an insight into the
nature of these interactions and an understanding of a practical simplifi-
cation, consider the kinetics in a batch reactor, as described above, in
which interaction is taking place between the dissolved and particulate com-
bonents and the former is being transferred by volatilization or transformed

by chemical or biological degradation:

K, K,
P c—e (9)
’ X

The reversible reaction (Kl== KE) may represent the adsorption-desorption
between the dissolved component and the particulate in inorganic phase (sus-
pended or bed solids) or the assimilation-depuration in the organic phase
(aquatic organisms). These kinetic coefficients may be functions of the
solids concentrations, as discussed subsequently. In any case, their ratio
is a measure of the distribution or partition coefficient. The non-rever-
sible reaction (K3) describes the decay or volatilization. The kinetic

equations are:

Je + K,p (10)
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dr

at = - Kyp + Ko (11)

Addition of equations 10 and 11 yield

_T=_Kc (12)

If equilidbrium is rapidly achieved by contrast to the other time con-
stants, specifically identified as Ks in thissexample, the dissolved compo-
nent, c, may be expressed in terms of the total concentration, Crps by equa-

tion (7), substitution of which in (22) yields
c = c_[8e9" + (1-8)eP) (13)
in which g,h are the positive and negative roots of the quadratic

K
g,h=-§[lim]

in which K = Kl + K2 + K3

K1K3

m= 1 - K2
It may be readily shown that g and h are alwvays real and negative.
In the case of adsorption-desorption, the assumption of instantaneous

equilibrium is frequently made - i.e. the coefficients Kl and K2 are of
sufficiently large magnitude so that the exchange between particulate and
dissolved occurs very rapidly, Furthermore, for organic chemicals, the
decay coefficient is usually of a much smaller magnitude than the adsorp-

tion-desorption. Thus

dec
[Kl + Ka] Tt lesc )

or

de _ 3
ot T TF K /K, ¢ ] (1)



in which

= distribution or equilibrium coefficient

PHI NN

An additional insight is gained by developing equation (14) in an alter-
nate manner by adding equations (10) and (11) which yields

———= - K. (15)
Assume the interaction between ¢ and P is an adsorption-desorption pro-

cess. The dissolved concentration, ¢, may therefore be expressed in terms

of the total, Cp» DY equation (7) substitution of which in (15) yields

K
T _ 3 . (16)

The total concentration decays in accordance with the dissolved coeffi-
cient modified by the parameter Ym. As a Physically realizable example,
consider the transfer represents a volatilization process, in which K3 is
the gas transfer coefficient. The to?al concentration Co decreases at a
slower rate than would be the case if there were no partitioning to the par-
ticulate form, with the total in dissolved form (fm = ©). In defining the
rate of change of the total, the decay or transfer coefficient is simply
modified as shown by equation (16). Conversely, if the decay is associated
with the particulate component, the coefficient would be reduced by the
fraction Tm/(1 + fm], in accordance with equation (7).

If both the particulate and dissolved components are subject to decay,

by more than one mechanism, equation (16) becomes

dc., ZKci ImZK 1
dt=-[l+ﬂm+l+ﬂm]cT (17)

in which the subscripts, ¢ and p, refer respectively to the dissolved and

particulate decay coefficients.



The assumption of "instantaneous” equilibrium as expressed by equation
(14) through (17) is a valid representation, or model, of kinetic reactioms
provided the time io"equilibrium, determined by Kl and K2 is rapid relative
to the other phen?mena vhich affect the substance, Kc & KP. This condition
is generally applicable to the adsorption-desorption process, since its
equilibrium time is usually much shorter (min-hours) than that of other
kinetic effects, which may be in the order of days, months or years.

In summary, the models for the analyses of organic chemicals and heavy
metals are similar to those developed for constituents which are natural
components of ecological cycles. The terms relating to the particulate form
and its interaction with the dissolved component are the additional compo-
nents to be incorporated. These, with the other transfer and reactive
terms, cover the various pathways of distribution. Acéordingly, each of
these routes and the associated mechanismes are described in the subsequent
sections which comprise the first half of these notes.

The second half is devoted to the development of models, which incor-
porate these reaction mechanisms with transport and inpués, to define the
temporal and spatial distribution of toxic substances in natural systems.

By virtue of their interactions with the solids in these systems, it is also
necessary to analyze the distribution of the various types of solids. Fur-
thermore, the exchange between the suspended and the bed constituents is
taken into account. The models, which are developed in the second part of
the notes describe both the physical-chemical effects in the inorganic realm,
in conjunction with the solids, as well as accumulation and transfer through
the various elements of the aquatic food chain. Application of these models

to various natural systems are also presented.
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B. CLASSIFICATION OF ANALYSIS AND MODELS*

Equation (1) is the most general expression to define the distribution
of a toxic substance in a natural water body. Given the characteristics of
the drainage area and water system and the nature of the substance, it takes
on a more definitive form. As described previously, the distribution tetw: mn
the dissolved and particulate components of the toxic material and tle kine-ric
interactions are the essentiel factors, which are common to all types of
models. What distinguishes the various models, discussed in the subsequent
sections of the notes, are the transport components of a specific water
system and the characteristics of the bed, with which it interacts. Thus,
ine basis of the classification lies, to some degree, in the transport
regimes of the general types of water systems - lakes, stireams and estu-
aries, but more significantly rests on the transport characteristics of the
bed itself, and the magnitude of the water-bed interaction. The kinetic
and transfer routes are common to all types. Each of these factors are

discussed in this section, concluding with the proposed classification.

1. Kinetic and Transfer Routes

The cozponents and their interactions are shown diagrammatically in
Figure 1. The concentrations of the toxic substances are presented in both
the water column and the bed. The distribution between the dissolved, c,
and particulate, p, components is determined by the magnitude of the adsorp-
tion and desorption coefficients, Kl and K2, and the concentration of the
adsorbing solids, m. Each of these components may be susceptible to decay
and exchange, as shown. For conservative, non-volatile toxics these trans-
forz routes are negligible but the settling-resuspension transfers are
potentially important for any substance, regardless of its other character-
isties. These are the characteristics of the system and the substance which

essentially determine the complexity of the analysis.

2. TIransport Regimes

Each of the general types of natural water systems may be classified
in accordance with characteristic fluid transport regime and the interaction
of the water with the bed. The components of the transport field are the
advective (U) and dispersive (E) elements which, in general, are expressed in
three-dimensional space. Each of the systems to be considered - Etreams, estu-
aries, lakes and coastal waters - are usually characterized by a predomi-

« ]
Donald J. O'Connor
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nating component, in one of more dimensions. The transport in streeams may
be frequently approximated by a one-dimensional longitudinal analysis (A),
in lakes by one or two dimensions (B), in which the vertical is the major
component and in estuaries by a two-dimensional scheme (C) (longitudinal

and vertical, as shown in Figure 2A. A spatielly uniform conditiom (com-

pletely mixed) is type D whose transport coefficient is the detention time,to.

3. Bed Conditions

The bed conditions, which are relevant to the enalysis are shown in
Figure 2B. They may be classified as inactive, or stationary, and active;
or mixed. The latter may be further subdivided: without and with horizon-
tal transport. A further characteristic of bed conditions relates to the
phenomenon of sedimentation. All natural water bodies accumulate, in
varying degrees, materials which settle from the water column above. In
freshwater systems, reservoirs and lakes are repositories of much of the
suspended solids which are discharged by the tributary streams and direct
drainage. In marine systems, estuaries and embayments accumulate solids
in similar fashion and the coastal zones to a lesser degree. 1In flowing
freshwater streams and tidal rivers, suspended solids mey settle or scour
depending on the magnitude of the velocity and shear associated with the
flow, Bed conditidhs in these systems are therefore subject to seasonal and
daily variations, while the beds of estuaries and lakes which are also sub-
Ject to such variations, tend to accumulate material over long time scales.
The increase in bed depth and concentration is expressed in terms of a sed-
imentation velocity, measured in terms of months or Years, by contrast to
the settling velocity of the various solids in suspension, measured in

terms of hours or days.

L, Classification of Models

The classification, suggested in these notes, is essentially based on
the types of bed conditions shown in Figure 2B, in conjunction with one of
the three iypes of fluid transport shown in Figure 2A, The three general
types are enumerated in a progressive fashion from the simpler to the more
complex, as presented in Table 1 and described below. The final form of
the equations is based essentially on one of the three types, in conjunc-
tion with the kinetic interactions shown in Figure 1.
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TYPE I - STATIONARY BED

A stationary bed is basically characterized by zero to negilgitle
horizontal motion. This condition is most commonly encountered in lakes
and reservoirs of relatively great depth, with minimal winds. It also occurs
in freshwvater streams under low flow conditions and in marine systems with
little tidal mixing. It may therefore be associated with any one of the tl.ree
trarsport systems shown in Figure 2A.

The essential characteristic of this type of system is relatively low
degree of vertical mixing in the fluid. The hydrodynamic environment is one
which permits the gravitational force to predominate and suspended particles
o{ density greater than that of water settle. The accumuletion of this maier-
ial in the bed causes an increase in the thickness of the benthal layer, the
rate of increase being referred to as a sedimentation velocity. The bed is
also characterized by minimal or zero mixing in the layer in contact with the

water.
TYPE II - MIXED LAYER

Trhis condition, which is probabdbly more common, is charecterized by sore
degree of mixing in the contact layer of the bed. The mixing may be due to
either physical or biological factors - increased levels of shear, associate:
with horizontal or vertical velocities and gradients or bioturbation, attri-
buteble to the movement of bdenthal organisms. It exists, therefore, in lakes
where the wind effects extend to the bottom and in streams and rivers under
moderate flow conditions.

