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Preface

This mathematical model for contaminant transport in rivers provides a preliminary assessment
 of the contaminant mass and concentration using environmental partitioning. First, the model uses
the advection-dispersion equation to model the river flow and contaminant transport in the wafer.
Second, the model uses éompart'ment modeling to partition the contaminant mass into water,
sediment, bed sediment, air, fish, vegetation and free product environmental compartments.
Finally, the model caicﬁlates contaminant concentration in each environmental compartment. As
long as this approach is applied with an understanding of its assumptions and limitations, it can

be very useful as a preliminary assessment model for contaminant transport in rivers.

The purpose of developing this approach was to provide a simple mathematical model that
accounts for the time-varying partitioning of contaminant concentration at a given location along
the river. 4T}his approach is intended to be used as part of the Multimedia Environmental Pollutant
Assessment System (MEPAS). Currently MEPAS, and other multimedia contaminant
environmental transport and exposure risk assessment methodologies; assumes that once the
contaminant enters the water, it is instantaneously and completely dissolved. This assumption,
that the contaminant is only present in the dissolved phase tends to over predict water contaminant
levels. This approach is intended to address the partitioning 6f contaminanfs into environmental

compartments in addition to the water column.

This model was tested with an illustrative example using ethylene glycol as the contaminant. The
application results showed that the key model input parameters are either related to the
contaminant (i.e;, distribution coefficient, Henry's constant, solubility limit, and biological
concentration factor for fish and vegetation) or the river (i.e., height of bed sediment, mass of
fish, and mass of vegetation). This modeling effort also showed that the advection-dispersion

equation being used does not account for losses due to sediment, bed sediment, or free product

deposition, volatilization, or adsorption by fish or vegetation. To provide a result that addresses




these losses to the total contaminant concentration as it migrates downstream, an updated

advection-dispersion equation should be developed and used with this model.
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1.0 INTRODUCTION

Mathematical modeling of contaminant transport through the environment provides a mechanism
for estimating the amount of cdntami_nant that is reaching a point of interest. River water is an
important pathway for transporting contaminants to locations where humans may be directly
and/or indirectly exposed to contaminants. Typical exposure pathWays include the following
(Cheng et al. 1995):

e ingestion of contaminated water or fish
. dermal contact of contaminated water (e.g., swimming, bathing, etc.)
. external dose of radionuclides
. ihhalation of volatilized contaminants abéve the water
. human consumption of crops irrigated with contaminated water’
. human consumption of animal products (e.g., milk and meat) following animal .

consumption of contaminated water or crops

. ingestion of soil contaminated by river water.

Multimedia contaminant environmental transport and exposure risk assessment methodologies,
such as Multimedia Environmental Pollutant Assessment System (MEPAS), simulate the reléase
of contaminants into the environment, their migration and‘fate in various sequentially connected
environmental media (e.g., air, groundwater, surface water, and overland), contaminant
movement through the food chain, exposure to sensitive receptors (through inhalation, ingestion,
dermal contact, and external dose), and risk or hazard associated with the exposure (Buck et al.
1995). Currently, these methodologies simulate contaminant transport in rivers by way of
advection and dispersion. Once the contaminant enters the water, these methodologies assume
that the contaminant is instantaneously and completely dissolved. By assuming that the

contaminant is only in the dissolved phase, the assessment tends to over- predict water




contaminant levels. In reality, the contaminant can partition between water, sediment, bed

sediment, air, fish, vegétation, and free product, where appropriate.

The purpose of this effort is to develop a relatively simple approach that attempts to account for
the time-varying partitioning of a contaminant at a given location in a river environment. This
approach will eventually become a component of MEPAS and, therefore, focuses on addressing

the needs of this multimedia mcdel. The approach outlined in this paper will

. be compatible and corsistent with structure and input/output requirements of the

multimedia model MEPAS
. have a level of detail that is mathematically compatible  (e.g., analytically,

semi-analytically, and/or empirically based) with other components in MEPAS

. be based on "readily available information”
. | be computationally quick
. supply the same answer, whether the analyst approaches the problem from the downstream

or upstream side of the receptor location

consider the partitioning between the water, sediment, bed sediment, air, ﬁsh vegetation,
and free product compartments

provide time-varying environmental concentrations at receptor locations
have a level of detail that is compatible with "order-of-magnitude" risk assessments

account for degradation/decay.

No simplified approach will élways accurately meet these constraints, but this approach attempts -

to provide a screening-level analysis that gives the decision-maker sufficient information to make
decisions. Note that this approach is not necessarily after the numerically "right" answer, but
rather providing decision-makers With a preliminary assessment that helps experts agree on
answers that address the question being analyzed, such that the right decision is made Risk (not

environmental contaminant levels) and the quahtatlve process of decision- makmg are the primary
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endpoints. Therefore, this approach is attempting to capture the essence of environmental

partitioning without unduly burdening the analyst with data requirements and computations.

This paper addresses the need for a contaminant transport model that meets the above constraints

through the following steps:

1. Transport the contaminant as a fully dissolved substance to the downstream
receptor location, employing analytical and semi-analytical solutions to the
advection-dispersion equation for contaminant transport.

2. Partition the contaminant between water, sediment, bed sediment, air, fish,

vegetation, and free product, using a compartment model approach at the receptor
location.
3. Determine the contaminant concentration in each compartment.

The mathematical approach is outlined in Section 2.0. The advection-dispersion equation,
compértment model, and the concentration calculations are also outlined in Section 2.0. Section
3.0 contains the assumptions and limitations associated with this approach. Section 4.0 presents
an illustrative example. Section 5.0 provides a summary and conclusions regarding this approach.

Section 6.0 provides a list of references. Appendix A presents a summary list of equation

variables.




2.0 APPROACH

A contaminant can sorb to-washload, suspended, bedload, and bed sediment, can volatilize into
the air, can be taken up by fish and vegetation, and can remain as free product in the water, if the
dissolved concentration is greater than the solubility limit of the chemical. All of these different

means of contaminant partitioning affect the level of exposure a receptor may receive.

To address these different contaminant transport mechanisms, this mathematical model takes the

following approach:

1. Modéels contaminant transport to the downstream receptor location using the
- generic exposure scenario and the advection-dispersion equation.

