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ABSTRACT

The primary purpose of this research project is to develop the equations
for modeling of toxic substances in estuaries and to demonstrate the applica-
tion of these equations to present and anticipated problem areas. The
present structure of the model is two-dimensional (longitudinal-vertical)
interacting with lateral embayments which may operate in a steady-state or
time-variable mode. The water column is segmented into two vertical layers
to incorporate the typical estuarine circulation interacting with a bed which
is also segmented into two layers - an active interfacial region and a deeper
stationary bed. Adsorption-desorption kinetics are included which, in the
case of the Kepone distribution of the James River, are assumed to be at
equilibrium. Both steady-state, as well as time-variable, conditions were
analyzed to calibrate the model to reproduce presently observed concentra-
tions of Kepone., Sensitivity analyses and projections were conducted to
estimate the time required to veduce the present level of contamination.

In order to provide the necessary background for the development of the
model, the various factors which affect the kinetic interactions of sorptiomn
and which affect the distributions of the suspended and bed solids are dis-
cussed in the introductory sections., This is followed by the development of
a one~dimensional analysis, similar to the clagsical estuarine water quality
equations in present use. This type of analysis may be used for preliminary
assessment of a problem. An example of its application to the James River
is included.

A procedure of analysis to address the problem of organic chemicals in
estuaries has been structured. The procedure involves a series of analyti-
cal and computational steps, relating to the fluid transport, the solids
distribution and the concentrations of the organic chemical in the water and
the bed. Each step involves the determination or assigmment of the appro-
priate transport,. transfer and/or reaction coefficients to analyze a particu-
lar constituent of the system. Equally important, each step provides the
input for the computation of the next element, for which an additional coef-
ficient is required. The analysis proceeds in a sequence of increasing com-—
plexity, each element yielding a calibration or validation of an essential
constituent, The final output is the temporal or spatial distribution of
the organic chemical.

Specific recommendations are presented relating to further calibration
and validation of these models in other estuaries. Particular attention
should be directed to an assessment of the inputs, characterization of bed
conditions and evaluation of kinetic interactions. It is planned to incor-
porate these factors in ongoing research.
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SECTION 1

INTRODUCTION

OVERVIEW AND PURPOSE

Toxic substances are present in varying degrees in all phases of the
environment - air, water and land. They are transferred between and among
these media, undergo transformation within each and accumulate in viable and
non-viable constituents. The magnitude and significance of the problem has
become increasingly evident, particularly in the accumulation of toxic sub-
stances 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 classically addressed.
This concern led to the formulation of the Toxic Substances Control Act, en-
acted 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 organi-
zations.

A total ban on all organic chemicals is neither desirable nor practi-
cal. 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 materials, more specifically the benefits
derived from their use, continuously increases. A balance must therefore be
sought between the extreme positions - complete ban and no control. Such a
balance leads to the use of certain chemicals, which may be safely assimi-
lated 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 environ-
mental concentrations.

Quantitative methods of assessment are mathematical equations, derived
from basic principles which define the spatial and temperal distributions of
organic chemicals in natural water systems. The development of such models
with specific emphasis on estuarine systems is the overall purpose of the
research project to which this report is addressed. The original objective
of this project was to quantify the inter-relationships among the various
physical, chemical and biological variables which affect the fate of pollu-
tants in estuarine systems. The initial schedule envisioned an effort which
included a structuring of a two-dimensional estuarine model with subsequent
application to an appropriate East or Gulf Coast estuary. The initial
emphasis was to be on phytoplankton population dynamics with later parallel
efforts directed towards the development of basic equations for modeling the
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fate of hazardous materials in estuaries. Early in the project period, it
became clear, however, that a redirection of effort was necessary in order

to be responsive to the Agency's concern over the contamination of the waters
and sediment of the James River Estuary with the pesticide Kepone. Thus,
development and application was solely directed to the James and the focus

of the project was shifted from analysis of estuarine phytoplankton dynamics
to the development of a model to define the spatial and temporal distribution
of organic chemicals in estuarine systems with a specific focus on Kepone in
the James River Estuary.

The initial phase of the project was directed to a review of the basic
factors which affect the transport, transfer and reacticns of organic chemi-
cals in natural systems, which is summarized in this introductory sectionm.
This section lays out the basic principles involved, presents a general
classification of analyses and model types, and details the basic elements
of the estuarine model developed under this project.

One of the most distinguishing characteristics of toxic substances is
the partitioning between the dissolved 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 all the interactive simultane-
ous equations, defining the concentration of the components in the water
column. Furthermore, for those water systems which interact with the bed,
additional sets of equations are developed to account for distribution in
the benthal layer and its effect on water column concentrations. Given these
concentratjons, the dissolved and the particulate in the water column and in
the bed, the distribution through the food chain is then considered.

The purposes of the modeling framework are twofold: the first relates
to an evaluation of the distribution of proposed or existing chemicals
which, in turn, may provide the basis for 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-term
release of a toxic, such as an accidental spill or a storm overflow dis-
charge. An equally important application in this regard is directed to the
time required to build up to the steady and perhaps more significant the
time required to cleanse a system from existing contamination. Both the
time-variable and steady-state analysis are necessary elements of a general
methodology to assess the potential impact of proposed chemicals, which may
be introduced into the environment.

Field surveys undoubtedly provide much insight into the analysis of the
problem, but this approach is evidently limited in broad applicatiomn, par-
ticularly with respect to the analysis of the more important question of
assessment of proposed chemicals. In addition, the costliness and time fac-—
tor of field surveys impose further disadvantages. Theoretical analysis, in
conjunction with controlled laboratory experiments, is the preferred
approach, The emphasis in the project was therefore directed to a review of
the basic knowledge of the various phenomena and of the application of lab-
oratory data to the analysis. This approach, which is less costly and time-
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consuming, lends itself to greater understanding of the problem and broader
application to a variety of similar problems. Ultimately, however, the
equations developed in this fashion may only be fully validated- and tested
by prototype data. Case histories and data on presently affected water sys-
tems should be fully documented and utilized for this purpose.

The various phenomena, which affect the transport, transformation and
accumulation of organic chemicals and heavy metals in the various phases of
the aquatic environment, are addressed. Taken into account is the exchange
of these materials between the water and the other phases of the enviromment,
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 dis-
tribution of substances which are natural components of biochemical and eco-
logical cycles - oxygen, nutrients, minerals, dissolved and suspended solids
and the basic elements of the food chain - bacteria and phytoplankton. While
these constituents influence water quality and man's use of water, they do
not have the potentially profound effect of toxic substances, which may im-
pact directly the health and well-being of man. The basis of the determina-
tion of the hazardous assessment lies in ocur ability to define the distribu-
tion of these substances in the aquatic environment. While recognizing
distinction between the effects and fate, it i1s important to appreciate their
interrelationship in that any reliable hazard assessment is based fundamen-
tally on a realistic and valid definition of the fate of toxic substances.

In order to provide a perspective of the overall approach, the basic concepts
which are employed in the analysis are f£irst presented.

BASIC PRINCIPLES

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 are shown diagrammatically in Figure 1-1,

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,
as presented in Figure 1-1. The general expression for the mass balance
equation about a specified volume, V, is:

v ;:—i; 3+ IR 4 IT 4R (1-1)
in which
;= 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 (1-1) 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 reac-
tion (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, zoo-
plankton, 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
compartments 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 atmosphere, adsorption to and desorption from the suspended and bed
solids and the settling and scour of these solids. The chemical factors
transform the substance by processes such as photo-oxidation, hydrolysis and
oxidation reduction reactions. The biological phenomena affect both trans-
ference and transformation: the latter primarily by microorganisms which
may metabolize 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.

General Equations for Various Components

Consider the concentration, ¢, 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:

(1-2)

. = r.m,
pl 11

]

. : . 3
particulate concentration in i compartment M/L

; = mass of chemical/unit of interacting mass M/M

: : ) . 3
m, = concentration of the interacting species M/L

The mass balance equation for the particulate component, similar to equation
(1-1), is then:

dpi

VEE_ =J+ IR+ IT + IW (1-3)



In view of equation (1-2), the left hand side of equation (1-2) may be ex-
pressed as:

dpi dml . drl
1 d T ™1 de

dt

from which it is apparent 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 (1-2) is more generally expressed as a summation of the indi-
vidual components of the interacting substances:

p. = L r.m, (1-4)

The specific conditiens for which the analysis is performed frequently
permit simplifying assumptions to be made. In laboratory batch reactors and
in certain prototype situations, the rate of change of the interacting
species may be gro - 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, in-
stead of three.

Dynamic Equilibrium

As may be evident from the above discussion, one of the essential prop-
erties of the analysis of this water quality problem is the interaction be-
tween 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 reactor in which the mixing is of
sufficient magnitude to maintain a uniform concentration throughout the vol-

ume of fluid. Assume the concentration of absorbing solids, m (M/LB) is

. 3 .
constant. Let c and p be the concentrations (M/L”) of the dissolved and
particulate components. If there is neither transfer nor decay of the chemi-
cal, the total concentration, oo remains constant in time and is équal to

the sum of the dissolved and particulate;
ep=ctp (1-5)

The latter is related to the concentration of suspended solids, m, as shown
by equation (1-2):

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
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coefficient:

= 2.

= me (1-6)

e B Lo}

or fm = B
c

v

Equation (1-6) is the linear porticn of the Langmuir isotherm. Although not
always 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 equatiomns (1-5) and (1-6), the
total concentration may be expressed as:

ol + fm) = p(1 + %E) (1-7)

The product, Ym, is a convenient dimensionless parameter, characteristic of
a 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 (1-7).

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 (1-7) may be more generally
expressed:

er = e[l + Zﬂimi] (1-8)

The distribution may thus be categorized in accordance with the adsorbing
solids (organics, clays, silts and sands) or the accumulating biomass (phyto-
plankton, zooplankton, fish and macrophytes). Since the total biomass mass
in most natural water systems is usually an order of magnitude less than that
of the non-viable solids, the equations defining each category may be de-
coupled and the former may be solved independently. Under those conditions
in which it may be significant, it may he readily incorporated as shown in
the above equatiom.

CLASSIFICATION OF ANALYSES AND MODELS

Equation (1-1) is the most general expression to define the distribu-
tion 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 above, the distribution be-
tween the dissolved and particulate components of the toxic material and the
kinetic interactions are the essential factors, which are common to all types
of models. What distinguishes the various models are the transport compo-—
nents of a specific water system and the characteristics of the bed, with
which it interacts. Thus, the basis of the classification lies, to some
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degree, in the transport regimes of the general types of water systems -
lakes, streams and estuaries, but more significantly rests on the transport
characteristics of the bed itself, and the magnitude of the water-bed inter-
action. The kinetic and transfer routes are common to all types. Each of
these factors are discussed in this sectlon, concluding with the proposed
classification.

s Kinetie and Transfer Routes

The components and their interactions are shown diagrammatically in
Figure 1-2. 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-—
form routes are negligible but the settling-resuspension transfers are
potentially important for any substance, regardless of its other character-
istics. These are the characteristics of the system and the substance which
essentially determine the complexity of the analysis.

2. Transport 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 - streams,
estuaries, lakes and coastal waters - are usually characterized by a predomi-
nating component, in one or more dimensions. The transport in streams may
be frequently approximated by a one-dimensional longitudinal analysis (B},
in lakes by one or two dimensions (A), in which the vertical is the major
component and in estuaries by a two-dimensional scheme (C) (longitudinal and
vertical). A gspatially uniform condition (completely mixed) is type D whose
transport coefficient is the detention time. (Figure 1-3).

3. Bed Conditions

The bed conditiens, which are relevant to the analysis are shown in
Figure 1-4, They may be classified as inactive or stationary, and active or
mixed. The latter may be further subdivided: without and with horizontal
transport. A further characteristic of bed conditions relates to the pheno-
menon 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 may settle or scour depending on
the magnitude of the velocity and shear associated with the flow. Bed con-
ditions in these systems are therefore subject to seasonal and daily varia-
tions, while the beds of estuaries and lakes which are also subject to such
variations, tend to accumulate material over long time scales. The increase
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in bed depth and concentration is expressed in terms of a sedimentation velo-
city, measured in terms of months or years, by contrast to the settling velo-
city of the various solids in suspension, measured in terms of hours or days.

4, Classification of Models

The classification, suggested herein, is essentially based on the types
of bed conditions, in conjunction with ome of the three types of fluid tranms-
port ‘shown in Figure 1-3. The three general types are enumerated in a pro-
gressive 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 conjunction with the kinetic interactions
shown in Figure 1-2.

TYPE I - STATIONARY BED

A stationary bed is basically characterized by zero to negligible hori-
zontal motion., This condition is most commonly encountered in lakes and
reservoirs of relatively great depth, with minimal winds. It also cccurs in
freshwater streams under low flow conditions and in marine systems with
little tidal mixing. It may therefore be associated with any one of the
three transport systems discussed above.

The essential characteristic of this type of system is a relatively low
degree of vertical mixing in the fluid. The hydrodynamic enviromment is one
which permits the gravitational force to predominate and suspended particles
of density greater than that of water to settle. The accumulation of this
material in the bed causes an increase in the thickness of the benthal layer,
the rate of increase heing 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

This conditdion, which is probably more common, is characterized by some
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, associated
with horizontal or vertical velocities and gradients or bioturbation, attrib-
utable to the activity of benthal organisms. It exists, therefore, in lakes
where the wind effects extend to the hottom and in streams and rivers under
moderate flow conditions.

In each of these cases, the shear exerted on the bed 1s 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 conditilon may also
be associated with any of the three fluid transport types, but is more usu-
ally associated with type B and in the littoral zone of lakes, where the
water depths are sufficiently shallow to permit wind effects to be trans-—
mitted to the bed.



TYPE III - BED TRANSPORT

This bed condition possesses both mixing and advective 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 complex
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 assoclated only with types B and C fluid
transport system. The direction of horizontal motion of the bed is in ac-
cordance with velocity vector of the fluid in contact with the bed surface.
In freshwater streams and rivers, the bed transport is downstream in the dir-
ection of flow, while in estuaries, the net bed transpert is upstream in the
saline zone due to the tidally averaged motion as shown in Figure 1-3.

BASIC ELEMENTS OF ESTUARINE MODELS

In accordance with equation (1-1), the primary components of the mass
balance equations are the transport, 'the transfer and the relevant reactilons.
Reference is made to Figure 1-2 which describes schematically the reaction
and transfer routes, which take place in the water and the bed. It is evi~
dent from the discussion of estuarine transport that the fluid motion may be
envisioned as a two-layer flow system, the upper layer seaward and the lower
landward with a vertical flow tc maintain continuity. In addition, turbulent
exchange occurs between the two layers. These transport and transfer routes
are shown diagrammatically in Figure 1-5, for the fluid, the solids and the
two components of the chemical, the dissolved and the particulate. For the
solids, the additional terms representing settling and scour are shown. Also
represented are transport and transfer elements in the bed. Due to the
nature of the water-bed exchange, allowance is made for the motion induced in
the layer in contact with the landward moving fluid. This motion is re-
stricted to a few centimeters of the upper layers of the bed, which is dis-
sipated at greater depths. Thus a lower stationary bed region is incorpor-
ated in the model, into which the particulate components of the chemical is
introduced by sedimentation and the dissolved components hy diffusion.

.

The basic elements of an organic chemical model in an estuarine envir-
onment are thus represented in Figures 1-2 and 1-5, the former indicating the
kinetic and transfer routes and the latter the transport and transfer routes.
These patterns describe most completely the overall distribution vertically
and longitudinally in both the water and the bed and they are incorpofated
in the overall model developed in this project. In order to proceed with
the development of this model, it is informative to analyze separately the
various characteristics of suspended and bed solids and the individual kine-
tics relevant to organic chemical, specifically to Kepone. Accordingly, the
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following sections first describe the kinetic interactions of the modeling
framework with particular emphasis on adsorption/desorption processes (Sec-
tion 2) - the phenomena which, with their characteristic mechanisms and
rates, play significant roles in determining the ultimate fate of materials
in estuarine systems. The characteristics of solids, both suspended and in
the estuary bed, are examined in Section 3. In particular, settling, sedi-
mentation, compaction, solids entraimment and sediment transport are dis-
cussed with respect to the interaction of solids with Kepone in the bed and
suspension. Given these factors, the one-dimensional analysis of salinity,
suspended solids and the organic chemical are presented in Section 4 which

is used for a preliminary analysis of the problem. Section 5 presents the
two~dimensional (longitudinal-vertical) analysis of these constituents, in
which the equations describe more realistically the distribution of the con-
stituents. Exchange between lateral embayments are incorporated. These
equations are applied to the analysis of Kepone in the James River in Section
6 for both steady-state and time-variable conditions. The model is cali-~
brated with two sets of survey data. The time history of the Kepone from its
initial discharge to the cessation of production and the subsequent fifteen
years is simulated. Sensitivity analysis and projections are described in
Section 6 and conclusions and recommendations in Section 7.

- 10 -
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SECTION 2

ADSORPTION-DESORPTION

The process of adsorption-desorption is an important transfer route of
many constituents in natural water systems. The majority of radionuclides,
heavy metals and organic chemicals are usually susceptible to adsorption.
Bacteria and algae also have a similar tendency. The surfaces to which
these constituents 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 adsorbed form may be then affected by additional
processes such as flocculation and settling. Tf the flux due to the latter
force is greater than that of the vertical mixing, the particulate species
deposit on the bed. In streams or rivers, they may then be subjected to re-
suspension 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 repository of the particulate species frequently is in the bed
of the reservoir or estuary. Furthermore, the physiochemical characteristics
of the estuary tend to promote desorption and constituent may be released to
be recirculated with the estuarine system or transported to the ocean. There-
fore, in analyzing the distribution of substances which are subject to ad-
sorption, it may be necessary to take into account a sequence 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 adsorp-
tion-desorption and settling-scour within these systems.

The following describe the various factors which affect the adsorption-
desorption processes and, based on these, present the development of the
relevant equilibrium relations and transfer equations.

EQUILIBRIUM

Adsorption is a process in which a soluble constituent in the water
phase is transferred to and accumulates at the surface of the solids. The
adsorptive capacity of a two-phase system depends on the solubility of the
constituent and the affinity of the constituent for 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 hydrophobic part
adheres to the surface. :

- 16 -



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 in-
creases with increasing molecular weight.

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

In any case, one notable characteristic of the phenomenon is the dynamic
equilibrium which is achieved between the concentration of sclute 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 re-
lationship, at constant temperature, between the concentration of solute
and the amount adsorbed per unit mass of adsorbent is known as an adscrption
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 adsorptive capacity of the solid minus the amount of sclute adsorbed.
The rate of desorption is proportional to the amount of solute adsorbed:

de
e = Xelp-pl - Kop (2-1)
in which
c = dissolved concentration of solute (M/L)
P = particulate concentration (M/L)
P, = capacity of the adsorbent solids (M/L)
_ . . s 1
Kl = adsorption coefficient (TM/L)
Kz = desorption coefficient (1/T)

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 (2-1) may be expressed:

de _
T ch m[rc—r] - Kzrm . (2-2)

At equilibrium, the rate of change of concentration is zero and equation
(2-2) becomes after rearranging:

- 17 -
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(2-3)

R
]
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A

K1
in which b = -
. KZ

Equation (2-3) is known as the Langmuir isotherm in which the parameter, b,
is related to energy of adsorption. At r = rc/2, the concentration equals

1/b. The parameters, T, and 1/b may be evaluated graphically by a linear

plot of 1/c versus 1/r. The intercept equals l/rc and the slope l/brc.

The capacity To depends on the nature, size and characteristics of the

adsorbing solids. The various types of clays have greater capacities than
silts and sands. The adsorption capacity is, thus, inversely proportional

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. 1In general, solids composed primarily of organic mat-
erial have greater capacities than the inorganic components. These materials
include detrital matter, and various forms of viable organic substances, such
as hacteria, plankton and macrophytes in natural systems and biological
solids in treatment systems.

The Langmuir isotherm is based on the assumption that maximum adsorption
occurs when the surface of the adsorbent is saturated with a single layer of
solute molecules. 1If one assumes that a number of adsorbate layers may form,
the equilibrium condition may have various points of inflection. Essentially
an additional degree of freedom is introduced which reflects a greater de-
gree of realism. The resulting relationships fit certain experimental data
better than the Langmuir, particularly at the higher concentrations of sol-
ute. At lower concentrations the two isotherms may be approximately equiva-
lent. 1In addition to the monolayer assumption, there are other conditions
for which the Langmuir isotherm may not be appropriate. A semi-empirical
relationship, known as the Fruendlich isotherm, which has been found to be
more satisfactory in certain cases, is as follows:

r = k™ (2-4)

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

If the rates of adsorption and desorption are rapid, with respect to
other kinetic and transfer mechanisms, equilibrium between the dissolved and
particulate species, expressed by equations 2-3 or 2-4 may be assumed to be
established instantaneously.
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The above isotherms appear to be particularly appropriate for the analy-
sis of a singular adsorbate or those cases where one is predominant, such as
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 iso-
therm and ideal solution theory are being applied in these cases. For very
low concentrations of solute, ¢ << 1/b, the Langmuir isotherm is linear:

r = fc (2-5)

The parameter, Y, is termed the partition coefficient. It is the ratio of
the mass of substance adsorbed per unit mass of adsorbent solids and the dis-
solved concentration of solute in the linear range of the Langmuir and
Fruendlich isotherms.

The comstant K in the Fruendlich isotherm is comparable to the partition
coefficient. As the exponent n approaches unity, the isotherms are identi-
cal. 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 parameter T.-

Therefore, the same factors which influence its magnitude have a comparable
effect on the partition coefficient. Large values are characteristic of
organic material and clays, by contrast to gilts and sands. A typical ex-
ample is found in data of Garnas, et al. (1), which presents the equilibrium
between solid phase concentration and dissolved concentration of Kepone for
various types of solids (Fig. 2-1). The slope of one on the logarithmic
coordinates is an indication of the appropriateness of the linear portion of
the Langmuir isotherm in the region in which the adsorption capacity, T, is

much greater than the solid phase concentration, r (equation 2-5). The in-—
fluence of the type of adsorbing solids is apparent: the highest partition-
ing occurring with sediment from Range Point Salt Marsh off Santa Rosa Sound,
Florida, which is primarily clay with a high percentage of organic matter.

As the organic content decreases, the partition coefficient decreases, the
lowest values being associated with material that is primarily sand.

Under equilibrium conditons, the distribution of constituent mass be-
tween the dissolved and particulate fraction is established by the partition
coefficient and 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. In any case, assuming sufficient
time has elapsed to establish adsorption equilibrium, the total concentration
of organic chemical or metal, Cps is the sum of dissolved and particulate:

cp=ctp (2-6)

The dissolved component may be expressed in terms of the particulate frac—
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tion, r, and the partition coefficient, while the particulate concentration
as a product of the concentration of adsorbing solids, m, and the particulate
fraction:

ey = %—+ rm (2-7)

An additional control on the dissolved-particulate distribution is the
dependence of the partition coefficient on the concentration of the adsorb-
ing solids (2). The results of a number of laboratory studies demonstrated
an inverse relationship between the concentration of adsorbing solids and
the partition coefficient (Fig. 2-2). The data were correlated using the
functional form:

- B
1= ﬂm -+ ry (2-8)
m
where:
§ = limiting partition ccefficient at high sediment concen-
tration

&, B = empirical constants.

Although no fundamental basis for the relationship has been shown, a vast
amount of experimental data is available to substantiate its validity.

The relationship is particularly significant in determining the time
required to flush the Kepone from the James River. It implies that the
period required is greater than that for a constant-partition conditionm.
This assessment is based on the following reasoning. The material is now
concentrated in the bed. When scoured, the contaminated solids are trans-
ported vertically into the flowing waters, diluting the concentration by at
least one and, more likely, two or three orders of magnitude. Assuming
equilibrium dis achieved rapidly, these solids accumulate more of the metal
or chemical, due to the increase in partitioning. Upon subsequent settling,
the solids re-establish the previous equilibrium by releasing dissolved
material to the interstitial waters. The subsequent diffusion of the dis-
solved material is a relatively slow process, thus retaining the constituent
in the system longer than if it remained in the flowing waters.

Kepone Partition Function

The adsorption of Kepone has been extensively studied by Comnolly (3).
Equilibrium and kinetic behavior were determined using sediments from both
the James River and Range Point Salt Marsh, located on Santa Rosa Island,
Florida. At constant sediment concentration and equilibrium dissclved Kepone
concentrations as high as 500 g/, the Kepone adsorption isotherm is linear
and is thus described by the partition coefficient. Conesilstent with equation
(2-8), the partition coefficient was found to vary inversely with sediment
concentration (Figure 2-3). This variability was significant, the partition
coefficient decreasing by more than an order of magnitude as sediment con-
centration increased from 10 to 10,000 mg/R.

- 20 -



For the James River sediment, the functional correlation of the parti-
tion coefficient and sediment concentration (Eq. 2-8) is:

259,000

1 = 1000 + 1.7
m

(2-9)

with a coefficient of determination of 0.877. It was also shown that hys-
teresis is not significant, partition coefficients being similar for adsorp-
tion and desorption tests at similar sediment concentrations.

Transfer Rates

The discussion above concerned equilibrium conditions. The time re-
quired to achieve this condition involves the transfer and kinetic mechanisms
between adsorbate and adsorbent. The sequence of processes, which character-
ize the transfer of a substance from solution to a material which has an ad-
sorptive 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 ad-
sorbent; 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. If 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.

The very dilute solution of both species, the frequency with which the
solute comes in contact with the adsorbent may determine the rate-limiting
step. In some cases, adsorption may be occurring on contact of the solute
with the bed material 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 planktonic 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.

A reylew of adsorption models and their applicability has been presented
by Connolly (3), from which the following discussion is abstracted. Three
models were considered: a Langmuir kinetic expression, a surface diffusion
model including liquid film transfer, and a model considering a series of
mass transfer steps to the particle interior.

ADSORPTION MODELS

Langmuir Kinetic Expression

The Langmuir Kinetic Expression is essentilally Eq. 2-2. The simplicity
of this equation makes it useful in describing adsorption kinetics. Values
for the adsorptive capacity and the ratio of the adsorption and desorption
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rate constants may be obtained directly from isotherm data. The model con-
siders adsorption as a single step process. There is no explicit specifi-
cation of mass transport steps that may be important to the overall adsorp-
tion process. While it is true that the rate constants are implicitly
related to mass transfer, the model cannot distringuish multiple steps nor
handle changes in mass transfer rates due to changes in hydraulic conditions.
Consequently, it is applicable only to cases where adsorption rate is con-
trolled by a single mechanism throughout the adsorption process, by Weber
and Crittenden (4).

Surface Diffusion Model

The surface diffusion model was originally presented by Matthews and
Weber (5). Three mechanisms are considered in representing the adsorption
process: diffusion from the bulk fluid to the particle surface, adsorption
at the surface, and diffusion of sorbed compound on the particle. Local sur-
face kinetics are assumed to be much faster than diffusive transport and
local equilibrium is applied at the particle surface.

The basic differential equation results from conservation of mass ex-
pressed in spherical coordinates:

2..2 g _ _. 2..2,9q _ . 2..2. 39 J 2.2 3q
r do dr e r de’D a7 (~r~de"D . + (5;(—r d@"D ar)
3q _ 1,3 2. 3q R
ot rzar(r D Br> (2-10)

A flux equality condition stating that the rate of flux through the laminar
boundary layer surrounding the particle is equal to the rate of flux into
the particle is used as the surface boundary condition, or

bi -
o052 = Tgag (¢ - eg) (2-11)
where
D = surface diffusion coefficient (pmz/seg)
q = sorbed concentration (pg/gm adsorbant)
kf = film (laminar boundary layer) mass transfer coefficient (cm/sec)
Pp = particle density (gm/cm3)
¢ = bulk liquid dissolved phase concentration (ug/2)
cS = near surface dissolved phase concentration (ug/2)
r = particle radial coordinate
R = particle radius (cm)

A zero flux condition at the particle center is employed as:

Bg . = -
s;-0€@r=0 : (2-12)
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The dissolved phase and sorbed phase are coupled through a kinetic
equilibrium expression relating the near surface dissolved concentration CS

to the particulate surface sorbed concentration 9 (qs =q@r=R). Any of
the isotherm equations mentioned previously or any equilibrium equation may

be used.

Series Mass Transfer Model

The third model was developed by Famularo, Pannu and Mueller (6). Three
mass transfer steps are considered. Solute is transported from the bulk
liquid through the laminar boundary layer to the particle surface. Instan-
taneous equilibrijum between the solid phase and liquid phase at the particle
surface is assumed. Sorbed solute is transported from the particle surface
into the large pores or "macroshell" of the particle. Finally, sorbed solute
is transported from the macroshell into the small pores or 'microcore'. In
each step the rate of transport 1s expressed as the product of a mass trans-
fer coefficient and a linear concentration driving force.

The microcore/macroshell concept is envisioned as a sample representa-
tion of solute transport into an adsorbent with a bi-modal pore size distri-
bution. The model was developed for adsorption to activated carbon which
exhibits such a pore size distribution. 1In the conceptualization of the
model, the particle is assumed to be a sphere of radius R that is divided
into two regions; the macroshell and the microcore. Each region is assumed
to be of uniform-state (completely mixed) and thus represented by a single
concentration. The distribution of particle volume between the two regions
is an empirical parameter determined through fitting the model to adsorption
data.

A modified version of the model was employed in analysis of Kepone in
which the particle surface-macroshell transport step is eliminated. The
surface dissolved phase concentration is assumed to be in equilibrium with
adsorption sites on the particle surface and in the large pores. This modi-
fication was performed because simulation capahility was not affected and a
degree of freedom was eliminated from the model.

The rate of mass transport, n (ug/sec), is given by the following equa-
tions. Transport from bulk liquid to particle surface is given by:
. k. a

f's
n =

Tooo ¢ 7 © (2-13)

and transport to interior of the particle is represented by:

no= kcacpb(qs - qc) (2-14)

where

k = empirical mass transfer coefficient for transport between
exterior and interior (cm/sec) )

m
1]

total particle surface area (cmz)
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. . . X . . 2
total interfacial area between exterior and interior sections (cm’)

a =
c

9 T solid phase concentration in exterior section (ug/gm)
q, = solid phase concentration in interior section (ug/gm)

KINETICS OF KEPONE ADSORPTION

Kepone adsorption experiments show a rapid decrease of dissolved Kepone
for approximately 5 minutes followed by a slower rate of decrease to equilib-
rium. Typical experimental results are shown in Figure 2-4. The majority of
total adsorption (70 to 80 percent) occurs in the first 5 minutes. Equilib-
rium is reached in 1 to 2 hours. The three models fit the data reasonably
well, as shown in Figure 2-5. The Surface Diffusion and the Series Mass
Transfer models fit the dinitial high rate better than the Langmuir, indi-
cating that the multi-step kinetic analysis is a more valid description of
the phenomenon than the single-step. These kinetics suggest that for the
time scale considered in this work an assumption of instantaneous equilibrium
is valid. Such an assumption may not be valid, however, if an intratidal
time scale is important to the problem.
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SECTION 3

CHARACTERISTICS QF SUSPENDED SOLIDS AND BED SEDIMENT

The distribution of an organic chemical or a heavy metal is highly de-
pendent on the physical characteristics of the solids and the hydrodynamic
regime which affeet the solids both in suspension and the bed. Accordingly,
this section of the report is directed to a discussion of the relevant fea-
tures of suspended and bed solids. Solids In suspension are characterized
by concentrations in order of 10-100 mg/% for the low to moderate freshwater
flows encountered in many coastal plain estuaries, such as the James River,
and up to concentrations of many hundreds for the higher flood flows. The
concentration of bed solids, on the other hand, is in the order of some hun-
dred thousands, while the interfacial zone may have values in intermediate
range of 10,000 mg/% to 10,000 mg/%. The interfacial region is highly
dynamic due to shearing stresses and velocity gradients which are most
intense in this zome. It is furthermore affected by the tidal actiom, the
magnitude of freshwater flow and, to some degree, by the intensity of the
winds. 1t is the hydrodynamic structure of this region and its associated
concentration which are most indicative of the distribution of solids and
the adsorbed material in suspension and the bhed. The flux of solids through
this zone may be negative or positive, characterizing a region of estuary as
sedimenting or eroding.