In each of these cases, the shear exerted on the bed is sufficient to
bring about mixing in interfacial layer, but not sufficient to cause signifi-
cant erosion and bed motion. The net flux of material to the bed is the
difference between the settling flux and that returned by the exchange due to
the mixing. Thus, the bed thickness may increase or decrease and the sedi-
mentation velocity may be positive or negative., The mixed layer interacts
with a stationary bed beneath, as shown. This type of bed condition may
also be associated with any of the three fluid transport types, but is
more usually associated with type B and in the littoral zone of lakes,
where the water depths are sufficiently shallow to permit wind effects to be
transmitted to the bed.
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TYPE III - BED TRANSPORT

This bed condition possesses both mixing and esdvective characteristics.
The shearing stress exerted by the fluid is of sufficient intensity to cause
erosion and resuspension of the bed and the fluid velocity of sufficient
magnitude to induce horizontal motion of either or both the resuspended
material and the interfacial bed layer. This phenomenon involves the com-
plex field of sediment transport, which has been greatly developed in streams,
but much less in estuaries and lakes. The bed system may now be envisioned
as three distinct segments: a moving interfacial layer, a mixed zone and a
stationary bed beneath. There is vertical exchange between the moving
and mixed layers and the vertical transport in the bed is characterized by the
sedimentation velocity.

This type of bed regime is associated only with types B and C fluiad
transport system. The direction of horizontal motion of the bed in accord-
ance with velocity vector of the fluid in contact with the bed surface. In
fresh water streams and rivers, the bed transport is downstream in the
direction of flow. While in estuaries, the net bed transport is upstream

in the saline zone due to the tidally averaged motion as shown in Figure 2B.
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TABLE 1

BED CONDITION
I II III
STATIONARY MIXED SEDIMENT
BED LAYER TRANSPORT
WITH WITH LAYER
BED & BED
Ub 0 . 0 >0
eb 20 >0 >0
LAKES DEEP, MODERATE LITTORAL
MINIMAL DEPTH ZONES
RESERVOIRS WINDS DEPTES
COASTAL ZONE
STREAMS Low MODERATE HIGH
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ESTUARIES ENCLOSED LITTORAL MAIN
EMBAYMENTS BAYS ZONES CHANNEL
MINIMAL MAIN MODERATE
TIDES CHANNEL FLOWS
= LOW FLOW
—t
[}
=3
m -
e COMPLETELY
S MIXED APPLICABLE TO ALL TYPES,
&5 PARTICULARLY TO LAKES
Z RESERVOIRS & EMBAYMENTS
&
a
-
e }
- |
[




LA¥ES ARND RESERVOIRS

A, INTRODUCTION*

The analyses of wa“=r quality in lakes and reservoirs are consicered
in this section. Because of certain similarities which exist between lexes
ené oceans, many of the models described in this chapter are appropriate
for problems in the coastal and off-shore regions of the oceans. The spec-
trum of time-space scales which characterize the analysis in these water
bodies is much broader than thet encountered in streams and estuaries.

Tris difference is attributable not only to the geomorpholiogy and dimen-
sionality of the respective systems but also to the driving forces and com-
ponents of the transport terms. Thus, many water quality analyses in
rivers, tidal and non.tidal, are one-dimensional within the relatively
def-ried¢ bcundary of channel cross section. Furthermore, this uri-dirmen-
sionality, which applies both to flow and quality fregquently exists under
steady-state conditions.

By contrast to the one-dimensional steady-state analysis, many water
guelity rroblerms in lakes and oceans are time variable in two or three
éimensions. The deep, relatively slow moving, hydraulic regime, over wigde
horizontel scales, is an important factor in this regard. Because of the
greater depths, thermal differences and density structures are seasonally
er.countered. The vertical distribution of many constituents associated
with these regimes is a significant water quality problem, which has &
counterpart in the toxic problem.

A large scale snalysis may freguently be used on the assumption of a
spatislly uniformity of conceniration over the time unit of anealysis.

Since large scale problems (10-100 miles) are usually associated with equi-
velently long time scales, the incremental time step of the analysis

may be of sufficient duration to Justify the assumption of spatially uni-
formity. For example, if the concern is the long term bdbuild-up of conser-
vative toxic substances which may occur over years or decades, an appro-
priate time step of such an analysis is the year. Over this period many

lakes and reservoirs, with their characteristic spring and fall over.urn

% Donald J. O'Connor



and mixing due to winds and seiches, reflect a spatially uniform condition.
More specifically, the variations which occur over the Year are small by
contrast to the increase in concentration anticipated in future years. At
this relatively large time-space scale, the typical time variable problem
is the long term build-up of a toxic constituent. The steady-state relates
to the equilibrium concentration, resulting from a constant input, and the
time required to establish equilibrium, if indeed one is possible.

The following sections of this chapter describe the toxic distributions
in completely mixed systems of lakes and reservoirs and secondly, address
the analysis of the vertical distribution of toxic substances in these water
bodies. The completely mixed analysis is coupled with Type I and II bed
conditions with various applications. It is unlikely that a Type II con-
dition would be encountered in lakes under this scale essumption. The
vertical analysis is presented with a Type I bed condition with a specific
éxample of quarry with lindane and DDE inputs. A final application is dis-
cussed with respect to Toxic Substances in the Great lakes. In each case,
the distridbution of suspended solids is first deveioped, followed by the

analysis of toxic substances, which receives input from the solids analys:s,
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B. ANALYSIS OF COMPLETELY MIXED SYSTEMS*

1. Type I Aﬂalysis - Stationary Bed - No Resuspension - Sedimentation

&) Suspended Solids - .

ihe concertirztion of suspended sclids in a reservoir or lake de-

penis on ihe physical characteristics of the incoming secdiment and the
hyéraulic features of ihe system and inflow. The important characteristics
of the sol:és are the grain size and settling velocity distributions ané the
behavior of the finer fractions with respect to aggregation and coagulailion,
The deiention time and the depth of the water body are the sigrnificent kydrau-
lic and gecmorphological features. The following analysis assumes steady-
state conditions in a completely mixed system, in which the concentration of
solids is spatially uniform.

These assumptions are obviously crude, but of sufficient practicality
to aimit at least an order of magnitude analysis of the problem. They are
preciseiy the assumption, implicit in the analysis of the "Trap Efficiency"
of reservoirs in which the efficiency of removal of solids has beer cerre-
lated to the ratio of the reservoir capacity to the tributary drainage aree(i).

Consider a body of water whose concentration is spatially uniform through-
out its volume, V, receiving an inflow, Q, as shown in Figure B-1. Under
steady state conditions, hydrauliec inflow and outflow are equal. The mass
balance of the solids takes into account the mass inputted by the inflow,
that discharged in the outflow and that removed by settling. The mass rate

of change of solids in the reservoirs is the net of these fluxes:
Gt =y - - v Am (1)
in which
m; = concentration of solids in inflow
m) = concentration of solids in water body

v, = settling velocity of the solids

As = horizontal area thru which settling occurs

The flux émi, equals the rate of mass input, W. Dividing through by the

volume, V, the above equation becomes

dam,

at =%_ml[i—+xs] (2)

(o]

*
Donald J. O'Connor
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in which

t, = detention time = %-(T)
v
. s s S L
K, = settling coefficient T (T)
E = mean depth = %— (L)
s

Under the steady state condition, equation (2) may be expressed as,

= __W/Q
e N (3a)
s o
Division by W/Q yields
= = (3b)

W/Q 1l +K t

which is the fraction of the incoming solids reraining in suspension and,
with the assunmption of complete mixing, is also the concentration in the
outflow. The fraction removed is simply

f=1-ﬁl—xs—t: ()
The dimensionless parameter, Ksto’ represents the combined effects of the
settling characteristics of the solids and the average detention time of
the system. The coefficient, K g» Way be replaced by its equivalent, v /H
and the dimensionless parameter is v /v » in which vy = %— = 2, the overflow
rate of the system.

It is apparent from the above development that conditions in the bed
have no effect on the concentration in the water body, because there is no
resuspension of the bed material. The benthal concentration, on the other
hand, is due directly to the influx of the settling solids. The rate of

change of mass of solids in the bed is therefore

The mass, Mz, equals the product of the bed volume V2, and bed concentration,

m2. Thus
dM, _ a(Vomz) _mz @V, _ V, dm, _ /
dt = dt az * a&E =t Agvem +5a)

~4p-



Dividing through the As’ and expressing the resulting %%2 as Vd, the final
result is
v v
dxz, _ s d c-
& Tz omo-gom (5e)

at steady-stzte - i.e. when the mass setiling rate equals the accuruletion

rate:

vS
Z2 = my — (5¢)

b) Toxic Substances

Tne distribution of toxic substances, such as organic chemicals and
heavy metals in reservoirs end lakes is established by application of the
principle of continuity or mass balance, in a manner sirilar to that employed
in the case of the suspended solids. Each phase, the dissolved and particu-
late, is analyzed separately, teaking into account the adsorptive-desorptive
irteraction with the other. For the dissolved component, the mass balance
includes decay and transfer terms(z)(S) in addition to the inflow and outflow.