2. Models contaminant mass partitioning at the receptor location into the
environmental compartments: water, sediment, bed sediment, air, fish, vegetation,
and free product.

3. Calculates the time-varying contaminant concentration in each environmental
compartment using mass and concentration values determined in steps one and two.

The generic exposure scenario, which is illustrated in Figure 2.1, assumes a contaminant plume
exists at the river’s edge initially at the point where X = 0 and y = 0. The width of the
contaminant plume is represented by y. As the downstream distance from the source increases,
the contaminant plume makes its way across the river, until it eventually becomes uniformly
mixed acfoss the width of the river. The cross-sectional area of the river is assumed to be
rectangular with the width generally exceeding the depth. The contaminant is assumed to be fully

~ mixed over the depth of the river. Receptors are assumed to be downstream at the edge of the

river (i.e., y = 0).




Contaminants are transported downstream via advection and dispersion, followed by the
partitioning of the contaminant into various env1ronmental compartments (i.e., water, sediment,

bed sediment, air, fish, vegetation, and free product), illustrated by Figure 2.2.

. Figure 2.3a presents a flow diagram highlighting the solution procedure and provides two
illustrative examples of output results. Figure 2.3b illustrates the partitioning of contaminant mass
into six environmental compartlnents. Figure 2.3c provides contaminant concentrations at a given
location, as they vary with time. By using the equations described in this paper, the time-varying

contaminant concentration can be computed and shown graphically.

2.1 ADVECTION-DISPERSION EQUATION

The advection-dispersion equation, as used by the MEPAS model, describes the migration of a

contaminant in river water. The assumptions coinciding with this equation are as follows:

. Surface water ﬂow is assumed to be steady and uniform over the investigated time
increment.
. Longitudinal advection dominates 1ongitudinalr dispersion.
K The lateral distance to the receptor'is zero.
. Contaminant releases are considered to be long-term in comparison to travel time (i.e.,

steady-state assumptions are appropriate).
. ‘The river can be represented by a rectangular cross-section.

. The contaminant plume is fully mixed throughout the depth of the river (i.e., dispersion
is only considered in the 1ateral direction).

. Contaminant degradation/decay is first-order.
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For the first river receptor, the contaminant concentration will be determined as follows (Whelan
and McDonald 1996):

gt )

C; = total contaminant concentration in stream due to advection & dispersion (g/m® or Ci/m’;
mass of contaminant/volume of water)

Q. = contaminant flux at the source (g/s or Ci/s)

B = width of river (m)

h = depth of river (m)

A = degradation/decay constant (s™)

x = downstream distance to receptor (m)

u = average flow velocity (m/s)

D, = dispersion coefficient in the y-direction (m?/s)

If there are multiple downstream river receptors, the contaminant concentration will be determined

as follows (Whelan and McDonald 1996):
1, 3 '
Cry = Cory - | 2| - | o] | Jo @2)
) Qn lm(n) fn—l

Cr@= contaminant concentration for the current receptor (g/m* or Ci’m; mass of
contaminant/volume of water)

C,; = contaminant concentration for the previous receptor (g/m* or Cifm ; mass of
contaminant/volume of water)

Q, = river discharge at the current receptor location (m>/s)

Q,., = river discharge at the previous receptor location (m’/s)

L. = lateral mixing length at the current receptor location (m)

1,y = lateral mixed length at the previous receptor location (m)

f, = fraction of the source term upstream of the current receptor (fraction)
f,.; = fraction of the source term upstream of the previous receptor (fraction)
n = number of receptors (dimensionless)




~ The concentration value derived from the advection-dispersion equation assumes that the only

factors affecting contaminant levels are advection, dispersion, and degradation/decay. MEPAS
assumes that the concentration derived from the advection-dispersion equation is the total

concentration in the river and that it is completely dissolved in the water.

The total concentration is equal to the total mass of the contaminant with respect to the volume

T M,, : ( )
C . 2.3

Mc, = total contaminant mass (g or Ci; mass of contammant)
V,, = volume of water (m®)

The volume of water is equal to the river depth times the river width times the unit length of the

control volume:

V,=dBL 2.4)
B = width of river (m)

d = depth of river (m)
L = unit length of control volume (m)

The total concentration can be expressed as a total contaminant mass per unit length per cross-

sectional area (width times depth) of the water column:

c, - (E&)(L) | ‘ 2.5)
L Bd




2.2 COMPARTMENT MODEL

A compartment model partitions the contaminant concentration into the different environmental -

compartments: water, sediment, bed sediment, air, fish, vegetation, and free product.

. The water compartment is used to calculate the contaminant mass and concentration
dissolved in the water column. ‘

K The sediment compartment is used to calculate the contaminant mass and

concentration attached to the washload, suspended, and bedload sediments. A

- contaminant’s likelihood of accumulating on the sediment is represented by its

distribution coefficient, K,. The sediment discharge, if not provided by the user,

is determined by the Colby (1964) relations, Toffaleti (1968, 1969) formulas, or
Meyer-Peter and Muller (1948) formula.

. The bed sediment compartment is used to calculate the contaminant mass and
concentration attached to the bed sediment. A contaminant’s likelihood of
accumulating in the sediment is represented by its distribution coefficient, K. The
K, values for washload, suspended, and bedload sediments and bed sediments are
not necessarily the same.

e The air compartment is used to calculate the contaminant mass and concentration
that volatilizes to the air above the river. A contaminant’s likelihood of
volatilizing to the air is represented by its Henry’s Constant, K.

. The fish compartment is used to calculate the contaminant mass and concentration
associated with fish uptake through ingestion, adsorption, and respiration.

. The vegetation compartment is used to calculate the contaminant mass and
' concentration associated with vegetation uptake.

. The free product compartment is used to calculate the contaminant mass that is
above the solubility limit and, therefore, in the free product phase (precipitants).