SETTLING, SEDIMENTATION AND COMPACTION

Sedimentation occurs when the net vertical flux of solids is downward
from the water column to the bed. In suspensions of relatively low concen-
trations (v100 mg/%), the particles settle individually, discounting any
flocculation effects. As the concentration increases (v 1000 mg/¢) the hin-
dering of the settling process is initiated. In suspensions with concentra-
tions in order of 10,000 mg/2 or less, the mass tends to settle as a unit,
very comparable to settling of biological sludges in wastewater treatment
processes. As the mass settles and compacts into beds of higher concentra-
tion, water is displaced upward through the voilds and the process of sedimen-—
tation takes place. The limit of thils process produces concentrations in the
order of some hundreds of thousands mg/%, at which levels it is customary to
express the characteristic concentrations in terms of porosity or voids ratio.

Investigations of estuaries, in which detailed measurements of the mech-
anisms were studied, indicate that two characteristic consolidations occurred.
One is associated with flocculated silt, which is formed relatively rapidly
and is much more stable than that of the soft silt. The water between the
particles is essentially pressed out under the weight of the overlying mass.

The density of the consolidated material increases and at about lBOOikg/mS,
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the mixture is no longer fluid but has become more solid, a so-called "hard
mud*'.

The consolidation of the soft silt takes some appreciable times and one
of the most important features of a bed of this material is the duration of
time over which it retains its relative mobility. This material is more
readily eroded and also may be displaced by the flowing water, comparable to
sediment transport in rivers. It is extremely difficult to measure consoli-
dation under prototype conditions. Laboratory investigations on the demnsity
of the representative areas of the bed should be a routine element in an
estuarine sampling program for toxic substances. Regardless of the initial

density (1050 - 1150 kg/mB), the equilibrium value in the order of 1300 kg/m3
appears to be achieved. The vertical distribution of density within the bed
varies in a typical fashion, increasing asumptotically in an exponential man-
ner to an equilibrium density:

= ¢, [1-e78%]

porosity at z

1]

= equilibrium porosity

-1
= coefficient - L

¢
¢
¢e
g
Soft silt which remains in place for some weeks gradually changes into a
more compact and consolidated material. In addition, the strength of the
material increases and thus is less susceptible to erosion. Whether or not

the material was fully thixotropic - i.e., regains its structure after de-
formation has stopped ~ has not been determined.

In general, when sedimentation takes place at relatively slow rates, the
consolidation process of the deposited solids more or less keeps pace with
the supply of new material. When however, a massive deposition occurs, con-
ditions lend themselves to the formation of soft silts which are more sus-
ceptible to erosion. The conclusions to be drawn from these studies, as ap-
plicable to the Kepone analysis of James are two-fold:

1. Depending on the nature of the solids, the bhed may compact and
tend to retain any substances adsorbed to its surface or if suff-
icient time is not available for comsolidation, it will form a
less dense more erodible bed, which is susceptible to erosion.

2. Depending on the seasonal and annual inflow of solids and the
local hydrodynamic condition, the bed material may progressively
be covered and buried or be characterized by a highly interactive
system in which the adsorbed material will be concentrated in the
upper layers of the bed.

All estuaries are characterized by both these conditions in some degree
and tend, on annual balance and a large scale, to be sedimenting and accumu-
lating systems in which solids and the adsorbed material are retained. The
fraction which is stored within the estuarine fluid and bed system, as con-
trasted to that transported to the ocean, depends on the relative magnitude
of rate of supply of fresh solids and the rate of sedimentation and consoli-
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dation. It is likely that these factors and the associated fluxes establish
the nature of characteristics of the estuarine bed. These in concert with
the tidal and fresh water hydrodynamics determine the degree of water—bed
interaction. The James River Estuary includes areas which are characterized
by highly inactive bed water exchange, as well as those which are primarily
sedimenting and compacting.

There are various procedures which have been employed in the field to
measure sedimentation rates: rate of change of elevation, radicactive traces
and stratographic markers. Rates of sedimentation and erosion may be approx-—
imately calculated by depth changes which occur over extended time periods &
decades. This has been done in the James River Estuary (1). The main site
of deposition is apparently in the middle estuary, where the salinity ranges
from 5 to 14 parts per thousand. It also occurs at the upstream end of the
salinity, but to a lesser degree. While sedimentation rates up to 3 cm/yr
have been noted, average estuary-wide values appear to be in the order of
tenths to one centimeter per year.

The second, more commonly used method at the present time, involves the
measurement of certain radionuclides from specific sources: Global fallout
from atmospheric bomb tests and low-level releases of local nuclear reactors.
Elements which are typically utilized for such purposes in sediments are
nuclides such as plutonium, lead, cesium and cobalt, among others. The ver-
tical distribution of these substances indicate not only their natural decay
rates, but more important, sedimentation rates of the deposited fine-grains
sediments, (Stratographic markers, commonly used in oceanographic sedimenta-
tion has not been applied to estuaries). An example from the Savannah River
estuary (2) is shown in Figure 3-1 which displays the logarithm of the radio-
activity against a linear scale of depth. The semi-logarithmic slope is the
ratio of the decay rate of the isotope to the sedimentation velocity of sedi-
ment. Since the former is known for each isotope, the latter is readily
determined from the slope of the fine fit through the observations.

MECHANISM OF ENTRAINMENT

The fundamental hydrodynamic factors which bring about transport of bed
material, also are effective in the entrainment mechanism. The problem of
sediment movement and entrainment is so complex that it has not yet been sub-—
ject to completely rational and analytical solution. The major emphasis in
the past has been concerned with transport in rivers, and relatively little
has been done in estuaries. The most fruitful analysis has proceeded on the
basis of qualitative reasoning and dimensional analysis, confirmed and sup-
plemented by laboratory experiments and field observations in freshwater
streams. The majority of the analytical treatments involve general rela-
tionship between dimensionless parameters of the flow and the characteristics
of the particles. All involve consideration of the force inducing notion and
that resisting: the former expressed as a function of the particle diameter
and shear velocity and the latter related to the form of the bed and the
immersed weight of the particle.
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The motivating forces are the drag parallel to and the 1ift normal to
the bed. The resisting forces may be categorized by the size and nature of
the particle: for coarse sediments, such as sand and gravels, the resistance
is due to submerged weight of the particles and for fine sediments, such as
silt and clay, cohesion, rather than weight, is the more important factor.
Furthermore, the coarser particles move as individual units while the finer
sediments are entrained as agglomerates of a number of individual particles.
A comparison may be drawn in this respect to the discrete and flocculent
phases of settling.

The finer particles have a much pgreater tendency to attract and adsorb
other substances such as organic chemicals, heavy metals and nutrients. Con-
sequently, these finer solids - the clays and the organic particulates - are
usually of much greater importance in water quality than are the sands and
gravel. However the entrainment and transport of the finer particles has re-
ceived much less attention than those of the coarser particles. The follow-
ing sections present first, a brief review of the latter to indicate the gen-
eral development of the field and, second, the possible application to the
more important problems associated with the finer particles, with a descrip-
tion of their important characteristics.

Although both 1lift and drag are recognized as forces which tend to pro-
duce bed movement, most of the theoretical developments have considered only
drag. B5ince both mechanisms are functions of the density and velocity of
the fluid, the omission of the lift ‘effect is not critical at this stage of
development. It is automatically taken intoc account by the coefficients,
which are determined experimentally.

When bed motion is impending, the shear stress attains a critical value,
T The shear or drag force is a product of this bed stress and the surface

area, which is expressed in terms of the equivalent diameter of the particles

2, . , .
ld , in which ¢y is an areal shape factor which
permits expressing the surface area in terms of an equivalent diameter, d.

This force is resisted by the gravity force, the submerged weight of the par-

composing the bed - i.e., T.C

ticle in the fluid - i.e. czg[ps—p]d3, in which ¢, is a volumetric shape

2
factor. Ds and p are the densities of the solid and the fluid, respectively.

The frictional resistance is taken into account by the nature of the mater-—
ial (clay, silt, sand) and form of the bed (ripples, flat, dunes). Bed
motion is incipient when the drag force equals the resisting force. Thus,

T, = Cpg[ss—l]d (3-1)

in which 8, = specific gravity of the particle. The coefficient, C, is com-

bined effect of the shape factors of the particles and the characteristic
nature and form of the bed.
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Confirmation of this general relation and further insight into the
mechanism of bed motion is obtained from a dimensional analysis of the rele-
vant variables, TC, o, DS, d, ¥ and g, which yields

T U,a
[d
pgls-11d ¢ =57 (3-2)
in which
T 12
u, = [BJ = shearing velocity
v = n/p = kinematic viscosity

1t is apparent from equation (3-2) that the right-hand side is a bed Reynolds
number, which defines the coefficient, C, of equation (3-1), and that the

left-hand side is a form of the Froude number, since Ig_may be replaced by

8]
U*Z. Equation (3-2) was first developed by Shields (3). TFigure 3-2 presents

ahgraph of this function, based on experimental data measured in flumes with
artificially flattened beds of noncohesive sediments. Noteworthy is the
similarity between the function presented in Figure 3-2 and those defining
fluid flow of water and air over surfaces of increasing roughness. This
type of function, relating a Froude and Reynolds number, has been used by
many investigators to correlate and compare various sets of experimental
data. A coordinate above the correlation line represents movement, salta-
tion and ultimately suspension while that below, a stationary condition. At
low values of the Reynolds number, the sediment particles are completely en-
compassed hy the viscous sublayer and the motion characterized by viscous
action. A minimum in the function is usually encountered, beyond which the
function approaches a horizontal line. In this regime, the sublayer is com-
pletely disrupted hy virtue of the roughness induced by the particles and
the motion involves houndary turbulence.

Additional experimental investigations, notably by Taylor and Vanoni
(4), indicated that the pattern shown in Figure 3-2 is affected by the sedi-
ment discharge. ¥For a given Reynolds number, the critical shear decreases
as the sediment discharge, but retains the general shape of the function as
expressed by the above equation.

The function shown in Figure 3-2 may be re-expressed more directly in
terms of the critical shear necessary to initiate motion of a particulate
of various sizes. A more practical relatfonship may be developed by express-
ing the critical shear in terms of a flow velocity. Converting the shear to
a mean yelocity, the resulting relationship with the particle diameter is
presented in Figure 3-3. The relationships are based on the analysis of
Hjulstrom (5), who employed the data of several workers. The range represents
data for depth of flows greater than 1 meter, which should reflect the more
realistic conditions encountered in natural systems. The data for mean sedi-
ment sizes less than 0.01 mm are taken from the original work of Fortier and
Scobey. Individual data points represent those studies in which the solids
were gartially composed of clays. In general, these fine materials have
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physical and chemical properties, quite different from the coarser materials.

Fine Solids

These particles consist of the clays and smaller silts and are gemerally
referred to as the wash load in sediment transport in streams. In estuaries,
the major portion of the solids transport is composed of the fine sclids,
which are much more readily held in suspension. Smaller scale agitation,
both thermal and fluid, are effective in this regard. In general, these fine
materials have physical and chemical properties quite different from the
coarser materials.

Many of these particles have electrical charges, which in fresh water
systems are repelled by like charges on other particles. Particles of kao-
linite, a clay of hydrous silicates of aluminum having calcium and magnesium
bases, repel each in fresh water. 1In a water containing a high percentage of
dissolved salts, as encountered in estuaries, the sodium ions of the chlor-
ides exchange with the calcium or magnesium ifons from the particles. On the
loss of the charge, particles attract each other, grow in size and form
flocs. The settling velocity of the agglomerates is greater than that of the
individual particles.

Many of these fines form soil-water complexes which possess definitive
physical and chemical characteristics. Electro-chemical forces frequently
control the behavior of these particles, which in large measure is deter-
mined by the structure and composition of the elemental particle and the
chemistry of the pore water. As may be inferred from the previous discus-—
sion, the state and history of the compaction are formative factors. While
many investigators agree that it is likely the fundamental electro-chemical
properties have a bearing on soil-ercdibility, few studies have been con-
ducted to eludicate the relation. Most investigators have approached the
problem from the viewpoint of the physical properties of the clays.

In alluvial soils the threshold of sediment motion was defined in terms

of the entrasinment function, _ig, which has definite discrete values for

ped
various size grains. In cohesive soils, the assignment of equivalent grain
size in a comparable manner is nebulous. The value in general is increased
by cohesion, but there is no general relation between cohesion and grain
size. The cohesive or shear strength of clay soils is expressed in terms of
its physical characterisitics such as normal stress on the rupture plane and
the angle of friction. Although shear strength is frequently used to des-
cribe clay soils, no definitive correlation has been found between this prop-
erty and erodibility. The same comment may also be applied to the Atterberg
limits which define the consistency of clay materials: liquid limit, plastic
limit and plasticity Index. It appears to be accepted that erosion rates and
the associated critical shearing stresses are related to some measure of
moisture content.

A correlation, frequently referenced (5) is also shown in Figure 3-3

which follows the general dimensionless Shields relation. The percent water
is the additional variable which permits some assessment to be made of the
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critical velocity for various clay compositions. The critical erosion velo-
city diminishes with decreasing grain size down to about 150 microns - a
value in the order of the silt-sand delineation. For smaller grain sizes,
the critical velocity increases and the finer the size, the greater the
range. For clays, the range is primarily affected but the state of consoli-
dation or water fractiom, as shown, '

It is apparent from this brief review that there are a number of factors
which affect the distribution and transport of cohesive particles in estu-
aries, which play the dominant role in estuarine shoaling. More recent work
has been directed to a better understanding of the fine sediment in the flow
field. Krone (6) conducted a series of studies on the deposition of San
Francisco Bay salty clay (commonly referred to as bay mud), investigating
such factors as the apparent settling velocity of the sediment, the bed shear
stress and the critical shear below which no sediment remains in suspension.
Partheniades!(7) used a recirculating flume to study the erosion and deposi-

‘tion of the same sediment as Krone.

Figure 3-4 presents the erosion rates of the silty clay sediment as a
function of the shearing stress of the fluid on the bed. Below a threshold
value, U v 15cm/s, a rapid deposition of practically all the solids occurred.
Greater than this, scour commences and increases rapidly in the vicinty of
30-40 cm/sec depending on the condition of the bed. The two types of sedi-~
ment investigated refer to a loose compaction formed from resuspended (I) and
a more dense consolidation representative of the deeper cores (II). Type I
is presumably representative of the surficial sediment, which interacts with
the water, while Type IT is characteristic of the consolidated deeper sedi-
ment. Also shown in Figure 3-4 are the data of Ariathurai and Arulanandan
(8) who investigated the shear and erosion in a rotating cylinder, similar to
Krone's original setup. Among the numher of factors, study the temperature
effect was most evident as indicated by the plotted data. It was also shown
that the composition and concentration of the pore water influenced the ero-~
sion rates.

SEDIMENT TRANSPORT

The above discussion related to the entrainment of solids from or close
to the water bed interface a mechanism which enhances the transport of solids
in suspension. .The total solids transport includes not only the suspended
load, but also the bed load. The former includes the small, fine clays and
some silts which are maintained primarily in suspension while the heavier
silts and sands are incorporated in the latter. In tidal systems, it is
apparent that the periodic variation of current is reflected in a comparable
variation of solids concentration and composition over the tidal cycle and
thus in the suspended load. The increase in the larger and more dense clays
and silts at maximum tidal currents Is due to the enhanced shearing stress
active over the bed during these times, entraining particles which under
lower fluid velocities and shear, would remain in the bed. The mechanism of
entrainment increases the suspended load and promotes more exchange not only
between the bed and suspended particles, but also the increases the possibil-
ity of exchange of organic chemicals and heavy metals adsorbed to these par-
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ticles. The bed transport carries the heavier particles within the bed it-
self or in a layer very close to the bed during periocds of tidal motion.

Sediment transport in estuaries, has been relatively little studied and
is poorly understood. The knowledge gained of the phenomenon in fresh water
streams provides at least some basis and a point of departure for an analy-
sils in estuaries. The majority of sediment transport equations are of the
following general form:

m

Gs = K[TO—TC] i (3-3)
in which

GS = sediment transport rate

K = constant description of the characteristics of the

particles
T, T shearing stress
T.0F critical shear inducing motiom

U = a measure of the flow velocity

Since the shearing stress is equivalent to a velocity squared, the above
equation may be simply expressed as:

G =40 (3-4)

The power n has values in the range of 3 to 5, borne out by some semi-theo-
retical analysis, but more significantly by experiments in the field and
laboratory. The various sediment transport functions of the above form are
based on the classical Du Boys relationship. Later developments, notably by
Einstein, Kalinske, Englelund-Hansen, Laursen and Bagnold (3), incorporated
the more fundamental turbulence parameters of the flow field and the inter-
action with the solid particle. The basic concepts of initiation of motion
of the solids within the bed and the entraimment of the particles in the
flowing water are the primary factors involved in the transport analysis.
The effective factors are the applied and resisting forces, the former due
to the fluid drag and the latter to the submerged weight of the particle as
discussed above. Einstein, who was the first to develop the more ratiomal
approach, introduced the concept of the prohability of motion of a particle
and postulated that a given particle moves in a series of steps, the size
and frequency of which are functions of the particle characteristics (dia-
meter, density, fall velocity). His relationship is:

¢

£ () (3-5)
in which:

b =8 .0 1
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= —Le
(Ss—l)gd
g = bed transport per unit width of stream
p = density
vy = specific weight of water
d = diameter of particle
U = shear velocity

Kalinske included relafionships between the bed shear and turbulence of the
flow field; and developed the following:

B .
T3~ £ () (3-6)

The approaches of the other investigators referenced above incorporated
various features of the process, yielding various degrees of agreement with
observations.

The difficulty in applying any of these relations to sediment transport
in estuarine systems, is due to the fact they were developed considering
discrete non-cohesive larger particles, such as sands. Furthermore, the
fluid transport systems considered were exclusively fresh water rivers. Com-—
parable developments for flocculent cohesive materials, such as clays, in
estuarine systems is lacking. Although there has been a great amount of
interest and activity in this regard, quantitative relationships have not
been developed and field and laboratory data are scarce. There have been a
number of excellent studies on the characteristics and distribution of solids
in estuarine beds, but very few on bed and solids transport.

Using the information gained from sediment transport in rivers and the
empirical observations of solids in various estuarine systems, the important
factors may be envisioned as follows over a typical tidal cycle: During
slack conditions, the solids remaining in suspension comprise the wash load,
composed primarily of clays and the smaller sized salt particles. The inter-
facial bed layer is approximately stationary with little or no horizontal
motion. As the tidal velocities increase entrainment is initiated and, also,
motion is iInduced in bed in the direction of the current. With further rise
in the velocity more erosion of the interfacial layer occurs and the con-
centration of solids throughout the water column increases markedly. Hori~
zontal transport of solids is therefore taking place by two distinct mechan-
isms: one by the shear-induced motion of the bed (bed-load) and secondly
by flow velocity containing the resuspended solids (suspended load). As the
tidal velocity decreases, the heavier solids again settle to the bed, leaving
the lighter flocculent material. As the tide reverses, the same phenomenon
occurs, but now in the opposite direction, the difference between the ebb and
the flood reflecting the magnitude of the fresh water flow, the type of tide
and the geometry of the channel.

-39 -



On a tidally averaged basis, the net fluid motion in the lower layer is
landward, in accordance with the previous discussion, and this ocean derived
material is transported upstream. Some of this material is dispersed into
the upper layer, whose net motion is seaward. The magnitude of the vertical
dispersive transport depends on the density stratification and the fresh
water flow. The vertical flux of solids is also ehnanced by the vertical
fluid velocity which usually achieves a maximum value downstream of the
salinity intrusion giving rise to the turbidity maximum. At the tail of the
salinity intrusion, a zone of minimum horizontal and vertical velocities
occurs, generally resulting in shoaling.

The locations of these regions depend on the fresh water flow and the
magnitude of the tide. Solids transport, whether it be a movement of a bed
layer or the result of a saltation process, is of great importance, particu-
larly in estuarine systems. Averaging over the tidal cycle, this motion,
as controlled by the fluid immediately overlying the sediments, tends to
move sediments toward the null zone, i.e.downstream in the fresh water
regions and upstream in the saline zone. The relative magnitude of this
motion will then play an important role in determining sedimentation in
the estuary.

The larger and heavier of the land derived solids also tend to accumu-
late in the bed at the null zone while the light solids are washed down-~
stream where they may settle to the lower layer to be transported back to
the null zone or settle to the bed. Thus, most coastal plane estuaries
are generally sediment traps for both land and ocean solids, as reservoirs
are for solids transported by tributary streams. While this is the over-
all pattern observed in most coastal plain estuaries, localized areas with-
in any estuary may be either a sedimenting or eroding depending on channel
and flow characteristics.

BED VELOCITIES

The movement of the interfacial sediment layer has been measured in
some rivers and estuaries. More extensive work has been performed in the
laboratory in this regard. The more limited prototype measurements are in
general accord with the laboratory results as shown in Figure 3-5. Data
from both river and a few estuarine systems are highlighted. The correla-
tion lines, which are sketched by eyes indicate slopes of 3 to 5 in accord
with the limited theoretical analysis., While most of these data are for
transport of sands, there are a few cases in which the motion of silts and
clays was measured. The latter are most applicable to the Kepone analysis
in the James.

One of the most notable field experiments on sediment transport in
estuarine systems was conducted in Galveston Bay (9). Sediment was tagged
with a radicactive tracer, released as a delta function and followed over
a number of tidal cycles. About 5 curies of the isotope gold were thor-
oughly mixed with sediment taken from the ship channel. The activated sedi-
ment was then deposited at two locations and numerous samples of sediment
were then measured daily for radicactivity for approximately 1 week. The
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conclusions drawn from the study, as shown in this figure, are that in both
channel reaches sediment moves upstream at a measurable and progressive rate.
The only downstream movement appears to take place immediately following the
tracer releases. Most of the sediment moved along the center-line of the
ship channel, with little lateral dispersion onto the shoulders on tributary
streams. Ships navigating the channel appear to contribute to resuspension
of the deposited sediment. When resuspended, the sediment moves progres—
sively upstream under the influence of the predominantly upstream currents

in the vicinity of the channel begd.

Since the motion of the sediments may be related to the shear at the
water-sediment interface, the net tidal effect of this action i1s important.
Consider an idealjized estuarine velocity distribution in which the net tidal
velocity ds in the upstream direction in the lower layer in comntact with the
bed. This horizontal velocity may be expressed as:

uy = ug ok C cos x (3-7)

where E£ is the net tidal velocity at the water-sediment interface, C is the

amplitude of the tidal variation taken as a constant with respect to depth.
Assuming the classic shear function as the square of the average velocity,
the mean value of the bottom shear averaged over the tidal cycle may be shown
to be:

- C
T d

-~ [4
5 - [ ubC]
The sediment flux rate, - expressed in mass per unit width of sediment per

unit time may be approximated as:

u Ch m

where hb is the depth of the moving sediment layer and m, is the solids con-

centration associated with this layer. By further assuming that the tidal
amplitudes are approximately constant in space and time, the term 4 k C/m,
along with the constant of proportiomality may be expressed as a bulk coeffi-

cient, g, yielding:

g, = thymy Gb (3-8)

where [ is dimensionless.
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SECTION 4

ONE-DIMENSIONAL ESTUARINE ANATYSIS

This section and the following section of the report deal with the
general and basic equations which define the distribution of organic chemi-
cals in estuaries. The predominant transport features of estuarine systems
are the tidal forces and salinity intrusion, which give rise to a character-
istic circulation pattern. The transport regime is composed of both advec-
tive and dispersive components. In the saline regions, the latter is fre-
quently of much greater significance and, in some cases, of such a magnitude
that the advective component may be neglected without introducing appreciable
errors, In the tidal, but nonsaline stretches, the two components are
approximately of comparable magnitude.

The circulation pattern is induced by the salinity intrusion, which,
with the tidal currents emanating from the mouth and the freshwater flow
from upstream, produce a characteristic circulation. On a tidally averaged
basls, there exists a net landward flow in the lower layer and a seaward
flow in the upper layer. These horizontal flows are balanced by dispersion
and velocity in the vertical, which transfers momentum and mass from the
lower to the upper layer over large sections of the estuary. The magnitude
of these transport vectors is a function of the salinity gradients, tidal
amplitudes and freshwater flow.

During low flow periods, the vertical mixing is frequently of sufficient
intensity to overcome stratification and one-dimensional longitudinal analy-
sis is appropriate. As the flow increases and higher tides occur, the
stratification becomes progressively more pronounced and & two—dimensional,
longitudinal and vertical, analysis is necessary to define adequately the
distribution of various substances. For those constituents, which are sus-
ceptible to settling, the two-dimensional analysis is usually necessary. In
the case of suspended solids, the phenomenon of the "turbidity maximum" is
the result of these transport patterns.

Accordingly, more attention is devoted to the two-dimensional transport
in the saline zone, since the distribution of organic chemicals may be
markedly influenced by the concentration of suspended solids. For the non-
saline region, the one-dimensional is frequently satisfactory. Therefore,
this case is first addressed, followed by a presentation of the two-dimen-—
sional case. For each, the various types of bed conditions are addressed.
The solutions for the idealized estuary of constant cross—section and fresh-—
water flow are developed and presented for the purpose of imsight and under-
standing. For a specific application, numerical solutions are recommended,
which procedures permit a more realistic definition of the spatial and tem-
poral distributions.
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LONGITUDINAL ANALYSIS
1. Transport

The one-dimensional transport in estuaries has been typically addressed
by a simple advective-dispersive model. The application of this model has
yielded a vast empirical data base of dispersion coefficients, which have
been successfully employed in a broad spectrum of water quality studles.
Analysis of the dissolved solids (salinity) associated with the ocean source
permits determination of the dispersion ccoefficient. The basic differential
equation which is used in this steady state analysis is:

ds

4 ds
dx

dx

ds Q
(BA 50 - %

dx (4-1)

o
It
5|

in which s = salinity
A = cross-sectional area
E = dispersion coefficient

Q = freshwater flow

in which the functional form of the variations of the cross-sectional area,
freshwater flow and dispersion coefficient are not yet specified. The vast
majority of tidal rivers and estuaries have variable areas and some also are
characterized by a longitudinal variation in flow and dispersion. For the
most general case, therefore, the dispersion coefficient can be evaluated
using equation (4-1) which is re-expressed as follows:

_Qx) s(x)
EG) = 3G Totn) (4-2)
dx

The flow, Q, the cross-sectional area A, and the concentration, s, of salin-
ity are readily established for the given location. The concentration gra-
dient, however, is more difficult to evaluate. Extensive data are required
to accurately describe the spatial profile and their gradients. This is a
disadvantage of the method. The advantage in using equation (4-2) lies in
the fact that no assumptions have to be made about the spatial variation of
A, E, and Q. Results of such analysis have produced two general observa-
tions regarding the variation of the dispersion coefficient. In many estu-
aries a constant value reasonably defines the distribution of chlorides;
while in others, an increasing value of the coefficient in the seaward direc-
tion appears to be a more realistic description.

For those reaches of an estuary where geometry and flow are reasonably
constant, solution of equation (4-1) is straightforward, yielding an expo-
nential function, whose parameter is the ratio of the advective and disper-

sive coefficients:

S{x) = So exp (Ux/E) (4-3)
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jij

Salinity at x = 0

Q/A = advective componeunt

]

Note that the velocity (U) used in equation (4-3) is the freshwater velo-
city - the seaward transport parameter which opposes landward dispersion
of ocean salinity.

It has been observed that an exponential function increasing in the
seaward direction provides a good fit of cross-sectional area data in many
cases. Assuming this dependency, the salinity distribution is given by the
equation:

5(x)

U
s exp {- E—Z-; (e** - 1)} (4-t)

a = exponent of areal increase

where Uo = Qo/Ao' For convenience, the ocean boundary is located at x, =0

and the distance along the estuary, x, is taken as positive upstream. This
equation can be used directly to analyze salinity or chlorinity data in
order to evaluate the dispersion coefficient.

2. Type I Analysis - Stationary, Non-Interactive Bed

The basic equations of suspended solids and organic chemicals in one-
dimensional estuaries for this bed condition may be written directly. The
equation for solids distribution is first presented, for which the solution
is readily available. Given this distribution, the equations for the dis-
solved and particulate components of the organic chemicals are developed
incorporating this result.

a) Suspended Solids

The solids equation includes the dispersion, advection and set~

tling terms as follows:

dzml dml
7 V3 TR (4-5)
dx

in which the coefficient, KS, represents the settling, equal to the settling

velocity divided by the average depth. The solution is direct:

w8
mlg = oy e for x < o (4-6a)
W hx
myy, = aa e for x > o (4-6b)
U
g = 75 [1+n]
U
h=og [ -n]



W = mass input at x = o

Q = freshwater flow

The above equations may also apply to the downstream boundary condition to
represent the landward transport of the ocean solids and the upstream boun-
dary condition to represent the solids inflow of the freshwater.

b. Organic Chemical

The dissolved component of the organic chemical includes the trans-
port components indicated above, with adsorptive-desorptive interaction with
the particulate fraction and allows for a decay:

de gl ke +k
2 dx o
dx

oP - Kac » (4-7)

The particulate component is described in a comparable fashion, but
includes a settling term:

2
~pdr_yde _ - -
0 E dxz ) ax + Komc K2p Ksp (4-8)

in which

KO = adsorption coefficlient

Kz = desorption coefficient
Ka = decay coefficient for dissolved component
KS = settling coefficient of particulate coefficient

The coefficient, Ka’ may be thought of as an evaporative loss or whatever

decay or transfer processes is applicable. Addition of the above equation
yields the equation for the total concentration:

R T (4-9)

Substituting for the dissolved and particulate components the respective
fractions of the total gives:

T
7 U m [k, + KT e (4-10)
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in which

1
fd T 1+ In

it
fp T 1+ fm

The solution is direct for a condition of uniform spatial concentrations of
solids:

W, &%
T
= < 471
er o e x <o ( a)
wT hx »
- = > 4-11b
¢ = © X > 0 ( )
in which
U
g =55 [1+n]
U
h—~~ﬁ:—[l—-n] 1
KECE K. + £ K| °
da p s
n= |1+ >
U

x = o is defined as the location of the toxic mass input, WT.

Since the expressions for fd and £ contain the solids concentration,
the estuary is segmented such that the solids concentration may be assumed
constant in each segment, but varying from one to another in accordance with
the solids distributionm.

3. Type II Analysis -~ Mixed, Interactive Bed

The equations for this condition follow directly from the above.

a. Suspended Solids

The solids analysis is written as in the previous case and, in
addition, includes a resuspension term:

dm dm

1
5 U ix Ksml + Kum

(4-12)
dx 2

in which

il

resuspension coefficient

concentrations of bed soclids
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Assume this equation applies from x = o seaward (region h) and upstream

(region g), equation (4-1) applies. The solutions for the respective regions
are:

Km gx
u 2 n-1
= R < -
mlg KS [2n le X 0 (4-13a)
K m
u 2 nt+l
= ——— > —_
my Ks [1 5o 1€ 1 X > o (4-13b)
in which
U
g = ogll +nl
U
h = 2E[l n]
LK B 12
n= [1+ -§—]
u
K m,
For large x, equilibrium is achieved downstream at m = ;
s

b. Organic Chemicals

The basic equation for the total concentration may be written
directly allowing for evaporative transfer of the dissolved and settling
for the particulate;

T T
7 " Ua [y
dx

(4-14)

Ka + prS] Cop + Kurzmz

r, = solid-phase concentration of chemical in bed and the other
terms as defined previously.