The basic differential equation

W
dey _ ¢ C1
T v - to - ch1 - K°m1c1 + Kop) (€)

in which

V = reservoir volume (L?)
wc = rate of mass input of ihe dissolved component (M/T)
c1 = dissolved concentration in water body (M/L?)
K, = overall first order rate coefficients (T ') which may include bioloc-
ical degradation, hydrolysis, direct photolysis & volatilizatior.

K_ = the adsorption coefficient (L3/M-T)

m = suspended solids concentration (M/L3)
K; = the desorption coefficient (T™!)

p1 = particulate chericel concentration (M/L?)

For the particulate concentration:

W
pi. 2 _ Py _ -
3t v - to K$1p] Kap), + Kom c) (1)

~49-



in which
w
P

K
3

rate of mass input of the particulate adsorbed chemical (M/T)

settling coefficient (T7!)

Adding equations (6) and (7) cancels the adsorption and desorption terms
and yields the rate of change of the total concentration Cn in terms of the

dissolved and particulate:

de c

Ty _ L T
at ~ v~ Tx_ - K1 -Kom (8)

(o]

The sorption coefficients, Ko and K, are usually orders of magnitude
greater than the decay and transfer coefficients of thc dissolved and par-
ticulate. The rate at which equilibrium is achieved between the two phases
is very rapid by contrast to the rates of transfer and decay. Thus liquid-
solid phase equilibrium is assumed to occur instantaneously. The dissolved
and particulate concentrations, ¢ and p, may therefore be expressed in

terms of cp by equation 4, substitution of which in equation (8) yields:

dch W ch Kc1 . Kslﬂml .
dt v, ~ to T 1+ m; T, T 1+%m, T,

Under steady-state conditions, the above may be expressed, after multi-

Plying through by to:

_ W/Q
Cp, = T (9)
+ _—l+ﬂm1 [K¢:1 + ﬂles!]

For those substances, whose dissolved components are not susceptible to trans-

fer/decay, such as heavy metals, equation (9) reduces to

w/Q (10)

ﬂm;
1+ K51to[l+ﬂm1]

cT] =

Note that equation (10) is identical to equation (3a) with the exception t*at
ﬂn‘;
1+%n,

the dimensionless settling parameter Ksto is multiplied by the fraction

-So_
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The bed concentration may be descridbed by constructing its mass balance,
Influx is due to the toxic substance associated with the settling solids end
the volumetric accumulation is accourted for by the sedimentation'belocity,

as in the bed solids analysis (equation 5)

dt fPlKSZCTl - fszdchz

at steady state

fvas
c = T‘.-_ c (
Tz 'pzvd T]

'_‘
La)
.

in which
the fractions dissolved and particulata

la
[}

settling velocity

<
[}

v, = sedimentation velocity

Since the bed solids Concentration m; >>> m, arg Tma s usually >>> 1,

&5 a reascnable approximation

£ “v 1 and A

P2 42
Vs Vs
= n = — = ’l \
Cp, = P2 fpl v Cr, v, P (1)

substituting for = rm
4

vS
r'a2my =2 — rim
282 vd 12

sirce viRe = Vgh1 under steady state, then
Pz = r; (15)

The above analysis does not take into account the Dossidbility of the
excharge of the dissolved component between the bed ang the water. This is
discussed in the following section, which considers solids resuspensior - _

condition more likely to enhance exchange of the dissolved component.
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m; = am, (19)

in whieh

Substitution of which in equation (17) under steady state yields

W 1 Vs Yy vd
= e — e — ¢—.-\
0 \' =1 [t H;J H; VvV + v m1
o u (]
Vs
Expressing T = Ks arnd solving for m;, after simplification, gives:
= w/Q {=n
M TTER T tée)
S} ©
in wzich
3. _d
+
vu vd

The value of « fails between 2zero and unity. The latter represents
tre case of no resuspension Vo = 0 and 8 =31, reducing (20) to (3) and “-e

former of no sedimentation vq = 0, reducing (20) o

Z = W/Q (el)

In this case the settling flux is exactly balanced ty the resuspensicn
flux, resulting in zero net change and the concentration of solids is simply
thatl of a conservative substance, as indicated by (21).

The bed concentration follows from substitution of (20) in {19):

x W/Q RN
my; = T+ 8Kz (22)

B = (23)

For lakes or reservoirs of shallow Or moderate depth (E " 10M), aoder-

ate high settling velocities (vs "~ 3M/DAY) and low resuspension velocit:es

-S¢a



(vu< 12M/YR), the B term is more than an order less

terr and (22) reduces to

iI. which

b) Toxic Substances

The equations for the toxic substance are

fashior &s in the Type I Analysis.

than the secdirertation

(2L)

developed in an identical

Each phase in the water columr:, the dis-

solved, ¢, ané the particulate, p, is analyzed separz<ely with adsorption and

desorption kinetics in addition to the input, outflow and settling terrs.

=

Turiherrore, allowance is made for the exchange of the dissolved compornent

between the water and the bed, expressed in terms of the differerce ir tre

dissolved concenirations. Addition of the two equations cancels the adi-

sorrtion-desorption terms and yields:

der, ¥y Cq,
dt Vi t
o]

ir which

=Vt T - K Pr K, P+ Kp, t€2 = c1) (25)

the subscript 1 refers to the water column and 2 to the bed

c = total concentration of toxic in the water column

T)
vS
K = ===
S) h;
VL
K s o=
uj )
K

H

g
I

E

selling coefficient (1/T)
resuspension coefficient (1/T)

dissolved exchange coefficient (1/7™)

T
K = transfer coefficient of the dissolved between vater and bed (=)

Expressing p and c as fractions of the total concentration (equation L of

the previous chapter) and combining similar terms yields:

dch _ wcT :
dt - v ~

-85 -

1
=+ f K <+ 5) "
t P11 s, fdl Kb1] cT: * [fpz Kul * rdz Kbxl cTz (26)

the bed equation is developed in a similar fashion



der,

T = [fpl Ke, * fa, Xp,) op, - [, (Ky, * Kg,) *+ Tg, K ) cq, (27)
in which

fp1.2 = particulate fraction in each segment, 1 and 2

fdl,z = dissolved fraction in each segment, 1 and 2 -

The working equations for the steady-state condition are developed in a
manner similaer to that of the solids. Under steady state conditions, the
total concentration in the bed is expressed in terms of the total concen-
tration in the water with equation (27). Substitution of (27) in (26)
Yields the water concentration as a function of the input load, W, and
the parameters of the system. Since mz >>>mi and m; >> 1, fpz ~ 1 and
f,, v 0. For this simplification, which is realistic for 7>1000, the water

d2
and bed concentrations are respectively

w/Q
c =
Ta 1+ Bf, ['rrm,xs1 + ’%,T t, (28)
f X f
cp = R S1 d'b ey (29)
T2 K., K, 1
in which
vu
B = Vu + Vd
1
fd 1+%m,
m;,
fp T 1+%m,
vS
ks = 1
K
Ky = _m
H
K, = .o
H
v
K. = 'd -
CO S

For the condition of negligible exchange of the &issolved between water

and bed (xbmo), the above equations reduce to

--s‘-



°r, = ToBf_K_ T, (30)
P1 s1 0

= 1

e, = © o, (31)

in vhich, in accordance with equation 1i

For toxics of high partition coefficient and systems of high solids (%=,

2 5), the above respectively reduce to equations (21) and (15), thne

ecuivelent solids equations.

-—sq-
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*
Saginaw Bay - Solids and PCB Model

Steady State Toxicant Model - Thcory

In ordexr to understand the interactions l_twecen s~d&-
iments, water column sclids and a given toxicant, several time
variable models have been employed. These models attempt to
incorporate the mechanisms of solids settling, sediment resus-
pensicn, net sedimentation and transfer to the deep sed:ments,
interstitial diffusion of dissolved toxicant and other decay
and transfer mechanisms. The difficulty with the more complex
interactive time variable toxicant models is that the specafa-
cation of the various parameters (e.g. resuspension velocaty
and surface sediment solids concentration) is not unique and
various combinations of the parameters, within reported ranges,
yield a samilar calibration.

Consequently, it is desirable that a procedure be
developed that utilizes available field data for calibration
ané that minimizes the number of parameters that must be
specifaied. A simplified steady state approach provides a
direction. Since the analysis framework is steady state,
guestions related to the time it would take to reach a new
equilibrium state cannot be answered. Furthermore, the taime
for the entire system of water column and sediment to reach
steady state may be long. On the other hand, as noted above,
complex time variable models sometimes tend to obscure the
prainciple mechanisms of net settling and water column-sediment

exchanges. A steady state framework, therefore, is a simplified

Robert V. Thomann and John A. Mueller
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first approximation to chemical fate that does not address issues

related to temporal questions but does provide a useful model

for estimating chemical concentrations in a simpler way.

Suspended Solids Model

Consider first the steady state model for suspended

solids in a multi-dimensional system. It is assumed that the

bed sediment that is coupled to the water column is stationary.