For a graphical representation of the compartmeht model, see Figure 2.2. A compartment model

is based on the assumption that the total contaminant mass (Mc,) equals the sum of its parts (mass

balénce): :
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Mc, = Mc,, + Mc, + Mcbcd + M'ca + Mc, + Mc; + Mg, 2.6)

Mc,, = mass of contaminant in water compartment (g or Ci; mass of contaminant)

Mc,,; = mass of contaminant in sediment compartment (g or Ci; mass of contaminant)

Mc,.,= mass of contaminant in the bed sediment compartment (g or Ci; mass of contaminant)
Mc, = mass of contaminant in air compartment (g or Ci; mass of contaminant)

 Mc, = mass of contaminant in aquatic vegetation compartment (g or Ci; mass of contaminant)

Mc; = mass of contaminant in fish compartment (g or Ci; mass of contaminant)

Mc;, = mass of contaminant in free product compartment (g or Ci; mass of contaminant)

Dividing both sides of Equétion (2.6) by Mc,, gives:

Mct _ Mc,, +Mcscd +Mcbed . Mca . M::V . Mcr +Mcfp
Mc Mc Mcw Mc, Mc, Mc, Mc, Mc

2.7

Therefore, the inverse of Equation (2.7) is the ratio of the mass of contaminant in the water to the -

total contaminant mass, represented by the following equation:

Mc_ 1

Mc, Mc, Mc_, Mc,, Mec, McV+Mcf+McfP | (2.8)

+ 4o + +
Mcw Mc M(;w McW Mcw M(:W Mt:W

w

Sections 2.2.1 through 2.2.7 define each of the compartment ratios (e.g., Mc,/Mc,,, Mc,/Mc,,
etc.) and the contaminant concentration in each compartment using either user input, existing data

~ tables, and/or values Calculated from equations in this document.

2.2.1 Water Compartment

The water compartment contains the portion of the contaminant that is dissolved in the river

water. The water compartment ratio (i.e., water factor) equals unity:

11




= =1 I (2:9)

The contaminant concentration in the water compartment is the contaminant mass in the water

per unit volume of water:
' Mc,, |
Cewy = v (2.10)

Or, -

Mec,
CC(w) - v

Ccwy = contaminant concentration in the water compartment (g/m® or Ci/m®; mass of
contaminant/volume of water) i

Mc
"’] 2.11)
Mct R

Combining Equaﬁon (2.1) or (2.2) and Equation (2.8), the contaminant concentration in the water

compartment can be defined by:

Mc
Mc

(2.12)

Cw) c'r

If free product forms, the dissolved concentration is set equal to the solubility limit of the

contaminant.




2.2.2 Sediment Compartment

Contaminants tend to accumulate onto sediment (Buck et al. 1995). - Depending on the
contaminant’s distribution coefficient (K,) and the concentration of sediment (C, ); sediment
transport may be a significant transport mechanism. The sediment compartment, as used here,
contains the portion of contaminant attached to the washload, suspended, and bedload sediment.
The bed sediment compartment is being considered a separate compartment and is discussed in
Section 2.2.3.

The sediment type may include sand, silt, clay and organic matter. Because most sediment in
United States rivers is alluvial in nature, it is assumed that the sand fraction alone equals unity
unless the sediment discharge rates and/or the sediment mass flux rates can be provided for the

silt, clay, and organic matter fractions. The sum of the sediment type fractions equals unity:

sand + silt + clay + OM = 1 (2.13)

sand = fraction of sand in sediment (fraction)

silt = fraction of silt in sediment (fraction)

clay = fraction of clay in sedirnent (fraction) ‘

OM = fraction of organic matter in sediment (fraction)

The sum of the contaminant masses associated with the size fractions of sand, silt, clay, and

organic matter is as follows:

Mcy = Mcgy + Mcg, + Mc,, + Mcgy (2.14)
Mc,,,; = mass of contaminant on sand portion of the sediment compartment (g or Ci; mass of
contaminant) _
Mcg, = mass of contaminant on silt portion of the sediment compartment (g or Ci; mass of
contaminant) , ' _
Mc,,, = mass of contaminant on clay portion of the sediment compartment (g or Ci; mass of
contaminant) '

Mcoy = mass of contaminant on otganic matter portion of the sediment compartment (g or Ci;
mass of contaminant) '

13




The sediment compartment is defined by the ratio of the mass of contaminant adsorbed on the

sediment to the mass of contaminant in the water (i.e., sediment factor):

Mcsed - Mc Mcsm+Mc McOM

sand + clay +

(2.15)

The concentration of the sediment is equal to the sum of the concentration of the sand, silt, clay,

and organic matter concentrations:

Cod = Cang + Cge + Cclay + Com (2.16) |
- In which,
C _ Msed ’ 2 17
sed Vw . ( . )
gSS
C., = —6— (.2.18)’

(g, (sand) - (g, Gil) (g, (clay)  (g,) (OM)

C 2.19
sed Q Q Q Q @19

C.« = sediment concentration in the sediment compartment (g/m>; mass of sediment/volume of
water) _ -

C...«= concentration of sand in water compartment (g/m’ or Ci/m?; mass of sand/volume of
water)

C,,. = concentration of silt in water compartment (g/m’ or Ci/m®; mass of silt/volume of water)

C.ay= concentration of clay in water compartment (g/m* or Ci/m? mass of clay/volume of water)

Com= concentration of organic matter in water compartment (g/m* or Ci/n?; mass of organic
matter/volume of water)

14




M, ,= sediment mass (g; mass of sediment)
g = sediment mass flux rate (g/s)
Q water discharge rate (m*/s)

|

The individual contaminant mass associated with the sand, silt, clay and organic matter fractions,

can be expressed as follows:

Mcsand =K . . vsand =K fo)
Mc“} _- " d(sand) psand Vw T ™d(sand) ~ sand (2.20)
Mc . V..
silt . . . st »
Mc,, * Ky " Peir VW‘ = Ky Ciin ‘ _ 2.21)

_ (g, (sand)
Q

} (g, (silt)
Q



_ (g, (clay)

C ey 3 (2.26)
(g, (OM) ' ‘
COM = —-—Q——" (2.27)

Kiemg = contaminant distribution coefficient for sand (m’/g; volume of water/mass of sand)
Pua = density of sand portion of sediment (g/m?; mass of sand/volume of sand)

Vsand = volume of sand in water compartment (m®; volume of sand)

Kysy = contaminant distribution coefficient for silt (m*/g; volume of water/mass of silt)

pa: = density of silt portion of sediment (g/m?; mass of silt/volume of silt).