For the condition of constant solids concentration in equilibrium with the
bed, the solution for each region is:

¥, m g% .
Crlg = -——Jlléqu— e for x < o (4-15a)
B s 4+t Ta
K
s
T, m hx
27el 2n
Coin = X [1 - T+rg© 1 for x > o (4-15b)
f + £
P arx
s
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in which

U
g=§—g[l+n]

U
h—ﬁ[l—n]

AR(FX +fK) T2
a s

7 1
U

n=[1+ d

These equations define the concentration in the water as a result of inter-
action with the bed. If, in addition, a point source of organic chemicals
is located within the region, the equations of the previous section, ‘in
which this situation is analyzed, are simply added to the appropriate equa-
tions above. The direct addition is valid due to the linearity of the sys-
tem.

VERTICAL DISTRIBUTIONS

The previous sections indicated the importance of -the concentration of
the solids to which the organic chemical adsorbs and of the interaction of
water and the bed with respect to both the solids and the chemical. This
section i1s directed to the development of the equations which relate to
these issues ~ specifically the vertical distribution of solids and chemi-
cals in water column and bed layers. The transport mechanisms, which are
effective in the vertical are common to all types of natural water sys-—
tems. In lakes and coastal waters, they are the predominant factors which
determine the distribution of solids and toxics. In streams and estuaries,
there is no doubt that the horizontal transport may be equally significant.
The fact remains, however, that the vertical parameters provide the funda-
mental insight to the relevant phenomena. Accordingly, the following dis-
cussion addresses the issue of the vertical distribution exclusively, from
which analysis the basis is provided to structure the more detailed model.

1. Basic Factors

The spatial distribution of suspended solids in a natural water body
depends on the transport, deposition and entrainment mechanisms of the sys-
tem - more specifically on the physical properties of the suspended and
bed solids and the hydrodynamic characteristics of the flow.

The solids properties may be related to an individual particle, to the
distribution of the particles and to the bulk sediment. With respect to
the individual particle, the most important are the size, density and shape,
since these, in conjunction with the fluid properties of viscosity and den-
sity, determine the settling velocity of the individual particle in the
fluid medium. All natural systems are characterized by a distribution of
particle properties - most commonly classified as sands, silts and clays.
The frequency distributions of the particle properties are usually reduced
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to one or more statistical parameters, reflecting the aggregrate behavior
of the suspension. The bulk properties of the sediment are in contrast to
the characteristics of the suspension. In this regard porosity and bulk
and solid densities are important.

The hydrodynamic factors which determine the vertical distributilon of
solids are the turbulent velocities and the associated dispersion effects.
In the bulk of the fluid, this mechanism transfers solids upward in the
direction of decreasing concentration, which is counteracted by the downward
flux, due to settling velocity of the particles or of the suspension. In
the vieinity of the water-bed interface, the vertical dispersion decreases
and approaches zero. At this point the intensity of turbulence, as measured
by the turbulent velocity, takes on more importance. The ratio of the tur-
bulent velocity and the fall velocity is the relevant parameter which dic-
tates the relative degree of entrainment or settling. The characteristics
and transport of the bed layer are likewise influenced by the shear velocity
at the interface., In this region, and in the deeper bed layer, the porosity
and specific weight of the material are controlling factors, with respect to
both the solids and the organic chemical.

It should be apparent from the proceeding, that the most fundamental
approach to the analytical treatment of the problem lies in treating the
system in its totality - i.e. - analyzing the water and bed as a continuum
with the solids and associated chemical. It is more fruitful however, at
this point to examine the component elements as a preliminary step. Thus
the suspended solids analysis, as well as that of toxic substances in the
water, may be decoupled from the bed sediment, with each system providing a
necessary boundary condition for the other. While realizing that the
holistic approach must ultimately be addressed, the following developments
relate to the individual components with the view of eventual coupling.

The analyses of the water column concentrations are therefore first
presented, followed by the development of comparable relations for the bed.
In each case, the equations of the solids and the chemical distributions
are presented.

2. Distributions in Water Column

a. Suspended Solids

The basic equation of the solids distribution is derived from the
mass balance principle. Restricting the analysis to the vertical distribu-
tion, the steady-state form is:

d"m dm

0= elzd— s Iz _ (4-16)

dz

The subscript, 1, indicates the water column and e(z) = vertical dispersion
coefficient. This equation expresses the equilibrium which exists between
the rate at which particles settle downward and the rate at which they are
diffused upward. The settling is due to the weight and size of the particle,
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tending to increase the concentration in the direction of the bed. This flux
is counteracted by the dispersion which by virtue of the gradient tends to
transfer particles in the opposite direction. The solution of the above is
straightforward:

- w z/e
mo=m.e S (4-17)

1 11

in which mg = concentration in the water at the bed interface. This concen-

tration is not necessarily equal to that in the bed at the interface - the
ratio between the two being a function of the ratio of the fall velocity to
the shear velocity and the characteristic Reynolds of the grains. The inter-
facial condition is one of the most critical and least understood in the ana-
lysis of the problem.

In streams and rivers, the assumption is usually made that the vertical
dispersion is equal to the eddy viscosity of the fluid and this appears to be
sufficiently realistic for the analysis of the problem. However, as the con-
centration of solids increase (010,000 mg/%) the value of the vertical eddy
dispersion is less than that of the eddy viscosity. A comparable condition
occurs in estuaries and lakes, in which the mass dispersion may be much less
than the momentum transfer due to the density differences. As the concentra-
tion increases an additional order or more, the viscosity effect changes
markedly. Thus the motion of bed solids may be characterized by a viscosity
less than that of the kinematic viscosity of water.

The solution, shown above, is based on the assumption that the parameter,
e, is constant throughout the depth of the water column. However, it does
vary from water surface to bed. 1In rivers, the variation is well-established
being essentially zero at each houndary and maximum at approximately mid-
depth. The value used in the above equation may be interpreted as an average
over the depth, which assumption has heen shown to be a practical approxima-
tion. From both of the above equations, it is apparent that

€

dml
dz

ERT

- 8 -
=< (4-18)

a relationship which is useful in the following sections.

b. Organic Chemicals

The basic equation for the organic chemical may be developed
directly by considering the dissolved and particulate forms, the latter
being subject to settling:

dzcl

2

- Komlcl + sz (4-19)
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+Kmpe - Kp - w_ 32 (4-20)
For the concentrations of suspended solids encountered in natural water sys-
tems, the assumption that the dispersion coefficient is the identical for
both dissolved and particulate and equal to the eddy viscosity is valid. As
noted azbove, however, as the concentration of solids increases, the disper—
sion coefficient decreases. Larger concentration of solids, as may exist in
the bed, precludes the dispersion effect for the particulate, and the dis-
solved component in the interstitial water is subject to molecular diffusion.

The total concentration of the organic chemical follows an addition of
the above equations, which cancels the adsorption and desorption terms lead-
ing to:

d7e . dp1
d22 s dz

(4-21)

Assuming instantaneous equilibrium the particulate component may be expressed
in terms of the total:

d ch ) §_( ﬂml
2 Vs dz T+Tm, Cr1

) (4-22)

Expanding the term with the appropriate differentiation and substituting
equation (4-18), the final form after simplification is:

2 w_ de 2
T1 Ts T f’_g)
3 p £

- f
dzz p dz

“r1
ﬂml

(4-23)

Since my and fp are depth variables, there is no simple analytical solution

for this equation. However, by segmenting the depth such that the solids
concentration in each element is approximately uniform, this equation may be
solved:

= —82 -
Sy = Cpq 4@ (4-24)
in which
w 1
_ _s _ 4 2
g = fp 7o 1 1+ iﬁz] ]

The significance of the parameter, Tm, is evident.

For ﬂml much greater or less than unity, the exﬁonent is
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3. Distributions in the Bed

The equations describing the distributions in the bed are similar to
those in the water. However, due to the large concentration of bed solids
certain modifications must be made - specifically, the distinction between
the volumes of the interstitial water and solids. There are a number of
quantitative expressions of this ratio. The porosity, ¢, a commonly
accepted definition, is the pore volume (interstitial water) expressed as
a fraction of the total volume. The total mass of toxicant in the bed,
MTZ’ is the sum of that in the interstitial water and in the particulate

phase. Thus
MT2 = ¢V2c + Vzp (4-25)

in which

¢ = porosity

Dividing by the volume and replacing the particulate concentration by the
product of the solid-phase and solids concentrations:

+ T, m (4-26)

Crp = 06, T T,ym,

Substituting for the solid phase concentration, its equivalent in terms of
the dissolved concentration and partition coefficient

2 1

_— = = (4-27a)

Cro ¢ + ﬂmz

and expressing the porosity in terms of the solids concentration:

c
2 1

P (4-27Db)
T2

m
1+ fm, ~ 2
pS
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in which

Py = density of the solid particles

It is apparent from these equations that the correction for porosity has an
insignificant effect on the distribution between the dissolved and particu-
late components. It is further evident that the mass of the toxicant is pre-
dominantly in the solid phase for any substance which has a moderate tendency
to adsorb (T > 100) since the concentration of solids, m,, is great. By

neglecting the dissolved phase in the bed, an error of less than 1% is intro-
duced.

It is emphasized that the above approximation applies only to total mass
balances and not necessarily to processes, which depend on concentration dif-
ferences over long time periods. Consider the case in which a toxicant,
which has been discharged for some period of time, is banned. The dissolved
concentration in the water column decreases in time due to the flushing
action of the flow. The dissolved component in the bed, regardless of its
low concentration with respect to the particulate, is greater than that in
the water. This differential in concentration from bed to water establishes
a transfer route which contributes to the ultimate cleansing of the system.
In such a case, the dissolved concentration in the bed must be included in
the analysis. It is apparent that, in such an analysis, neglecting the dis-
solved component in the bed not only introduces a significant error, but
also eliminates a basic mechanism. With this perspective in mind, the equa-
tions for the solids and toxic substances are developed in the following sec-—
tions.

a. Solids

As noted above, the effect of dispersion decreases with increasing con-
centration of solids. In the vicinity of the bed, it mey be greatly reduced
and in the bed, itself, it may be entirely dissipated due to concentration of
solids. The extent to which the mixing extends into the bed is a function
of the fluid velocity and particularly the shear velocity. Under low flow
conditions, the mixing in the interfacial hed layer may be so negligible as
to characterize the bed as statiomary. A mixed bed, on the other hand, is
one in which the dispersion effect is felt to some degree due either to the
hydraulic shearing stress or a bioturbation effect. A form of equation
(4-23) is appropriate for this case. The depth to which the mixing extends
is, of course, limited, probably in the orders of 1 or 10 centimeters, below
which quiescent conditions prevail. Thus, the stationary bed is the limiting
condition, in which the mass rate of change is due solely to compaction of
the solids. The compression displaces the interstitial water upward, thus
increasing the solids concentration. As the sediment becomes more compressed,
the porosity further decreases and consequently the interstitial velocity
of the displaced fluid, the permeability being the order of the limiting
velocity.

The equation for the mass rate of change of solids for the mixed bed
includes both dispersive and advective terms, while that for the stationary
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bed contains only the advective component.

om om
2 3 2 9
5t " 52 t2 Bz ) T 3 i) (4-28a)
and
am
3 0
EC PN (4-280)
in which
m, = concentration in mixed layer of bed
my = concentration in deep bed
€y = dispersion coefficient
w, = interstitial velocity

The effect of the solids settling from the water column is introduced as a
boundary condition at the interface, where the fluxes are equated.

Expanding the right-hand side of equation (4-28b) and re-expressing the
left-hand side:

om, om. ow,
w Z. -W 2z m, — (4-29)
d 3z i 9z 2 %z
. . dz . . .
in which Wy = ET the sedimentation velocity

In the limit, when the change of velocity is zero, the interstitial velocity
is in the order of the permeability, which in turn equals the sedimentation
velocity - i.e., the depth of the bed is decreasing at a rate proportional
to the interstitial velocity or the permeability assuming there is no flux
from solids settling from the water column. Admittedly, these equations
only provide some insight, rather than practical utility.

A more practical approach is to consider a depth-averaged concentration
taking into account both the flux of settling solids and compaction. In
this regard, it is informative to develop the volumetric balance of the bed.
The volumetric rate of change is due to the net effect of the two phenomena.
Thus,

d
_2_ _ 4y dv.
B (dt’ +(‘dt’
P 8

in which the subscripts p and s refer to the compaction
and settling, respectively. Substituting for each term on the right-hand:

- 50 -~



dv w_Am

2 s 1
—% = - S = 4-30
ar Phu + Py (4-30)
“in which
¢ = porosity 3
o, = bulk density -(M/L7)

1

op + (1 - dp,

p = fluid density
solid density

O
]

The porosity is the fractional volume of pores and is related to the concen-
tration:

m, = (1~ 0, (4-31)

Substituting and simplifying, the above reduces to after dividing by
the area:

——— (4-32)
&
pim, (1-=)
p
s
Equation (4-32) is an expression for the sedimentation velocity which may be
either positive or negative depending on the magnitude of the settling and

compaction. For most matural systems, the net effect is positive yielding
values in the order of 1 cm per year.

Since the settling flux is the only term producing a mass change
(assuming no resuspension) the mass balance is

d(Vzmz)
it = wsAml (4-33)

Expanding the right-hand side and transposing these results

%% =u™ -z ém, (4-34)
m, m, ot

The approach given above has not been generally employed in analyzing
bed distributions. Rather, the sedimentation velocity is introduced directly

in the mass balance equation, and includes the compaction rate. Since %% is

taken as the sedimentation velocity w,, equation (4-34) at steady-state re-
duces directly to

2 (4=35)
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If resuspension of bed occurs, an additional term is introduced

wom, = (wd~wu)m2 (4-36)

in which

w_ = resuspension velocity.
u

b. Organic Chemical

The equations for the chemical follow directly from the above. 1In the
mixed layer, the dissolved and particulate equations are

Bcz 3 Bcz 3
3t~ 3z L&) — gy (wyey) — Kompe, + Kopy (4-37)
o, 4

3p2 A
2.3 . 2 - -38
56 = 37 152 571 T Kgmye, - Kopy (4-38)

At steady-state - i.e. a constant rate of change of the bed depth, these
equations may be expressed, after introducing equation (4-29).

dc

-4 _2, 4 -
0= iz [(E2 + DL)BZ ] i [(wi+wd)c2] - Komzc2 + K2p2 (4-39)
d dp, d
0= ey 1~z [luytwgd pyl + Kympey = Kypy (4-40)

In the stationary bed, the physical and/or biological mixing is negli-
gible and the coefficient, €&, is zero. Thus the particulate equation con-
tains only velocity terms.

The recommended procedure of analysis for these conditions tracks the
particulate form, first, since the vast majority of the mass is contained
therein. Having established the distribution of the particulate concen-
tration, the solid phase and dissolved concentrations follow directly.
Knowing the dissolved distribution, the flux across the water-bed and the
mixed-stationary bed interfaces may be determined. Alternately, each of
the ahove sets of equations may he added, from which the total concentra-—
tion is evaluated which may then be fractionated into its components. In
the stationary bed the equation is:

D de ' ’
_a i “roy g
0= 3z [ﬂmz Iz } -z l:(wi+wd)‘ CTz] (4-41)
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since the particulate fraction is approximately unity.

APPLICATION TG KEPONE DISTRIBUTION IN THE JAMES RIVER

The James River is a tributary of the Chesapeake Bay. The region of
concern extends approximately 120 KM upstream from the mouth of the river
to Hopewell, Virginia, the location of the source of Kepone. The input of
Kepone to the river occurred through the discharge from the waste treatment
plant, from surface drainage and runoff from the production site and through
leaching of ground water through the contaminated areas. The river is
dredged for navigation purposes and the deep channel is bordered by shallow
littoral areas some of which are productive fishery zones. The cross—sec-

tional area of the channel increases in the downstream direction and broadens
perceptively at a number of locations. The James 1s a coastal plane estuary,

with a typical estuarine circulation, the result of the combined effects of
the freshwater flow and tidal action, in conjunction with the vertical and
horizontal salinity gradients inducing a density-driven flow pattern. This
circulation pattern exists in the saline region of the estuary. Upstream in
the non-saline zone, tidal currents persist to Hopewell without the density
effects and the transport may be readily defined by the one-dimensional
advective-dispersive equation.

The source of the Kepone input is located in the non-saline, tidal
region of the James River estuary, and consequently, the concentration was
most evident in the immediate vicinity of and downstream from the source.
A preliminary analysis of the Kepone distribution was performed employing
the one~dimensional longitudinal model, described above. The kinetic form
of the equations, defining the dissolved and particulate concentrations
individually, rather than the total, was utilized. The purpose of this
analysis was two-fold: first, to determine the general applicability of
the advective-dispersive model and secondly, to assess the kinetic inter-
actions of adsorption and desorptiom.

The results of the analysis are shown in Figure 4~1. The transport
coefficients were readily determined. The advective components form the
hydraulic continuity equation knowing the freshwater flow and the cross-—
sectional area. The dispersive coefficient was assigned in the range of 2
to 5 square miles per day (5-7.5 square kilometers per day) as typical for
tidal, non-saline systems. The distribution was relatively insensitive to
this range of dispersion coefficient.

This preliminary analysis was simplified by various assumptions - sub-
ject to verification by the ongoing field and laboratory studies. The bed
solids concentration, m,, were much greater than the suspended solids con-

centration, ml; the evaporative transfer coefficient, K , was taken to be
a

negligible; and the solids adsorptive capacity, r., was assumed to be much

greater than either of the Kepone concentrations on the solids, r, and ..

1 2
The kinetic coefficients - KO, Kd’ Ks’ and Ku’ were assigned from the lim-
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ited data available. Finally, the Kepone concentrations on the bed solids,
Ty, were assigned from data; these concentrations were in turn utilized

as forcing functions to calculate the Kepone water column concentrations.

Based on these assignments of coefficients, the longitudinal distribu-
tion of total and dissolved Kepone in the water column is presented in the
figure, with the 1976 Kepone data. The calculated total Kepone concentration
fits the data quite well and although the dissclved fraction of Kepone is
high, this concentration is merely a function of Kepone kinetic coefficients,
KO and Kd ~ values which were obtained from a minimal amount of kinetic data.

A range of the kinetic coefficients were assigned to test the sensi-
tivity of the response to the adsorption-desorption exchange. Based on the
tidally average analysis, it was concluded that the instantaneous equili-
brium assumption was applicable. This condition greatly simplifies the com-
putational procedures: it is only necessary to calculate the total concen-
tration, in accordance with the equations developed in the previous section,
from which the dissolved and particulate components may be readily deter—
mined by means of the partition coefficient. Furthermore, the model runs
investigated under this phase of the project, established the analytical
procedure for the more complex analyses, involving bed-interaction in both
saline and non-saline regions. The first and critical step in the analysis
of such organic chemicals involves assessment of the water concentrations,
based on the assignment of observed bed concentrations. This step calibrates
the water phase of the model and establishes the flux between the water and
bed, an important element for the model of the bed, as described in subse-
quent sections.
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SECTION 5

TWO~DIMENSIONAL ESTUARINE MODELS

HYDRODYNAMIC ANALYSTS

The circulation within the saline zone of estuaries is due to the inter-
action of a number of factors - tidal action, density differentials, fresh-
water flow, winds and the characteristics of the channel. On a tidally aver-
aged basis, the circulation is characterized by a horizontal seaward velocity
in the upper layer and a landward velocity in the lower layer, with a compen-
sating vertical velocity pattern to maintain hydraulic continuity. A simpli-
fied analytical solution is developed from the equations of momentum, contin-
uity, and state, which defines the vertical distribution of horizontal velo-
city. It is based on the condition that the salinity distribution in both
the longitudinal and vertical planes are known or may be assigned.

The most fundamental approach to the analysis of this type of estuarine
circulation. is based on the simultaneous solutions of the fundamental equa-
tions of momentum, continuity and state. It involves a numerical solution
of the basic equations, which 1s generally quite complex. Due to the small
time and space steps, which are necessary to insure numerical stability, the
procedure usually requires a substantial amount of time and effort. The
output which defines the velocity variation in time and space, are averaged
vertically and tidally to yield the net circulation. By contrast, the
method of analysis described herein, which is based on decoupling the equa-
tions of motion and salt balance, is relatively straightforward. It is
therefore computationally simple and rapid and offers a definite advantage
as an analytical tool.

The characteristic estuarine pattern of seaward velocity in the upper
layer and a landward velocity in the lower layer, which is evident after the
longitudinal velocities at various depths are averaged over a tidal cycle,
was first ohserved hy Pritchard (1) in the James River Estuary. Following
this work, a series of papers were presented clarifying many of the salient
features of this type of estuarine circulation for a variety of conditions
(Pritchard, (2); Pritchard and Kent, (3).

The general nature of this circulation and the effect of freshwater
flow was further horne out by a series of experiments in hydraulic models
constructed by the Army Corps of Engineers at the Waterway Experiment Sta-
tion. From these experiments and additional field measurements, Simmons (4)
suggested the term of "flow predominance" to describe the circulation and
indicated its significance in the shoaling of estuaries. Harleman et al (5)
conducted a series of experimental iInvestigations in a laboratory flume, in
which the mixing was induced by grids oscillating vertically to simulate pro-
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totype observations. They also analyzed a detailed set of salinity and cur-
rent measurements under controlled laboratory conditions which were conducted
in the Waterways Experiment Station (Harlemen and Ippen, (5), (6). Subse-
quent field measurements provided further evidence of this typical circula-
tion (Harlemen and Ippen, (5), (6).

One of the first analytical approaches was developed by Defant (7) in
defining the two-dimensional currents in tidal straights. Rattray and Hansen
(8) demonstrated the similarity solution techniques by decoupling the fluid
motion and salt transport equations. By postulating logarithmic functions
for the channel geometry, direct solutions for the velocity profiles were
developed. Bowden (9), extended this general approach with more detailed
measurements and further analysis, and presented an excellent summary of the
state of the art, as of 1962, In a recent text, Officer (10) further devel-
oped a number of simplified analytical solutions and thus provided a great
deal of insight into the phenomenon. More complex numerical solutions have
been presented by Leenderstee et al. (11), Hamilton (12), Blumberg (13,14),
Boericke and Hogan (15) among others to describe more completely the tidal
circulation patterns from which the tidally averaged velocities have been
abstracted. The approach taken in this paper follows the path laid out by
these investigators and presents a practical engineering method to analyze
this type of circulation in estuaries in a simplified and synthetic manner.

The laterally-averaged form of the equation of motion for the horizontal
velocity is:

—tu -t W= - == (5-1)

in which u and w are the horizontal and vertical velocities, p is pressure;
and p = p(x,z) is density of water. The molecular diffusion of momentum is
normally considered negligible in the natural environmment. The vertical
component of the equation of motion (the hydrostatic assumption) becomes:

lap_ -
ooz 8 (5-2)

in which g is acceleration of gravity. In order to take into account tidal
currents as well as the turbulent character of the flow, the velocity compo-

nents u and w are divided into three terms, which are uncorrelated with one
another.

u=u-+u +u’
t

= w + t
w w + wt A

where u is the mean velocity averaged over one or more tidal periods, ul is

the tidal component and u' the turbulent component. Introducing these velo-
city terms into Eq. 5-1 and taking the time mean over one or more tidal
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yield the turbulent stress terms T'u' and u'w'. Relating the stress terms
to the mean velocity gradients through the eddy viscosities, the time mean
of Eq. 5-1 for the tidally averaged steady state is given by:

- - 3u -
—- du - du t°=_l_3£+_3__(N _B_u_)

du
K 3z to 9x p 9% 9X X 9% ) (5-3)

3
+ az(Nz 3z

The last two terms in Eq. 5-3 are the turbulent nonadvective flux of momentum,

and are represented by the product of the eddy viscosities, Nx and Nz and the

associated velocity gradients. The term, u ath/Bx is a field acceleration

to

resulting from B(utz)/ax since u =u cos ¢ (o represents the sum of an

to
angular time argument of tidal period plus a phase angle). The pressure gra-
dient term in Eq. 5-3 is the mean value of %-%5 in Eq. 5-1 with respect to

time.

Pritchard (2) demonstrated that the horizontal component of the turbu—
lent flux of momentum %;—(Nx %EO and the non~linear acceleration terms were
negligible, compared to other terms in Eq. 5-3, for selected stations in the
James River. 1In some cases, the field acceleration term uto(autolax) may
also be small and can be neglected. In the present analysis, NZ is assumed

constant with respect to depth in order to make the equation mathematically
tractable. Admittedly, the last two assumptions may be crude approximations.
However, subsequent development indicates the practical utility of the
approach. The final working equation, therefore, involves two terms: the
longitudinal pressure gradient and internal friction.

2

%)

1oy
p 9%

(5-4)

N

3z

The coordinates for Eq. 5-4 are shown in Fig. 5-1 in which the longitudinal
x—axis is positive toward the ocean and the vertical z—axis is positive
toward the bed of the estuary.

_ The boundary conditions for Eq. 5~4 are: at the free surface (z = -n),
du/3z = 0, i.e., no wind effect; and at the bottom (z = h),

du
N = Cyluy luy (5-5)
z=h

in which Cd is a dimensionless friction coefficient and uy is the velocity
at the bed. )

In order to solve Eq. 5-4, the hydrostatic pressure in Eq. 5-2 1s ex-
pressed in terms of the horizontal and vertical distributions of salinity and
the equation of state which specifies the density as a function of salinity
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is given by:

0= (1 + a0) (5-6)

in which p_. is the density at zero salt content and a = 0,000757 (parts per

thousand) ~. The pressure force is then evaluated in terms of the salinity
gradients and freshwater flow, which are assumed known from measurement.
Integratjon of Eq. 5-2 yields:

z g z
I 3§~dz =g/ pdz
-n —-Nn

and substitution of Eq. 5-6 gives:

zZ
p-p. =gl pf(l + aC)dz (5-7)
=n
where p, = constant atmospheric pressure. FExpressing the vertical salinity

distribution in general as G = ES¢(Z) in which Es is the surface salinity,
Eq. 5-7 becomes:

Z
gfn pf(l + aEs¢(Z))dz

P -,

n

z

g pf(z + n) + gprSu ; ¢(z)dz o (5-8)
-1

Differentiating Eq. 5-8 yields:

. 4n 37 *
9xX g pf dx te pfu Bx(cs / ¢(z)dz
-n

from which it is evident that the longitudinal pressure gradient is essen-
tially composed of two compoments: the slope of the water surface and the
gradient of the product of the horizontal and the vertical distributions of
salinity. Expanding the derivative of the product in the latter term and
substituting the entire expression into Eq. 5-4 results in:

24 deg = — 3 7

N =gstgoag— S $(z)dz + g aC_ —— I e(z)de (5-9)
3z X ' 8 39X v _p

in which s = dn/dx, the surface gradient where the quotient pf/p is assumed
to be subsumed into the eddy viscosity N (approximate range of pf/p is 1.00

freshwater to 0.97 seawater) and any effects of the vertical variability of
the density p on subsequent depthwise integrations are assumed negligible.
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Integrating Eq. 5-9 and applying the boundary condition N(3u/dz) = O at
z = -n yields:

= dc =z =z
Nz = gs(n+2) +gag —-—S‘ S ez (dz}
-0 -1
- z a z
+ gaC_ f (5; S ¢(z)dz)dz (5-10)
-1 -n

Applying the second boundary condition (Eq. 5-5) in the next integration
gives the horizontal velocity:

diC_h z =z 3 _ h zZ4 2 2
= e Zp%) B S 5 g og(2)(dz)° - BET s S S ¢(2)dz(dz)
N dx N s 0x
z -n -n -n NN —
!
: 1
sh o dC_ h =z _h 3 2 2
Lc +%——~— I e(2) (dz)? C S G ) ¢(2)dz dz (5-11)
X
d d -n -n Ca °on -n
The laét term in Eq. 5-11 is the bottom velocity, Uy Note that, for conven-

ience, it is assumed that the origin of the coordinate system is at the loca-
tion of interest (d.e. n = 0).

The surface slope, s, may be now evaluated by applying the continuity
condition to Eq. 5-11:

in which Q is the freshwater flow; and b is the depth-averaged width. Equa-
tion 5-11 becomes:

Q. n? ﬂd s B bz oz
SR A ) ¢(z>(dz)
=N Z =N =) e
20 = h h z 5 z- 3
TG L 1 T GG 1 ¢(2)dz)(dz)
-n oz -n -n
| . 1
Y (R ) e B o4 = 2
+HEZ +EE 2 7 s ) (@) + BET 7 (o= S e(2ddn)dz] =0 (5-12)
s 90X
d d -n -m d -7 -1

Equation 5-12 is a quadratic expression for s, since it appears as a first
power in the second term and a half-power in the last texm. TIt, therefore,
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has two roots, one of which can be discarded because it yields a seaward
bottom velocity. The appropriate root is then substituted into Eq. 5-11 to
yield the solution of the horizontal velocity as a function of depth. ' Equa-
tion 5-11 indicates that local conditions rather than boundary conditions,
control the magnitude and gradient of horizontal velocity at a particular
location. Because of this local control, the velocity calculation at one
location is relatively independent of those at other locations. This condi-
tion occurs as a result of decoupling the equations of motion and salt trans-—
port threugh use of field salt measurements to obtain the mean water surface
salinity (ES), the horizontal surface salinity gradient (BES/BX) and the

vertical salt gradient (¢(z)) at a specified location in the estuary. The

vertical variation ¢(z) is often described by a polynomial, ¢(z) = 1 + ajz

2 3 . . : .
+ a,z + ayz to characterize its non-linear nature. The linear approxima-

tion, involving the first two terms, has been found to be adequate to define
the horizontal velocity distribution in several estuaries.

Plane of No Net Motion

The depth at which the net horizontal velocity is zero may be determined
by Eq. 5-11. Solving for this depth at a number of stations and interpola-
ting for others delineates the plane of no net motion for the saline intru-
sion zone of the estuary (Fig. 5-1). At the tail of the salinity intrusion,
this plane meets the bed of the estuary. Upstream of this area, the hori-
zontal velocity in the whole water column is in the seaward direction.

It is convenient to divide the estuary into a surface and bottom layer
by the plane of no net motion as shown in Fig. 5-1, so that the horizontal
flow is downstream in the surface layer and upstream in the bottom layer.
The average horizontal velocity in the surface layer is:

[s)

[u] = U dz (5-13)

—
ho + n__n
where h0 is the vertical distance from the surface to the plane of no net

motion. The horizontal velocity, u, ﬁherefgre, is comprised of a layer mean
value {u] and the deviation from this mean u', (Fig. 5-1), so that:

u = [u] +u'

Vertical Velocity

Given the horizontal velocity at various locations, the vertical velo-
city may be evaluated by means of the continuity equation:

200 + i = 0 (5-14)
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Differentiating Eq. 5-11 with respect to distance, substituting into Eq. 5-14
and integrating with respect to depth yields:

~ - % o 123 - 19 ,, 2=
w(x,z) - wix, -n) = [ 5% dz = - E—f Sg{bu)dz - E-g;(b S udz)
R - ~n

z
and w(x,z) = - %-g;{b J udz), where w(x, -n)
n

1
[ev]

Thus, the vertical velocity at the plane of no net motion is,
h
- 13 . 9= 13 -
W(X,ho) =-3 gz(b_ﬁ udz) = - E‘g;(b(ho + n)[ul) (5-15)

Null Zone

One of the important features in the two-dimensional estuarine circula-
tion is the null zone, which is characterized by a zero bottom stress. Thus,
by means of Eq. 5-53, the bottom velocity becomes zero. As a result, the last
term in Eq. 5-11 is zero and consequently, Eq. 5-12 becomes:

sh o dCS h h z z 4
+ + 85 T g(2)(de)
bR TSN U RN dx o o) (5-16) '
g0 = h h z 5 z 3
tin G S S S G S #(22d2d(dz)” = 0
o -n z -n -n

where No is the vertical eddy viscosity in the null zone. For ¢(z) = 1 +
a7, Eq. 5-16 reduces to:
5

2 dc 4 a'h
- _gsb 1 o _sth 1 . -
o u, G5+ 2 ax 8t T30 ) (5-17)

where ug = Q/(bh). As an approximatioh, the salinity gradient das/dx

approaches zero at the null zone, and therefore, Eq. 5-17 becomes:

_ sh2 u*zh
N =B . (5-18)
o 3uf 3uf

in which u, = /-gsh, the shear velocity.
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The previous analysis may be modified to incorporate the mnon-rectilinear
nature characteristic of many estuarine cross-sections. For this purpose,
the width of a particular cross-section may be expressed as b =.bS§(z), where

r(z) is the vertical variation of width. The continuity condition is then
expressed as:
h
® Q = bS J t(z) udz
-n

with subsequent revisions in equations 5-12 through 5-18. Under most cir-
cumstances, a linear approximation is adequate to express the vertical varia-
tion z(z) such that ¢(z) = 1 - Bz, 1l.e. cross—sections may be represented by
trapezoidal geometries.