Figure 10 shows a definition sketch. The mass balance eguation

for the solids in segments #1, and 1s, using backward finite

differences is

where Ml and MZ

ls

l2

[ ]
P
vsl
vul

Vsdl

+ ' - -
12M1 * By (MymMy) - v o AM, 4 v AM

T VaiMie T Vea1®My g

(10)

(11)

solids concentration in water column segment 1,2

3 L = volume of water plus solids])

[MS/LW+S; w+s

solids concentration in sediment segment, 1ls

3
[Ms/Lw+s]

input solids loading [MS/T; Ms=mass of solids]

flow from segment 1 to 2 [L3/T]; A=sediment
2 w
area [L7)

bulk dispersion between 1 and 2 [Li/T]

settling velocity [L/T]
resuspension velocity [L/T]

sedimentation velocity [L/T])

A similar set of equations can be written for segments 2 and 2s.

Equatio
as: _

Mls =
wherxe al =

(12)

n (l1) can be solved for the sediment concentration
vs1

vu1+vsdl]M1 = a1M1
vsl

Vul*Vsaa . .



Substituting eq. (12) into eq. (10) and simplifying

= - M + E! M ~-M -
0 wl le 1 12 ( 2 J.) wslaml (13)

where Yoy is the net loss of solids from water column segment
#1 and is given by

v, = oSl _sdl (14)

+v
sl vul sdl

Note that eq. (13) essentially states that for a multi-
dimensional system such as Saginaw Bay, the sediment interaction
can be substituted out of the equation set and incorporated in
the net loss parameter, w . A mass balance around the sediment

sl
segment then yields

vsdlAuls = wslAMI (15)
which simply states that the solids flux into the sediment
layer from the water column is balanced by the solids flux
leaving the sediment segment due to net sedimentation. In
principle, the net ‘sedimentation velocity can be measured so
that the solids concentration in the sediment can be calculated
from eq. (15). In practice, however, the spatial variability
in the sedimentation velocity and the uncertainty in the
sediment solids concentration that interact with the water
column make it difficult to separate the two quantities. This
is a reflection of the occurrence of nepholoid layers or
"fluff" layers that are at the boundary between the water column
and the bed sediment. As a conseguence, in the absence of
detailed data on Veqy °F Hls' only the net flux to the sediment
from the water column can be estimated. This assumes, of
course, that all terms in the water column equation (13) are
known with more certainty than the sedimentation velocity or

the sediment solids.

.—-C3-



If now suspended solids data are available for the
water column then the equation set represented by eq. (13)
can be used to obtain spatially varying estimates of wsi for
any segment i. Note that the sediment segments are not in-
cluded directly in the model but are incorporated in the net -
loss term.

Preliminary estimates of Vo may be obtained from
eg. (15) or from solving eqg. (13) directly for vy with given
water column solids concentrations. These estimates, however,
may be subject to wide variations, including inconsistency in
net sedimentation as a result of small changes in water column
concentrations. The procedure finally adopted in this research
was to obtain estimates of Vei from trial and error calculations
of the water column model to calibrate to the observed suspended
solids concentrations. A single set of net loss rates is then
obtained that balances mass in the water column and sediment
but does not require specification of the settling or resus-
pension velocities.

For the case of net gain from sediment, that is a steady

state erosion zone, the water column eqguation is:

= - + ' - +
o w 912"1 1-:12 (M, Ml) Va2 ss (16)

where VB is scour velocity and Hlss is sediment solids concen-

tration available for scour.

- L - =
Let W, leul + 212 (Hz Ml) m (17)

where m[M/T] is the net production (loss) of solids.
A useful procedure for this case is then:

1) Compute m, the net mass production or loss of solids
for each segment
2) If m positive, then

m = ws1AM1 and
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3) If m negative, then

m = v AM
uB 1lsB

and if desired, ViB the net scour velocity can be

calculated.

Toxicant Model

The basic objective of the steady state toxicant model
is to obtain a modeling framework that utilizes available
field data for calibration, and eliminates the need for directly
specifying sediment-water interactions. The approach then is
not from first principles of detailed mechanisms of settling,
resuspension and interstitial diffusion, but rather from an
analysis of field data. It is assumed that laboratory data
are available for the following:

l) water column rates of degradation, photolysis,

vaporization, hydrolysis

2) sediment microbial degradation rates

3) partition coefficients at water column and sediment

solids concentrations.

The available field@ data are combined with these labora-

tory data in such a way that overall loss and transfer coefficients

are obtained.

The analysis begins from the point where the dissolved
and particulate fractions of the chemical have been assumed
an local equilibrium, and the total toxicant mass balance
equation for a given segment has been obtained. The equation

for segment 1 is then:

= - + ' - -
0 = Wpy = Q)5 ¢ * Byolen™Cqy) ~ ViR

+ v Af

+ ' '
ul plschs Elsrblsc'rls Elsfblch

Ki1,1fp2 Vi¢m
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The equation for the sediment segment, #1s is

= £ - + I 3
0 = Va1® 1% =~ Vi@ fp1sr1s * EiefpiCoy

- ' - -
Elefp1smis Vea1fp1s® Sr1s7%11,5%p1sV15%m1 s (19)

where le = input toxicant loading [MT/T]

c c . . .
ch. T2, Tls=total toxicant concentration in segments 1, 2

w+s
xll 1=overa11 loss rate of dissolved form (e.g. vaporiza-

and 1ls respectively [MT/L ]

tion, decay) [1/T]
xll s=decay of dissolved toxicant in sediment [1/T]
’

- : 3
vl'vls =volumes of segments 1 and 1s respectively [Lw+s]
=interstitial water sediment - water column diffusion

El
ls 3
- coefficient [Lw/TJ

The fraction of toxicant in the particulate form is given by

1 M

£ = —2
n
pl 1+ M (20)

and the fraction dissolved is

£ = (21)
.1 + T_M
D1 1™
. sy s .. . 3
where m, is the partition coefficient [MT/Ms s MT/Lw+s]
at ambient water column solids concentrations.
Similar expressions are used for ¢ and £ + the
pPls Dls
fraction particulate and dissolved respectively in the sedi-
ment segment, ls, that is,
n M
l1s 1s
£ =z —=2 218 (22)
n
-pls 1+ ls Mls
= [4
and fDls 1/1 + “ls Hls — r23)
where ﬂls is the partition coefficient at ambient sediment

s0lids concentrations.
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If now equations (9) and (10) are added, one obtains

an interesting result:

= - ' - - v
0= Wpy T 9y, Cpy * Ef, (epomep) *11%p1%10

£ -
Vsa1'p1sM%ms T Kyyo fpis VisSr1s

It can be noted that all of the sediment interaction
terms are eliminated through the addition of the equations.
This is a result of taking the mass balance arocund the water
column and sediment so that the only 1loss terms are those that
are net from the entire system. These net loss terms are flux
out due to transport and dispersion, decay in water column and
sediment and net sedimentation of mass out of the sediment
Segment. Of course, equation (24) still includes the sediment
total toxicant concentration.

Therefore, let

c M
= —Tls _ I ls

a

Tl ch fpls
_ r1s [MT/MSJ sed.
where I = p 3
Tl [MT + Lw+s] water
where rls is the toxicant concentration on a solids basis

in the sediment.

The variable I represents an overall Partitioning
between the solids toxicant concentration in the sediment and
the total toxicant concentration in the water column. Note

also from the solids balance discussed pPreviously

f X
R (321—) (rls)
sd1l pls 1

where r1 is the water column toxicant concentration on a solid
basis [MT/MSJ. Substituting eq. (25) 4into (24) and simplifyi-,

gives:

c [ ]
1271 12 127 Yor A%

(24)
es
(25)
(26)
(27)
s -
(28)



where lelL/T] is the net loss of toxicant and is given by

w = K £ H, + a [ )

T1 11 ‘pa My 1 Wea1fp1s * X11efp1stis

where Hl and Hls are the depths of the water column and sediment
resrertively.

Equation (28) is a mass balance on the water column
toxicant only and all sédiment interactions are embedded in

the net loss of toxicant w The estimate of this net loss

rate can be obtained from :;e water column field data and a
finite segment water quality model without sediment segments.
The procedure then is -

Py’ estimate le for each segment using a
water column model

l) From ¢

2) From le and laboratory data on decay rates in
water column and sediment, and partition coefficients, and
estimates of net sedimentation from field data and the solads

balance model, compute O from eq. (29) as

Tl

e - 1T *afp By (30)
Tl B,

where By = v a3f 16 * FiasfD1s8)s

3) Calculate the sediment toxicant concentration from

eq. (27) as

fgls vsdl
[GT1 (fpl ) (;:I—)] r, (31)

The latter calculation can be used as an additional

calibration for the model if data on r the sediment toxicant

concentration are available. Such is i:e usual case.

A very useful special case is obtained for those toxi-
cants that are highly sorbed to solids and for which sediment
decay and diffusion processes are negligible. PCBs are an
example. If then it is assumed that xlls and Eis are zero,
then it can be shown that

w = X £ . H. + (32)

71 11 Tpy By Y v
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and x = r (3

This result indicates that for PCB, if the net solids
loss to the sediment, LY can be obtained and inform{tion is
available on the partition coefficient, then the entire steady
state PCB problem can be approached through the simple eguations
(32) and (33). For the case of no net sedimentation, then

= 0
wsl and

and r = r..