Vg = volume of silt in water compartment (m?; volume of silt)

Kieayy = contaminant distribution coefficient for clay (m*/g; volume of water/mass of clay)
Pasy = density of clay portion of sediment (g/m’; mass of clay/volume of clay)

Vi = volume of clay in water compartment (m3; volume of clay)

Kuom = contaminant distribution coefficient for organic matter (m*/g; volume of water/mass of
organic matter)

Pou = density of organic matter portlon of sediment (g/m®; mass of organic matter/volume of
organic matter)
Vom = Vvolume of organic matter in water compartment (m®; volume of organic matter)

Lyman et al. (1982) notes that becaﬁse Kom is not routinely measured in the laboratory, the
organic-carbon partition coefficient (K,.), which is routinely measured more directly, genérally
is more available in the literature. The K is defined as the ratio of the amount of chemical
adsorbed per unit weight of organic carbon (OC) in the sediment or soil to the concentration of
the chemical in solution at equilibrium. Lyman et al. (1982) also notes that the ratio of organic
matter to organic carbon varies somewhat from soil to soil, but a value of v3 is often assumed
when conversion is necessary. Therefore, the fraction of organic matter can be defined as OM

= v3 OC, and the organic matter partition coefficient can be defined as Ky = V3 K,..

16




The sediment discharge rates (i.e., g or g;) or mass flux rates (i.e., g,)-will be provided by user
input or calculated using the Colby (1964) relations, Toffaleti (1968, 1969) formulas, or Meyer-
Peter and Muller (1948) formula discussed in Section 2.3.

The contaminant concentration in the sediment compartment is the contaminant mass in sediment

divided by the dry mass of sediment:

Mcse
Coety = ( "] (2.28)

Or,

Mc,| | Me, | [ Me, )| | V, : o
Cotsey = (2.29)
v, Mc, Mc M.,

Cepety = adsorbed contaminant concentration in the sediment compartment (g/g or Ci/g;
mass of contaminant/mass of sediment) '

Equation (2.29) can be expressed by combining Equation (2.1) or (2.2) with Equations (2.8),

(2.15) and (2.17): ‘ .
Copeg = Ca | x| | o |f 1 2.30
C(sed) T1 Me Mc c '
t w sed

2.2.3 Bed Sediment Compartment

The bed sediment compartment involves the sand, silt, clay, and organic matter contained in the

bed sediment. The sum of the mass of these components is equal to the total mass of the

sediment:
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McCyey = MCheqisant) + MChedgsity + MChedrciayy T MCheaiomy (2.31)

MCoeqsany = Mass of contaminant in sand portion of the bed sediment compartment (g; mass of
- contaminant)

MCyesiiy =  mass of contaminant in sﬂt portion of the bed sediment compartment (g; mass of
contaminarnt)

MCyeqiayy =  Mass of contaminant in clay portion of the bed sediment compartment (g; mass of
contaminant)

MCi40my =  mass of contaminant in orgamc matter pomon of the bed sediment compartment
v (g; mass of contaminant)

Likewise, the mass of sediment in the contaminated portion of the bed sediment equals the sum

of the masses for sand, silt, and clay, recognizing that the mass of organic matter is usually

insignificant:
MCpesy = MCpegisangy + MCoeqisiy + Mcbed(clay) , (2.32)
In which,
MCoeiisanty = PBusanty Voed | : 2.33)
MCocgisity = Pagsity Voed (2.34)
MCpeqieiayy = ﬁd(clay) Yhed , ' - (2.35)
V., = BLH,, (2.36)

V,es = volume of bed sediment (m?)

Baangy = bulk density of sand portion of bed sediment (g/m*; mass of sand/volume of water)
Basiy = bulk density of silt portion of bed sediment (g/m®; mass of silt/volume of water)
Baeayy = bulk density of clay portion of bed sediment (g/m®; mass of clay/volume of water)
H,., = height of contamination in bed sediment (m)

The bed sediment compartment is defined by the ratio of the mass of contaminant sorbed to the

bed to the mass of the contaminant in the water (i.e., bed sediment factor):

18




M Mc

Mc Cbed(sit) , " Cbed(clay)

bed = M

Ched(sand) .

(2.37)

The individual contaminant mass associated with the sand fraction is expressed as follows:

Me - ' v | ‘
9bed¢,sand) = dsand) . psmd - sand (238)
Mcw ) : Vwater
Or,
Mc » v '
bed(sand) _ bed :
—bedisand) _ g ) . (sand) (1-n) [-—] (2.39)
. d(sand) and .
Mcw : ’ Vwater ) :

In which,

v | v
g@es_ = (sand) (1-n) [ V"“’)

water water

p d(sand)

Bd(bed)




V.q = volume of sand in bed sediment (m®)

(1 - n) = total porosity fraction (fraction)

V,ea = Volume of bed sediment (m®) :

Bapeqy = bulk density of bed sediment (g/m*; mass of sediment/volume of water)

M,.; = mass of bed sediment in the contaminated portion of the bed (g; mass of sediment)

Substituting Equations (2.4), (2.36) and (2.43) into (2.39) and simplifying, gives:

Mc¢ . H
. bed(sand) _ . . . _bed
Mc == = K s(sandy Bd(bed) (sand) : (2.45)
cW
Similar expressions can be developed for silt and clay:
Mec, . . H
bed(silt) _ . . . . bed
Me, = K ysity ﬁd(bcd) (silt) 4 (2.46)
Mc H
bed(clay) _ . . . “bed
N;cc L = Kd(clay) Bd(bed) (CIaY) (2~47)

w

The contaminant concentration in the bed sediment compartment is the contaminant mass in the

bed sediment per unit mass of bed sediment:

Mcbcd . V
Cepeay = -M_be_d- (2.43)

Or,

| Me, Mc,, Mcbe 4 Vw
Cemeay = v Mo - (2.49)
w ct Mcw Mbed




Copeay = contaminant concentration in the bed sediment compartment (g/g or Ci/g; mass of
contaminant/mass of bed sediment)

Equation (2.49) can be expressed by combining Equation 2.1) or 2.2) with Equations (2.8),
(2.37) and (2.44) to give:

e zc | Mol | Mol 1 (2.50)
C(bed) T Mct' Mcw, ﬁd(bed) | .