TRANSPORT - SALINITY DISTRIBUTION

The steady state mass transport equation for salinity in a two-dimen-
sional estuary on a tidally averaged basis may be written as:

98

N _ 3., 38 B
5—(u s) -+ SZ(W s) + Sg(ut st) = 55 Ce, az) (5~19)

in which s is the tidally averaged concentration of salinity; €, is the ver-

tical eddy diffusion coefficient; and u_ and s_ are the tidal components of

horizontal velocity and salt concentration, respectively. Longitudinal tur—
bulent diffusion is neglected because its effect is relatively insignificant
compared to the terms in Equation 5-19.

The estuary is divided into two vertical layers with the interface nor-
mally positioned at the plane of no net motion, i.e. the vertical location at
which the horizontal velocity is zero. After vertical averaging, Equation
5-19 becomes:

3 (Tsel 3 B = vy 4 B =
ax(<u><s>) + Bx(<ut><st>) + aX(u s') + az(w s)o
- (5-20)
3 9s
- BZ(EZAEE)O =0

for each layer. The terms <u> and <s> are layer averages of the velocity and
salinity concentration, respectively, such that:

u = <u>+q'

s = <s> + 5'

where u' and s' are the tidally averaged deviations from the mean values in
each layer. The subscript 'o' in the last two terms of Eq. 5-20 represents
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the plane of no net motion.

Each term in Equation 5-20 represents a distinct transport mechanism.
The first term, <u><s>, defines the contribution te the flux of salinity by
the advective flow in each layer. The second term, <ut><st>, is referred to

as tidal diffusion. The third term, u's', arises from the layer-averaging
process and represents the shear effect in each layer. For the James River,
the net effect of tidal diffusion and shear effect is not significant. They
are briefly discussed for completeness and for their potential importance in
other applications. The last two terms in Equation 5-20 are the vertical
and dispersive fluxes of salinity across the plane of no net motiom.

The final equation of salinity applicable to each layer of a two-dimen-
sional estuary is:

D, - = 3 ==y _ 9 , 38 _
E‘(,<U><S>) + FZ—(W S)o = 'B—Z('EZ 320 (5-21)

The solution is based on a finite difference approximation of Equation
5-21. A central difference scheme is used in the numerical calculation.
The estuarine system is divided into 2 vertical layers. The upper flow is
net seaward and the lower is net landward. The longitudinal boundary condi-
tions of salinity are the concentrations associated with the freshwater in~
flow at the upstream limit and with the saline waters in the lower layer at
the downstream location.

Inspection of Equation 5-21 indicates that the salinity distribution
is dependent on three transport coefficients. Two of these coefficients, the
horizontal and vertical velocities, have been determined in the previous
section, Equation 5-18, by employing the equations of momentum, continuity
and state. An initial estimate of the final coefficient, the vertical dis-
persion term, may be obtained from the empirical relationship with the verti-
cal eddy viscosity, NZ, such that,

N
z

E = e————
z 1+ Ri

(5-22)

in which Ri is the Richardson number defined as:

3
8 %y
R. = 5 : (5-23)

Ju
0[52

=y

In some instances, minor adjustments of this coefficient are necessary to
achieve suitable agreement with observed salinities.
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SOLIDS DISTRIBUTIONS
1. Water Column

Since the concentration of solid material is an important factor as an
accumulation site for Kepome, the temporal and spatial distribution of sus-
pended solids within the estuarine system is a necessary element in the over-
all anealysis. The solids distribution, in turn, is related to estuarine cir-
culation’. Some finegrained material, such as clays, remain primarily in sus-
pension and follow the residual tidally averaged flow. The silts will also
be maintained in suspension but also subject to deposition at slack water and
erosion at maximum current. The coarser grained sands will be primarily in
the bed and if eroded will travel along the bed, being less susceptible to
alternate erosion and deposition. It is evident that sclids eroded from the
bed move upstream if retained in the lower layer and downstream if they are
dispersed to the upper layer.

Particles in the range of 1 to 5 pm in diameter or smaller are primarily
made up of clay mineral complexes - montmorillonite, kaolinite and illite.
They are susceptible to flocculation when they encounter seawater. The prob-
ability of coagulation occurring is a function of the particle number, and
electrolytic concentration. The size of the agglomerated particles is regu-
lated by the intensity of the shearing stress of the flow regime. With suf-
ficiently high concentrations, turbulence may be dampened, and with reduced
shear, the particles will fall as a unit, with concentrations in the order of
as much as 100,000 mg/2 or more moving as a "fluid mud". This phenomenon,
however,” is not characteristic of the James River, although solids concentra-
tions in the bed material are of this order.

The coarse sediments are composed of sand and gravel; which do not floc~
culate. The distribution of the former is particularly informative in the
analysis of the transport with the bed itself. Some concentrations of sand
may deposit in the null zone if such material is present in the incoming
freshwater flow. In general, the concentration in inflow is minimal and the
major source of the sand is from the ocean boundary condition.

There can be significant lateral variations also - at bends, junctions
and bays. Most evident is the difference the dredged ship channel and shal-
low littoral sections. In the coastal plain estuaries of the eastern region
of the United States, the landward residual flow near the bed, in conjunction
with the solids load brought in By the freshwater flow causes a net accumula-
tion of solids within the estuary. This accumulation is referred to as the
sedimentation velocity whose order is tenths or units of centimeters per
year. There is in general very little sediment from the rivers reaching the
continental shelf and most of the solid material is accumulated with the
estuary proper. Flood loads will with its associated solids load flush out
some of this material, but significant fractions are retained.

The spatial distribution of this material, as observed in many partially

mixed estuaries, such as the James, is characterized, in the vicinity of the
salinity intrusion limit, by a peak concentration higher than that of either
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the river source or the oceanic waters. This phenomenon, usually referred
to as the "turbidity maximum', decreases with decreasing river flow and may
be washed out under relatively high flow conditions. Other factors, which
include dependencies on the settling velocity (particle size) of the sedi-
ment, the amount of sediment introduced at both the ocean and river sources,
the strength of the estuarine circulation, flocculation and deflocculation
regulated by salinity variation, and local resuspension by tidal currents or
waves, may also be effective in this regard. :

A steady state mass transport equation for suspended sediment, analogous
to that for salinity, Equation (5-19), may be written for a tidally averaged,
two dimensional estuary of constant width:

@m 4@+ wm) + 2 tum) = e, (5-24)

in which m is the tidally averaged concentration of suspended sediment; ﬁs is
the averaged settling velocities of suspended particles; and u_, m_ are the
tidal components of horizontal velocity and suspended sediment concentration.
The longitudinal turbulent diffusion is neglected because its effect is rela-
tively insignificant compared to the terms in Equation (5-24),

Vertical averaging of Equation (5-24) about the plane of no net motion
yields the expression,
EL{<G><5>) + 3—{<u ><m_>) -+ E—{G"ﬁ') + 2—{(6 + w )m]
9x 9x t t 9x 9z s o
3 om
- Bz(gz 9z’0 0 (5-25)
applicable for each layer. The terms <u> and <m> are layer averages of the
velocity and suspended sediment concentration, respectively, such that:

u = <u> + u'

m= <m> +m'

where u' and m' are the tidally averaged deviations from the mean values in
each layer. The subscript 'o' in the last two terms of Equation (5-25) rep-~

resent the plane of no net motion.

Each term in Equation (5-25) represents a distinct transport mechanism.
The first term, <u><m>, defines the contribution to the flux of suspended
sediment by the advective flow in each layer. The second term, <u ><m, >, is

referred to as the tidal diffusion. The third term, u'm', arises from the
layer-averaging process and represents the shear effect in each layer. By
assigning the temporal distributions of current velocities to sine fumnctions
and approximating that the distributions of suspended sediments are symmetri-
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cal about slack water, i.e. the distributions show a mirror image for periods
of flood and ebb, the net effect of tidal diffusion is not significant. The
last two terms in Equation (5-25) are the vertical advective and dispersive
fluxes of suspended sediment across the plane of no net motion.

The final equation of suspended sediment applicable to each layer of a
two-dimensional: estuary is:

B - =] 3 = = oa=p _ 9 om
aeterm>) + v - wim] =

B_Z_ EZ .B_Z— (5—26)
This equation reflects the effect of superimposing the settling velocity
of particles onto the tidally averaged estuarine circulation pattern in de-
termining the distribution of suspended sediment. The effects of floccula-
tion and deflocculation may alsc be introduced into this framework by expand-
ing the settling velocity term to include these physio-chemical processes.
The equations developed above represent an estuary of constant width. In
most coastal plane estuaries, the width varies in the longitudinal direction:

m

(uBm) + g—z[(w—ws)m] = %Z—(ez A

13

B ax
in which

B = width of the estuary

The.bracket and bar symbols are not included henceforth.

The longitudinal boundary conditions specified for the evaluation of
Equation (5-26) are the concentrations of suspended sediment associated with
the freshwater inflow at the upstream limit and with the oceanic waters in
the lower layer at the downstream location. In addition, a vertical boun-
dary condition is established by the interaction at the water-sediment inter-
face. The resulting flux of this interaction, which is the net effect of
settling of particles from the water to the bed and entrainment of particles
from the sediment layer, is expressed as:

J, = W _m + wom (5-27)

/ b b

in which my is the concentration of particles in the sediment layer, and v,

is the tidally averaged entrainment velocity of these sediment particles
across the interface. A net flux from the water to the sediment layer im-
plies that the mean settling is greater than the resuspension of particles
and conversely a net flux from the sediment layer to the water stipulates
that uplift is greater than settling.

Inspection of Equation (5-26) indicates that the suspended sediment
distribution is dependent on four transport coefficients. The horizontal
and vertical velocities are determined by employing the equations of momen—
-tum, continuity and state, and the vertical dispersion is calculated from an
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empirical relation involving the eddy viscosity and the Richardson number.
Validation of these parameters has previously been performed in examining the
mass transport of salinity.

The last coefficient required in this evaluation is the settling velo-
city which is a function of the size, shape and density of the suspended par-
ticles. Furthermore, the density of cohesive sediments depends on the water
content and nature of the particle. Recent work on marine particles from
various sources provides a basis to relate particle demsity to inorganic com-
position and to particle size. The correlation, originally proposed by
McCave (16), is based on a 60-40 ratio of inorganic-organic composition.
Subsequent analysis on the solids in the Sacramento-San Joaquin Delta (17
indicated an inorganic-organic composition of 85-15. This ratio is much
more in line with that observed in the James. The relationship between par-
ticle density and particle size for this composition is derived as follows:

o = 2.0 a0-15 (5-28)

in which Py is the density of the particle in gm/cm3 and 4 is the particle

diameter in pm. The settling velocity is then estimated by substituting this
expression into Stokes' equation, yielding the distribution of settling velo-
cities for the range of the observed particle sizes.

2. Bed Conditilons

The transport components of the bed consist of a longitudinal advection
and a vertical dispersion or mixing. The advective component of transport
in the bed is induced by shearing stress of the overlying flowing water, with
which it is din contact. The horizontal velocity of bed is a maximum at the
water interface and diminishes in depth to a point at which the bed may be
regarded as stationary. The vertical dispersion follows a similar pattern.
A mass balance about an elemental volume within the bed results in the fol-~
lowing equation defining the solids distribution:

fm 3 Sm.
st = ek )+

u(z) 2B
B(x) 3x

(5-29)

in which

e = vertical mixing coefficient
u = horizontal velocity

B width of the bed

I

The boundary condition in the vertical planes are specified at the
water—bed interface and at that depth of zero horizontal velocity, which is
the interface between the transport layer and the stationary bed. The former
is the net flux due to the settling of suspended solids from the overlying
water and the resuspension of the bed from the transport layer in accordance
with Equation (5-27). The net effect of this flux is a change in the eleva-
tion of the water-bed interface, which rises or falls depending on the rela-
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tive magnitude of the two terms in the above equation.

Assuming vertical uniformity over the transport layer, the vertical dis-
persive term in the bed equation is replaced by the boundary conditions as
described. Furthermore, since this flux produces a volumetric change in the
bed, this factor must be taken into account in the mass balance. Thus, the
mass rate of change per unit length of estuary bed is:

Tm, - 3
rraie EE{Amb) = wSBmw - wuBm + uH —;(Bm

3 ) (5-30)

Expanding the left-hand side of this equation and dividing through by the
cross—-sectional area of the bed:

om 1 w W
b, b3 __s 1 o -
5 tZ ot 8 %o H "t wn (5-31)
in which
w
13A _ 1dz d
At HdAt H (5-32)
. %% =‘wd = the rate of change of the bed elevation

The rate of change of the bed elevation is referred to as a sedimenta-
tion velocity. It may be envisioned as the velocity at which the water~bed
interface approaches the stationary bed if erosion is predominant or at which
the interface moves away from that datum if settling is the significant term.

Assuming the concentration of the bed, m _, is approximately constant,

E]
the above reduces to, under steady-state: b
P T
0= raa e (wu + wd) + umbb (5-33)
in which
_1las
b= B dx

Interpreting the bed elevation change as described, the flux about the sta-
tionary bed is:

wm = rugmg (5-34)

in which

: m_ = average concentration of the solids in the stationary bed.
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ORGANIC CHEMICALS DISTRIBUTIONS

The longitudinal and vertical distributions of the dissolved and partic-~
ulate components of an organic chemical, in an estuary under steady-state,
tidally averaged conditions may be written as follows:

9 ac EId 9c
0= 5;‘(6) 5,) U5 - W - Kme + Kp (5-35)
_ 3 3Py 3p _ _ ap _ -
0 = 5;—(5) aZ) u == (w WS) 52 T K_me sz (5-36)
in which

¢ = concentration of dissolved
p = concentration of particulate component

vertical dispersion coefficient

™
]

u = horizontal velocity

w = vertical velocity

W= settling velocity

Ko= Adsorption coefficient
K2= Desorption coefficient

The first two terms in each of the equations represent the vertical disper-
sion and horizontal advection. The third term is the vertical advection,
which includes the settling velocity of the particulate component in equa-
tion (5-36). The remaining two terms define the rates of adsorption and de-
sorption, respectively.

The vertical boundary conditions are assigned at the air-water and
water-bed interfaces, at which concentration and flux conditions are speci-
fied. The flux may be negative or positive, representing net deposition
or scour at the bed, respectively, or gas—-liquid exchange at the air-water
surface. An additional source due“to precipitation may be effective under
certain conditions. A zero-flux condition indicates equilibrium. To be
noted is on the fact that, although the suspended and bed solids may be
in equilibrium, the same condition does not necessarily apply to the organic
chemical, due to the adsorption-~desorption interaction. If the coefficients
defining this process are large, the assumption of instantaneous equilibrium
may be appropriate.

A comparison between the above equations for the two dimensional case
and those of the one-dimensional analysis is informative: In the latter,
both evaporation and settling are incorporated in the basic differential
equation while on the former, only the settling appears in the basic equa-
tion and the evaporation flux is introduced as a boundary condition. The
horizontal boundary conditions are assigned at the upstream limit of the
model. In the two-layered approximation of the above equations, the down-
stream lower layer concentration is specified.
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Addition of the equations describing the distributions of the dissolved
and particulate components yields:

dc dc ac
3 T T T _ dp (5-37)
5;{5 5;—9 -u W= - W

0= ox 9z 5 dz

Substitution of the total concentration for the particulate fraction,
assuming instantaneous equilibrium yields the final form:

dc dc dc
T T T 3
9z ) -u = TV oy 52-(fch) (5-38)

_ 9
0——-8‘;(,5

If the evaporative flux is significant, it is introduced as boundary con-
dition at the air water interface:

= -—Ke (5-39)

Expressing the dissolved fraction in terms of the total yields:

L

Tefm 1 (5-40)

£ éz(deT) i -

In the case of Kepone, this flux is insignificant. The flux of the
particulate is evidently zero at the air-water interface.

The boundary conditions at the water~bed interface are for the par-
ticulate and dissolved components, respectively:

f ¢

. —pT - _
j=+E— |Z=H wsfch (5-41)
or
Jp wufchb stchw
- e
Jg © ~ D EE-IZ=H (5~42)

The exchange coefficients between the two layers is expressed in terms of
entrainment velocity LA in finite difference form since the particulate

concentration in the bed is much greater than that in the water due to the
solids. The pertinent differential equation is as described in the previous
section. At the interface between the moving layer and the statiomary bed,

the boundary conditions of flux is expressed in terms of the sedimentation

velocity, LR
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PROCEDURE OF ANALYSIS

Application of the principle discussed in the preceding chapters to a
prototype estuarine setting involves four steps. First, principles of con-
tinuity, momentum and state are employed in a steady-state tidally averaged
mode to generate two-layered horizontal flows as well as vertical flows.
Secondly, a two-layer steady state model of the water column it used to
determine the vertical dispersion coefficient between the two water column
layers using ocean salt as a tracer. In addition, the net resuspension
rate of suspended solids from the bed to the water is estimated to match ob-
served suspended solids. Finally, using observed kepone concentrations in
the surficial sediments as a boundary condition, estimates of the dissolved
and particulate kepone fractions in the water column are made. These esti-
mates are compared with available data and - assuming instantaneous equili-
brium -~ the partition coefficient in the water column adjusted to achieve
agreement.

In the third step of the procedure, the moving bed and stationary bed
sediment layers are added to the model. Net horizontal velocities of the
moving layer are then estimated and the flux of sediment between the two
sediment layers is determined. With selected values of solids concentrations
for both the moving and stationary beds, the net sedimentation rate of the
bed is calculated and compared to observed rates in the estuary.

The fourth step involves using the four layer model - two layers in the
water column and in the bed (one transport and ome statiomary) - to generate
dissolved and particulate concentrations of kepone in the water and bed
phases. The molecular diffusivity of the dissolved kepone in the bed inter-
stitial water and coefficients for all pertinent transfer and decay processes
are assigned, Partition coefficients are selected for the water and sediment
phases based on the assumption of instantaneous equilibrium.

Using historical inputs of kepone and the appropriate seasonal hydro-
logic input, a time trace of bed kepone buildup is calculated and values for
selected times after the beginning of the discharge are compared with cor-
responding measurements. With the cessation of Kepone production, the fate
of the mass of Kepone in the system can be projected temporally and the time
to return the aqueous and sediment phases to acceptable concentrations may
be estimated.

A summary of these steps is presented in Fig. 5~2. Note that all coef-
ficients indicated in the figure are used for the final four-layer model ana-
lysis. 1In the sketch of each step, only the additional coefficients selected
in that step are shown. More detailed discussion of each of the four steps
follows.

Hydrodynamics

The procedure of analysis for obtaining net tidally averaged horizontal
and vertical velocities is, in principle, simple and straightforward. The
assignment of input parameters - salinity, longitudinal and vertical gradi-

ents, freshwater flow and channel characteristics - is first made. The
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sequential computation of horizontal and vertical velocities follows, based
on an assumed value of the eddy viscosity. Since only the order of magnitude
of the eddy viscosity is known, a few trials may be necessary to achieve the
best fit between the observed and calculated velocity. Although the proced-
ure involves a number of steps, it is computationally simple and relatively
rapid. The entire process requires about 10 seconds on a CDC 6600 computer.
The procedure may be repeated for various combinations of tidal and flow
conditions to establish the range of transport patterns for the two-dimen~
sional egtuarine circulation.

The first step is to estimate from the runoff records of the nearest up-
stream gauge the average freshwater flow entering the head of the estuary
during a steady state period. If the hydrograph reflects unsteady flow, the
period over which the flow is averaged requires some judgment and an average
period of a week to month prior to the sampling time is usually representa-
tive. :

Various locations throughout the saline zone are selected, the number
depending on the variation of the average depth of the channel. A trape-
zoidal schematization of the cross—sections are assigned from the selected
stations, The next step involves the assignment of the horizontal surface
salinity gradients and the vertical distribution of salinity for each sta-
tion for mean tide condition. If salinity measurements are taken at slack
tide, mean tide salinity is established by spatially translating the obser-
vations half of a tidal excursion. If, on the other hand, salinity data are
available over the entire tidal period, the average salinity values over the
period may be more representative of the mean tide condition. Given these
data, the surface salinity (Es) is assigned as well as the salinilty gradient
(das/dx) for each station. The vertical variation ¢(z) is often described
by polynomials, ¢(z) = 1 + a,z + 3222 + a323 to characterize its non-linear
nature. The linear approximation, involving the first two terms, has been
found to be adequate to define the horizontal velocity distribution on sev-
eral estuaries. Thus, the vertical salinity distribution is expressed as
¢ = Es(l + alz),rin which a, may be readily determined from the salinity ob-

servations. Using the above data, the horizontal velocities are calculated
over the depth and the eddy viscosity (N) adjusted to fit the measured velo-
cities.

The plane of no net motion is determined at each station by determining
the depth to zero velocity. By interpolation between statlons, the plane is
defined for the entire saline region and a two-layered system is constructed.
The average horizontal velocity in each layer is then determined from the
caleculated velocity profiles by integrating above and below the point of no
net motion. The average vertical velocity across the plane of no net motion
is obtained by flow balance. Thus, with the estuary segmented lontitudi-
nally, the horizontal flow in the surface layer at each vertical cross sec—
tion is first calculated. The difference in horizontal flow between two
adjacent vertical planes gives the vertical flow between the surface and
bottom layers. The vertical velocity is obtained subsequently by dividing
the vertical flow by the product of the average width of the segment and the
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length between adjacent vertical planes.

The hydrodynamic output for each freshwater flow analyzed consists of a
set of horizontal flows between the longitudinal segments and a set of verti-
cal flows between the upper and lower water layer segments. The plane of no
net motion is also defined in this step. Although the location of the plane
will vary slightly with the magnitude of the freshwater flow, a single loca-
tion is selected so that each model segment may be characterized by a con-
stant geometry.

Salinity

With the horizontal and vertical flows determined from the hydrodynamic
analysis ahove, the advective component of mass transport is known for any
suhstance. Salinity, a dissolved, conservative constituent, is then used to
obtain the second transport component, namely the vertical dispersion coeffi-
cient between the two layers of the water column. As noted previously, an
initial estimate of the vertical dispersion coefficient, e, is obtained from
an empirical relationship imvolving the vertical eddy viscosity, N, and the
local Richardson number. With these initial estimates of the vertical dis-
persion coefficients for the entire model, the two-layer steady state model
is run for a particular freshwater flow with upstream and downstream boundary
conditions appropriate for that flow. The initial estimates of the vertical
dispersion coefficients are then adjusted so that salinity profiles in both
upper and lower water column layers agree with measured values. An increase
in the vertical dispersion coefficients will raise the absolute magnitude of
the salinity in both upper and lower water column layers and diminish differ-
ences between the layers whereas a decrease will amplify the vertical salt
gradient.

The advective and dispersive fluxes which enter a mass balance for a
finite water segment are graphically shown in Figure (5-3) for an upper and
lower water column segment. Thus, for the upper water column layer, the net
amount of salt transported out of the segment by the horlzontal velocity
(ul) is equal to the salt transported into the segment by the vertical velo-

city (w) and the vertical dispersion (e).

Suspended Solids

The settling velocity of the suspended solids in the water column (ws),
resuspension rate of bed sediment (wu) and sedimentation rate of the bed
sediment‘(wd) are estimated in the next phase of the analysis procedure. The

settling velocity is first estimated, based on the nature and characteristics
of the suspended solids in the water column. As a first estimate, the set~
tling velocity may be assumed to be relatively constant throughout the estu-
ary - as is presently assumed “in the James River model. Spatial variations
may be incorporated as information on characteristic settling velocities for
the ambient classes of solids becomes available. It may be noted that a

single aggregate solids class is utilized in the present model.
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Having adopted an aggregate settling velocity, the flux of sediment re-
suspending into the water column from the moving sediment layer is determined
next. A resuspension flux is input to the lower water column layer, upstream
and downstream boundary conditions are selected - corresponding to the flow
condition being analyzed — and the steady state model is run. The assumed
resuspension flux is adjusted until calculated suspended solids profiles for
both upper and lower water column layers agree with observed profiles.

Pertinent mechanisms incorporated in this analysis are shown in Figure
(5-4). For any steady state period being analyzed, an upper water column
segment loses solids due to the longitudinal oceanward velocities (ul) and

settling (ws) of its solids (ml) to the lower layer. These losses are bal-

anced by inputs from the lower water segment due to vertical advection (w)
and dispersion (eg). Vertical advection and dispersion represent losses to
the lower water column segment and the settling of the upper layer solids
(ml) is an input whereas settling of the lower layer solids (mz) to the bed

is a loss. For the lower water layer, these fluxes are balanced by the loss
or gain of solids from the landward lower water layer velocities (u2) and the

input of solids due to resuspension of the bed sediment.

Computationally, as indicated in Figure (5-4), the resuspension flux is
treated as a resuspension velocity (wu) associated with the concentration of

sediment . in the moving sediment layer (m3) ~ the latter value selected on the

basis of.data from sediment cores. Typically, the resuspension flux varies
spatially, with a relatively constant value in the upstream freshwater zone
and peak values in the null zone which subsequently decrease downstream. With
increasing freshwater flow, the peak values increase and move downstream with
the null zone.

With the suspended solids coefficients which affect the water column
determined (settling, and resuspension), the analysis proceeds to calculate
sedimentation rates for the bed. As indicated in Figure (5-5), the moving
active layer of solids is subjected to horizontal transport (u3) induced by

the motion of the lower water layer. The motion will be landward provided
the net estuarine density circulation on the bottom is landward. Thus, a
mass balance around a segment in the moving layer includes the net flux of
sediment into the segment due to the induced velocity (ug) and the associated

bed sediment concentration (m3). The value of my presently is assumed to be

relatively constant along the estuary and, thus no change in concentration
(Am3) is shown in Figure (5-5). Additional fluxes include the settling from

the lower water layer, resuspension of bed sediment, all the above balanced
by the flux of sediment into the stationary bed (W'mS)'

Below the movable layer, a stationary bed either recelves the net flux
of solids from the active layer (deposition/sedimentation) or serves as a
source of solids for the movable layer (scour). Thus, in Figure (5-5), a
final mass balance indicates the incoming flux from the moving layer is
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equal to the sedimenting flux (wdma). After selecting a representative value
for the sediment concentration in the stationary bed (m4) based on data from
sediment cores, the long~term sedimentation velocity (wd) is calculated. The

latter value is then compared to estimated sedimentation rates in the estuary
as a validation step.

It may be noted that, at a given location in the estuary, sedimentation
may occur for a low flow condition and scour at a higher flow, or vice versa.
Since toxicant concentrations in the bed will only build up in sedimenting
zones of the estuary, selecting an appropriate long-term hydrology for the
river require careful consideration when bed buildup and depuration simula-
tions are being performed.

Kepone

In this final phase of the analysis procedure, Kepone parameters are
evaluated. Based on the assumption that Kepone adsorption-desorption rates
are rapid - that is, instantaneous equilibrium exists between the dissolved
and particulate components of Kepone, a partition coefficient is stipulated
in accordance with the concentration of suspended solids, as described in
Section 2 of this report. In the water column, an appropriate partition
coefficient can be selected for a given flow condition by means of the two
layer steady state model. Thus, by using observed values of particulate
Kepone in the surficial bed sediments as a boundary condition, an initial
estimate of the partition coefficient is made and adjusted until observed and
calculated values of both dissolved and particulate Kepone in the water col-
umn are in agreement. Transport components of the mass balance in the . two
water column layers are shown in Figure (5-6). Note that a molecular diffu-
sion term is indicated between the lower water layer and the moving bed for
the dissolved Kepone component. Presently, the diffusion coefficient (D2_3

)

is set to zero and research is continuing to evaluate its importance in
transferring Kepone for the bed to the water column. Adsorption and desorp-
tion fluxes are not indicated in Figure (5-6) since these fluxes are equal
when instantaneous equilibrium is assumed and thus cause no net loss or gain
of Kepone.

The four layer time variable Kepone model is then run to predict exist-
ing distributions of dissolved and particulate Kepone in the water column and
bed. Equilibrium experiments with Kepone provide a basis for selecting par-—
tition coefficients in the movable and stationary beds where sediment concen-
trations are orders of magnitude greater than suspended solids concentrations
in the water column layers. Diffusion of dissolved Kepone between the bed
layers is assigned at molecular rates (D _4). The transport mechanisms
assumed for the moving and stationary beas are shown in Figure (5-7). Note
that Kepone in the bed is released into the water column through the sole
mechanism of resuspension of particulate Kepone when diffusion of the dis~
solved component is assumed negligible. Also observe that sedimentation (wd)

transfers Kepone from the active bed into the deeper sediment, making this
mass unavailable for subsequent resuspension into the overlying waters.
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In a buildup calculation, historic discharges of Kepone into the river
must be estimated. Since records of these values are generally non-existent,
Kepone production records provide the sole basis of evaluating these load-
ings. If leaching of disposal sites is deemed to contribute significant
quantities of the toxicant to the river, an estimate of this non-point source
input must be made for the production period and, if production has ceased,
for the subsequent period when residual quantities of toxicant in disposal
areas may enter the receiving waters.

Using the historic loading estimate, a calculation of bed Kepone con-
centraticns can be made for the corresponding historic hydrology. Compari-
sons between observed and calculated spatial profiles of Kepone can then be
made at field survey periods to assess the reliability of the model. Since
water column and moving bed Kepone concentrations respond strongly to the
loading function selected, emphasis should be on comparison of stationary
bed values which respond less rapidly to the assumed discharge of Kepone.

Assuming discharges have ceased, a forecast of the Kepone concentrations
and masses in the water column and bed can be made under an assumed future
hydrology. 1In this instance, the Kepone mass in the bed provides the forcing
function to the system. Water column and surficial bed concentrations can be
estimated for any point in time, and the time to reach desired aqueous and
sediment concentrations can be estimated.

During the emtire hindcast and forecast, the total mass of Kepone dis-
charged can be accounted for in three basic compartments: the mass resident
in the water column and bed of the model, the mass exiting the model into

Chesapeake Bay and the mass bound up in the deep sediments below the active
bed.
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NUMERICAL SOLUTION OF EQUATIONS

Finite Difference Equations - Theory

The mass balance equations presented in the previous sections are
written in terms of continuous spatial and temporal coordinates since they
are differential equations., In order to obtain time variable solutions for
irregular geometries it is necessary to employ numerical methods. The con-
ventional approach approximates the spatial and temporal derivatives with
suitable difference expressions. This transforms the differential equations
into difference equations which can be readily solved numerically.

The numerical solution of the differential equations derived in the
previous sections is complicated by the presence of spatially and temporally
varying transport parameters, and the interactive adsorption-desorption
kinetics. The difficulty of solution is increased by the large magnitude of
the net non-tidal horizontal advectjon. In conventional one dimensional
estuarine analysis the vertically averaged net non-tidal horizontal velocity
is used, which is an order of magnitude smaller.