These special case models for K _.=0 were applied to the

11
PCB distribution in Saginaw Bay.

Application: Saginaw Bay Solids & PCB Model

After a considerable amount of time variable modeling
on Saginaw Bay, including long-term calculations for the Great
Lakes of Cesium=-137, it was determined that the initial thrust
on Saginaw Bay could best be accomplished via the steady-state
model previously discussed that incorporates horizontal trans-
port, net solids settling and resuspension and sedimentation,
and the interaction of the solids with PCBs. Accordingly, the
5 segment Saginaw Bay model was prepared for a steady-state
computation.

Segmentation & Transport Coefficients

The segmentation was obtained from the Grosse Ile Labora-
tory of the EPA under this cooperative agreement, including segment
volumes, areas and depths. The dispersive exchange coefficients
and the flows between each of the segments and Lake Huron were
also obtained from hydrodynamic modeling conducted by the Grosse
Ile Laboratory. That work, however, concentrated on the time
variable aspects of 1977 and 1979 and, as a result, the coeffi-
cients of turbulent exchange and flow have to be modified tc
represent a long-term steady-state condition._ The temporally

averaged flows and exchange coefficients that were used in the
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steady-state computation for the five segments in the water
column are as shown in figure 11 together with the segmentation.
A chloride calibration was then performed using these
flows and bulk dispersion values. Chloride data were obtained
from STORET for the years 1974 through 1977 and all data
found in a segment were averaged for each annual period for
that segment. Loadings consisted of the Saginaw River dis-
charge and atmospheric sources (6670 kg/day), the latter values
obtained from data in IJC (1977). Saginaw River chloride
loadings for 1974 were estimated to be from 1.04 to 1.15
million kg/day according to Grosse Ile and Canale, and the
1977 discharge was 0.8 million kg/day as per Grosse Ile. For
the simulation, the 1977 value was used. Boundary conditions
were selected to be 6.3 mg/l1l for both segment 4 and 5 on the
basis of availadble STORET data nearest the open lake boundary
of the model. The comparison of calculated concentrations
of chlorides with the 1974-1977 data in figure 12 indicates
good agreement and, therefore, confirms the transport and

dispersion regime as representative of steady state conditions.

Suspended Solids Calibration .

The Saginaw River and smaller tributaries to the Bay.
sroreline erosion, atmospheric fallout and phytoplankton
x.omass are the components of solids loads used to calibrate
the solids in Saginaw Bay. Grosse Ile provided a long-term
estimate of the Saginaw River load, whereas the contributions
of other tributary drainage areas were estimated from average
flows and a long-term average suspended solids concentration
estimated for the Saginaw River. Bank erosion values were
derived from county by county erosion volumes in Monteith
and Sonzogni (1976) and proportioned to Saginaw Bay on the
basis of shoreline length. Volumes of eroded material were
converted to mass loadings by assuming a porosity of approxi-
mately 608 and a specific gravity of 2.65. To account for
immediate settling of heavier fractions, a 508 reduction was
used to ob;ain the final estimates. Atmospheric sources were
obtained from the IJC report cited previously. Phytoplanktcn

biomass was obtained from a algal model simulation performed

- 70~



by the Grosse Ile Laboratory. A summary of all segment loads
by class is contained in Table 2. .The predominance of the
Saginaw River and phytoplankton loadings is apparent.

Boundary conditions, consistent with limited §vailab1e
data, were selected primarily on the basis of trial and error.
Preliminary computations indicated that initial estimates
of approximately 2 mg/l solids at the open lake boundary were
too low since calculated solids concentrations in segments
4 and 5 were well below observed values and mass balances of
these segments indicated that the boundary fluxes dominated
these segments. Final values of 4.3 mg/l for segment 4 and
5.5 mg/1 for segment 5 were selected. The former value is
thought to be more associated with advective flow entering
the Bay from Lake Huron and the latter value more representa-
tive of observed segment 5 concentrations leaving the Bay with
the net advective flow (see net circulation, figure 1l1).

Net removal rates of the suspended solids were then
assigned to segments 2,4, and 5 where solids deposition
zones are either documented to occur (segment 2) or estimated
to occur (segments 4 and 5). No net removal rates were
assigned to segments 1 and 3 since sedimentation appeared
to be minimal there on the basis of sediment solids and PCB
data in sediment cores. Initial values of the net removal
rates were made from mass balances of each segment using ob-
served water column solids concentrations. There were then
input to the 5 segment Saginaw Bay model, using the transport
coefficients previously calibrated, and adjusted until the
calculated and observed suspended solids concentrations were
in agreement. As seen in figure 13, the calculated values
in the water column are in good agreement with the-observed
data of 1976 through 1979, when values of the net removal rate
of 12.7, 13.8 and 9.7 meters/year are used for segments 2,4 and
5 respectively. Sensitivity analyses indicate that the differences
in the net loss rates in segments 2,4 and 5 are not signifi~ant.
Equally acceptable calibrations are obtained for values betw ...
10 and 20 m/yr. for segments 2,4 and 5.



With the estimated net removal rate of solids ws
from the water column, the flux of solids into the bed is
calculated as w _AM [MS/T]. This is equal to the sedimentation

sl 1

flux which is calculated as v - Since both v and

sdlhuls sdl

Mls vary with sediment depth, no single value can be specified.

Howe* r:., from eq. (15) the relationship between vsdl and Mls

is unigue. 1f vsdl is selected, then Mls is a predetermined
value. Log-log plots of the relationships between the sedimenta-
tion rate and the bed solids concentration are included in the
bottom of figure 13. -

A considerable amount of effort was expended in
determining the sediment concentrations of solids drawing on
the work of Robbins (1980). From sediment cores located primarily
in segment 2 of the Saginaw Bay model, a selected number of
cores were examined for the sediment solids concentration at
the midpoints of a 10 cm well-mixed layer and at the mid-
points of two deeper 5 cm layers. The results are summarized
in Table 3. For the well-mixed surface sediment layer,
sediment concentrations average approximately 390,000 mg/1
for nine cores with a range of approximately 230,000 to 900,000
mg/1l. This range is shown in figure 13 for segment 2. If the
lower value of the range is used, the corresponding sedimentation
rate for the 10 cm well-mixed layer would be approximately
0.8 mm/yr., somewhat less than a previously reported value of
3 mm/yr. (Robbins, 1980).

These results indicate the utility of the simple
steady state solids balance. The water column data are known
with some accuracy and do not exhibit marked spatial gradients.
Note that the maximum spatial differences in the average water
column suspended solids is about a factor of four. In contrast,
the spatial heterogenerity of the sediment is quite marked with
regions of deposition, scour and no apparent net deposition.
Suspended solids may then vary markedly in a given segment
horizontally , but, most importantly, vertically. Boundary
layer sediment solids "fluff® layers may be available for
interaction with the surface water column at concentrations

less than sediment data from cores. Conversely, estimated net

-2 -



sedimentation velocities are often cited only for those regions
of deposition and not over an area eguivalent to a model segment
of Saginaw Bay. The calculation discussed above provides a
good estimate of the net flux to the sediment over the segment
area. The trade off between net sedimentation over the segment
area and sediment solids concentrations is shown in the lower
figures of figure 13. 1If, as noted above, the solids data from
the sediment cores are used, then the net sedimentation velocity
varies from 0.25 to 0.8 mm/yr. or almost one order of magnitude
less than the 3mm/yr. previously cited. If on the other hand,
an average net sedimentation over the entire area of segment

2 is fixed at say 3 mm/yr., then the sediment solids concentra-
tion that is consistent with that sedimentation velocity is
about 45,000 mg/l1 or one order of magnitude less than the
average sediment solids in the top 5 cm of the cores. The
results indicate, therefore, that with only the net flux of
solids to the sediment as known with some confidence, then it
is not possible to uniquely specify the net sedimentation

or boundary layer sediment solids. Additional tracers (of
which the radionuclides or PCBs are examples) would provide
additional information that could aid in specifying the net
sedimeatation and sediment solids concentrations.

A mass balance of suspended solids for the entire model
is presented in figure 14 for three flux categories: the
external and internal loads, the net flux removed from the
water column and the boundary transport. In the lower right
panel, it is seen that 2,970,000 lb/day of solids enter the
model, 40% (1,190,00 lb/day) is incorporated into the sediments,
and the remaining 60% (1,780,000 1lb/day)leaves the Bay and

enters Lake Huron.

PCB Calibration

With the horizontal transport and net loss rate of
suspended solids calibrated, analysis of the PCB concentrations
can proceed. Total PCB loadings were obtained from the Grocsr-e
ILe Laboratory for 1979, the first year for which total PCB
field data were available. As noted in Table 4, the Saginaw

River load is approximately 75% of the total load and atmospheric
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sources contribute an additional 25%. Although open lake con-
centrations are reported to be in the 1 ng/l range, the
boundary condition was selected as 10 ng/l -.the value needed
to calibrate observed data in segments 4 and 5.