2.2.4 Air Compartment

The air portion of the contaminznt transport represents the quantity of contaminant volatilized to
the air from the river. Volatilized contaminants will result in a lower concentration in the water
and impose an additional risk to receptors breathing the air near the river. The air compartment

is defined by the ratio of the mass of contaminant in the air to that in the water (i.e., air factor):

Me, g/ |2 - (2.51)
Mc H Vw ’
Or,
Mcal / I-Iair
= Ky 2.52)
Mc w d
In which,
/ KH ‘
Ky = — 2.53
BT | 2.53)
vV, =H;BL (2.54)




Ky’ = Henry’s constant (dimensionless)

V,= volume of air (m’)

K,; = Henry’s constant (atm m*/mole)

R = universal gas constant [8.2057 x 10 (atm m®)/(mole K)]
T = temperature (Kelvin)

H,;, = height of the air compartment (m)

The contaminant concentration in air is the contaminant mass in air per unit volume of air:

Mc, ‘
Cean = (2.55)

a

Or,

Mct Mca
Ceqin = A4 Mc

Ceain = contaminant concentration in the air compartment (g/m® or Ci/th ; mass of
contaminant/volume of air) ‘

Mc,, Vi _
Mct] [ 73} (2.56)

Equation (2.56) can be expressed by combining Equations (2.1) or (2.2) with Equations (2.4),
(2.8), and (2.52) to give:

L ;| Hy | | Me,, dBL
Cewn = Cr Ka [ a )M, )|H,_BL] @37
t air
Or,
c. =c.xl| Mo | (2.58)
C(air) T TH Mct .
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2.2.5 Fish Compartment

The fish portion of the contaminant transport represents the quantity of contaminant adsorbed or
ingested by the fish in the contaminant plume. The fish compartment is defined by the ratio of

the mass of contaminant in the fish to the mass of contaminant in water (i.e., fish factor):

Mee Pt A BCF | (2.59)

Mc v,

Or,

Mc, /

Mc,, = BCF, - Bd(ﬁs‘h) (2.60)
- In which,
M, _
Ps = _V_f v (2.61)
M

pd(ﬁsh) = ‘V_f ‘ (2.62)

ps = density of fish (g/m?; mass of fish/volume of fish)

V¢ = volume of fish (m®)

BCF;' = biological concentration factor for fish (m*/g; volume of water/mass of fish)
M; = mass of fish in water (g) A

Bagsy = bulk density of fish (g/m?; mass of fish/volume of water)

The contaminant concentration in the fish compartment is the contaminant mass of fish per unit

mass of fish:
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Mc

Cemsny = ™. : (2.63)
f

Or,
c Me, Mc Mec, v, 2.64)
Clfish) v, Mc, Mc, | | M, . _ )
Ceoinsny = contaminant concentration in the fish compartment (g of contaminant/g of fish or

Ci/g; mass of contaminant/mass of fish)

Equation (2.64) can be expressed by combining Equations (2.1) or (2.2) with Equations (2.8),
(2.59), and (2.62) to give:

C =C Mc,, Me, 1 (2.63)
C(fish) T Mc‘ MCw Bd(fish) |

2.2.6 Vegetation Compartment

The vegetation portion of the contaminant transport represents the quantity of contaminant
adsorbed by the vegetatiori within the contaminant plume. The vegetation compartment is defined

by the ratio of the mass of contaminant in the vegetation to the mass of contaminant in water (i.e.,

vegetation factor):
Mc, Vv BCE/ ) 66
Mcw =P, Vw v ‘ (2. )
Or,
Mec, ;
o - BCE. Biweg A .67)

w
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In which,

- MV 6
p, = v (2.68)
Biveg = v (2.69)

w

p, = density of vegetation (g/m®; mass of vegetation/volume of fish)

Vv, = volume of vegetation (m?)

BCF,’ = biological concentration factor for vegetation (m?/g; volume of water/mass of fish)

M, = total mass of vegetation in water (g; mass of vegetation)

Bavey = bulk density of vegetation (g/m®; mass of vegetation/volume of water)

The contaminant concentration in the vegetation compartment is the contaminant mass of

vegetation per unit mass of vegetation:

Or,

CC(veg) =

CC(veg) = = (2 70)

v -
W] (2.71)

contaminant concentration in the vegetation compartment (g/g or Ci/g; mass of
contaminant/mass of vegetation)
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Equaﬁon (2.71) can be expressed by combining Equations (2.1) or (2.2) with Equations (2.8),

(2.66), and (2.69) to give:
C Mey | | Mew|f _1 - 2.72)
M’ct Mcw Bd(ve'g) ‘

C

Clveg) ~ T

2.2.7 Free Producf Compartment

The free product portion of the contaminant transport represents the quantity of contaminant that
exceeds the chemical’s solubility limit (S) for water. This portion of the contaminant is the solid
or liquid form of the chemical tha; is traveling ds a precipitant (e.g., oil traveling on the surface
of the water, solid chemical settling to the bottom of the river, etc.). Two conditions need to be
considered for the free product compartment. Condition 1 is when the dissolved concentration
is less than the solubility limit (C¢,) < S). At that time the mass of the free product is zero (Mc;,
- = 0). Conditiqn 2 occurs when the dissolved concentration is greater than or equal to the
solubility limit (Cc,, = S). Under those circumstances, the dissolved concen&ation is set equal

to the solubility limit (C¢,y = S), and mass of the free product equals:

Mc. Mc Mc Mc, Mc, Mc
Mcfp - Mct_svw v o, sed + bed + a . f + v (2.73)
s Mc, Mcw Mc, Mc, Mc, Mcw

S = solubility limit (g/m? or Ci/m’; mass of contaminant/volume of water)

The mass of contamination as a free product per mass of contaminant in the water compartment

is calculated by dividing Equation (2.73) by SV,,:

Mcfp _ Mec, _1_ _ Mcw+Mcsed+Mcbed;Mca+Mcf+Mcv 2.78)
Mc, v S Mc, Mc, Mc, Mc,6 Mc, Mc

w
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2.3 SEDIMENT EQUATIONS®

Many empirical and semi-empirical approaches have been developed to model contaminant
transport via sediment movement. In this approach, the Colby (1964) relations, Toffaleti (1968,
1969) formulas, and Meyer-Peter and Muller (1948) formula, as seen in Sedimentation
Engineering (Vanoni 1975), will be used to determine the sediment fraction of the contaminant
concentration. Although these approaches have been initially chosen to represent the sediment
transport rate within this framework, other approaches can be easily included, if appropriate or
necessary. Colby’s relétions, Toffaleti’s formulas, and the Meyer-Peter and Muller formula are
intended for sand- or gravel-bed sediment types. The ability of these methods to determine the
sediment discharge rate is demonstrated in Figures 2.4 and 2.5. The Colorado and Niobrara
Rivers have bed sediment with medium-sized sand and stream depths of 1-12 feet. The Colby and
Toffaleti methods agree well with the observed sediment discharge in these rivers. The Meyer-