The reversible adsorption-desorption kinetics also contribute to the
difficulty. This reaction is very rapid relative to the time scale of the
transport. These large reaction rates can cause unstable behavior in the
numerical scheme. In order to illustrate this problem, consider the situa-
tion for which only a kinetic reaction affects the dissolved and particulate
Kepone:

de

Fr *Klmc + sz (5-~43)
dp _ -
ar sz + Klmc (5-44)

In order to express the particulate concentratjon equation in finite differ-
ences let:

n
p

p(nAt) (5-45)

p™ = ol (nt1)at] (5-46)

The derivative is replaced by the difference expression and equation (5-44)
becomes: )

o+l 1

= - K"+ Kyme” (5-47)

At 1

so that at time (n+l)At the solution is:

P p“(l—K2At) + At Klmncn (5-48)
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If K, is large, so large that K At >> 1, then pn+l can be negative which

2 2
is physically impossible. One solution to this problem is to keep At very
small. However this can increase computation time to the point of imprac-
ticality.

The source of the difficulty is the right hand side of equation (5-47),
where these concentrations are expressed at time level n. This is called an

explicit finite difference scheme since pn+l is given explicitly by equation
(5-48). Although this is a useful feature of explicit schemes, it can lead
to unstable behavior as shown above. The solution to this difficulty is to
express the right hand side of equation (5-47) at time level n+l. Initially
if only p is expressed at time level nt+l, equation (5-47) becomes:

T —sz““ + Kynle_ (5-49)

R . . . +1 .
‘For this illustrative case, the linear equation for pn can be easily
solved, the result being:

n

P
T+ Kat + AtKym

o+l
(5-50)

Note that the particulate concentration is now always positive regardless
of the magnitude of K At. Similarly the analogous dissolved concentration
finite difference equition for equation (5-43) is:

n+l n
c

- o n ntl n
AT = Klm [ + sz . (5-51)
which yields:
. .
cn+l = ~————:§i——— + At szn (5-52)
1+K1m At

Again no problem with positivity occurs for large KlmnAt.

However there is a problem with accuracy. The kinetic equations (5-43)
and (5-44) imply that c(t) + p(t) is constant in time. However, adding eq.
(5-50) and eq. (5-52) yields:

113 n
PP 4 P ﬁ!ﬁ + At Kyme” + S+ At K, P (5-53)
2 1+ kAt

which does not equal pn + cn, unless both KzAt << 1 and KlmnAt << 1, since
in that case:
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= 1 - K At , ‘ (5-54)

T+ KAt 2
l =1 - xn'a (5-55)
1+ KlmnAt

and the appropriate terms cancel. But keeping At small is not a practical
recourse.

The source of the inaccuracy for this scheme can be seen to be the
mixing of time levels at which ¢ and p are evaluated in the right-~hand side
of the eguations. If both p and ¢ are evaluated at time level ntl in the
kinetic expression, the result is:

ntl n
L I (5-56)
At 2 1
n+l n
c - C n+1 n o+l
I = 4 sz - Klm c (5-~57)
Adding these equations shows that pn+l + cn+l = pn +c" as required by mass
balance so that the finite difference equations conserve mass properly. It

+1

+1 . ‘s .
can be shown, alsco, that the solution for pn and " is positive for posi-

tive pn and <™ for any choice of At.

The price that is paid for this desirable behavior is that these implic-

. . . . n+l n+l
it equations yield simultaneous linear equations for p and ¢ :

n+1 ntl _ n

mat) ™ = p (5-58)

i+ Kzllt)p 1

+ (1 + K

n+l o+l _ n

- (K,AD)PT T+ (L KlmnAt)c ¢ (5-59)

which must be solved at each time step of the integration. For this illus-
trative example, this is not difficult but as shown below, it does lead to
complications for larger sets of equatioms.

A similar difficulty can occur with the advective derivative. Consider
the simple case of purely horizontal advection:

S tu—-=o0 (5-60)

In order to maintain positivity for simple schemes at least, it is known
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that the advective derivative must be expressed as a backward spatial differ-

ence. Letting cz = c(iAx, nAt) then:

R SN (5-61)

n+l n n n
i "% €1~ %11 56
- ~62
At tu A% 0 ( )
Qr:
n+1 n ult uAt n
- - udty |, uAt 5-63
¢ ey =750 * Th S5 ( )

The condition for stability is that Ax > ulAt and therefore if u is large and
Ax is reasonably small, which is necessary to preserve accuracy, then At is
required to be very small. TFor example, if u = 1 mi/d and Ax = 1 mi, then
At < 1 day.  Similar problems occur for the vertical velocity and dispersion
terms if explicit schemes are used.

The problem can be overcome by evaluating the advective derivative at
time level n+l so that eq. (5-62) becomes:

AT +u A =0 (5-64)

. R . . n
which yields a set of simultaneous equations for eyt

1L+ o (5-65)
1 1

- A c?fi

where A = uAt/Ax. Positivity is preserved since:

n

c
ntl _ i n+l
Si 0 TTExTACig

which 'is positive regardless of the magnitude of A. For this illustration
it is again straightforward to solve the implicit linear equations that
result.

The conclusion from the above analysis is that expressing the transport

and kinetic expressions at the ntl time level solves the problem of main-
taining positivity in spite of the rapid kinetics and large transport magni-
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tudes. However it does require that sets of simultaneous linear equations
be solved at each time step.

Finite Difference Equations for Dissolved and Particulate Kepone

The analysis of the previous section suggests that a fully implicit
integration of the mass balance equations is required for the transport and
kinetics_asscciated with Kepone fate. Consider the differential equations
for dissolved and particulate Kepomne:

% 3 ,d3c, .13 ,4 8, d._ )

5 T 52—(8 aZ) + 3 (u Be) + 5 (wc) Klmc + sz (5~66)
3 19 3

-g{— - —g; (P B + 3 3 PEp) + &= (Pp) = Kyme - Kpp (5-67)

where the superscripts d and p refer to the transport of dissolved and par-
ticulate Kepone.

The finite difference equations for these equations employ the defini-
tions for concentrations illustrated in Fig. (5-8a). The index i denotes the
horizontal coordinate; the index j denotes the vertical coordinate. The grid
spacing Jis as indicated. The dispersive and advective transport coefficients
are defined in Fig. (5-8b). The one-~half index denotes the interface being
considered. The spatial finite difference expressions for the derivatives
are conventional: backward spatial differences for the velocity terms and
centered spatial differences for the dispersion term.

The mass balance equation is constructed by considering the flux of mass
. . .th . . i}
into and out of the i,j volume, Vi .+ This procedure is discussed in more
3

detail elsewhere (18). That is for dissolved Kepone concentration Cij:

cn+l _ cn Ed A
ij i Ti,its Ti,its o ndl n+l
T v o - e ) (5-68)

3 i,j+1/2 ’J SJ
€1,3-% 2,975 . anl oL
+ x (c. ' 17 ey L)
Zl,j-l/z 1,3~ 1,]

d o+l

L L AL e
i-%,3 “i-k,3 Ci-1,j

ud A Cn+1
its, 3 Tits,d i,
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> Wd A Cn+l
i+ Ti,3s 4,040

wd A cn+l
i)j"% i,j—;i isj

n_ o+l n+l
= v - . .t Kop.,
MRS L W R LN
If the signs of the velocities are negative the associated concentrations are
changed to keep the advective derivative a backward difference, i.e. if

o+l . .
uq . < 0 then that term becomes: uq L . €, . since the concentration in
i-3,3 i-%5,3 1,3
+1

. . N . v
the backward (or upstream) direction is ciJ

The particulate Repone equation is similar, with Ep, up, and wp, the

s . d d d .
particulate transport coefficients, replacing € , u, and w and with the
signs of the kinetic expression reversed. These two simultaneous equations
are listed in table (5-1). For each segment of the grid, analogous finite

difference equations are written for dissolved and particulate concentrations.

Since these equations are implicit in cn+l and pn+l’ a set of simultan-
eous equdtions must be solved at each time step. At first glance this may
appear te be an unreasonable requirement since, for an N segment model the
order of the equations is 2N by 2N which can be quite large. For simple
geometries this may not be a problem since the equations have special struc-
tures and efficient routines for their solution are available. For example
a one-dimensional segmentation for a single concentration produces a banded
set of equations. Unfortunately the structure of segmentation for two
interacting concentrations in a two dimensional problem is not as regular.
Consider the example shown in Fig. (5-2). A three layer model is shown with
vertical and horizontal transport of both dissolved and particulate Kepone.
The pattern of the non-zero coefficients is also illustrated. The trans-
port coefficients appear in the locations specified by the connectivity of
the segmentation. The upper left and lower right quadrant are the transport
interactions between segments for dissolved and particulate Kepone respec-—
tively. The upper right and lower left quadrants contain the adsorption-—
desorption interactions between dissolved and particulate Kepone.

Although there 1s a certain regularity to the pattern the key to an
efficient solution technique is the fact that the coefficilent matrix is
sparse. That is, only a small fraction of the 2N by 2N elements are non-—
zero and this fraction decreases as the number of segments, N, increases.
Whereas for a completely filled coefficient matrix the number of elements

. . . 2 ; .
increases as the square of rhe matrix size (2N)”, and the computation time

: . 3 :

increases as the cube of the size, (2N)~, for sparse matrices, the increase
in nonzero elements is linear in segment size. Thus it is computationally

feasible to integrate the equations with a fairly large number of segments.
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For the James Estuary model the number of segments is 135 and the average
number of nonzero coefficients per segment is approximately 5. Hence the
total number of non-zero elements is v (2)(135)(5) = 1350 which corresponds
to a completely filled matrix of order ~v 40. Since this is a reasonably
emall matrix, the solution time is acceptable.

The solution of large sets of sparse simultaneous equations is an area
of active research and a number of techniques.have been developed (19). The
most efficient of these are based on the concept of reordering the numbering
scheme of the equations in such a way that during the forward elimination
step of the Gaussian elimination procedure, the number of new non-zero ele-—
ments that are created is minimized. This limits the additional computer
memory required and also limits the total number of arithmetic operations
required for solution. The most reliable reordering schemes also monitor
the magnitude of the pivot elements employed in the elimination thereby pre-
serving the numerical stability of the solution by preventing division by
small pivot elements. The subroutine package employed in this project was
developed by the U.K. Atomic Energy Establishment, Harwell, England (20).

A complete description and ‘documentation of the computer program is being
prepared as a separate report.
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TABLE. 5~1. COEFFICIENTS OF SIMULTANEQUS EQUATIONS FOR cn+l and pI1
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TABLE 5-1. (Cont'd)
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SECTION 6

APPLICATION TO KEPONE DISTRIBUTION IN JAMES RIVER

DESCRIPTION OF THE STUDY AREA

The James River is a tributary of Chesapeake Bay. From its fall linme at
Richmond, the river is characterized by a narrow channel, oftentimes- dredged,
bordered by shallow zones, some of which are productive shell fish areas.

The channel cross section increases in the downstream direction and broadens
perceptively at locations known as Bailey, Tar, Cobham and Burwell Bay.

This section of the river, downstream of Richmond, as shown in Figure
6-1, is a coastal plain estuary. The circulation - produced by tidal action,
freshwater flow and horizontal and vertical salinity gradients, is typical
of estuarine systems. The average annual runoff is 5,000 cfs, with extreme
high and low water flows in the order of 25,000 and 1,000 cfs, respectively.
These freshwater flows carry varying loads of suspended solids into the

. . . 6
estuarine system., Estimates of the solids load are in the order of 10

metric tons per year, with the principle contributions occurring in short
pulses during spring snow melt and major storm events in the region. The
composition of these river—bornme solids is primarily clay and silt material
consisting of approximately four to ten percent organic matter. Another
source of solids - containing somewhere in the order of fifty percent sand
particles by weight, is associated with the alternating tidal currents at
the typical estuarine circulation, produce spatial distributions of sus-
pended solids frequently characterized by a maximum concentration in the
vicinity of the saline intrusion, commonly referred to as the "turbidity
maximum'.

KEPONE HISTORY

Kepone, which is the tradename of a chlorinated ketone, was developed
by the Allied Chemical Company in the early 1950's as a means of controlling
specific insect pests. Production of the pesticide in the Hopewell area,
which began with the intermittent manufacture of the chemical in 1966, was
finally halted in the summer of 1975 (Table 6-1). Throughout this time and
continuing into the present, various amounts of discharged Kepone have reached
the James River via the municipal sewer system, leaching of contaminated soil
and runoff in the area. Only sketchy information on the actual quantity of
the pesticide to enter the river is available; however, field investigations
have shown that the region of resulting contamination extends upstream of
Hopewell down: the river approximately 120 km. to the mouth of the James and
possibly out into Chesapeake Bay. A major portion of this contaminated region
has subsequently been closed to the commercial fisheries, notably crabs and
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shellfish.

AVATLABLE DATA

Data from numerous sources (references 1-6) were collected in connection
with the various phases of the mitigation studies of the Kepone-contaminated
areas of the James River. The source data pertinent to the analyses reported
herein are presented in Table 6~2 and their position with respect to the daily
hydrograph is shown in Figure 6~2.

At the request of the Virginia State Health Department, the Health
Effects Research Laboratory of the Environmental Protection Agency conducted
a survey to determine the envirommental distribution of the pesticide. Among
the various phases of the survey, one was directed to the sampling of the
aquatic enviromment. Water samples were collected from a number of locations
including both the water and wastewater treatment plants and various domestic
and industrial users. Both water and sediment were analyzed in samples taken
from the James River, Appomatox River and Bailey's Creek. The concentration
of Kepone was in the range of tenths to a few micrograms per liter. Sediment
from Bailey's Creek area was contaminated with Kepone to levels as great as
10 micrograms per gram. In addition, soil near the manufacturing site and
sludge from the various disposal sites had significant concentrations.

Sampling of the region continued throughout 1976-77 by the Commonwealth
of Virginia, State Water Control Board. In assessing possible threats to
public health, water samples and sediment cores were collected at more than
50 stations to measure total Kepone content. Of particular value are the
results of the sediment sampling which established the general pattern of
Kepone residuals in the James River.

The Virginia Institute of Marine Science, supported by the Gulf Breeze
Research Laboratory of the Environmental Protection Agency, initiated a field
and laboratory program in 1976, the various phases of which are presented in
the table. Previous work on the sediments of the James River system provided
an excellent basis for the analyses of the Kepone concentration. During the
period of 1976-1977, four surveys of the bed were conducted in which both
surficial samples and core samples (to 100 cm in depth) were analyzed. Loca-
tions of sampling stations extended from upstream of the Kepone source at
Hopewell to Chesapeake Bay, covering zones of sediment deposition, natural
and dredged channels, natural shoals and banks of dredged material. For
each bed surface sample the following characteristics in addition to the
Kepone concentrations were measured: composition (% clay, silt, sand and
organic content), density and water content, and particle size (mean, median
and standard). The bulk Kepone concentration and that on the fraction less
than 63 1M were recorded. On the core samples, Kepone concentrations at
between 5 and 10 cm increments were measured. In December, 1978, extensive
coring of bed samples was conducted and kepone, % moisture and % organics
were measured at a number of intervals in the 60 cm sample.

Some difficulty in obtaining a representative sample in the heterogenous
environment of the sediments existed. Variations, which held for the sedi-

- 108 -



ment properties as well as the kepone content, have been exhibited over a 200
meter distance (3). Also, coring around the Coggins Point region (approxi-
mately km 90-100) was not plausible due to the compact nature of the sedi~
ments. According to Nichols (personal communication), since this area is
believed to be a scoured zone, minimal Kepone accumulation in the sediments
of this region was assumed.

VIMS also conducted extensive water sampling programs in August '77
and April-May '78. During the former survey, four transects were monitored
for hourly measurements over the complete tidal cycle at Hog Island (46 km),
Chickahominy River (73 km), Kennan Marsh (88 km) and Coggins Point (111 km).
Fach transect consisted of a deep channel station - sampled with depth at
approximately two meter intervals, and two off channel stations - sampled at
two depths. Parameters of interest were salinity, temperature, dissolved
oxygen, current velocity, suspended solids and particulate kepone. Measure-
ments of dissolved Kepone in the water were all below the detection limit of
0.10 pg/2. The information gathered during this survey period represents a
steady state depiction of the water column since a low flow condition of
approximately 1,000 cfs persisted for 6-8 weeks prior to sampling.

A subsequent survey of the water column was conducted in April-May '78
to reflect the effects of freshwater flow and the change in Kepone concentra-
tions since 1977. 1In addition to an extensive intratidal sampling in'early
May at transects at Pagan Creek (29 km), Burwell Bay (30 km), Hog Island (47
km), Jamestown Island (66 km) and the Chickahominy River (73 km), fifteen
slack water stations were sampled during the prior month. This informatiom
permitted some assessment of the effects of a fluctuating freshwater discharge
between 11,000 and 18,000 cfs during the intratidal sampling. Although dis-
solved Kepone concentrations again were below the detection limit of 0.10
ug/L, subsequent sampling by VIMS using an improved analytical technique
showed the dissolved Kepone to be on the order of 0.01 to 0.1 pg/2. However,
no field surveys were conducted in which this improved technique was used.

Concurrent with some of the VIMS sampling effort, Battelle undertook a
data collection program in June 1977 as part of the EPA Kepone Mitigation
Feasibility Study. Water column information was collected at eight transects
including the James River Bridge (19 km), Rocklanding Shoal (31 km), Hog
Island (55 km), West Swann Point (70 km), Windmill Point (104 km), Jordan
Point (116 km), Bailey Bay (118 km) and City Point (121 km). Three stations
were located on each transect and one to three depths were sampled per sta-
tion for each of three current conditions (flood, slack and ebb). Velocity,
temperature, conductivity, pH, dissolved oxygen, suspended solids, particulate
and dissclved Kepone were measured. Discrepancies in the conductivity meas-
urements, in some respects limited the application of this data. Battelle
also performed an extensive sediment sampling program concentrating mainly
on the Bailey Bay and Hopewell vicinity. Twenty seven cores were collected
in Bailey Bay with seven of these being analyzed for vertical distributions
of Kepone. A comprehensive sampling plan for Bailey Creek, Gravelly Runm,
the terrestrial areas of the town of Hopewell, the primary sewage treatment
plant area, and the municipal landfill was also established to quantify in-
flows of Kepone to Bailey Bay and the James River system.
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Numerous laboratory studies were also conducted to determine the physi-
cal, chemical, biological and toxicological effects of Kepone. Information
on the effects of biodegradation, volatility and the adsorption-desorption
behavior of Kepone has been compiled by Garnas et al. (5) at the EPA Gulf
Breeze Environmental Research Laboratory. Studies on the effects of Kepone
to the marine biota were conducted at the Gulf Breeze Laboratory with some
additional analysis performed by VIMS.

GEQPHYSICAL FACTORS AND SYSTEM SEGMENTATION

Geomorphology

The James River is a typical coastal plailn estuary draining into Chesa-
peake Bay (Figure 6-3). A deepwater channel is maintained at a depth of
approximately 30 feet and depths vary consliderably from the shallow embay-
ments to the deepwater channel. The River generally becomes more broad as
it flows downstream but there are several locations where natural constric-
tions occur. Cross sectional areas vary widely in shape from the broad
shallow shape at the mouth to the narrower deeper profile more upstream.
Several embayments, such as Baileys Bay, Tar Bay, Cobham Bay and Burwell Bay,
are present with characteristic shallows at the shore and a deeper main
channel section. Selected cross sectional areas along the length of the
River are shown in Figure 6-4 where the kilometer polnts of the cross sec-—
tions refer to distances upstream of the Chesapeake Bridge-Tunnel. Note that
the vertical scale is distorted in order that the variation of depth across
the River might be visible.

The variation of the cross sectional area, river width and river depth
from above Hopewell downstream to. Norfolk is shown in Figure 6-5. The abs-
cissa represents the distance from the mouth of the River to the point in
question, in kilometers. ©Note the general increase of all parameters in
the direction of flow, with an exponential increase in cross sectional area
typical of coastal estuaries. Values of all parameters are averaged longi~
tudinally over some distance upstream and downstream, and/or averaged later-
ally, in-order to diminish highly localized geomorphology.

Hydrology and Tidal Factors

Freshwater flow in the James River is the result primarily of the run-
off contributed by the more than 6750 square miles of drainage area upstream
of the City of Richmond, Virginia. Annual average flow in the James is
approximately 7000 cfs. This is supplemented, at Hopewell, by the runoff
from the 1340 square miles draining to the Appomattox River and further
downstream by the Chickahominy River near Providence Forge, Virginia. Other
sources of runoff are negligible in comparison to these three rivers. Thus,
in Figure 6-6, the spatial variation of freshwater flow in the study area is
shown for.several different flow conditions by three horizontal lines. In
the figure the James River runoff is the most upstream horizontal line, the
next line downstream represents the sum of the James and Appomattox River
flows, and the last line is the cumulative flow of the James, Appomattox and
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Chickahominy Rivers.

During the period when kepone was manufactured (1966-1975) flows in the
River varied substantially, as is typical in any ten year record. To illus-
trate this, monthly averaged flow is plotted in Figure 6-7 from 1966 to 1977.
In most cases, typical higher spring runoff values are followed by lower
summer-early fall flows, although the durations and magnitudes vary from
year to year. The drought condition of 1976-1977 is clearly reflected in
the figure.

The tidal current is an important factor in the transport of the solids
and constituents in both the water and bed. The longitudinal distribution

of the current amplitude is shown in Figure 6-8.

System Segmentation

In order to formulate a model to predict toxicant concentrations in the
water column and sediment of a river-estuary system, the actual geomorphol-
ogy, hydrology and total phenomena must be adequately reflected. To accomp-
lish this, the water body is divided into a number of segments, each of which
represents localized parameters of the system. In this way, variations of
any parameter along the length of the river can be taken into account. Seg-
ment lengths must be short enough so that expected gradients in water and
sediment concentrations can be accurately calculated.

With the above criteria in mind, a James River model was constructed of
126 compltetely mixed segments. The main channel of the river consists of
108 segments and the four side bays and two tributaries of the river are rep-
resented by a total of 18 segments. Four layers of segments are used for the
main channel, two in the water column and two in the sediment. In the more
shallow side bays and tributaries, three vertical layers of segments are
used, one for the water and two for the river bed.

A schematic of an elevation view of the segments in the main channel is
shown in the upper portion of Figure 6-9. Note that segments 1 through 54
define the two layers of the water column, segments 61 through 87 are in the
first sediment layer and segments 94 through 120 constitute the second sedi-
ment layer.

The first sediment layer, subjected to movement by the lower water
layer velocities, is referred to as the "moving sediment" layer or the
"moving bed" and the second sediment layer is the "stationary bed". As
shown in the lower portion of the figure, segments 535 through 60 are the
water segments, sequentially numbered, in the Appomattox River, Baileys Bay,
Tar Bay, Chickahominy River, Cobham Bay and Burwell Bay. For the same loca-
tions, segments 88 through 93 and 121 through 126 represent the moving and
stationary bed segments, respectively.

In the main channel, segment lengths are all approximately 5 kilometers

long. With 27 segments end-to-end, the model represents 135 kilometers of
river from its mouth to above Hopewell. This length was deemed adequate to
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properly characterize the natural system as well as give adequate definition
to water and sediment concentration profiles. Water column depths, which
vary along the river, dictate the depth of the water column segments, that
is the depth of layer 1 plus layer 2. The location of the plane of no net
motion - described previously - defines the individual depths of the top and
bottom water column layers. Except for the upstream tail of the salinity
gradient, the plane of no net motion is located near the mid-depth and, thus
top and bottom water segments are generally of equal depth. Based on
available sediment data, depths of 10 and 30 centimeters were selected for
the moving and stationary beds, respectively.

In all cases, the horizontal interfacial area between water column seg-—
ments at a location is set equal to that between the lower water layer moving
bed interface and that between the moving bed-stationary bed interface. Ver-
tical interfacial areas, that is, cross sectional areas, are selected to
adequately represent that parameter at a location in the river.

CIRCULATION AND MASS TRANSPORT
General

With the geometry of the model selected, the next step in the analysis
is to produce a water circulation field which incorporates the significant
features of the estuarine tidal movement. For this study, a two layer flow
averaged over the tidal cycle is adopted as the appropriate flow field.
Thus, density driven net landward flows will occur in the lower water column
layer and net flows will be seaward in the surface layer. These flows are
calculated by averaging the vertically varying longitudinal net velocities
over the depth of each layer. Adequacy of the calculation is tested by com-
paring the net longitudinal velocities with measurements. Typical measure-
ments, made in the field or in a hydraulic model of the River, include
instantaneous observations of velocity at fixed time intervals across the
tidal cycle. Observations are generally available at several depths at a
given station and data are usually gathered at several locations in the es-
tuary. For purposes of comparison to net velocities calculated in the hydro-
dynamic analysis described previocusly in this report, the instantaneous
intratidal velocities at a given depth at one station are integrated over
the ebb and flood phases of the tidal cycle. Resulting net velocities are,
thus, much less than the magnitude of the tidal velocities since the averag-
ing is done on an algebraic basis.

Salinity data are used in the above analysis to calculate the net velo-
cities and they are also used to select vertical mixing coefficients between
the upper and lower water layers. Since the model framework is on a steady
state, tidally averaged basis -~ with mean water depths constant in time,
longitudinal salinity profiles for the upper and water layers should repre-
sent mean tide conditions. In this study, grab samples of salinity were
translated to mean the positions using estimated tidal excursions. When
continuoys salinity data were obtained, data were averaged over the tidal
cycle for those locations where this procedure was considered to produce
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reasonable mean tide salinity concentrations.

Vertical Distribution of Longitudinal Velocities

Vertical profiles of net velocity were calculated for a range of James
River flows including 1000, 3200, 4380, 6000, 7044, 11500 and 18500 cfs.
In each case, several inputs were required for the steady state hydrogynamic
equations of momentum and continuity. For each location the analysis is
being performed, these inputs include the cross sectional geometry, fresh-
water flow, longitudinal surface salinity gradient, vertical salinity gradi-
ent and the vertical eddy viscosity. For the geometry, a representative
depth of the cross section must be stipulated as well as a depth-averaged
width. In this study the width was averaged both upstream and downstream
of the cross section to diminish highly localized effects. The freshwater
flow used for all locations was the flow in the James River above Hopewell.
Although this flow is supplemented by the Appomattox and Chickahominy River
drainage, the predominant upstream flow was considered to be the representa-
tive river flow for all locatiomns. These tributary inflows were later in-
cluded in the flow balance of each water segment by routing them downstream
in the surface layer,

For each flow condition, available salinity data was assembled and
longitudinal salinity profiles estimated for the mean water position as dis-
cussed above. For locations where the hydrodynamic analysis was to be per-
formed, the slope of the surface salinity curve was graphically determined.
By averaging all available salinity data in the surface layer and in the
bottom layer, the vertical salinity gradient at a location was calculated
as the difference between the bottom and surface layer average concentra-—
tions divided by the vertical distance between the centers of the layers.

Finally, the vertical eddy viscosity (N) is input. This value is the
only variable remaining and it is selected so that, at a given cross sec-
tion, the calculated vertical profile of net longitudinal velocities agrees
with net velocities determined from tidal velocity measurements. As the
eddy viscosity is increased, net velocities decrease and vice-versa. For
the James River, values of the vertical eddy viscosity appear to increase
in the seaward direction as well as increase with increasing freshwater
flow, Thus, for flow conditions where tidal velocity measurements were
not available, estimates of the values of N were made using these observa-
tions as a guide.

As illustrations of the method, comparisons between calculated and ob-
served vertical velocity profiles are shown in Figures 6-10 and 6-11, to-
gether with longitudinal and vertical salinity data. Note the translation
of the salinity profile downstream and the sharper vertical salinity gradi-
ent with dncreasing flow. Comparisons between observed net velocities and
the calculated vertical net velocity profile, shown as a solid line, are
reasonable. For orders of magnitude, note that the surface net velocity is
approximately 0.6 ft/sec at the most downstream station for the 6000 cfs
flow whereas the comparable value for the 1000 cfs flow is approximately
0.2 ft/sec.
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Horizontal and Vertical Flows

The depth at which the longitudinal velocity profile indicates a zero
velocity, that is where velocities change direction from seaward to landward,
defines one point on the plane of no net motion. By integrating the velo-
cities above this point, an average seaward velocity for the upper layer
is obtained. The product of this average velocity and the cross sectional
area above the plane of no net motion defines the horizontal flow in the
upper water layer of the model at a particular location. Similarly, the
lower water layer flow is derived from the average velocity below the point
of no net motion. Thus, for every vertical interface in the model, hori-
zontal -flows are derived either directly from the hydrodynamic analysis or
interpolated from bounding cross sections where the hydrodynamic analysis
was performed.

Given, then, that the upstream and downstream vertical interfacial
flows are known, continuity is applied to each model segment to establish
the vertical flow. For an upper water layer segment located in the saline
region of the estuary, the downstream flow is greater than the upstream
flow. Thus, the difference will represent a net loss of water from the seg~-
ment which will be balanced by the vertical flow of water from the lower
water layer into the upper layer segment. The vertical velocity is then
computed as the quotient of the vertical flow and the horizontal inter-
facial area between the upper and lower water segments. :

The_order of magnitude of the horizontal flows is quite large, in the
order of one-half to one order of magnitude greater than the freshwater flow.
The horizontal and vertical flows for the 1000 cfs flow condition are de-
picted in Figure 6-12, as an example. Note that the magnitudes of the upper
and lower water layer flows increase seaward from freshwater values of
approximately 500 cfs to 40000 cfs at the mouth of the James River. Also
note that the tributary inflows are routed downstream in the surface layer
of the model. A summary of the freshwater flows in the James, Appomatox
and Chickahominy River is given in Table 6-3 for the six flow conditions
used in this study, together with the net tidal flows at the mouth of the
James. In this table, it may be noted that the sum of the freshwater flows
equals the difference between the top and bottom layer downstream net tidal
flows. Thus, the 4300 cfs condition has freshwater inputs of 5300 cfs
(4380 + 657 + 253) and a net outflow at the mouth of 5300 cfs (73300 -
68000), ensuring an overall water balance.

Vertical Dispersion and Salinity Distribution

With the advective flow field determined, the dispersive component of
mass transport is evaluated next. The turbulent mixing between the upper
and lower water layers is dependent on the bulk dispersion coefficient, the
value of which depends on the dispersion coefficient as well as the geometry
of the segments. Since the vertical eddy viscosity (N) represents the trans—
fer-or "mixing'- of momentum between water layers, empirical relations be—
tween the dispersion coefficient and the vertical eddy viscosity have devel-
oped. In this study, the first estimate of the mass dispersion coefficient
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(¢) was made using the relationship:

e = N(14Ri) -1

where Ri is the local Richardson number defined as:
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Since p, the density of the water, is a function of salinity, the numerator
of the Richardson number is defined by the vertical salinity gradient used
in the hydrodynamic analysis above. The denominator involves the slope of
the horizontal velocity profile, evaluated at the plane of no net motion,
a quantity easily derived from the horizontal velocity profile previously
discussed. Since this first estimate of the vertical dispersion coeffici-
ent is empirical, it is not a quantity derived from first principles and
a number of trials may be required to establish final dispersion coeffici-
ents for the model. -

The conservative parameter, salinity, is most useful in the selection
of these ceofficients. Thus, with the horizontal and vertical flows for
a particular flow condition, observed mean tide salinity boundary conditions
are input to the model. Vertical dispersion coefficients, first estimated
from the Richardson number, are input and subsequently adjusted until the
calculated longitudinal salinity profiles in both the upper and lower water
layers agree with observed values. Increasing the dispersion coefficient
will cause the two profiles to increase as well as diminish the difference
between them and vice versa. )

Longitudinal Variations of Circulation Parameters and Salinity

A graphical summary of the advective and dispersive transport coeffi-
cilents, as well as the resulting salinity profiles, is shown in Figure 6-13
for the 1000 cfs flow condition. From right to left, the various panels in
the figure show the variation in the particular parameter from the mouth of
the James River, at kilometer point 0, to its freshwater reglon near Hope-
well, approximately 120 kilometers upstream of the mouth. The uppermost
panel indicates the depth of the river and the depth to the plane of no net
motion, the latter occurring at approximately mid-depth for the majority of
the river. The circles represent locations at which the hydrodynamic analy-
sis was performed, twelve stations in all.