Partition coefficients were selected on the basis of
obs-rved dissolved and particulate fractions and values of
10,000, 50,000 and 100,000 ug/kg per ug/l were selected for
segments 1, 2 and 3, and 4 and 5, respectively. These are
in accord with values calculated from field measurements,
as seen in Table 5. with the parti;ion coefficients selected,
the removal rates of total PCB are then calculated as the
particulate fraction of the suspended solids net settling
rate (see eg. (32) for K,,=0). For segment 2, for example,

1l

the net removal rate sz is:

[

T2 52 p2

. f = 202 _ (.05 (1.2)
where p I+ M, = 1+(.05)(11.7)

= 0.37

and then sz = (12.7)(.37)=4.7 m/yr.
Similarly, the net total PCB removal rates for segments 4 and
5 are 4.8 and 3.5 m/yr., respectively.

With the loads, boundary conditions and net removal
rates described above, together with the horizontal transport,
the steady state model is used to calculate total PCB concentra-
tions in the water column. The top panel of figure 15 shows
the agreement between calculated values and data observed in
1979. Dissolved and particulate fractions also agree well
with observed data, as noted in the next two panels of the
figure. The bottom panel displays the particulate PCB per
unit weight of solids and, again, agreement between observed
means-and calculated values is good for the water column.

In the previous theoretical section of this report,
it was shown that, for depositional areas, and areas whcre
settling and resuspension were equal, the PCB per unit weight

of solids in the water column (r;) - a reproduction of the

-4~



bottom panel of figure 15. Directly below, is a plot of the
PCB in the sediment (rls). where the solid line is the calculated
value of rls assuming rls=r1. The data are segment averaged
sediment concentrations for 1979, pProvided by the Grosse Ile
Laboratory. Agreement between calculated and observed means
is good for segments 1 and 2. It is hypothesized that segment
3 may be a net erosion zone (see suspended solids calibration,
figure 12) in which case the assumption that Tis = rl is not
appropriate.

A mass balance of total PCB is shown in figure 17 for the
Saginaw River and atmospheric loads, net settling fluxes and
boundary fluxes. As noted in the lower right panel, approximately
30% of the total PCB entering Saginaw Bay from external loads
is incorporated into the sediments of the Bay and approximately
70% is exchanged with Lake Huron.

The separate effects of the external PCB loads
(Saginaw River and atmospheric) and the boundary conditions
are illustrated in figure 18. The total PCB due to both
external loads and boundary conditions is compared with ob-
served data in the top panel of the figure, where the peak
concentration in segment 1 is seen to be approximately 24 ng/l.
Of the 24 ng/l, approximately 6 ng/l is due to the boundary
condition (center panel) and the remaining 18 ng/l1 is the
effect of the loads. Thus, complete removal of the Saginaw
River loads and maintenance of the boundary at 10 ng/l1 would
result in at least a 75% reduction in the segment 1 PCB
concentration under this new steady-state condition. Addi-
tional reduction would occur since some significant fraction
of the boundary concentration is probably caused by the loads.
Therefore, reducing the boundary concentration to lower open
Lake Huron levels would reduce the concentration in segment 1.
If, for example, the boundary decreased to a value of § ng/l,
the concentration in segment l,under the no-load situation,
would be approximately 3 ng/1l.

A mass balance of PCB for the external loads alore
(figure 19) shows that approximately 10% of the load entering

the Bay is incorporated in the sediment and 90% enters rake °
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Euron - the bulk of it from segment 5. A similar balance
for the boundary condition reveals a net source from Lake
Huron into segment 4, and a net sink into the Bay sediments
before the remaining mass returns to Lake Huron from segment

5 (figure 20).

Conclusion

A simplified procedure for estimating the concentra-
tions of PCB in the water column and sediment of a water bedy
due to external sources of PCB has been applied to Saginaw
Bay. Due to its simplicity, many ins;ghts can be gained with
respect to the factors governing the distribution of toxicant
in a natural water system, including the net pathways of the
material.

Further work is pProceeding on testing the sensitivity of
the results to the net removal rates and the impact of the PCB
boundary conditions. The PCB simulation will be redone using
1979 flow and dispersion coefficients in order that transport

and loading information would be synchronous.
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TABLE 2

ESTIMATED LONG-TERM AVERAGE SUSPENDED SOLIDS INPUTS

Tributary Bank Atmospheric Phytoplankton Total

Model loads Erosion Loads Mass Loading
Segment (l1b/day) (lb/day) (lb/day) (l1b/day) (lb/day)

1l 1,232,000* 28,200 10,100 132,200 1,402,500

2 123,900 92,600 31,400 341,600 589,500

3 34,900 63,900 15,100 143,300 257,200

4 21,900 124,100 23,700 176,300 346,000

S 43,700 50,700 24,700 251,300 370,400
Total 1,456,400 359,500 105,000 1,044,700 2,965,600

*Saginaw River 1,208,000

TABLE 3

SEDIMENT SOLIDS CONCENTRATIONS

(2)

(1)

Core Solids Concentrations (mg/l (Bulk))

at Following Depths

Station 5 em 12.5cm 17.5 cm
1A 510,000 1,350,000 1,130,000
6A 250,000 700,000 730,000

l11a 230,000 560,000 620,000
24-1 280,000 390,000 507,000
37-1 900,000 1,040,000 730,000
43-1 340,000 420,000 450,000
46-1 280,000 450,000 850,000
50-Aa 250,000 340,000 420,000
28-A 450,000 790,000 1,070,000
Mean 390,000 670,000 720,000
Std.Dev. 200,000 320,000 240,000
(l)Data from Robbins (1980)

(2)

Stations all in Saginaw Bay model segment 2.
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TABLE 4

ESTIMATED TOTAL PCB LOADING FOR 1979(1)

Tributary Atmospheriec Total
Loads Loads Loading -
Segment (l1b/day) {(l1b/day) (lb/day)
1l 1.61(2) 0.05 l1.66
2 - 0.16 0.16
3 - 0.07 0.07
4 - 0.12 0.12
5 - 0.12 0.12
Totals l.61 0.52 2.13

(1)
(2)

Saginaw River

Source: USEPA ERL Grosse Ile

TABLE 5

Total PCB PARTITION COEFFICIENTS

Partition Coefficient( Mfrom Observed

Segment Concentrations M Used in Model
Mean Approx. Range
1 10,000 700~ 30,000 10,000
2 80,000 7,000-190,000 50,000
3 60,000 20,000-160,000 50,000
4 90,000 10,000-250,000 100,000
5 280,000 10,000-920,000 100,000
(1) Aal11 values in ug/kg per ug/1
Data from Grosse Ile Laboratory (1979)
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STREAM & RIVER MODELS

A. INTRODUCTION*

This chapter of the notes describes the distribution of toxic substances
in fresh water streams & rivers. The characteristic feature of these water
bodies is the longitudinal advective motion induced by grevity due to the
slope of the natural channel or by a head differential due to a backwater
effect of a dam. 1In either case, the transport is Que primarily to the
advective component, rather than the diSpersive_component. In a steady-
state analysis of the systems, the latter can frequently be neglected without
introducing significant error. For those cases in which the dispersive
component may be significant, reference is made to the following chapter
of these notes. This section deals exclusively with streams and rivers,
in which the advective translation is the significant transport mechanism
of the wvater column.

The water flow and the various substances contained therein interact
in varying degrees with the bed, wvhich are classified in accordance with the
three general types of bed conditions, as described previously. Type I
is a stationary non-interacting bed receiving settling solids, with no
resuspension. Type II treats a mixed bed with a net zero horizontal motion,
but which is interacting with the water column. The shear produced by
the flowing water causes mixing and resuspension of the interfacial bed
layer, but is insufficient to induce bed motion. Type III covers the
case in which the shear is of sufficient magnitude to induce both scour
and bed transport. The following sections of this chapter cover Types I &
II and Type III is dealt with in the estuary chapter.

®Donald J. O'Connor



B. LONGITUDINAL ANALYSIS*

The advective transport component, which is simply the flow velocity
in fresh water streams and rivers, is common to the various types of analysis
described above. Consequently, the discussion is first focused on this aspect,
which is best considered in light of the concentration of a dissolved tracer,
such as total dissolved solids or chlorides. The source of ions, such as
these, is invariadbly the ground water inflow and possibly the waste-water
input, itself, which in addition to containing the toxic substance also

may have an appreciable concentration of dissolved solids.

1. TRANSPORT

Consider. the case of an upstream tributary, in which the ground
water inflow is an appreciable fraction of the river flow. An inflow of
this nature produces a spatially increasing flow in the downstream direction.
Consider further a variable cross sectional area, which in general also
increases in the downstream direction. The mass balance takes into account
inflow, ground water input and outflow. Assuming lateral homogeneity of con-
centration, the balance is taken about an elemental volume of cross sectional
area A(x) and length Ax. The basic differential equation for the dissolved

solids is

oQ 9Q
ds _ 9 g s
Agg=ax (@) + 5, 35+ s, 5 (1)
in which

s = concentration of a dissolved tracer

Q = flow
and the subscripts g and s refer to the ground water and surface runoff
components, respectively.

Under steady state low flow conditions, the surface runoff is zero
and the above equation, after expanding the first term on the right-hand

side, reduces to:

s
ds _ s dQ g 4Q _
x-qax g oo - 9 [s,-s] (2)
in which
q = % %% = exponential flow increment

The subscript is dropped from the flow since the only source of flow is

the ground water. The solution is

*Donald J. O'Connor
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s = ss[l - "), soe'qx (3)

in which

W = mass input of dissolved solids at x = o
Q= Tflow at x = o

Depending on the relative magnitudes of the ground water concentration
and the concentration due to the waste input, the spatial distribution of

dissolved solids increases or decreases to an equilibrium value, ss.