Peter and Muller estimates are low (Vanoni 1975).°

For this approach, the Meyer-Peter and Muller formula will be used only for sediment beds with
relatively coarse sediments. Colby and Toffaleti will be used for all other sediment beds, even
though it is recognized that they were intended for use only on sand sediment beds. The sediment
mass flux rate (g,) needed to calculate the 'sediment compartment (Section 2.2.2) is equal to the
sediment discharge rate (g, or g ), determined from Colby, Toffaleti, and Meyer-Peter and
Muller, times the contaminant plume’s width at the receptor location. The approach described
in this paper is the first step to account for the sediment transport effect on contaminant transpoﬁ
for multimedia models like MEPAS. Other sediment formulas are necessary to estimate sediment

transport of silt, clay, and organic matter.

(a) Many of the sediment transport formulations, figures, tables, and correction factors are in
English units, which will be presented when consistent with the original published procedure.

(b) Figures 2.4 thiough 2.10 vwvere reproduced from Sedimentation Engineering (V. A. Vanoni
1975) with permission from the publisher, American Society of Civil Engineers, 1996.
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2.3.1 Colby Relations

The Colby (1964a and 1964b) relations relate the discharge of sands in terms of mean velocity for
six median sediment sizes, four flow depths at water temperatures of 15.6°C (60°F). Colby’s
relations will be used for stream depths 3 meters (10 feet) or less. Based on velocity, depth, and

mean particle size, the uncorrected sediment discharge rate can be read from Figure 2.6:

gy = £ (V.didy) | @.75)

g, = sediment discharge as a function of V, d, and dy, (tons/day/ft)
V = mean velocity (ft/s)

d = stream depth (ft)

ds, = mean particle size (mm)

Under conditions when the temperature is not equal to 15.6°C (60°F), there is more than a
negligible amount of fine sediment, or the mean particle size i >0.3 mm or <0.2 mm, the sand
discharge rate [i.e., Equation (2.75)] requires adjustment. Correction factors for these conditions

(Figure 2.7) should be used in the following equation to adjust the sand sediment discharge rate:

g, = (1 + (k, k, - 1) 0.01 k3) g, (2.76)

g, = sediment discharge (tons/day/ft)

k, = water temperature correction factor (° F)
k, = presence of fine sediment correction factor
k; = sediment size correction factor

Colby’s relations, as reported in Vanoni (1975), wére compared to observed river data from
several U.S. rivers (see Figure 2.8). These rivers rﬁnged in depth from one to over 50 feet and
median bed sediment size from 0.2 to 0.4 mm. Although the median bed size did not vary
significantly, this figure demonstrates that the theoretical basis of Colby’s relations can be applied
to rivers with somewhat different characteristics and still retain a reasonable amount of conﬁdence}

in the results.




Figure 2.6.
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2.3.2 _Toffaleti Formulas

In this approach, the Toffaleti (1968, 1969) formulas will be used for streams with depths greater
- than 3 meters (10 feet). The depth of the stream is divided into four zones as shown in Figure

2.9. The total sediment load discharge is determined by the sum of these four zones:

gsi = (gsbi + gssLi * gssMi *+ gssUi) . (277)

g; = total sediment discharge (tons/day/ft)

g.; = bed load sediment discharge (tons/day/ft)

g..; = suspended sediment load discharge in lower zone (tons/day/ft)
2. = suspended sediment load discharge in middle zone (tons/day/ft)
g.ui = suspended sediment load discharge in upper zone (tons/day/ft)

The velocity profile is represented by:

U=( +n)V (X] ) (2.78)

N .
In which,

' n, = 0.1198 + 0.00048T - (2.79)

U = flow velocity at distance y above bed (ft/s)
V = mean velocity (ft/s)
= distance above sediment bed (ft)
r = depth of stream (ft)
T = temperature (°F)

The concentration profile is defined as follows:

y -0.756z;
C = CL{ ;) (2.80)
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Figure 2.9.  Toffaleti’s (1969) Velocity, Concentration and Sediment Discharge Relations (from
Vanoni 1975 with permission from the publisher, the American Society of Civil

Engineers)

In which,

c, = 260.67 - 0.667T

35

(2.81)

(2.82)

(2.84)

(2.84)



C,= concentration

C., = concentration in lower zone
Cy; = concentration in middle zone
Cy; = concentration in upper zone
w; = fall velocity

S = slope of real stream

When z, < n,, setz; = 1.5n,. As Vanoni (1975) notes, the expressions for the suspended load
discharges in the lower, middle, ahd upper zones are obtained by substantiating Equation (2.78)
and the appropriate ekprcssion for C, [i.e., Equation (2.80), (2.81), or (2.82)] and integrating
between the appropriate limits for depth. The suspended sediment load in each region is

calculated as follows:

_ 0.600 p,
gssI..i =
| 1Ak Y 4, |3 (2.85)
v? 0.0058
r )! o, - o7se g | 0TS,
11.24 ( ® (2.86)
. M -

g..:. = M|
s 1 +n, - 0.7562

r 0.244zi[ 1+n -z 1+n -z
I v | _: YA
=M. ( 11-24) (2-5) ( 11.24) (2.87)

+ -
1 n, z,

/ . 0.244z, r 0.5z, e s x 1 +n, - 1.5z
- M 11.24 2.5 o 2.5 (2.88)
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1 +n, - 0.7582,
B = M,; (2dy) n,, 5

(2.89)
A = function of 10°03/10 U.’ as given in Figure 2.10
p; = weight fraction
k, = correction factor from Figure 2.10
U.’ = shear velocity (ft/s)
d,; = sand size (ft) '
In which, |
T, = 1.10 (0.051 + 0.00009T) (2.90)
M, = 432 pCL (1 +n) V. o™ - 2.91)

When Ak, < 16.0, set Ak, = 16. To ensure that g 4;is not unrealistically high, the concehtration
at 2d; must be calculated:

2 ~0.756z; )
Cly=2d) = cm( s‘] (2.92)

r

C(y=2d,) = concentration at y = 2d; (Ibs/ft*)

If C(y=2d,) > 100 1b/ft*, C;; must be reduced so that C{y=2d,) = 100 Ib/ft3, and then all of the
sediment discharge calculatiors must be recalculated. Solutions to Equations (2.86) through
(2.89) are based on knowing M, and, hence, C;;. M, is determined by equating Equations (2.85)
and (2.86), and Cy; is determined from Equation (2.91).
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Figure 2.10. Factors in Toffaleti Relations (from Vanoni 1975 with permission from the
publisher, the American Society of Civil Engineers)

Although the Toffaleti Formulas were intended for sand beds; this approach assumes they can be
applied with reasonable results to all bed types. Comparisons of the sediment discharge calculated

by Toffaleti to those observed in United States rivers were similar to those of Colby, as shown

in Figure 2.8.
2.3.3 Meyer-Peter and Mullei' Formula

Most of the data upon which the Meyer-Peter and Muller Formula (1948) is based were obtained
in flows with little or no suspended sediment. Therefore, this formula is not valid for flows with

appreciable suspended sediment loads. The Meyer-Peter and Muller Formula will be used for
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rivers and streams with median grain sizes ranging from coarse sand (0.4 mm) to coarse gravel

(30 mm) (Vanoni 1975).

-k

T

3 .
(E] 2 yr,S = 0.047(Y, - Y)d_ + 0.25[— 3
/ R ] s m

In which,

|_‘w

~
o |
<

g, = sediment discharge (Ibs/s/ft)
S = slope of stream (ft/ft)
I, = depth of bed (ft)
¥y = specific weight of water
Y, = specific weight of sediment
g = acceleration due to gravity
" f,” = Darcy-Weisbach bed friction factor
p; = fraction by weight of fracrion of bed with mean size d; -

d; = mean size fraction of sediment (619)]
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3.0 ASSUMPTIONS AND LIMITATIONS

Many assumptions have been made to represent the contaminant mass and concentration in each

of the environmental compartments. The assumptions include the following:

. Tables for the K;, K;, BCEF’, BCF ‘, and S values are appropriate for. partitioning
chemicals in the environment.

. River is instantly and fully mixed over its depth.

. Contaminant releases to the river are assumed to be long-term relative to the contaminant
' travel time in the river.

. Washload is not specifically singled out or addrgssed in the sediment compartment.

. Type of sediment bed forms is not considered.

. Degradatién/decay for all contaminants is first-order.

. .Dispersion in the water column is only considered in the latefal direction.

. Flow is steady-_state' and uniform in the longitudinal direction over a given time interval.

. Colby (1964) relations, Toffaleti (1968, 1969) formulas, and Meyer-Peter and Muller
(1948) formula are assumed appropriate for the estimation of sediment transport.

For this approach to be useable, the following contaminant characteristics are required:
. Distribution coefficient (Ky)
. Henry’s Constant (Ky)
. Biological Concentration Factor (BCF;") for fish
. Biological Concentration Factor (BCF,") for vegetation

. Solubility Limit (S)
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K, values need to be available for all relevant contaminants and to be sensitive to the type of

sediment the river contains (¢.g., sand, silt, clay, or organic matter). K values need to be
available for all relevant contaminants. BCF’ factors for fish and vegetation need to be available
for all relevant contaminants. The Solubility Limit needs to be available for all relevant
contaminants. Currently, the MEPAS chemical database contains a protocol'for_ each of these
parameters. However, the KA, Ky, BCF{, BCF,’ (use above-ground vegetation values if nothing
else is available), and S values should be used as estimation tools only because these values
change with temperature, pressure, sediment type, and much more. The total approach can be

no more accurate than values selected for these parameters.

According to Guy (1964), there are many different factors affecting sediment transport:

. seasonal changes

. net surface runoff

. groundwater runoff

. long-term mean air temperature

*  peak rate of water discharge

. storm intensity

. aerial mean precipitation

. * aerial mean precipitation intensity.

These factors may affect the wéshload, suspended sediment and/or bed load sediment transport
mechanisms. Changes in the bed action and different types of sediment bed forms could play a
factor ‘in the sediment movement and, therefore, the risk associated with the sediment
compartment. - The sediment compartment equations do not include these attributes for

simplification purposes.
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This approach considers several mechanisms that may account for additional losses to the total

contaminant concentration downstream:

. » degradation/ decaiy

. deposition of sediment with adsorbed contaminant
. uptake of contaminants by fish

. uptake of contaminants by vegetation

. deposition of free product

. volatilization.
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4.0 APPLICATION

To demonstrate the application of the methodology, an example has been selected from Cheng et
al. (1995). This example assumes that liquid éthylene glycol is discharged into the river from a
point source beside the ri'ver. The discharge of ethylene glycol is assumed to be small in relation |
to the discharge of the river. The contaminant migrates downstream, mixing laterally as it travels.
The ethylene glycol contaminant release occurs over a 10-year time frame with a maximum inflow
rate of 3.17 X 10° mg s?. 'fhe river width is assumed to be 30.5 meters. The river depth is
assumed be 3.05 meters. The river is assumed to be straight with steady-state, constant flow. The

river discharge is 56.7 m® s™.

Two receptor scené.rios are considered for this example, near-field and far-field. Both receptors
are assumed to be on the same side of the river as the contaminant source. The near-field receptor
location is 100 meters downstream from the contaminant source. The near-field scenario assumes
that the contaminant has not fully mixed across the width of the river. For these calculations, it
is assﬁmed that the contaminant plume is 1/4 of the way laterally across the river. The far-field
receptor location is 10,000 meters downstream from the contaminant source. The far-field
scenario assumes that the contaminant is now fully mixed in the lateral direction across the entire
width of the river. In general, this approach would either require the user to provide the lateral
mixing width or it could be estimated using the dispersive distance associated with one-half the
standard deviation, as is done in MEPAS (Whelan and McDonald 1996). Figure 4.1 shows the
example that is used to illustrate the approach.

4.1 NUMERICAL DESCRIPTION OF STREAM

To perform the environmental compartment calculations, many river and contaminant

characteristics must be identified. This section identifies the data used and assumptions made to
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determine the contaminant mass and concentration for the illustrative example provided in Cheng

et al. (1995).