Layer averaged horizontal velocities, in feet per second, for the up-
per and lower water layers appear next. Note that surface layer velocities
are plotted as positive, or downstream, values and velocities in the lower
water layer are negative, or in the landward direction. Again, the circles
and triangle represent the twelve locations where the hydrodynamic analysis
was applied. At the upstream end, at km 120, the velocities in both layers
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are of the same magnitude and direction, indicating that it is in the fresh-
water region above the null zone. The null zone, where the lower water layer
velocity is zero, is located approximately 10 kilometers downstream, at km
110. ©Net velocities are seen to range from 0.05 to 0.3 ft/sec in the surface
layer and from 0.05 to - 0.13 ft/sec in the bottom layer.

Calculated values of the vertical velocities are indicated by the
squares in the third panel of Figure 6-13, with units of feet per day. Ex-
cept at the null zone where the vertical velocity somewhat increases, the up-
stream vertical velocities are relatively constant, between 0.5 and 1 ft/day.
These velocities increase to a maximum of approximately 4.5 ft/day at the
dowmstream end of the model.

The next to last panel of the figure summarize the eddy viscosities -
used in the hydrodynamic analysis at the twelve locations in the river - and
the vertical dispersion coefficients. The former are represented by the
triangles and the latter by both the diamonds and the solid curve, all in
units of square centimeters per second. The diamond symbol represents the
initial estimate of the vertical dispersion coefficient from the eddy vis-
cosity and Richardson number. The solid curve indicates the final values of
the vertical dispersion coefficient used to ensure agreement between the cal-
culated and observed salinity profiles.

In the lowest panel of Figure 6-13, the calculated concentrations of
salinity, in parts per thousand, are shown as the solid curves for the upper
and lower water layers, with the higher curve for the lower water layer.
Observed data are shown as circles and triangles for the bottom and top water
layers, respectively. The good agreement between observed and calculated
values is apparent.

Repeating the above procedure for five other flow conditions, agreement
between calculated and observed salinity profiles also is obtained, as is
evident in Figure 6-14. The downstream migration of the salinity profiles
may be noted with increasing flow as well as the increasing gradient in the
vertical direction inferred from the greater spread between the upper and
lower layer salinity profiles.

A summary of pertinent circulation parameters is contained in Table 6-4
for six flow conditions ranging from 1000 cfs to 18500 cfs.

SUSPENDED AND BED SOLIDS

Suspended Solids in the Water Column

The advective and dispersive transport coefficients in the two layers
of the water column were determined in the preceding section. The analysis
procedure continues with the evaluation of two coefficients required to'pro—
duce suspended solids concentrations in the upper and lower water column
layers, .the settling velocity and the resuspension flux. As discussed in
Chapter 3, the settling velocity of the suspended solids found in the James
River can vary from approximately 4 to 6 feet per day. A value of &4 feet
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per day was selected as the representative settling velocity. This para-
meter was kept constant throughout the entire length of the River and was
used for all freshwater flow conditions which ranged from 1000 cfs to 18500
cfs.

Scouring of the surficial bed sediments due to tidal velocities is the
mechanise by which bed solids are introduced back into the water column.
Thus, a net flux of solids occurs between the water-bed interface. In the
James River model, this entralmment rate, or resuspension flux, was com-
puted as sthe product of a resuspension velocity (wu) and the concentration
of solids in the active bed layer.

The transport components which enter into the suspended solids balance
in the water column are graphically illustrated in Figure 6-15 for the 1000
cfs flow condition. Horizontal velocitiles, in the uppermost panel, trans-—
late suspended solids in the longitudinal direction in the upper and lower
layers. Transport across the upper and lower water layers is affected by
the upward vertical water velocities, shown in the second panel of the fig-
ure, the downward suspended solids settling velocity and by the vertical dis-
persion of solids, the coefficients of which are-shown in the third panel.
It may be noted that the dispersive flux of solids is generally in the up-
ward direction, since the suspended solids concentrations are generally
higher in the lower water layer, as seen in the last panel of Figure 6~15.

For any selected flow condition, the two layer model is run for sus-
pended solids in a steady state mode. Sediment loads from the tributaries
are input® in the appropriate segments, a downstream boundary condition is
selected at the mouth of the River, the settling velocity is input and a
resuspension flux estimated. This latter value is spatially varying, with
peak values slightly downstream of the null zone. Tt is adjusted until cal-
culated and observed suspended solids concentrations in the upper and lower
water layers are in reasonable agreement.

Examples of the suspended sclids concentrations, both observed and cal-
culated, are shown in Figures 6-16, 6-17 and 6-18 for the 1000, 7044 and
18500 cfs flow conditions, respectively, together with the resulting resus-
pension fluxes (entrainment rates). In Figure 6-16, for example, salinity
profiles are shown for the 1000 cfs flow condition in the top panel. The
upstream tail of the salinity profile, which corresponds to the null zome,
is located at KP 110. Suspended solids concentrations appear in the middle
panel of the figure, with the calculated lower water layer concentrations
shown as a solid curve. Agreement between calculated and observed data is
reasonahle. Peak solids concentrations of approximately 60 mg/% in the
lower layer occur slightly downstream of the null zone.

The entrazinment rate, in the lower panel of Figure 6-16, is relatively
constant upstream of the null zone, has a maximum value of approximately

75 gm/mz—day approximately 5 kilometers downstream of the null -zone and de-
creases in the seaward direction thereafter. Similar longitudinal profiles
for the higher flows of 7044 and 18500 cfs may be seen in Figures 6~17 and
6-18, respectively. With increasing flow, the salinity profiles, as well as
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the null zone, are displaced downstream. Peak solids concentrations increase
with flow with values of approximately 60, 110 and 125 mg/& for the 1000,
7044 and 18500 cfs flows, respectively. The entrainment rates also increase
with the higher, more turbulent flow with maximum rates of approximately 75,

170 and 225 gm/mz—day for the 1000, 7044 and 18500 cfs flows, respectively.

These values are consistent with the range of 50 to 100 gm/mz—day reported by
Partheniades who used estuarine clays - similar to those in the James River -
in a set of controlled laboratory experiments.

Bed Solids

As discussed previously, the sediment is an integral part of the James
River model. It is divided into two layers, the active bed and the station-
ary bed. The active bed has z longitudinal transport component due to motion
imparted to it through shearing stresses caused by tidal velocities in the
lower waters. In the James River model, the longitudinal velocity was set
equal to one one-hundredth of the net horizontal velocity in the lower water
layer. Thus, if the lower water layer had a net velocity of 0.3 ft/sec in
the landward direction, the active bed layer would have a velocity of 0.003
ft/sec, also in the landward direction. Since the lower water layer velo-
dities will decrease landward, be equal to zero at the null zone and will be
in the seaward direction upstream of the null zone, the latter direction pre-
dominating for the highest flow conditioms.

With constant volume segments in the James River model and with a tem-
porally and spatially constant sediment solids concentration of 50000 mg/f,
the mass of solids in each active bed segment remains constant in time.
Thus, mass into the each segment must be balanced by mass out. Downstream
of the null zomne, for example, the mass rate of solids entering the active
bed segment will consist of solids settling from the water column and a net
transport of active bed solids due to the induced horizontal velocities of
the active bed. Solids will leave the active bed segment due to resuspen-—
sion into the water phase and by deposition into the stationary bed. 1In a
mass balance ahout the segment, then, the deposition mass rate is the only
unknown, and, there is the unknown quantity that is calculated in this step.
Note that the deposition flux may be a "scouring' flux, depending on the
relative magnitudes of the other three mass rates.

A segment in the stationary bed of the James River model has only two
mass rates of solids to balance. The flux between the active bed and sta-
tionary bed, as determined in the mass balance about the active bed segment,
is one component and the flux out of, or into, the stationary bed is the
second component. Since there are only two components and the volume and
stationary bed solids concentration of 500,000 mg/f are constant in time, the
two fluxes are equal and the mass rate leaving the active layer equals the
mass rate leaving the stationary bed. If the flux between the active bed and
stationary bed is downward, or into the stationary bed, the solids flux out
of the lower horizontal interface of the bed will be downward indicating that
solids are depositing at that location in the estuary. Scour zones are in-
dicated when the flux between the active and stationary bed is upward. The
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resulting deposition or scour rates of the stationary bed (wd) can be com-

pared with independent estimates of the estuarine sedimentation or scour
rates to ensure compatibility of the model and prototype. It may be noted
that the locations of deposition and scour zones, as well as the rates of
sedimentation or scouring, vary with each flow condition, and a deposition
zone under a low flow condition, for example, may be a scour zone under a
higher flow condition. This must be considered when long term sedimentation
rates obtained by field measurements, such as dredging records, are compared
to calculated values for one constant flow condition. In any case, using
typical low and high flow conditions gives a bound on the order of magnitude
of the prototype rates which can be compared with the independent estimates.

The magnitude and spatial variation of the main channel sedimentation
or scour rates are shown in Figures 6-19, 6~20 and 6-21 for the 1000, 7044
and 18,500 cfs flow conditions, respectively. In Figure 6~19, for example,
the suspended solids longitudinal profiles are in the top panel for the upper
and lower water layers. The resuspension, or entrainment rate, appears in
the center panel, as presented previously in Figure 6~16. 1In the last panel,
the sedimentation rate, in centimeters per year, is shown for the main chan-
nel of the estuary, for the 1000 cfs flow. Note the alternating deposition
and scour zomes, and the maximum deposition rate of approximately 0.8 em/yr
from km 95 to km 80. The maximum deposition rate for the higher flows are
translated downstream with peak values of approximately 1.1 cm/yr for the
7044 cfs flow (Figure 6-20) and 2.3 cm/yr for the 18,500 cfs flow (Figure
6-21), both located at km 25. In the latter two figures, scouring seems to
predominate in the main channel and typical reported values of from 1 to 2
cm/yr sedimentation are higher than the calculated sedimentation values. 1In
the side”embayments of the model, however, sedimentation rates are much
higher, with values increasing with increasing flow. In Figure 6-22, embay-
ment sedimentation rates are seen to vary between 1 and 3 cm/yr, w1th the
highest values occurring for the 18,500 cfs flow.

in all, six flow conditions were analyzed in this study. Values of
characteristic solids coefficients and boundary conditions are summarized
in Table 6-5.

KEPONE DISTRIBUTIONS

Kepone in the Water Column

With best estimates of the coefficients governing solids transport
availahle-following the procedure in the preceding section, the parameters
affecting Kepone distributions in the water and sediment phases can be ad-
dressed. The first step is to evaluate the significant kinetic coefficients
in the water column, that is, the adsorption-desorption rates. Since the
time scale of the problem being addressed is in the order of years and
decades, it is presumed that instantaneous equilibrium exists and, thus, a
partition coefficient must be obtained. The two layer steady state model
was used to estimate the partition coefficient in the water column of the
James River as follows.
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The active production of Kepone having ceased in 1975, the dominant
source of Kepone to the water column is the mass of Kepone in the bed sedi-
ments. From survey data, the concentration profile of Kepone in the sedi-
ments is known. Since Kepone in the bed is predominantly in the particulate
phase, a flux of particulate Kepone occurs across the water bed interface.
This flux is equal to the product of the resuspension flux of solids and the
mass of Kepone per unit mass of solids. Note that the flux of /dissolved
Kepone from the bed to the water is assumed negligible, an assumption exam-
ined in the next chapter of this report.

For a relatively constant flow period, when survey data are available
in the water column, the advective and dispersive transport coefficients in
the water column - corresponding to the particular freshwater flow - are in-
put to the two layer model. Suspended solids concentrations in the water
column have been calculated previously and all fluxes of solids between the
two water column layers and the water-bed interface are known. Kepone boun-
dary conditions are set for the upstream and downstream boundaries and the
flux of resuspended Kepone from the bed input to the lower water layer., A
solids-dependent partition coefficient formula, based on laboratory Kepone
equilibrium experiments, is used to calculate the partition coefficient for
each segment in the model, values of which range from approximately 4100 to
1800 for suspended solids concentrations of 20 and 60 mg/L, respectively.
The final partition coefficient expression selected which gives reasonable
agreement between calculated and observed Kepone concentrations in the water
column - and which is consistent with laboratory data using solids similar
in composition to those in the James River - is:

63700
0.96

m

1 = 500 +

where I, the partitiom coefficient, is in pg/kg per pg/2L and m is the concen-
tration of solids in mg/%.

As an example of the input and results of their analysis step, for the
1000 cfs flow condition of August 1977, calculated longitudinal profiles of
Kepone are compared with all available data in Figure 6-23. Suspended
solids in the water column in mg/f, are shown in the top panel to emphasize
the dependence of the Kepone concentrations on the suspended solids mechan-
isms. Calculated values of total Kepone, expressed in micrograms per liter,
are generally within the range of the observed data, as seen in the second”
panel of the figure. The higher values shown for the measurement near the
mouth of the James River are considered unreliable and a downstream boundary
condition of 0.00 ug/R was used. The dissolved and particulate fractions of
the Kepone, both in pg/%, appear in the next panel of Figure 6-23, and, as
may be seen, the majority of the Kepone in the water column is in the dis-~
solved form. ©Note that the sum of the dissolved and particulate concentra-
tions at any one location equals the total Kepone concentration plotted
ahove. In the fourth panel of the figure, particulate Kepone, in ng/g, com-
pares well with data from four stations in the estuary. The final panel
portrays -the Kepone concentrations in the bed, in micrograms of Kepone per
gram of solids, which were used to calculate the flux from the bed to the
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water column.

Similar examples of calculated Kepone concentrations are shown in Fig-
ures 6-24 and 6-25 for the 4380 and 18500 cfs flow conditions, respectively.
The latter figure also contains data obtained during that flow condition in
May 1978 which indicates reasonable agreement between calculated and measured
values in the water column. In all figures, the bed Kepone flux into the
water column was equal to the product of the resuspension flux of solids -
corresponding to the particular flow condition - and the mass of Kepone per
unit of mass of solids which was kept the same for all analyses.

Kepone in the Bed ~ Constant Flow

The analysis procedure described in Section 5 is continued with the cal-
culation of the Kepone in the sediment. The four layer time variable input
model is used for various constant freshwater flow conditions. In addition
to all transport, settling and kinetic coefficients previously used in the
two layer model for the water column, bed coefficients are added. These in-
clude the resuspension rate, the advective coefficients for the transport
sediment layer and the sedimentation rate in the stationary bed, all des-
cribed previously in the section. Kepone coefficients include the bed par-
tition coefficient, which was calculated from the solids-dependent expres-
sion used in the water column. This was equal to approximately 500 pg/kg
per Ug/% in both the active and stationary beds due to the high solids con-
centrations of 50,000 and 500,000 mg/%, respectively. Vertical dispersion
coefficients for the dissolved Kepone fraction were stipulated between the
active and stationary beds at a molecular diffusivity level of 5 x 10—4
cm2/sec, whereas the diffusion of dissolved Kepone from the interstitial
waters of the active bed to the lower water layer was set equal to zero.
Sensitivity to this latter assumption is examined subsequently.

For the four layer run, time zero corresponds to the year 1965, just
prior to the manufacture of Kepone in the Hopewell area. Thus, both water
column and bed are free of Kepone and the initial conditions for Kepone are
zero for all segments of the model. The estuary is then subjected to dis-
charge of Kepone for the next ten years, until 1975 when production ceased.
Lacking any historic data on this loading, it was assumed that omne percent
of the mass of Kepone produced was introduced into the river when it was
being manufactured. As seen in Figure 6-26, production averaged less than
100,000 1b/day in 1966 and peaked in 1974 with approximately 1,000,000
1b/day of Kepone manufactured that year. A total of approximately 3,650,000
1b of Kepone was produced in the ten year period.

Kepone loading, thus, consists of a total of 36,500 pounds discharged
over the ten year period, with uniform annual rates proportional to the pro-
duction. As an estimate of subsequent discharge of Kepone, the loading in
the last year of 1975 is assumed to decrease exponentially to zero over the
subsequent five year period.

The four layer model is then run with all transport and kinetic coeffi-
cients discussed above, subjected to the time varying Kepone loading, under
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a constant flow condition. It was decided to perform this anaysis for a
range of constant flows so that results could be examined under the less com-
plex constant transport conditions and comparisons with subsequent time vary-
ing flow runs might be made to assess the reliability of the more complex
simulation.

Sample results of this computation are shown in Figure 6-27 for the
1000 cfs flow condition, ten years after the beginning of the simulation.
This corresponds to the approximate time when production ceased. The spatial
distributions of suspended solids and total Kepone in the water column are
shown in the upper two panels. The particulate Kepone concentrations in the
lower water column and bed appear in the next two panels. Comparison between
the calculated profile and observations was effected by plotting the data
collected during 1976, 77 and 78. The agreement between the calculation and
the data is generally good, with the obvious exception in the vicinity of
km 80~100, which is the region of the null-zone for the 1000 cfs flow. This
is a consequence of this flow being much lower than median flow in the River,
thus having higher sedimentation rates than exist din the estuary on a longer
term basis.

Comparisons of the particulate Kepone concentrations in the bed with ob-
served data are shown in Figure 6-~28 for the 1000, 4380 and 18,500 cfs flow
conditions for bed partition coefficients of 500 and 1000. As the 1000 cfs
condition overestimated the bed concentration, the higher flow of 18,500 cfs
underestimates them, with the flow of 4380 cfs, close to the median flow, re-
producing the bed Kepone concentrations best. It is concluded that the con-
stant flow runs produce bed Kepone concentrations which bound the observed
data in the stationary bed. The Kepone concentration in the transport layer
is about an order of magnitude greater for the low flows.

Kepone in the Bed - Variable Flow

In this final step of the Kepone bed analysis, the actual hydrology of
the James River is input to the model. The monthly average flow hydrograph
of the James River above Richmond, Figure 6-29, was used to describe a se-
quence of constant flow conditions which would adequately represent the his-
torical hydrology during the years that Kepone was being manufactured. Six
constant flow conditions of 1000, 3200, 4380, 7044, 11500 and 18500 cfs were
arranged in the sequence as shown by the solid lines in Figure 6-29. These
flows were selected on the basis of available data on salinity intrusiom.

As discussed previously for the constant flow conditicn, the computation
begins with initial Kepone concentrations of zero throughout the system and
the load is introduced at levels following the production. The flow condition
of 1000 cfs is used for the first 30 days of the computation. During that
period, all transport coefficients which correspond to the 1000 cfs flow are
operating in the model together with appropriate resuspension and sedimenta-
tion rates and suspended solids boundary conditions. At the end of thirty
days, the 7044 cfs flow is introduced for the next 60 days, together with its
attendant transport and solids parameters. The simulation proceeds in this
fashion, using one of the six flow conditions at a time for a specified dura-
tion until the run is completed. In this way, the best estimate of lomnger
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term solids behavior, that is deposition or scour zones, is obtained and thus,
the best estimate of the bed Keponme concentration profile results.

A comparison with the observed bed concentrations is found in Figure
6-30, The simulation was performed with two estimates of the partition coef-
ficient ~ 500 and 1000. It may be noted that the stationary bed concentra-
tions are not radically affected by this change in the partition coefficient.
The profiles of Kepone concentrations in Figure 6-30 are for ten and fifteen
years after production of Kepone began. Total Kepone concentrations in the
water column, in pg/%, in the top panel are followed by the particulate
Kepone (pg/g) in the water column. The last panel of the figure contains the
calculated bed Kepone concentrations together with the data obtained in the
middle to later 1970's. The agreement is satisfactory, with the calculated
concentration peaks located in zones where maximum concentrations were ob-
served and the order of magnitudes of both calculated and observed values in
reasonable agreement in the bed layer.

Having established a basis of computing Kepone concentrations in the
water column and bed, the model may be used in a projection mode to simulate
depuration periods and to estimate the residual Kepone mass in the water
column and bed. For the mid 1970's, however, the mass of Kepone in the
active and stationary beds amounts to between 4000 and 25000 pounds as esti-
mated for the range of constant flow conditions from 1000 cfs to 18,500 cfs,
as summarized in Table 6-6. These estimates are in the same order as other
reported estimates of Kepone resident in the estuary.

PROJECTIONS AND SENSITIVITY ANALYSES

Projections

This section describes the application of the time-variable model to
projected conditions and the utility of the model in a sensitivity analysis?
With respect to the former, the mass input of Kepone during production and
after cessation of its manufacture has been assumed. This loading pattern
is input to the time variable model for a fifteen year period -~ 10 years of
production, followed by an exponentially decreasing input for the subsequent
5 years. The freshwater flow from the James River is also input data. The
historically recorded flow data were used for the period of Kepone production
and the period since its ban to the present. The flow pattern assumed from
the present through the future period essentially reproduces the previous
period.

The model output for the total period is shown in Figures 6-31 to 6-34,
which presents the concentration of relevant Kepone variables in the water
and in the bed at four locations in the estuary - in the vicinity of and
downstream from the input, in the approximate location of the null zone for
the median flow, in mid point of the salinity intrusion and in the vicinity
of the mouth near Chesapeake Bay. The temporal pattern is similar in each
case, increasing in concentration during the period of production, after
which a relatively rapid decrease occurs in the bed transport layers over the
subsequent year. In the deeper stationary bed, the concentration increases
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for the first five years after the ban due to the transfer of higher concen-
tration solids in the upper bed layers. As the concentration in layers
approaches each other, the transfer into the deep bed levels off, after which
a relatively slow decline sets in.

While the order of magnitude of the concentrations in the bed is similar
to measurements made in the late 1970's, the difference between the bed
transport layer and the stationary layer in some cases is greater than that
presently observed. Notwithstanding, the order of magnitude is correct for
the entire estuary. At some locations the agreement between the model calcu-
lations and field observations is very good. Sensitlvity analyses are pres-
ently being conducted, to address this point.

Any, conclusions following from such projections, reported above, are
dependent in varying degrees on the assigned coefficients of transport and
transfer, as well as input and boundary conditions. The most critical as-
sumption relates to the input mass of Kepone at Hopewell. The rationale for
its assignment was discussed in a previous section. The Kepone concentration
responds in a linear manner to any change in input load. Therefore, if sub-
sequent investigations yield more reliable data on input, the concentrations
may be directly computed by ratio.

Sensitivity

The mechanisms and parameters about which some uncertainty exists in-
clude the diffusion of the dissolved Kepone within the bed and between the
bed and water, the concentration of solids in the transport layer of the bed,
the thickness of the bed transport layer and the magnitude of the velocity
of the bed transport layer. To evaluate the effects of these relevant model
parameters, a series of sensitivity analyses were performed. In all analy-
ses, the transport and kinetic coefficjents of a 1000 cfs constant flow run
were used, except as modified for a specific sensitivity. The bed partition
coefficient was approximately 1000 for all runs and the Kepone was discharged
to the River uniformly over a ten-year period. Values of specific parameters
which were used in each of the seven runs, together with the selected values
used throughout this report are shown in Table 6-7.

The first set is shown in Figure 6-31. 1In run 1, the dissolved exchange
between the bed transport layer and the stationary bed was increased by an
order. Changes in the bed transport layer and stationary bed are noted, due
to the increased mixing between the layers, transferring more dissolved
material into the upper bed layer which then partitions onto the solids. The
remaining sensitivity analyses, 2 and 3, produced no significant changes.
These consist of increasing the exchange of dissolved Kepone between the bed
and the water column. Marked increases in this exchange, equal to or greater
than the particulate exchange, produced essentially the same concentration of
Kepone in the bed.

The next set of sensitivity analyses, 4, 5 and 6, in which the bed con-
centration was analyzed, are shown in Fig. 6-32. The concentrations of the
bed solids were measured in the field survey conducted in December, 1978.
These data, although not finalized at this time to the writer's knowledge,
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indicate concentrations in the order of hundreds of thousands in the bed
layer and less than this in the upper few centimeters. The assumption of
250,000 mg/2% in the stationary bed appears most reasonable. The assignment
of 50,000 mg/% to the moving bed layer is much more uncertain. The sensitiv-
ity analyses therefore varied the concentrations in each layer, as well as
the bed thickness. In each case, only one value was changed and the remain-
ing kept constant in order to assess most realistically the sensitivity. The
250,000 concentration produced results more in accord with the measurements.
The less the bed concentration, the more quickly the system responds and the
less the Kepone concentration in the transport layer.

The thickness of the bed transport layer, the most tenuous assumption of
the analysis, was next investigated. The results are shown in Figure 6-33,
which indicate significant changes in the transport layer and moderate
changes in the stationary bed. The response time at the cessation of the
input is particularly pronounced for the shallower bed transport.

Although there appears to be little doubt about the upstream movement of
solids in the water or bed, it was informative to investigate the effect of
changing this motion.. The final sensitivity amnalysis is directed to this
change. Bed motion was deleted so that both sediment layers were stationary,
but mixing and sedimentation between the two layers was maintained. The
result is shown in Figure 6-34. This surprisingly produced little difference
in the transport layer, a result to be more thoroughly checked.
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TABLE 6-1. PRODUCTION LEVELS OF KEPONE FROM ALLIED SEMI-WORKS PLANT

s Production
Year kg 1b
1966 35,935 78,125
1967 47,990 105,800
1968 36,535 80,550
1969 46,990 103,600
1970 41,460 91,400
1971 204,800 451,515
1972 176,970 390,150
1973 100,435 221,425
1974 72,260 159,300
TOTAL 763,375 1,681,865

PRODUCTION LEVELS OF KEPONE FROM LIFE SCIENCE PLANT

Production
Year kg 1b
1974 385,370 849,600
1975 384,020 846,625
TOTAL 769,390 1,696,225
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TABLE 6-2. SURVEY DATA

NO. DATE NOTES REFERENCE
1 August, 1975 Water & Bed Dec. '75 USEPA Re-
gsearch Team
2 1976-77 Water Grab Commonwealth of Vir-
Samples & Sedi- ginia, State Water
ment Cores Control Board
3 Dec. 1976 Red VIMS - Nichols
Mar. 1977 Surface &
July 1977 some cores
Nov. 1977
4 June 1977 Water & Bed Batelle
5 Aug. 1977 Water & Bed VIMS - Huggett
Intratidal
6 April-May Water & Bed VIMS - Huggett
1978 Intratidal
7 Dec. 1978 Bed-Cores VIMS - Nichols

Total Water
& Bed

State Water Advis-
ory Board
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TABLE 6-3. SUMMARY

CHARAGTERISTICS CF

SELECTED FLOWS

FLOW (CFS)
Downstream Net Tidal
Flow James Appomattox Chickahominy Circulation
Pattern River River River Top ' Bottom”
1 1000 152 56 41600 40400
2 3200 495 182 43380 39500
3 4380 657 263 73300 68000
4 7044 1334 407 74790 66000
5 11500 1770 651 89920 76000
6 18500 2775 1110 126400 104000

1 Top Layér flows

Bottom Layer is

into Chesapeake Bay

in the landward direction
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TABLE 6-4. SUMMARY OF CIRGULATION PARAMETERS FOR SELECTED FLOWS

Vertical
w Vertical Eddy Dispersion
Flow Location Horizontal Velocity (cfs) Velocity Viscosity Coefficient
(cfs) (KP) Top Bottom (ft/day) (em?/sec) (em?/sec)
1000 100 0.07 -0.05 0.9 6.5 2.2
70 0.08 -0.06 0.5 7.5 2.3
40 0.05 -0.11 0.4 8.8 3.0
10 0.18 -0.12 3.5 10 5.8
3200 100 0.05 0.053 - - 2.2
70 0.08 -0.02 0.9 20 2.3
40 0.07 -0,12 1.1 12 3.0
10 0.20 ~-0.12 3.1 26 5.8
4380 100 0.07 0.07 - - 2.2
70 0.04 0.04 - - 2.3
40 0.02 -0.1¢6 2.8 - 3.0
10 0.31 -0.19 5.4 - 5.8
7044 100 0.12 0.12 - - 2.2
70 0.06 Q.06 - - 2.3
40 0.11 -0.15 2.4 - 3.0
10 0.34 -0.19 6.2 - 5.8
11500 100 Q.19 0.19 - - 2.2
70 0.10 0.10Q - 2.3
40 0.13 ~0.12 2.1 9 3.0
10 0.38 -Q.19 6.9 22 5.8
18500 100 0.30 0.30 - - 4.0
70 0.16 0.16 - - 4.0
40 0.09 0.09 2.8 6 4.0
10 0.50 ~0.24 8.2 29 6.0
L + seaward, - landward
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TABLE 6-5. CHARACTERISTIC SOLIDS PARAMETERS

Settling Velocity =4 ft/day, all water column segments, all flows

Active Bed Layer

A. Depth = 10 cm

B. Solids Concentration = 50,000 mg/4%

c. Horizontal Velocity = 0.0l x lower water layer net velocity
Stationary Bed Layer

A, Depth = 30 cm

B. Solids Concentration = 500,000 mg/%

Suspended Solids Concentrations at the Boundaries and in Tributaries

Flow Upstream Boundary Downstream Boundary Tributaries
(cfs) (mg /) (mg /%) (mg/2)
top bottom
1000 20 20 20 20
3200 20 20 22 22
4380 20 25 26 26
7044 20 30 30 30
11500 35 40 40 40
18500 50 50 50 50

- 131 ~



TABLE 6-6.

ESTIMATED KEPONE MASS IN JAMES RIVER BED

Flow Pounds of Kepone Presently in James River Bed
e S8 - oo+
1000 17000 25000
4380 9000 12000
7044 5600 7200
18500 4300 ' 6300

- 132 -



TABLE 6-7. MODEL PARAMETERS FOR SENSITIVITY ANALYSES

Transport Transport Transport
= Bed (1 Bed—Water(l) Bed Bed Bed
Analysis Diffusion Diffusion™"’ Solids Conc Thickness Velocity Fig.
Number cm?/sec D 2,3 (mg /L) (cm) No.
1 5% 107 0 50,000 10 0.01 U2(3)6—31
2 5 x 107% wu(z) 50,000 10 0.01 U 6-31
3 5 x 107 10 w, 50,000 10 0.01 U 6-31
4 5% 1074 0 250,000 10 0.01 U 6-32
5 5 x 10"4 0 10,000 10 0.01 U 6-32
6 5 x 107 0 50,000 1 0.01 U 6-33
7 5% 107 0 50,000 10 0 6-34
ORIGINAL - 5 x 10—4 0 50,000 10 0.01 U
o diffusion of dissolved Kepomne
2 same as particulate resuspension
) U2 = lower water layer net velocity
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SECTION 7

CONCLUSIONS AND RECOMMENDATIONS

The distribution of an organic chemical in an estuary is defined by a
model, which includes the water column and bed of both the saline and non-
saline regions. The transport regime is based on the tidally averaged two-
dimensional hydrodynamic analysis which describes the characteristic estuar-
ine circulation of landward flow in the bottom layer and seaward flow in the
upper. Mixing between the main channel and lateral embayments is incorpor-
ated. The bed is composed of a transport layer which interacts with a deeper
stationary zone and the overlying water. The salinity intrusion is used for
calibrating and validating the fluid transport, consisting of horizontal and
vertical velocities and vertical dispersion. The distribution of suspended
solids is defined by adding the settling velocity to the above transport
regime with the appropriate flux condition at the water-bed interface, which
may be either negative (settling) or positive (scour). A mass balance of the
bed solids allowing for transport, settling, entraimment, and compaction is
the basis of the bed model. The net sedimentation velocity is the cali-
brating variable for the solids.

Having established the fluid and bed transport regimes and the distri-
butions of the suspended and bed solids, the adsorption-desorption kinetics
are assigned to define the dissolved and particulate components of the or-
ganic chemical. The "instantaneous" equilibrium condition which appears to
be a valid assumption for many cases, simplifies the analysis and computa-
tions.. Although not included in the Kepone analysis of the James River, the
relevant reaction and transfer terms may be added to the present model struc-—
ture for general application to other chemicals and estuaries. Given the
coefficients which describe the above -Processes | the model computes the
spatial and temporal distributions of both the dissolved and particulate
components of an organic chemical in the water and the bed. Either steady-
state or time variable modes under tidally averaged conditions may be
addressed, each having particular functions and applications.