2. TYPE I ANALYSIS - STATIONARY NON-INTERACTIVE BED
The condition of a stationary, non-interactive bed occurs under
low flow conditions in streams and rivers. The vertical mixing of the
flowing water is sufficiently low tc permit the settling of the suspended
solids and to preclude motion and scour of the bed material. It is recog-
nized that some fraction of the solids is probably maintained in suspension -
e.g. the smaller clay sizes and/or the flocculent organic particles of low
specific gravity. However the majority of the solids are susceptible to
settling and accumulation in the bed.
a. Suspended Solids
As in the case of the dissolved solids, discussed above, consider an
upstream tributary in which the ground water inflow is the source of water
for the stream flow. However, in this instance, the concentration of suspended
s50lids in the ground water is negligible. The basic differential equation,

allowing for settling is therefore,

.22 (@) -k (&)
in which

m = concentration of suspended solids

K = settling coefficient = 's

H
V.= settling velocity
H = average depth of the stream
Expanding the first term on the right hand side of the above equation and

simplifying, the steady state form is

dm (Ks )

-~ *dm (5)
in which

U = velocity = %

exponential flow increment =

q

D+
91&
%lo

the solution 1is

K
m=m_ e '(ﬁ_ *+ a)x

-93 -



in which

m, = boundary concentration at x = o.

It is assumed that the incremental flow is balanced by the increasing area
resulting in a constant velocity, U. The boundary concentration may be due
to the input of suspended solids from a point source - e.g. a treatment plant
or tributary - or to an input from the upstream river segment of different
hydraulic characteristics. The concentration approaches zero for large x.

In the subsequent development the effect of incremental flow due to
ground water is not included. It may be readily introduced in the final
vorking equations as an additional exponent as shown in the above equation.
An example of this effect is discussed subsequently.

b. Toxic Substances

The equation for toxic substance are developed in a similiar
fashion, using the mass balance principle. The dissolved component includes
the transport with adsorption - desorption interaction with the particulate
and allowvance is made for & reaction or transfer effect. In this case, assume
the transfer term is an evaporation loss:

de
0=-1U - Ko mc + K2p - Kac (1)

in which

Ka = evaporation coefficient

The particulate form is described in a similiar fashion with a settling term

=_'EE - -
0 Ugx *Kmec-Kp-Kp (8)
Addition of these equations yields
dcT
0=-U'EJ(—-KaC-Ksp (9)
Substitution of the dissolved and particulate fractions for ¢ and p gives
de
0=.U""T
T - Cp (K, + prs] (10)
in which
T =—l
d 1+iIm
_ Im
rp T 1+

Assuming the river stretch is segmented such that each element may be

approximated by a constant concentration of suspended solids; the solution

..(“...



of the above is straightforward.

x
 Cp = Cp e'[fdxa * prs];- (11)

in which

Wy

C, = =—

T Q

L M
]

mass discharge of total toxic (%)

L3
river flow (ErJ

O
n

Knowing the total concentration, the dissolved and particulate may be readily

determined from the fd and fp equations.

If the effect of incremental flow is significant, the above equation

is written in the following form:

-1 (12)
_ ~[(£.X + £ K )™ + qlx
CT = CTo e d a P s
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3. Type II Analysis - Mixed-Interactive Bed

Thi; case describes a bed which is receiving solids due to the settling
flux from the water column and returning solids by resuspension. The toxic
substance in particulate form is transported by similar routes. The water
column concentration is designated by subscript 1 and the bed by subscript 2.
The analysis of each is discussed separately.

a) Suspended Solids

The basic equation for the solids is similar to that previously de-
veloped and in addition, includes a source term due to resuspension. The
steady-state equation is:

‘dm

1
0=-Ugx - Kam * Ko, . (13)
in which
Yu

K . = resuspension coefficient = —

ul Hl
m, = concentration of solids in the bed

Vo T resuspension velocity

The solution of this equation is:

X X
= = x

K .m =K u -
ul 2 [1-e sl ]+ moe.xslu (14)

m =
1 Ksl

If the ground vater flow is significant, the above is expressed as

fu1” (= + @) (L4 o) (15)
m = 2= E (1L -e™' U q x] +me * U a
1 o
K_,*+aU

The first term describes the build-up to spatial equilibrium of solids and
the second term the decay by settling of the boundary solids. The spatial

equilibrium concentration is

Be1 = Ku1m2 vum2

Ksl vs

The spatial distribution of solids will either build-up or decrease to the

equilibrium values depending on the relative magnitudes of m, and m,.

The equation for the concentration of the solids in the bed includes a

sedimentation term. Under steady-state:
0= Kgom - Kpomp 2 Kyom, (16)
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in which
in whi v

K., = sedimentation coefficient = —%
a2 H2
H2 = depth of the bed.

It is apparent that the sedimentation term, which reflects the thickness of
the bed, may be either positive or negative, depending on the magnitudes of
the settling and resuspension terms. Thus, the bed increases or decreases
along the length of the river in accordance with the decrease or increase in
the spatial distribution of suspended solids. At spatial equilibrium the
bed thickness is constant and the equilibrium concentrations in water
and bed are maintained in accordance with the above equation defining m -

b) Toxic Substances

The basic equation for the toxic substance follows from the above
considerations. The dissolved component is identical to that for the

Type I analysis:

dcl
0= - U3 - Kmyey

in which, as in the previous case, allowance is made for a decay or transfer.

+ K;p - K¢ (17)

1l

A volatilization transfer is assumed in the above.

The particulate component has an additional term due to the resuspension

effect:
dpl
0= - U=+ K;y¢ey - Kopy - Kby + K0Py (18)

Addition of the dissolved and particulate components yields the equation for
the total concentration.

dc
T
0= -Ugx - K100 - K;yp) + K0P, (19)

Substitution of the dissolved and particulate fractions for ¢ and P are re-

placing Py, = I m,.
dcT
0= -Ugg-=cp. *+K,rm (20)
in which « = f K + f K
da P s

For the condition of spatial equilibrium of solids for which m =m,
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K . m, = Kslmel’ the solution is:

ul 2
Kslr2me1 X .3
CT = —_— [l - e u] + cToe u (21)

Simplification of the first term yields

K .r.m r.m
1" 2%l 2 el
s . el _ e (22)
f + 7 L
P d v

o

in which KL = evaporation transfer coefficient = KaHl (L/T)
_ . . - - L
Vs = settling velocity of solids = KslHI ( /T)

For the case of spatially varying solids, the above equation may be used as
&n approximation by segmenting the system into a number of elements, such
that the solids are épproximately uniform in each, dbut varying from one to
the other in accordance with the solids equation,

If the ground water flow is significant, the appropriate equation is

K .rm « a
ep=tEel Gt x, epoe~ T ¢ W) (23)

It is to be noted that a direct simple analytical solution results for
the condition of spatial equilibrium of the solids. For the case of
spatially varying solids, however, the differential egquation is

dc K. +K. ¢ (x)
_ T al sl
0= -Ugqy - [ $ o) op * Kyrom o (2k)
'Kslx
in which ¢ (x) = ﬂmel(l - =)

distribution of toxic chemical, in which the nécessary solids concentrations
both in the bed and water column are inputs to each segment of the system.
The solids equations are solved for the appropriate concentrations, whieh

are introduced into the toxic distribution,

—qx-



' _Application to PCBs in the Hudson River

INTRODUCTION AND GENERAL PROBLEM FRAMEWORK

The focus of this review is the description of the distribution and
fate of polychlorinated biphenyls (PCBs) in the Hudson River and Estuary
using a simplified model of the physical-chemical system. (An analysis of
the fate of PCBs in the food chain is given in Chapter 10 of the Notes).

A settlement between the New York State Department of Environmental Conser-
vation (NYSDEC) and the General Electric Company (GE) concerning the con-
tarination of the Hudson River by PCBs discharged by GE's facilities at
Fort Edward, New York, called for an overall study of the Hudson. A more
complete treatment of the model discussed here is given in (1). This model
treats the entire river estuarine and harbor regions of the Hudson system
in a simplified manner and does not address the details of estuarine sedi-
ment iransport and exchange. The model is intended to provide some guidance
on the order of magnitude response that may be anticipated under different
environmental controls. Considerabile research in this area is continuing
and the results of that research may influence the conclusions drawn herein,

Figure 1 is a schematic of the Hudson River vhich indicates the mile
points (MP) of key locations and also shows the divisions of the Hudson into
reaches for the physical transport analysis and reaches for the biological
analysis. From the Federal Dam at Troy to the Ocean, the Lower Hudson is
tidal and depending on the average freshwater flow, the end of the salt
water intrusion oscillates approximately between the Tappan Zee Bridge
(MP 25) and Poughkeepsie (MP 75) and under severe drought conditions, it may
reach as far north as MP 80. The long term monthly average discharge and
the 197¢ monthly average discharge from the Upper Hudson to the Lower Hudson
are 13,270 cfs and 22,100 cfs respectively,

ANALYSIS OF WATER COLUMN AND SEDIMENT PCB DATA

The principle of the conservation of mass permits a first approximation
to describing the spatial distribution of the various components of PCBs.