A procedure of analysis to address the problem of organic chemicals in
estuaries has been structured and applied to the Kepone distribution in the
James River. The procedure involves a series of analytical and computational
steps, relating to the fluid transport, the solids distribution and the con-
centrations of the organic chemical in the water and the bed. Each step
involves the determination or assigmnment of the appropriate transport trans-—
fer and/or reaction coefficients to analyze a particular constituent of the
system. Equally important, each step provides the input for the computa-
tion of the next element, for which an additional coefficient is required.
The analysis proceeds in a sequence of increasing complexity, each element
yielding a calibration or validation of an essential constituent. The'final
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output is the temporal or spatial distribution of the organic chemical, which
provides the necessary information for waste load allocation procedures. Al-
ternately, the output establishes the ambient levels for a food-chailn model.
It is emphasized that, in the opinion of the authors, the contributions of
this project lie not only in the structure of the model but alsc in the rec~
ommended procedure of analysis.

The model has been structured to account for all the relevant factors
which affect the concentration of an organic chemical in an estuarine environ-
ment., It is capable of reproducing prototype observations in varying degrees
as demonstrated in its application to the James River. Based on this work,
it may be concluded that the present model is a realistic portrayal of the
significant phenomena relating to the transport, salinity, solids and chemi-
cal. With respect to Kepone in the James River, one conclusion may tenta-
tively be drawn: the deeper bed sediment will require an extensive period,
in the order of decades, to diminish in Kepone concentration. By contrast,
the upper transport bed layer decreases relatively rapidly in less than a
decade. This finding, furthermore, indicates that the bed sediment should be
more finely segmented over varlous depths to minimize the vertical gradients
which appeared in these projections. This step will also yield greater
accuracy of the numerical computation, particularly with respect to sedimen-—
tation and interstitial diffusion.

The most pressing need for model validation of the Kepone distribution
in the James 1s field data on the dissolved component of the chemical. The
ambient concentrations are presently less than the capability of available
analytical techniques. To date, no reliable information on this component
exists. However, there has recently been developed an analytical procedure
which permits accurate measurements of concentrations in the range of esti-~
mated present levels. Detailed data on both components and the various forms
of solids in the water and the bed should be collected at one or two stations
over the tidal cycle. Such data will provide the necessary information for
a total mass balance and for model validation.

The model contains the coefficients quantifying the flux of the various
constituents and as such, there are degrees of freedom, increasing in number
as the analysis increases in complexity - i.e., more coefficients than state
variables. With respect to the salinity and the suspended solids, there are
essentially no degrees of freedom, assuming the vertical dispersion and the
settling velocities are known, at least within limited ranges. With respect
to the bed solids and the organic chemical, the additional parameters and
coefficients to be assigned exceed the state variables - which can be meas-
ured or which can be calculated a priori, given the present state of know—
ledge. As indicated above, data on the dissolved component of the Kepone in
the James is the most significant need at the present time. This Information
would eliminate one degree of freedom and reduce the range of the assignable
coefficients. It would also provide closure for the mass balance computa-—
tions and a necessary element for model validation. Notwithstanding, it can
be stated that these parameters may be assigned at least within an order of
magnitude. Therefore, sensitivity analyses may be conducted to determine the
significance of the boundary and initial conditiomns, as well as the flux,
about which there are varying degrees of uncertainty.
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In summary, the following are conclusions based on the work done in this
project:

1. A model of the distribution of an organic chemical in the water column

and bed of an estuarine system has been developed which includes both
the saline and non—saline regions.

2. A procedure of analysis is presented which is an integral part of the
calibration-validation process. It comnsists of a series of amalytical
and computational steps relating sequentially to the fluid transport,
solids distributions and concentration of organic chemicals.

3. In its present state of development, the model is characterized by a few
degrees of freedom in the bed segments, due to limited knowledge of the
phenomena and minimum field and laboratory data.

4. In spite of this limitation, the model may be used, with appropriate
sensitivity analyses, to assess existing contamination, to estimate re-
moval times, to provide a basis for waste load allocations and to pro-
vide input for a food chain analysis.

It is strongly recommended that additional data on Kepone in the James
Estuary and, more important, organic chemicals in other estuaries be gathered
for further model calibration and validation. Historically, water quality
models have required varying degrees of validation, depending on the signifi-
cance of the problem and the complexity of the analysis. 1In view of the fact
that the question of organic chemicals in natural water systems is highly
significant and that the analysis is particularly complex in estuaries, this
recommendation has the greatest priority and should be implemented throughout
the country in applied research and development-application projects.

Specifically the following elements should be studied in further detail.
They are subdivided in the three general categories of inputs, bed character-
istics and kinetics of organic chemicals.

1. Inputs

Specific attention must be directed to a better assessment of input load
determination from both point and non-point sources. This comment applies to
both suspended solids (clays, silts, sands) and the dissolved and particulate
components of the organic chemical. It dis undoubtedly the area of greatest
uncertainty in the James River analysis, a situation which is not uncommon in
other estuarine systems. Downstream boundary conditions in the lower estu-
arine layer, indicative of input from the ocean or larger bays, are included
in this category.

2. Bed Characteristics

Limited experimental and field data are available on scour and entrain-—
ment of cohesive sediments in estuarine systems. In addition, the bed char-
acteristics associated with these processes, such as thickness and velocity
of transport layers, compaction and compressibility of recent and long-term
sediments have been little studied.
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The tidally averaged concentration, addressed in the model presented
herein, should be studied in greater detail. Specifically, an intratidal
model should be developed to calibrate the time variation of solids and
organic chemicals over the tidal cycle, from which the average value may be
computed and the method of averaging field data established.

3. Organic Chemical Reactions

Much work has been done on the kinetic and transfer processes of various
organic chemicals and expressed in forms amenable to incorporation in the
present model framework: evaporative fluxes, kinetic transformations through
oxidation-reduction, hydrolysis and photolysis and microbial degradation.

The computational program should be expanded to include these kinetic and
transfer routes in conjunction with further field and laboratory studies.
Work, presently underway, is addressing some of these questions. Specifi-
cally the kinetic and transfer routines are being programmed and further ana-
lysis of the evaporative transfer is being conducted.
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APPENDIX

The following papers were prepared under this project:

1.

The Effect of Concentration of Adsorbing Solids on the
Partition Coefficient; O'Connor, D.J. and Connolly, J.P.;
Water Research, Vol. 14, pp. 1517-1523, Oct. 1980.

Suspended Solids Analysis of Estuarine Systems; O'Connor,
D.J. and Lung, W.S; Jnl EED, Proceedings ASCE; Jan. 1981.

Steady~State Analysis of Organic Chemicals and Heavy Metals
in Reservoirs and Lakes; O'Connor, D.J. and Schnoor, J.L.;

Submitted to Environmental Science and Technology for pub~

lication.

The Effect of Winds on the Gas-Liquid Transfer Coefficient;
0'Connor, D.J. )
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ABSTRACT
The results of a number of laboratory studies are presented to demonstrate
an inverse relationship between concentration of adsorbing solids and partition
coefficient. Various functional forms which define the relatiou are developed
and correlated with the data. A power-law dependence of partition coefficient
on concentration of solids is shown. The significance of this relationship in

assessing the fate of hydrophobic pollutants in natural water systems is

discussed.



INTRODUCTION

The distribution of heavy metals and organic chemicals in natural water
systems is greatly influenced by the interaction between the dissolved and
particulate components. This interaction may be due to a number of physio-
chenical factors, among which adsorption—-desorption is one of the most sig-
nificant. The nature and concentration of the adsorbing solids determine, in
large measure, the rates of these reactions and the resulting equilibrium
conditions. The equilibrium condition defines the ratio between the
solid-phase and dissolved concentrations, which is referred to as the partition
coefficient. This coefficient is a function of various characteristics of the
adsorbate and adsorbent. The purpose of fhis paper is to indicate the effect
of the concentration of adsorbing solids on the partition coefficient and to

develop various functional forms to define the relationship.



THEORETICAL CONSIDERATIONS

Solids in natural systems consist of inorganic and organic species: the
latter may be categorized by detrital and viable components, whereas the former
is usually classified by size and chemical composition, clays, silts and sands.
Each type of solid has an adsorptive capacity, g., that is the ratio of the
mass of adsorbate to the unit mass of adsorbent. The total capacity is there-
fore g.m, in which m equals the concentration of adsorbing solid. The rate
of adsorption is assumed to be proportional to the dissolved concentration of

the constituent and the difference between the capacity, , and the amount

qcm
adsorbed, gqm. The rate of desorption is proportional to the concentration of
the absorbed mass, gm, thus the kinetic equation may be written:

de
i ~Kyme (qc—q) + Koqm )

At equilibrivm, equation (1) reduces to

c
q = g5 (2)
‘E'-I-C
in which
K
b = =0
Ky

The coefficient, b, 1s related to the energy of adsorption. Equation (2) is
the Langmuir isotherm, originally derived for the adsorptlon of gases by

solids.



In natural systems, the adsorptive capacity of the solids,‘ﬂﬂ, is
invariably an order of magnitude greater than the solid phase concentration, g,
and, in many cases, many orders of magnitude greater. Under this condition,
equation (2) reduces to

(3
g4 = bg.c

oT

g
c

I
o

al

I
=

in which ¥ = partition coefficient.

The partition coefficient is the ratio of the solid phase to the dissclved
concentration in the linear portion of the Langmuir isotherm. The magnitude of
this coefficient depends on the chargcteristics of the adsorbate and the
adsorbing solids. 1In general, it varies inversely with the solubility of the
adsorbate and directly with the organic and clay fractions of-the solids.

Experimental data that do not conform to the Langmuir equation may, in

many instances, be fitted by the empirical relation,
q = Kcl/n (4)

where K and n are constants. Equation (4) is the Freundlich isotherm. For
n = 1, it is identical to the linear portion of the Langmuir isotherm, the
exponent, l/n, usually being <l.
REVIEW OF PREVIOUS WORK
Many laboratory studies on adsorption to soils, sediment and suspended
solids have focused on equilibrium behavior, im accordance with-the various

isotherms described above. The linear relationship has been observed in

numerous adsorption studles (e.g., Lambert et al., 1965; Haque et al., 1968;



Garnas et al., 1978; Karickhoff et al., 1979), and is the most frequently
employed isotherm for describing pesticide adsorption in soils and sediments
(Hamaker and Thompson, 1972; Pionke and Chesters, 1973). Hamaker and Thompson
(1972), who summarized available data for the Freundlich isotherm of chemicals
in soil, have shown that the expoment 1/n varies from about 0.7 to 1.0. Lotse
et al. (1968), studying adsorption of lindane to lake sediment, found the data
to fit a Freundlich isotherm with the exponent ranging from 0.75 to 0.92.
Suzuki et al. (1979) found sorption of cadmium to sediment of the Tama River in
Japan to follow a Freundlich isotherm with an exponent of about 0.76.

In a series of studies (Reynolds and Gloyma, 1963; Yousef and Gloyna,
1964; Bhagat and Gloyma, 1965), the distributions of radioactive éubstances in
Texas rivers and lakes were investigated. Strontium; cobalt, and ruthenium
were among the metals studied. In all cases, the authors noted a decrease in
partition coefficient with increasing concentration of sediment, but no
corresponding effect as the initial metal concentration was cﬁanged. Cox
(1970) has reported the partition coef%icient for DDT and phytoplankton in a
natural environment to be inversely relate@ to phytoplankton density. Using an
inverse linear relationship between partition coefficient and concgntration of
solids, 0'Connor and Leahy (1978) modeled the spatial distribution of manganese
in Narragansett Bay. The results compared favorably with the observed values
of both the dissolved and particulate forms.

The effect of organic matter content and clay content on the extent of
adsorption is well-documented (e.g., Lambert et al., 1965; Lambert, 1968; Lotse
et al., 1968; Choi and Chen, 1976; Karickhoff et al., 1979). Increased
adsorption with increasing clay or organic matter content is due to the high
cation exchange capacity and high specific surface area of theseﬁmaterials.

Lambert et al. (1965), Lambert (1968), and Karickhoff et al. (1979) have found

the partition coefficient to be linearly related to organic matter content.



Solublé organics and colleidal particles are also important to sorption
equilibrium. Using UV light absorption to distinguish free and sorbed para-
quat, Karickhoff and Brown (1979) found that centrifuging at 20,000 rpm for one
hour failed to remove all sorbéd paraquat from the water column. In fact, most
of the paraquat that remained in the water phase was in the sorbed form.
Duursma (1970) found that the addition of soluble amino—acids lowered the
sorption of Co and Zn to sediment. Thus, because of the importance of soluble
organics ;nd colloidal particles, isotherm studies that use standard phase
separation techniques may yield erroneous partitioning values. Centrifugation
or filtration is normally used to separate the sediment and water. The
compound that remains in the water is assumed to be free and the sorbed
compound is computed by difference from the total compound added to the system.
Hence, compound sorbed to soluble and colloidal substances not removed by
normal phase separation techniques would be incorrectly reported as free
compound.

ANALYSIé OF DATA

The primary purpose of this paper is to demonstrate the varlation of the
partition coefficient with the concentration of suspended solids. It is
evident that the nature and characteristics of the adsorbing solids are
significant factors in this regard, i.e., the greater capacity of organic
matter and the clay fraction to adsorb by contrast to the sands and gravels.

It is pertinent to review first the effect of the type of s0lid as pref;ce to
the effect of concentration.
Effect of Various Types of Scolids

A typical example is found in data of Garnas et al. (1978), which presents
the equilibrlum between solid—phase concentration and dissolved ;oncentration
of Kepone for various types of solids (Figure 1). The slope of one on the

logarithmic coordinates is an indication of the appropriateness of the linear



portion of the Langmuir isotherm in the region in which the adsorptive
capacity, gg, is much greater than the solid phase concentration, g (equation
3). The influence of the type of adsorbing solids is apparent: the highest
partitioning occurring with sediment from Range Point Salt Marsh off Santa Rosa
Sound, Florida, which is primarily clay with a high percentage of organic
matter.

As the organic content decreases, the partition coefficient decreases, the
lowest values being associated with material that is primarily sand. The
effect of the organic fraction i; presented in Figure 2. Although each point
represents a different sediment, and? therefore, varying fractions and types of
clays, the general trend of increasing partitioning with increasing organic
content is evident.

Effect of Solids Concentratiom

For each solids type shown in Figure 1 the concentration of the absorbing
solids was held constant for the range of Kepone concentration. For a given
type of solids, the effect of varying its concentration on the partition co—
efficient is shown in Figure 3, which presents the dissolved and solid phase
distribution of Kepone for two solid concentrations viz. 100 and 1000 mg/f
(Connolly, unpublished data). Again, the linearity indicates the validity of
the Langmuir isotherm and their displacement the difference in partition co—
efficient viz. 5900 and 3400 due to the varying solids concentration. Similar
analyses of data on other substances indicated the same general trend of
decreasing partition coefficient with increasing concentration of solids.
Although comparable data on all the substances reported in this paper were not
available, the fact that the dissolved and solid phase concentrations were
relatively low supports the assumption of linearity. The depe;dence of the
partition coefficient of various constituents on the concentration of solids is

shown in Figure 4. Since the purpose of this figure is simply to indicate the



spectrum of the general relationships, the lines of correlation are sketched by
eye. These data, representative of more extensive sets, include heavy metals,
radioactive substances and organic chemicals. The range of solids concentra-
tion (10 to 10,000 mg/f) covers values for solids in suspension in rivers and
estuaries up to values for solids representative of the lower limit encountered
in the beds of natural water systems.

The solids effect is most pronounced for constituents characterized by
large partitioning, e.g., DDT & radioactive cobalt. For constituents that are
represented by intermediate partitioning, the effect of solids concentration is
less pronounced and the coefficient approaches a constant value for substances
of low partitioning — e.g., strontium.

Data Correlation

A functional form that correlates the data presented iIn Figure 3 is:

B
7= o+ ——
® 7 mg + ¢ (5)
Y = limiting partition coefficient at high concentration of solids
m = concentration of solids

m,,o,B = empirical coefficients "
The coefficient, B, reflects the relative influence of the solids effect by
contrast to the lower limiting value, %w. The coefficient, m,, allows for

the observational fact that, in a few cases, an upper limiting value of the
partitioning is approached as the solids concentration decreases. Where a
leveling off at low concentration of solids is not evident, the relationship is

more appropriately expressed as

8 (6

The linearity of many of the data sets also indicates that the limiting value,

Tw, is substantially zero, at least over the range of solids reported.



Therefore, equation (5) further reduces to:
- B
1= m® (7

As is shown in the following sections, equation (7) fits the majority of the
data as well as does equation (6). However, this may be due to the limited
range of solids concentrations (10-10,000 mg/£) for which values of the
partition coefficient are available. At high concentrations (~ 500,000 mg/Z,
approximately an average value for bed sediments), a limiting value may be more
representative. Equation (6), therefore, is considered to be a more valid,
albeit empirical, relationship.

The derived coefficients, determined by least squares, are presented in
Table 1. Correlations for organic chemicals are presented in Figures 5 and 6;
for radioactive substances,-Figure 7a; and for heavy metals, Figure 7b.

These graphs and the information in Table I show that different compounds
adsorbing to the same solids have.simiiar concentration dependences (i.e.,
similar slopes). This is seen for DDT, heptachlor and dieldrin adsorbing to
kaolinite, illite and, with the exception of heptachlor, montmorillonite.
Cobalt and ruthenium, adsorbing to Lake Austin sediment have comparable slopes,
as do Dimilin and Kepone adsorbing to Range Point sediment and the heavy
metals adsorbing to digested sludge. This observation is, in general, not
characteristic of single coupounds adsorbing to different solids types. For
example, the concentration of solids dependence for Kepone adsorbing to James
River sediment is much different from that for Kepone adsorbing to Range Point
saltmarsh sediment.

It may be inferred from this observation that solids conceﬁkration depen—
dent partitioning is a function of the solids, not the compound. A solid-solid

interaction may be ﬁediating the adsorption process, resulting in a lowering of



the partition coefficient with increasing solids concentration. As noted
earlier, the.general trend is an increasing level of dependence on concentra-
tion of solids with increasing degree of adsorption. Although this may reflect
a compound-related effect, it appears that for compounds with the same range of
adsorption order the effect of solids—type controls.
SIGNIFICANCE IN NATURAL WATER SYSTEMS

The relationships, presented above, have numerous implications with
respect to the distribution of heavy metals and organic chemicals in natural
systems. For constituents that achieve equilibrium rapidly with the suspended
and bed solids, the application of the principle is particularly significant.

Consider those problem areas, where such constituents have been digcharged
for some‘period of time in the past, e.g., Kepone in the James River and PCB in
the Hudson River. How much time is required to flush them from the system?
The relationship reported here implies that the period required is greater than
that for a constant-partition condition. This assessment 1s Sased on the
following reasoning. The material is Aow concentrated in the bed. When
scoured, the contaminated solids are transported vertically into the flowing
waters, diluting the concentration by at least one and, more likely, two or
three orders of magnitude. Assuming equilibrium is achieved rapidly, these
solids accumulate more of the metal or chemical, due to the increase in
partitioning. Upon subsequent settling, the solids re-establish the previous
equilibrium by releasing dissolved material to the interstitial waters. The
subsequent diffusion of the dissolved material is a relatively slow process,
thus retaining the constituent in the system longer than if it remained in the
flowing waters.

The extent to which conversion between the particulate and ;issolved state
occurs depends on the rates of adsorption and desorption and on the solids

concentrations in the bed and in suspension. For many chemicals and metals,



the kinetic rates are relatively rapid (in the order of minutes); for others,
the kinetic time scales are of the order of hours and, in some cases, days.
The net flux is determined by the kinetic rates and the supply of fresh solids
in conjunction with the average residence time in the bed and in the flowing
suspension.
CONCLUSION

A functional correlation between the partition coefficient and the con-
centration of adsorbing solids has been presented as indicating an inverse
relationship. Although there is now no fundamental basis for the correlatiom,
a vast amount of experimental data is available to substantiate .its validity.
In view of the heterogeneity of suspended and bed sediments and variatioms in
experimental condigions, controlled and standardized laboratory evaluation of
partition coefficients are recommended. The implications to the distribution
and retention of heavy metals and organic chemicals in natural water systems
are significant and indicate a tendency to greater retention in these systems
than would be the case for a constant ﬁartition coefficient. Further work 1s
being directed to a more fundamental understaﬁding'of the phenomenon and to the
quantitative assessment of this effect in prototype systems.
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Table 1. Regression of Partition Coefficients on Concentration of Solids
System No. of 2
Sorbate Sorbent Data Pts my B8 a r *
5
Heptachlor Illite 7 0 1.03x10; 0.75 L9612
Heptachlor Kaolinite 7 0 3.98x10;, 0.80 .9978
Heptachlor Montmorillonite 7 o] 7.41x10g 0.57 .9672
DDT I1lite 7 0 1.80x105 0.52 .9938
DDT Kaolinite 7 0 7.20x10; 0.83 .9918
DDT Montmorillonite 7 o] 9.41x10, 0.69 .9862
Dieldrin Illite 7 0 2.63x10, 0.67 .9808
Dieldrin Kaolinite 7 0 8.44x10g 0.81 .9972
Dieldrin Montmorillonite 6 0 1.79%104 0.92 .9962
PCB Woodburn Soil 5 0 5.50%105 0.24  ,954b
PCB Illite 3 0 g 1.30x10, 0.19  .997b
Lindane Lake Sediment 7 2.468x%10 1.14x%10, 1.25 — ¢
Dimilin Range Point 4 0 7.60x10, 0.34  .926d
Cobalt Lake Austin 6. 0 3.60x10, 0.47 .983¢
Rutheniunm Lake Austin 6 0 5,  1.80x10, 0.55  .964f
Strontium Lake Austin 7 5.82x10 1.41x10, 0.812 — 8
Cadmium Digested Sludge 3 0 5.70x10 0.585 .996%
Manganese Digested Sludge 3 0 9.59x10 0.870 .998h
Nickel Digested Sludge 3 0 6.39x10, 0.546 .991h
Copper Digested Sludge 3 0 l.25x103 0.546 .918?
Calcium River Clay 5 0 5.59x10 0.31 .9431
System of
Sorbate Sorbent Pts Yoo Mo 8 o r %
Kepone James River 1000 0 2.59x105 1.20 .8771
Kepone Range Point 300 0 2.69x10 0.34 L9111
* From regression of linearized equation
3 Liao (1969)
b Haque et al., (1974)
g Lotse et al., (1968)
Garnas (unpublished) USEPA, Gulf Breeze, FL
€ Yousef and Gloyna (1964)
f Bhagat and Gloyna (1965)
2 Reynolds and Gloyna (1963)
? Rohatgi and Chen (1975)
1 Garder and Skulberg (1964)
3

Connolly (unpublished) USEPA, Gulf Breeze, FL
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SUSPENDED SOLIDS ANALYSIS OF ESTUARINE SYSTEMS

2
By Donald J. O'Connorl,.M. ASCE and WuSeng Lung

INTRODUCTION

The concentration of suspended solids influences the quality of
natural w;;er systems in various ways. It is not only an important
Qater quality variable in itself, but also because of interaction with
othef constituents. ‘Suspended solids, affect the traﬁsmission of light
and, thus, the growth of phytoplankton and other pla;ts. They provide
sites -for the gro&th of m;cro—organisms which impact water quality.
They adsorb heavy metals and pésticides and thereby influence the concen-
tration of these substances both in the bed and in suspension. In
estuaries, suspended solids are particularly significant because of the
characteristic circulation pattern which increases the retention of
solids in these systems and produces the phenomenon of turbidity maximum.
It is the purpose of this paper to present an analysis of the spatial
distribution of suspended soliés in estuaries under steady state conditions
and fo demonstrate applications of the analysis for the Sacramento,
James River and Rappahannock Estuaries.

The differential equation defining the longitudinal and vertical
transport of suspended solids is first presented. Terms inéluded are

the horizontal and vertical fluid velocities, the vertical dispersion

lProfessor, Environmental Engineering and Science Program, Manhattan
College, Bronx, N.Y.

2 . . .
Senior Environmental Engineer, Wapora, Washington, D.C.




and the settling velocity of the solids. This is followed by a description
of a simplified approach to calculate tﬁe net tidally averaged horizontal
velocities in the saline zone of the estuary. The estuary is segmented
into an upper and léwer'layer, in accordance with the plane of no net
horizontal motion, as determined by the velocity calculations. The
¢irculation pattern is characterized by a landward velocity in the lower
layer and a seaward velocity in the upper layer in balance with a vertical
motion to maintain hydraulic continuity. These velotities, with the
associated vertical dispersion coefficient, are used to calculate the
salinity distribution in each layer to confirm the estuarine transport
pattern. The settling velocities of the suspended solids determined

from field measurements and laboratory tests are then introduced into

the transport equation and the spatial distribution of suspended solids

in each layer is computed.

Comparisons of the calculated profiles and observations from the
Sacramento—Saﬁ Jéaquin Delta, James River and Rappahannock Estuaries
provide,reasonaﬁl% validations of the overall approach. The approach
described in thié paper was originally developed in order to pro;idé a
basis for evaluating water quality conditions from various operational
plans of the Sacramento-San Joaquin Delta. The results were originally
reported in 1975 to the California Department of Water Resources (22),

one of the major agencies concerned with the management of water supply



for that region. The approach was further developed and applied to the
distribution of the suspended solids in James River Estuary, an important

component in the analysis of Kepone distribution in that system (24).

REVIEW OFwPREVIOUS WORK

The temporal and spatial distribution of suspended solids has
received increased attention by engineers and scientists in many parts
of the world over the past few decades (2,3,9,14,15,19,20,21,28,31). Sediment
sources both from upstream freshwater flow and from downstream marine
origin, in conjunction with the typical estuarine circulation, produce &
spatial distribution of suspended solids which 1s characterized, in the
vicinity of the salinity intrusion limit, by a peak concentration higher
than that of either the river or ocean. This phenomenon, usually referred
to as the "turbidity maximum," decreases with decreasing river flow and
is frequently washed out under relatively high flow conditionms.

A turbidity maximum has been observed in maﬁy estuaries (14,15,19,
20,21, 28,29,315 and also has been analyzed theoretically in varying
degrees.(12,23,27). One of the early analyses of the suspended solids
distribution was presented by 0dd and Owen for the Thames (25,27). They
formulated.a two-layer model with a rectangular section to simulate the
tidal flow and transport of mud. TFesta and Hansen (12) developeé a

steady state two-dimensional suspended sediment model which was based on




their earlier circulation analysis (11) to investigate the presence of
the turbidity maximum in partially mixed estuaries. Although no attempt
was made to model any particular estuvary, the results presented gquali-
tatively describe the behavior of the turbidity maximum for a range of
estuarine dynamics.

The distribution of suspended solids is highly dependent on the
circulation in the estuary. The typical pattern in partially mixed
estuaries was first observed and reported by Pritch;rd (30). Subsequently,
a number of hydrodynamic analyses designed to quantify the circulation
pattern has been published. Among them are simplified analytical frameworks
(13,23,26). The rapid development of computer hardware and numerical
solution techniques has enabled use of complex hydrodynamic models
(1,4,5,6,7,8,11,16,17,32). The approach taken in this paper follows the
work of these investigators and presents a practical engineering method
to analyze this type of estuarine circulatiqn and the associated suspended

solids distribution.

FRAMEWORK OF ANALYSIS

The mass transport equation for suspended solids in two-dimensional
estuaries on a tidally averaged basis may be written as:
3 3 s
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in which § = concentration of suspended solids, v and v = horizontal and
vertical velocities, respectively; vy T settling velocity of suspended
particles; § = Yertical eddy diffusion coefficient; and u, and St =
tidal components of horizontal velocity and suspended solids concentration,
respectivély. The coordinate system is shown in Figure 1, in which the

longitudinal x-ax1s is positive toward the ocean and the vertical y-axis

is positive toward the bed of the channel. Longitudinal turbulent

diffusion is neglected because its effect is relatively insignificant

compared to the terms in Eq. 1.

The saline portion of the estuary is divided into two vertical
layers with the interface at the plane of no net motion, the vertical
location at which the horizontal velocity is zero. After vertical
averaging, Eq. 1 becomes:

3 ,—= 2 ,~ = 3, ~ o 8 = 9,,9S8
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for each layer. The terms u and § are layer averages of the velocity

and solids, respectively, such that:
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where u' and S' are deviations from the mean values in each layer. The
subscript 'o' in the last two terms of Eq. 2 represents the plane of no
net motion.

Each term in Eq. 2 represents a distinct transport mechanism. The
first term, uS, defines the contribution to the flux of suspended solids
'by the advective flow in each layer. The second term, Gtgt’ is referred
to as tidal diffusion. The third term, u'S', arises from the layer-
averaging process and represents the shear effect i; each layer. 1In the
region of the estuaries investigated in this paper, the net effect of
tidal diffusion and shear effect is not significant. They are briefly
discussed for completeness and for their potential importance in other
applications. The last two terms in Eq. 2 are the vertical advective
and dispersive fluxes of suspended solids across the plane of no net
motion.

The final equation of suspended solids applicable to each layer of
a two-dimensional estuary is:

2 @) + 5 v+ v B = @D €

The solution is based on a finite difference approximation of
Eq. 3. A central difference scheme 1is used in the numerical i

calculation. The estuarine system is divided into 2 vertical layers.



The upper flow is net seaward and the lower is net landward.

The longitudinal boundary conditions of salinjty are the concentra-
tions associated with the freshwater inflow at the upstream limit and
with saline waters in the lower layer at the downstream locatiom.

Similar boundary conditions are required for the suspended solids and,

in addition, the vertical boundary conditions are established by the
bed-water interaction. A net flux from the water to the bed implies

that the mean settling is greater than resuspension of particles due to
the scour and conversely a net flux from the bed to the water stipulates
that scour is greater than settling. In either case, a steady state may
be achieved in which the rates are equal and the net flux is zero on a
tidally averaged basis. This is the bed condition adopted in the present
analyslis. The evaluation of each of these coefficlents is described in
the following sections.

Inspection of Eq. 3 indicates that the suspended solids distribution
is dependent on four transport coefficients. The horizontal and vertical
velocities are éetermined by the momentum and continuity equations and
the vertical digpersion is calculated from an empirical relation involving

the eddy viséosity and the Richardson number. The settling velécity is

assigned based on field observations and laboratory experiment.



CIRCULATION AND MASS TRANSPORT
Under steady state tidally averaged conditions, the longitudinal

nmomentum equation for a laterally homogeneous estuary is:
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The vertical component of momentum equation is simply the hydrostatic

pressure equation:

© |-
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The equation of state is approximated as:

p=pp (1 +a0)

The equation of continuity can be expressed as:

3 (bu) 3(bv) _
ax + oy a

In these equations, p = density of the saline water; p = pressure; N =
vertical eddy viscosity (assumed constant with depth); u = horizontal

velocity; g = gravitational acceleration; = density of freshwater;

P

(4)

(5)

(8)
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= 0.000757 (parts per thousand—l); C = salinity, b = depth-averaged
width; and v = vertical velocity.

The justification of these equations and a simplified approach to
obtain an analytical solution of the horizontal and vertical velocities
has been réported (13,23,26). The salient features of a simplified
énalysis (23) are presented in this paper. The solution procedure
consists of decoupling Eq. 4 Irom the other equations by assuming that
salinity distribution is given or can be assigned. }hus, the pressure
gradient term in Eq. 4 may ﬁe readily evaluated. Eg. 4 may then be u;ed
to solve for the horizontal Qelocity, u, subject to the following boundary
conditions: at the free surface (y = -n), du/dy = 0, i.e. no Qind
effect; and at the bottom (y = h), -N(3u/3y) = Cdluhjuh in which C; is a

dimensionless friction coefficient and u, is the velocity at the bed.

h
The absolute value sign in the frictional resistance term assures that
the bottom stress always opposes the direction of flow.

The vertical distribution of the horizontal velocity, following two

integration steps of Eq. 4 incorporatingAtﬂe above boundary conditions,

is:
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in which s is the surface slope = dn/dx; CS is the salinity at the
surface; and ¢{y) = vertical variation of salinity such that the salinity
distribution can be expressgd as C(x,y) = Cs(x)-¢(y). An analytical
solution is easily obtained.by assuming a linear function for ¢, such

as ¢(y) = lt+ay. Although this may be an approximation in some cases, it
is sufficlently realistic to reproduce measured velocities in the
vertical, aé shown subsequently,

The vertically-averaged velocity in each layer, u, is obtained from

J udy (9)

in which Yo T depth of zero velocity.
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The vertical velocity may be evaluated by means of Egq. 7:

- (bu) + oo (10)

Differentiating Eq. 8 with respect to distance, x, substituting into Eq.

-10 and integrating with respect to depth, y, yields:

y y y
RN N SR A _ 1.2
vix,y) = J 3y dy = - 3 i) o (bu)dy 3 % (b S udy) . (11)
-n -n -n
Therefore,
yO
1 3 -
viny)) = - gy (b7 udy) = - 5o by, + i) a2)
-N

Given the surface salinity, the salinity gradient and the geometry, and
by assigning the vertical eddy viscosity, the order of magnitude of
which is known, Egs. 8, 9 and 12 are used to calculate the horizontal
and vertical velocities.

An initial estimate of the vertical dispersion coefficient may be

obtained from the empirical relationship with the eddy viscosity, N:

£ =g (13)
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in which Ri is the Richardson number defined as:

B o
Ry = —50 7 as
0[5;]

The salinity profiles in the upper and lower layers are calculated using
Eq. 3 with v, © 0. Minor adjustments of this coefficient are usually
necessary to achieve a suitable fit of the observed salinities.
SETTLING VELOCITY OF SUSPENDED SOLIDS

The séttling velocity of a particle in water is a function of its
size, shape and density. Furthermore, the density of cohesive golids
depends on the water content and nature of the particle. Recent work on
marine particles from various sources provides a basis to relate particle
density to inorganic comﬁosition and to particle size. Figure 2 demonstrétes
the variation in particle density as a function of particle diameter.
The solid line represents the correlation originally proposed by McCave
(18) based on a 60-40 ratio of inorganic~organic composition. The dashed
line represents the correlation based &n a particle size study (lq) as
used for the Sacramento-San Juaquin Delta. A regression analysis of

particle count data was used to estimate size distributions by number

and by weight for a series of samples. The inorganic-organic composition

. - 12 - R



in which §
s

of the suspended solids was determined as 85-15. The relationship

between particle density and particle size is derived as follows:

d—O.lS

5§ = 2.0 (15)

density, gm/cm3

1

d = particle diameter, m
The settling velocity is estimated by substituﬁing this expression
into Stokes' equation, yielding the distribution of settling velocities
for the range of the observed particle sizes, as shown in Figure 2,
Since the size distribution did not vary significantly over the region
of concern, this distribution of the settling velocity is considered
representative of the system. A mean settling velocity in the Sacramento-

San Joaquin Delta is taken as 8 ft/day (2.4 m/day).

PROCEDURE OF CALCULATION
The calculétion is, in principle, simple and straightforward, and
is briefly summarized in the following steps: '
1. The assignment of salinity gradients and the associated freshwater
flow, channel characteristics at selected locations throughout

the saline zone is first made. The surface salinity, CS and




the longitudinal salinity gradient, dCS/dx are calculated from
tidally-averaged salinity data.

The above parameters and a first estimate of eddy viscosity,

N, are substituted into Eq. 8 to obtain the vertical profile

of horizontal velocity at each station. Within the range of
reported values for‘estuaries, the eddy viscosity is adjﬁsted
such that the calculated vertical profile of horizontal velocity

agrees with the data at a particular stationm.

The point of no net motion is known from the above calculation

at each station where a velocity calculation is made. The

plane of no net motion is defined for the entire saline zone

by interpolation forming a two-layer system.

The average horizontal velocity in each layer is then determined
from the velocity profiles calculated in Step 2. The estuary

is further segmented horizontally and the horizontal flow in
the Furface and bottom layers at each vertical cross section

is calculated. :

The difference in horizontal flow between two adjace#t vertical
planes glves the vertical flow between the surface and bottom
layer. The average vertical velocity is obtained by dividing
tﬁe vertical flow by the average horizontal interfaciai area

of the segment. The procedure is a solution of the hydraulic

contimuity, Eq. 12.




6. The empirical relationship in Eq. 13 is used to provide an
initial estimate of vertical dispersion at each station,.

7. The advective transport derived in Steps 4 and 5 is incorporated
with the vertical dispersion in Eq. 3 with vy = 0. The
;verage salinity in both layers is calculated for comparison
with the data. The above procedure, including velocity aﬁd
salinity calculations, may be iterated in order to reproduce
the obserQed salinity distribution and th;s, to obtain the.
appropriate transport pattern.

8. The transport pattern dérived in Step 7 and the settling
velocity of suspended particles provide the necessary coefficients .
for the two-layered suspended solids analysis, Eq. 3.

3. Comparison between the observed and calculated values of

velocity, salinity and suspended solids provides the basis for

calibration and validation of the models.

SACRAMENTO-S5AN JOAQUIN DELTA

A map of the Sacramento-San Joaquin Delta is shown in Figure 3.
The Sacramento and San Joaquin Rivers junction in the vicinity of Chipps
Island. Grizzly and Honker Bays are relatively shallow water bodies,
adjoining tﬂe main channel between Port Chicago and Chipps Islana.

Downstream of Benicla, Carquinez Strait, a deep channel leads to San




Pablo Bay. Under the drought flow conditions of 1976, 4,400 cfs, (126
m3/sec) the salinity intrusion extended to Emmaton while under moderatg
summer freshwater flow 10,000 cfs, (285 m3/sec), the limit of salinity
is approximately at Chipps Island.

Annual distributions of suspended solids have been reported for
Qarious locations in the system (28). High sediment loads typicallf
occur dufing winter-early spring flood periods and result in high spring
time concentrations of suspended sollds. Lower valJ;s are observed in
late summer and early fall.‘ Resuspension of particles by wind action
over the adjacent shallow bays may influence the concentration im the
main channel during the summer months.

Variation of the concentration over the tidal cycle is shown in
Figure 4 for stations at Chipps Island, Collinsville and Emmaton. The
concentration of suspended solids varies with current speed, being
highest near the Ped. Concentrations near the surface are slightly
higher at the end}of ebb than aE the end of flood. Concentrations near
the bed are greagir during flnod especially near maximum current.

Electrical conductivity and suspended solids were measured at both
low and high slack waters for various freshwater flow conditions.
Electrical conductivity was converted to salinity which was then tidally

translated to represent the tidally averaged values. Suspended solids

- 16 -




was also represented by the tidally translated values with ranges for
variation between slack waters. Tidal velocity measurements with depth
at a limited number of stétions were also taken. These values were
averaged .over a tidal cycle to determine the net velocity.

Observed data and the results of the analysis applied to those data

‘are presented in Figures 5 and 6. Figure 5 data were taken July 8, 9,

1676, and Figure 6 data were measured August 18, 19, 1974, when the flows
were 4400 cfs (126 m3/sec) and 10,000 cfs (285 ma/séc), respectively.
The observed salinity distributions are shown first. The vertical
distribution of horizontal velocity as calculated by Eq. 8 is shown
next. Available velocity data are also shown on Figure 5. Calculated
layer-averaged horizontal velocities and vertical velocities are shown
next. These are the results of Eqs. 9 and 12, respectively. These
transport parameters together with the dispersion coefficients shown in
Figures 5 and 6 were used to obtain the calculated salinity profiles.
The calculated salinity reproduces the observed distribution in two-
layer fashion for both flow conditions.

The results of the analysis applied to.suspended solids is shown on
Figure 7. A settling velocit& of 8 ft/day (2.4 m/day) gives reasonably
good agreement between calculated and observed diétributions. Note that
the turbidity maximum is located immediately downstream of the limit of

salinity intrusion.

- 17 -



The longitudinal and vertical distribution of the suspended solids
is sensitive to the magnitude of the settling velocity. Figure 8 presents
the distributions for a range of settling velocity from 6 to 10 feet per
day (1.8-3.1 m/day) for the 4400 cfs (126 m3/sec) flow case. The results
indicate the importance of this coefficient and the need for its accurate
éssessmentf It appears that the value derived from particle size
analysis provides a reasonable estimate of the settling velocity.

The relativé importance of the upstream and doénstream inputs of
suspended sediments is showﬁ in Figure 9 for the 10,000 cfs (285 m3/sec)
flow case. The ffeshwater s;urce from Sacramento River is primarily
responsible for the turbidity maximum while the input from downstream
significantly influences the suspended solids distribution in the lower

estuary.

JAMES AND RAPPAHANNOCK ESTUAR??S

The analysis:was also appiied to the James River and Rappahannock
Estuaries which are both tributdry to Chesapeake Bay. This area is
shown on Figure 10. The calculated profiles and prototype observations
for the James are shown in Figure 11. The data were collected in a 1965
survey at which time the freshwater flow was 8,800 cfs, (251 m3/sec) (20).
The average éettling velocity of the suspended solids, which was‘assumed
constant over the salinity intrusion, was obtained from a particle size

distribution, following the procedure described above.



The procedure of calculation was identical to that employed in the
Sacramento-San Joaquin Estuary. The calculated tidally averaged velocity
profiles together with the vertical velocity and vertical dispersion,
provided the basis for the two layer transport. Knowledge of the

settling Qelocity permitted calculation of the suspended solids distribu-

tion. Comparisons of the calculated profiles and observed values, as

shown in Figure 11, indicate that the approach is valid and provides a
realistic first approximation of the various phenomé;a. This analysis
was conducted as part of a *esearch project on the Kepone distribution
in the James River Estuary (é4).

The Rappahannock Estuary is relatively straight and the bottom
geometry is simple. The turbidity maximum has been regularly observed
in this area and a net intertidal two layer transport pattern has been
documented (21). The calculation procedure described above was used to
model the Rappahannock. Salinity and total suspended sediment data
shown in Figure 12 were measured in April 1965 when the freshwater flow
was 1285 cfs (37 m3/5ec). The calculated profiles are presented in

.
Figure 12. A settling velocity of 6 ft/day (1.8 m/day) and the vertical
dispersion coefficient between 0.5 to 1 cmz/sec were.used. Again the

model reasonably reproduces the salinity and suspended solids data.
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SUMMARY AND CONCLUSIONS

One of the better understood aspects of estuarine hydrodynamics is
that of the longitudinal circulation and mixing characteristics for
partially mixed estuaries ag averaged over a tidal cycle. These features
are also the key to the formation of turbidity maxima in estuvaries.
Based on the understanding of this circulation pattern, a two-layer’
salinity and suspended solids model is presented, which includes a
seaward advective flow in the surface layer, 1andwarh in the bottom
layer, vertical advective fiow, vertical dispersion across the layer
interface, and the settling éffsuSpénded solids.

A simple hydrodynamic analysis is used to evaluate the horizontal
and vertical tramsport coefficients. An empirical relationship with the
Richardson number provides a preliminary estimate of the eddy dispersion
coefficient from the eddy viscosity, determined in the velocity calculation.
Methods of estimating the particle settling velocity are also presented.

Applications of the analysis to Sacramento-San Joaquin Delta and .
James River Estéary and Rappahannock' demonstrate the overall validity
of the appreoach. The distributions éf salinity and suspended solids ig
all syétems are reasonably reproduced.

Further work, both theoretical and experimental, should be directed
to better unﬁerstanding and measurement of the eddy viscosity and dis-
persion coefficients, the settling velocities of cohesive particles and

the exchange with and motion of the bed.
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APPENDIX I1

NOTATION

The following symbols are used in this paper:

[i§

coefficient defining the vertical distribution of
depth-averaged width of estuary channel;

bottom friction ceoefficient;

tidally averaged salinity

tidally averagedfsalinity at water surface;
particle diameter;

acceleration of gravity;

depth;

tidally averaged vertical eddy viscosity;
pressure;

atmospheric pressure;

freshwater flow;

RichérdSOH number;

surface slope;

concent?ation of suspended solids;

tidal component of suspended solids concentration;
1éyer—averaged suspended solids concentration;

S-8;

salinity;



time;

tidally averaged horizontal velocity,
tidal component of horizontal velocity;
layer-averaged horizontal velocity;
u-u;

tidally averaged vertical wvelocity;
settling velocity of suspended solids,

longitudinal axis toward ocean;

vertical axis toward the bed of estuary channel;

depth of zero horizontal velocity;
vertical varjation of salinity;
0.000757 (parts per thousand_l);
density of saline water;

density of freshwater;

particle density;

surfgce elevation;

vertical eddy diffuslon coefficient.
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ABSTRACT

Equations are developed to estimate the steady-state concentration of
suspended sélids, organic chemicals and heavy metals in reservoirs, based
on the assumptio?upf complete mixing, The equations, which def}?e the trap
efficiency of impoundments, contain three dimensionless numbers, involving
the hydraulic detention time, mean depth, settling velocity of the particles,
the pértition coefficlent and first-order reaction coefficients. The analy-
sis was applied to heavy metal and pesticide data from three reservoirs, with
a range of partitioning, transfer and degradation parameters, The model cor-
related the heavy metal data, with the exception of copper and zinc. BEsti-
mating evaporation and decay, the organic chemical data were in rgasonable

agreement with the values calculated by the model.
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INTRODUCTION

The spatial and temporal distribution of organic chemicals and heavy
metals in natural water systems depends on the hydrodynamic transport through
the system and the kinetic interactions within it. One of the most important
factors is the nature and concentration of those constituents which either
adsorb or assimilate and thus establish the partitioning petwgen'%he dissolved
and particulate components of the organic chemical or heavy metal. Inorganic
and organic solids provide surfaces for the adsorption and the various levels
of the food chain both adsorb and assimilate. The transport, in both the water
column and in the bed, plays a major role and, in asddition, transfer and trans-
formation may be important routes which determine the distribution of these
substances. The former category includes evaporation and settling and the
latter biochemical decay, photolysis and hydrolysis, among others.$ The relatiye
influence of these pathways for a specific chemical or metal is in large meas-
ure determined by the distribution between the dissolved and particulate com-

ponents.
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It is the specific purpose of this paper to present the development of
equations, including these factors, which define the distribution of organic
chemicals and heavy metals in completely mixed systems and to apply the ana-
lysis to steady-state conditions in lakes and reservoirs. While point sources
may provide a reasonably constant input of mass to these, as well as other
qatural systems, a major fraction of the input is due to episcdic events,
generally assoclated with the heavy rainfall-;unoff periods., It is thus rec-
ogniz;d that the steady-state analysis is an approxiq;;ion which is only valid
if the inputs and responses are properly flow weighted so as to be appropriate
for the time scale of the relevant phenomena. This averaging interval, in
turn, establishes the time scale of the analysis, which, in this case, is
annual. The model is therefore suitable to determine an Prder of magnitude
of the problem and, as such, may be used for environment impact and chemical
exposure assessments. It also provides a basis for more detailed modelling
framework in time or space and for data collection programs.

In view of the importance.of the partitioning of heavy metadx or organic
chemical into its dissolved and particulate phases, this ;spect of the analy-
sis is first addressed. It is followed by a development of the equation
defining the suspended solids levels in reservoirs, which in turn, provides
a necessary element for the equivalent analysis of the chemical or metal.
Field data are presented for comparison with model output. The concluding
section consists of applicalions of the analysis and suggestions for future

field and analytical work.

EQUILIBRIUM CONDITIONS
Consider the most simplified conditions of a batch reactor in which

the mixing is of sufficient magnitude to maintain a uniform concentration
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throughout the volume of fluid. Assume the concentration of absorbing
solids, m, is constant. Let ¢ and p be the concentrations {(M/L?) of the
dissolved and particulate components. If there is neither transfer nor
decay of the chemical, the total concentration, Cps remains constant in
time and is equal to the sum of the dissolved and particulate:

ep = C*p . (1)
The latter is related to the concentration of suspended solids, m:

p = mr (2)

in which

Lo
I

mass of chemical/unit mass of solids (M/M)

m = concentration of solids (M/L®)

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:

1 =

olx

= B
me (3)

or In = 2 - ’ i
c

Equation (3) is the linear portion of the Langmuir isotherm. Although not
always representative of actual conditions, it is a resaonable approximation
when the solid phase concentration, r, is much less than the ultimate absorbing
capacity of the solids. Combining equations (1) and (3), the total concen—

tration may be expressed as:

Cp=¢* Tme = Tt P . (W)

The product, m, is a convenient dimensionless parameter, characteristic of
a particular system under egullibrium condition. For a specified value of
fm, the equilidrium distribution between the dissolved and particulate con-

centrations is established by equation {(4).
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The distribution between the dissolved concentration and the particulate
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 character-

istic partition coefficient, equation (4) may be more generally expressed:

= ¢c[l + L% m, ] (5)

3

The distribution may thus be categorized in accordance with the adsorbing

1
solidé {orgenics, clays, silts and sands) or the accumulating biomass
(phytoplankton, zooplankton, fish and macrophytes). Since the total mass
of the latter category is usually an order of magnitude less than that of
the non-viable solids, it is not included in the following analysis. Under
those conditions in which it may be significant, it may be readily incorpor-
ated as shown in the above equation,
SUSPENDED SOLIDS DISTRIBUTION ™~

The concentration of suspended solids in a reservoir or lake depends
on the physical characteristics of the incoming sediment and the-hydraulic
features of the reservoirs ané”inflow. The important cha;act;ristics of
the sediment are the grain size and settling velocity distributions and
the behavior of the finer fractions with respect to aggregration and coagula-
tion. The detention time and the depth of the water body are the significant
hydraulic and geomorphological features, The following analysis assumes
steady-state conditions in a completely mixed system, in wﬂich the concen-
tration of solids is spatially uniform. ¢

These assumptions are obviously crude, but of sufficient practicality
to admit at least an order of magnitude analysis of the problem. They are

precisely the assumption, implicit in the analysis of the "Trap Efficiency"

of reservoirs in which the efficiency of removal of solids has been cor-
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related to the ratio of the reservoir capacity to the tributary drainage
area (1).
Consider a body of walter whose concentration is spatially uniform

throughout its volume, V, receiving an inflow, Q. Under steady state

conditions, hydraulic 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:

dm
Vg = my - Qu - VA )
in which
m = concentration of solids in inflow

m = concentration of solids in reservoirs

-
1}

settling velocity of the solids
A = horizontal area thru which settling occurs

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

volume V, equation (6) becomes -

%%;= %'_ n %g * Ks] (1)
in which
t, = detention time = % ()
K = settling coefficient ;i-(%)
H = mean depth = % (L)
. s

Under the steady state condition, equation (7) may be expressed as,

m=_W/Q
1 K
* sto (&)
Division by W/Q = m, yields
o1 (9)
m, 1+ XKt
i s o




which is the fraction of the incoming solids remaining in suspension and,
with the assumption of complete mixing, is also the concentration in the

outflow. The fraction removed is simply
=l o (10)

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, KS, may be replaced by its equivalent, VS/

= %3 the over-

H

ﬁ}:}:

and the dimensionless parameter is VS/VO, in which V; =

o

flow rate of the system.

A plot of equation (10) is presented in Figure 1- for a range of settling
coefficients, Ks. Common values of the settling velocity of solids in reser-
voirs are in the range of a few feet per day and average depths are 10-100
feet, yielding values of KS in the order of 0.1 per day with approximate
limits of 0.025 to 0.5 as shown. The majority of the data is abstracted from
reference (1) and supplemented by more recent measurements (2)(3)(h)(5)(1k)
from reservoirs fg; which concentrations of heavy metals_and-oré;nic chemicals
are alsg available. Data from the earlier reference are characterized by
KS > 0.1 per-day. The latter data with Ks < 0.1 per day are representative
of settling velocities between 0.25 and 2.5 feet per day, as shown in Figure
2, This figure presents the correlation in a more fundamental manner. It
is evident from equation (10) that replacement of KS with Vs/H yields ?he
correlating term, to/H’ with VS as a parameter as shown in Figure ?. Set-
tling velocities, in the order of 0.5 to 5,0 feet per day, which is repre-
sentative of clays and fine silts, encompass the majority of the data.

These types of solids are most relevant to the problem, since they have the



greatest capacity to absorb organic chemicals and heavy metals than sands.

ORGANIC CHEMICALS/HEAVY METALS DISTRIBUTION

The distribution of organic chemicals and heavy metals in reservoirs
is established by application of the principle of continuity or mass balance,
in a manner similar to that employed in the case of the suspended solids.
Each phase, the dissolved and particulate, is analyzed separately, taking
into account the adsorptive-desorptive interaction with the other. For the
(6)(1)

dissolved component, the mass balance includes decay-and transfer terms

in addition to the inflow and outflow. The basic differential equation

dc wc c b n n
T =v -7—-L Kec- I K me+ I K,p (11)
dt v to 521 & 3=1 od J 4=1 2343

in which

3

VY = reservoir volume (L

W = rate of mass input of the dissolved component (M/T)

o]
[

dissolved concentration (M/LB)

_;l Ki = sum of the first order rate coefficients including the following
i=
K, = K {Bacteria] = biological degradation coefficient (T_l)
L = Ké [OH ] = base catalyzed, hydrolysis coefficient (T_l)
KP = Ké (quantum yield) = direct photolysis coefficient (T_l)
K, = volatilization coefficient (T_l)
n
L K .= sum of the adsorption coefficients for the jth size fraction,

3=1 % 1 total fractions (L3/M_T)

m, = suspended solids concentration in the jth size fraction,(M/LB)



h R
= sum of the desorption coefficients for the jt size fraction,
-1
)

n ot
~
I

2)
n total fraction (T

h . R
= particulate chemical concentration due to the jt size fraction,

(/1)

=]
[
1

For the particulate concentration in the jth size fraction:

dp W P

—d o pd 23

g T v w7 NeaPy T fegPy t Ropmye (a2)
in which

W rate of mass input of the particulate adsorbed chemical of size

Pd rraction §( M/T)

b}

K settling coefficient of the jth size fraction (T—l)

5]
Summing the total over J) size fractions or considering only one size

fraction equations {11) and (12) reduce to:

dc wc c

TS - gg-- ch - Komc + K p (13)

dp _ EB Pk p~Kp+tKXk : - L

av m VT T NPT oP * A me B * (14)
in whiech

K, = overall decay coefficient,(T—l)

K = overall settling coefficient (T_l)

K, = overall desorption coefficient (T—l)

K, = overall adsorption coefficient (LB/M-T)

* Adding equations (13) and (14) cancels the adsorption and desorption

terms and yields the rate of change of the total concentration ¢, in terms

T
of the dissolved and particulate:
. de [
T W iy
Tt VT T - Ko - Kop (15)
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The sorption coefficients, Ko and K2 are usually orders of magnitude
greater than the decay and transfer coefficients of the 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-
so;id phase equilibrium is assumed to occur instantaneously. The dissolved
and particulate concentrations, ¢ and p, may therefore be expressed in

terms of e by equation 4, substitution of which in eguation (15) yields:

dcT
dat

[e]

X K Im
L . S __ &z
t0"1+1lm T 7 14m T

<=

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

plying through by to:

e = . W/Q (16)

o
—_ ] +
1+ 1+ﬂm[Kc T[mKs]
The fraction removed is therefore
T 1

r=1_.w/Q= ,90;. - x (17)
L+ ik, + Tk ] -

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

fer/decay, such as heavy metals, equation (17) reduces to

1
T
i Ksto [l+ﬂm}

(18)

Note that equation (18) is identical to equation (10) with the exception that

the dimensionless settling parameter Ksto is multiplied by the fraction i:%a'

The latter term expresses the fraction of the total concentration which is in



the particulate form. For values of fm >> 1, it is apparent that eguation
(18) is identical to (10).

Inspection of equation (10) indicates that the removal efficiency of
suspended solids is dependent on the detention time and settling coeffi-
cient, which is the ratio of the settling velocity of the solids and the
average depth of the reservoir or lake, For heavy metals and conservative
chemicals, the additional parameter required is the partition coefficient
{equation 18). 1In the case of organic chemicals, which are susceptible to
biodegradation, evaporative transfer, hydrolytic or photochemical reaction,
knowledge of the relevant reaction coefficients is necessary to calculate
the removal efficiency (equation 17).

The detention time and average depth, which are readily determined,
are based on the average annual conditions, given the time and space scales
of the analysis. The settling velocity and settling coefficient may be
measu;ed directly or implied from inflow-outflow concentrations in accord-

ance with equations (9) and (10). The partition coefficient may also be

. -
evaluated directly, which, with the solids concentration, yields the dimen-

sionless parameter fm. Alternately given measurements of the total and
dissolved concentrations of the heavy metal/organic chemical, the term Wm
may De calculated by means of equation (4). With such information, the
removal efficiency is readily computed for those metals and chemicals which
are non-reactive.

As indicated above, certain chemicals may be subjected to additional

.

transfer or transformation. The fundamental properties of the constituent

are indicative of the potential magnitude of these routes - e.g. the vapor

pressure and solubility are properties which permit assessment of the evap~
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orative transfer (8)(9). Iaboratory experiments may be necessary to determine
the chemical and biological routes -~ e.g. the blodegradability of the substance
(6)(10-14), 1In any particular case, an assessment, either analytical or experi-
mental, should be made to establish the degree to which transformation or trans-
fer may be significant. The above procedure was followed in the analysis of

the data from the reservoirs described in the following section.
SITE DESCRIPTIONS

Coralville Reservoir, located in eastern Iowa, Serves as a mainstream
impoundment of the Iowa River. It is a variable-level, flood control and
recreational reservoir which has undergone considerable sedimentation since
its construction in 1958. The original capacity of more than 53,000 acre-feet
has been reduced to 38,000 with an average depth of approximately eight feet,
and a mean annual detention time of 14 days. Draining more than 3000 acres of
prime Iowa farmland, Coralville Reservoir rece€ives extensive agriéuitural run-
off with 90% of its drainage basin in intensive agriculture.

Lake Livinggféne, a multi-purpose reservoir for floqd;centggl, recreation
and low-flow augmentation is located on the main stem of the Trinity River in
central Texas. It has a capacity of 7.8 xlOlOFta, which provides a detenticn
time of 110 days. The average depth is approximately 26 Ft. The drainage
area is primarily agricultural with undeveloped pastures, and includes the
large metropolitan areas of Dallas-Fort Worth,

Rathbun Reservoir is located in south central Iowa, impounding the

’
Chariton River, and was constructed by the Corps of Engineers in 1969 to pro-
vide flood control, recreation, and low flow augmentation. At normal pool
elevation, the reservoir covers 11,000 acres, extendé 1l miles upstream from

the dam, and contains approximately 200,000 acre-ft. The drainage basin area

is 342,000 acres of which 52% is used for row crop or other agriculture, 24%

- 11 -



pasture, 12% forest, and 12% other uses.
ANALYSIS OF DATA
A water quality survey of heavy metals and organic chemicals was con-
ducted during the latter part of 1976 and the first few months of 1977 on
the Trinity River through Iake Livingstone. At a number of stations, meas-
yrements of the total and dissolved concentrations in the water columns and
in the bed were made. Pesticides were measured in grab samples for Coral-
ville Reservoir at inflow, outflow and in-lake stations during 1969 and 1976,
while bi-weekly suspended solids measurements have been made since 1965
(3,4). Data utilized in this report for lake Rathburn was collected bi-weekly
from May through August, 1978, when the reservoir contained 350,000 acre-ft.
with a mean detention time of 162 days and a mean depth of 29 rfeet (5).
From these data, a value of the removal efficiency of each reservoir
was determined and presented in Figure 3. The range of suspended solids
removal in accordance with equation (10) is shown for comparison. The
purpose of this filgure is simply to demonstrate the relatife_reﬁdﬁai of
the various constituents. For many of the heavy metals,-it is to be noted
that the removal is equivalent to that of the suspended solids, implying that
the particulate fraction.is predominant. For some of the organic chemicals
the removal fraction is much less, indicative of a larger fraction in the
dissolved stete. Constituents which have removal fractions greater than
that of the suspended solids may be subject to additional mechanisms, such
as biodegradation, evaporation, chemical hydrolysis and oxidation,‘and direct
or sensitized photolysis.
Since both the dissolved and total concentration; were measured in the

Livingston survey, it is possible to calculate the fm values for each sub-
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stance by means of equation (4). Using these data a more fundamental relation-
ship is presented in Figure 4 for lake Livingston in which the p&%ticulate frac-
tion, as determined by the observations, is correlated to the fraction removed.
The removal fraction is calculated in accordance with equation (18) for a

range of values, representative of conditions in this reservoir. The seguence
for pesticides shown in Figures 3 and 4 -~ Lindane, dieldrin, heptachlor snd
endrin - is in accord with increasing tendency to thé particulate state. The
data ;n metals indicate greater variation and are not as consistent, particu-
larly with respect to copper and cadmium.

Removal fractions for non-conservative substances {i.e. those which are’
removed by mechanisms iﬂ addition to settling) should exceed the expected
removals caused by sedimentation of sorbed material. Heptachlor may bé
susceptible to evaporation and endrin to biological decay. Evaporation and
biodegration may also affect dieldrin but to a lesser extent.

Mean removal fractions for Iasso, atrazine, and dieldrin in Rathbun

Reservoir, are presented in Figure 5. The representation of equetion (17)

in Figure 5 is similar to that of Figure b except that K;to is equal to

4.0 and isopleths of Kcto are reported for these reactive substances. It

is estimated that the highly soluble herbicicides lasso and atrazine undergo
rather rapid biodegradation in natural waters with Kcto = 10 and 4 respect-
ively, and overall first order rate constants (Kc) of 0.06 and 0.02 per day.
Grab samples and partition coefficients from other rivers and reservoirs in
Iowa indicate that a small fraction of lasso and atrazine are in tle particu-
late phase. Dieldrin removal rates were quite variable, but it appears that
the removal is due primarily to sedimentation of sorbed material, and the

estimated first order reaction rate constant (Ké) was nearly zero.
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of purely particulate substances (

Equaticn (17) represents the most generalized correlation and is
shown in Figure 6. The dimensionless parameter is the product of the
particulate fraction (fm/1 + fm) the reaction factor (1 + Kg/Ksﬂm) and
the settling term (Ksto). The vertical lines in the figure indicate the

values of the latter term for the three reservoirs and are representative

Im

o - 1) and conservative substances

(KC=_O). Data falling to the right of the respective verticals suggest
that in addition to settling, transfer and/or decay 'may be operative.

The most marked deviations are for copper and zinc with lower removals
than calculated, which may be due to release from the bed. On the other
hand, the fact that dieldrin is in reasonable agreement for the three
reservoirs is encouraging. The remaining values are in general accord
assuming Endrin and lasso are non-conservative (Kc = 0.05/day). Atrazine

and heptachlor are being removed by sedimentation of adsorbed chemical as

wvell as by gas transfer and/or decay reactions.

. - x

CONCLUSIONS

Recognizing the simplicity of the analysis and appreciating the
limited number of observations, i% is apparent that comparisons such as
presented in Figures 3-5 are not necessarily validations of the model.
It is encouraging to note that the observations are not inconsistent
with the theoretical analysis and in order of magnitude indicate reason-
able agreement, as shown in Figure 6. *

Given the nature of the assumptions on which the model was form-
ulated, it may be used to estimate long-term concentrations for average

values of flow and loadings. Furthermore, the time to reach equilibrium

or steady-state conditions may also be approximated. Additional field
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data are required to test and validate the model. Buch field programs
should be conducted in conjunction with laboratory measurements of sedi-
ment-water partitioning, volatilization and degradation reactions, the

results of which may be incorporated directly in the model.
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