The following assumptions are made: a) the mass of PCB in the food chain

Robert V. Thomann
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is small relative to that in the water column; b) a local equilibrium pre-
vails between the particulate and dissolved phases of the PCBs; c¢) the ad-
sorption phenomena is linear; d) the river system is in temporal st;ady
state (although longer term trends may be present); and e) losses from the
water column are principally through sedimentation, although some evalua-
tions of losses due to evaporation and biodegradation has been made.(l)
The general equation for the total PCR concentration, cT(ug/l) in a dimen-

sional system can be written as:

udcT d CT Im Ka+Kn+Kd
ax -~ F - [Tomm X * —m) o = [Vgg*Wp,*Vop) (1)

where x is distance downstream, u is the river or estuary velocity (cm/sec),

E is the tidal dispersion (m2/day), m is the mass of suspended solids (mg/l),

"a" is a partition coefficient between the particulate and dissolved phases

(ug/g * uwg/l), Kg» Koo K, K4 are coefficients [day_l] representing sedimen-
tation, evaporation, photooxidation, and biodegradation, respectively; and

Wrps Wp, @nd W are total input loads (kg/l-day) of PCB from bottom sed:-
ment interactions, atmospheric sources and other external sources, respec-
tively. For the Upper Hudson area, wTA can be assumed close to zero and

wTB can be given from the resuspended bed sediment load as WHBgs Ty wSs
4
where Ty is the concentration of PCBs in the resuspended sediment (ug PCB/g
kg sediment)
liter-day
A mass balance on the suspended solids is therefore also required and is

sediment, a measurable quantity) and W.. is the sediment input (

given by
udm d2m
Ix_ - E—5+Km-= ws* (2)
dxf_ ~ -

With m from (2) and estimates of the coefficients for (1), ¢qp can be calcu-
lated. Since the total concentration is the sum of the particulate and

dissolved, the dissolved concentration, ¢ps can be calculated from:

i c = cT/(1+ﬂm) (3)
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The concentration then provides an estimate of the dissolved form of FCB
which may be available for uptake and bioconcentration by the aquatic food
chain. The approach to analyzing the PCB column data was to first fit the
suspended solids data using Equation (2) which provides an estimate of K

and w (but not uniquely). Then using field data of rB and the determJn;d
d1str1but10n of m and K., the PCB data are calibrated using Equation (1).

In using this latter equation, a knowledge of the partition coefficient %

is needed. The limited available data for the Upper Hudson River show a
large variation from 20-500 yug/g per ug/l. Dexter2 in his work examined

the partitioning of PCB in the two phases and reported values from 13-75 ug/e
per ug/l. A value of 100 ug/g per ug/l was closen for this work. The reaches
for the physical analysis of PCBs are shown in Figure 1.

For the Upper Hudson (north of Federal Dam), the model was applied to
PCB surveys of March 18 and March 29-31, 1976. The resulting profiles and
the survey data are shown in Figure 2 and as shown, the agreement between
the observed data and the calculation is good. However, background and
tributary PCBs had to be assigned based on rather meager date.

Figure 3 shows the calculation profile for the entire length of the
Hudson to the Battery. 1In the lower Hudson, data on total PCBs were
available only for the reach for MP 65 - MP 90. In the top graph of Fig-
ure 3 are shown two profiles resulting from different assumptions on
bottom PCB concentration as shown in the bottom graph. The dashed line
therefore in the water column PCB calculation corresponds to an assump-
tion of 1 ug PCB/g sediment for the lower Hudson. It is estimated based
on Figure 3 that the total PCB concentration from MP O to MP 110 ranges
from 0.1 - 0.5 ug/l. The average dissolved PCB concentration (not meas—

ured) is estimated at about 0.1 pg/1 (100 ng/l).

ANALYSIS OF DREDGING OF UPSTREAM SEDIMENTS

Various schemes have been suggested for reducing the effect of the
upsiream PCB sediments, including the removal of the contaminated sedi-
ment by dredging. Therefore, two dredging alternatives were considered
and their impacts on the water column PCB were calculated.

Under the first alternative, only the Thompson Island pool at Fort



Edward is dredged to a bottom sediment PCB concentration of 1 ug/g. Under
the second dredging alternative all pools of the Upper Hudson are dredged
to a bottom sediment PCB concentration of 1 ug/g. )

Tigure YA shows the results of the calculation under Lhe two dredging
alternatives and assuming that the bed sediment PCB concentration remains
the same as at present. The average PCB concentration for the Upper Hudson
is calculated to be appreciably reduced from approximate present levels of
0.5 ug/1 to 0.28 ug/l and 0.1k Hg/l under the two alternatives. This repre-
sents an approximate 20% and 70% reduction of level from the Upper Hudson
to the Lower Hudson. These results assume no change in the estuary PCB
sediment concentration. However, at the mean annual Tflow, the estuarine
sediment PCBs are the primary source of estuarine water column PCBs. There-
fore, if the contaminated sediment of the Upper Hudson were not partially or
totally removed or inactivated, such sediment would continue to add to the
contamination of estuarine sediments via the naturally occurring sediment
discharged over the Troy Dam.

Recognizing this indirect effect and an approximate range of 20-70%
reduction in load at Troy depending on the degree of dredging, it has been
assumed that the bed sediment-bed load input may drop by 50%. The results
ol the calculation under this assumption are shown in Figure 4B. In this
case the calculated total PCB concentration is almost halved and in the
biologically active region, the average dissolved PCB concentration is esti-

mated at 0.05 ug/1l.

THE NO-ACTION ALTERNATIVE - UPPER HUDSON

If no action were taken, some notion of the time span required for the
reduction of the PCB load to the estuary from the Upper Hudson may be gained
by means of a mass balance. The mass balance is considered around the water
column of the Upper Hudson for the March 18, 1976 survey, as shown in Fig.
>A. From the inputs to the calculated profile the load to the Upper Hudson
due to the upstream conditions is § 1b/day, due to the tributaries 2 1bv/day,
and at the flow of 12,700 cfs the load to the Estuary is 17 lb/day. This

causes a net loss of 10 1b PCB/day from the bottom sediment. From a similar
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mass balance at 48,700 cfs from the calculated profiles, for the March 29-31,
1976 profile, there is a net loss of 225 1b PCB/day from the bottom sediment.
Using these net losses at the given flows (Fig. 6) and the long term monthly
hyédrograph, an approximate average daily net bottom PCBR loss can be computed
for the typical year. Following this procedure the approximate daily net
bottom PCB loss is 15 1b/day on a yearly average. Then, for the estimated
L50,000 1b of PCB in the entire volume of sediments of the upper Hudson, it
would take at least several decades for these sediments to be "flushed out".
This assumes the entire sediment volume would be flushed out. If only a
fraction of the mass were "available" for scouring, then the response time
would be reduced accordingly. In addition, other effects such as evapora-
tive losses and biodegradation may reduce this time.

Evaporative losses can be computed by assuming that (1) the soluble com-
ponent only will be depleted by means of gas transfer process and (2) that
the PCB in the air is negligible when compared to the soluble component.
Assuming that this gas transfer is liquid film controlled, the evaporative

loss will be:

N = KLAC
where
N = evaporative loss in (M/T)
K, = liquid film coefficient in (L/T)
¢ = The dissolved PCB concentration in (M/L3)
A = The surface area through which the transfer occurs (L2)

the liquid-film coefficient was taken as 0.07 m/h, and the dissolved compo-
nent for the March 18, 1976 survey is 0.2 upg/l averaged over the entire
Upper Hudson. With this parameter, the evaporative loss is estimated at

15 1b/day.

If biodegradation is included at an assumed rate of Kd = .25 (day)'l,
then there is an additional loss of 5 1lb/day. It is also assumed in these
calculations that the biodegradation process depletes only the dissolved
componeni, but this is not known. A biodegradation process depleting the

particulate component could also be postulated with, perhaps, different
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rate. Thus if these processes for the dissolved component are included in
the mass balance, the total net bottom loss is increased to 30 1b/day (Fig.
5B). Since these additional losses are depleting the dissolved component,
it is of interest to consider the dissolved input. Assuming that the
interstitial water is saturated with PCB, then the soluble input can balance
approximately 40% of the PCB loss due to evaporation and biodegradation,
Fig. 5C. The response time to "flush out" the Upper Hudson sed:ments is
therefore reduced by a factor of about 2 when evaporative and biodegrada-
tion losses are included. Sediment burial and subsequent interstitial di<-
fusion rates may also markedly reduce the time to flush out the Upper Hud;on.
Such a calculation would require a detailed model of the bed sediment PCBR

and interactors with the overlying water.
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SCHEMATIC OF THE HUDSON RIVER AND SEGMENTATION
USED IN PCB ANALYSIS (BIOLOGICAL AND PHYSICAL))
-106-




~Lotl-

TOTAL PCB AND SUSPENDED SOLIDS CALCULATED PROFILES.
(UPPER HUDSON RIVER)
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TOTAL PCB CALCULATED PROFILE AND BOTTOM PCB DISTRIBUTION
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EFFECT OF REMEDIAL ACTION .
ON PRESENT AND POSSIBLE FUTURE ESTUARINE CONDITIONS '
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