S$8501025.1

Figure 4.1. Example Illustration of River Environment used in Compartment Model
Application (from Cheng et al. 1995)




First, the mixing width of the contaminant plume (W) for the near-field receptor (100 meters) was
calculated, assuming that the contaminant was laterally mixed across'one~quarter of the river. In
general, this approach would require that the user enter the mixing width or a model like MEPAS

would provide it:

W (near-field) = % (30.5m) = 7.625m 4.1

The mixing width for the far-field receptor (10,000‘ méters) is assumed to be the full width of the
river, 30.5 m. Using the near- and far-field widths, the volume of water was calculated for the

near- and far-term receptors:

V, (near-field) = 7.625m - 3.05m - 100m = 2325.6m> @4.2)

V_ (near-field) = 30.5m * 3.05m - 100m = 930250m* @.3)

It was assumed that the sediment type was 100% medium sand. To assign the bed sediment bulk
density, Table 4.1 was used and the representative soil type selected was sand. In general, this
approach would require the user to provide the percent sand', silt, clay, and organic matter, bulk
density, and poro_sity of the sediment. If the percent of sand, silt, clay and organic matter,
porosity, or bulk density are unknown, representative values could be assigned based on the

“Representative Soil Characteristics” provided in Table 4.1.

The height of the sediment bed was assumed to be 5 cm. The water temperature of the river is
assumed to be 60°F. The height of the air column is assumed to be 3.05 meters. This approach

requires the user to provide these values.
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To determine the near- and far-field bulk density of the fish, it was assumed the river contained

one fish every 10 meters and that an average fish weighed 0.5 kilograms:

Table 4.1.  Representative Soil Characteristics (from Buck et al, 1995)

Soil Composition | USLF;(-Facto:
(based on USDA Organic Matter
A Textural Diagram) : Bulk ~ Content
Soil-Texture % | % % Porosity, | Density, | <0.5% |2% |4%
Classification | Sand | Silt | Clay % g/em’® '
Sand 92 5 3 38.0 1.64 0.05 0.03 [0.02
Loamy Sand 83 11 |6 |437 1.49 0.12 0.10 | 0.08
Sandy Loam 65 |25 |10 |42 1.48 027 |0.24 [0.19
Loam 42 |38 |20 |466 1.42 0.38 0.34 |0.29
Silty Loam 20 |65 |15 46.3 142|048 0.42 {0.33
Silt 7 88 |5 44.2 1.48 0.60 0.52 |0.42
Sandy Clay Loam | 60 14 {26 |39.8 1.60 0.27 0.25 [ 0.21"
Clay Loam 32 (35 |33 47.7 1.39 0.28 0.25 |0.21
Silty Clay Loam |10 |57 |33 |49.0 135 . |0.37 0.32 |0.26
Sandy Clay 52 |7 41 43.0 1.51 0.14 0.13 |0.12
Silty Clay 7 46 |47 48.6 1.36 0.25 0.23 | 0.19
Clay . 20 20 |60 |47.5 1.39 0.25 0.23 10.19

: 0.5kg
near-field) =
Bcaisny € ) [3..05m - 7.625m - 10m

m3
=215 x 108 kg/L (4.4)
1000L
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0.5kg m’ : -7
far—field) = =537 x 107 kg/  (4.5)
Bauny (Far field) (3,05m.‘ 30.5m - IOm)( IOOOL]

To determine the near- and far-field bulk density of the vegetation, it was assumed the river

contained 10 kilograms of vegetation every 100 meters:

10kg m »
near —field) = =43 x 107° kg/L 4.6)
Pateg) ¢ ) , [3.05m + 7.625m - IOOm)[ IOOOL) g

10kg m 3 -6
far-field) = = 1.07 x 107 kg/L 4.7
Pageg) ¢ ) (.3.05m - 30.5m - IOOm)( lOOOL) £

Values for the Henry’s Constant, Gas Law Constant, Biological Concentration Factor for fish and
vegetation, Carbon Matter Partition Coefficient, and Solubility Limit were found in the MMEDE
database (Warren and Strenge 1994), and the MEPAS chemical database (Strenge et al. 1989).
Table 4.2 is a summafy of the data input values used in this illustrative example. Table 4.3

contains some of the conversion factors used to assist with the calculations.

4.2 COMPARTMENT CALCULATIONS

Using the data inputs defined in Section 4.1, each environmental compartment’s mass and
concentration were calculated. It was discovered, after the initial set of calculations were made,
that the distribution coefficient of ethylene glycol was too small to allow the Cheng et al. (1995)
example to illustrate the potential effects that partitioning contaminants into the various

environmental compartments could have on the contaminant mass and concentration values.
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Table 4.2. Summary of Data Inputs

Variable Value

River Depth : D 3.05m

Contaminant Plume Width (Near-Field) W 7.625 m

Contaminant Plume Width (Far-Field) W 30.5m

River Length (Near-Field) L 100 m

River Length (Far-Ficld) L 10,000 m

River Volume (Near-Field) Y, 2325.6 m*

River Volume (Far-Field) V. 930250 m®

River Flow Velocity U 0.61 m/s

Water Discharge Rate Q 56.7 m¥/s

Height of Air Column H,;, 3.05m

Height of Sediment Bed H,, |0.05m

Bulk Density of Fish (Near-Field) Bagsy | 2.15 x 105 kg/L
Il Bulk Density of Fish (Far-Field) Bugsn | 5.37 x 107 kg/L

Bulk Density of Vegetation (Near-Field) By

4.3 x 10° kg/L

Bulk Density of Vegetation (Far-Field)  Byueg

1.07 x 10 kg/L

Temperature T

60°F, 15.6°C, 288.75 K

‘Henry’s Constant - | Ky 9.97 x 10 atm - m*/mole
PrGas Law Constant , : R 0.08314 L - bar/K - mole
Bulk Density of Bed Sediment Bupes | 1.64 g/m®
Biological Concentration Factor for Fish 2 x 107 L/kg
| BCF/ | | -
Biological Conc. Factor for Vegetation BCF,” | 1.3 x 10> mL/kg
Carbon Matter Partition Coefficient K, [27x102L/g
 Solubility Limit S 5.82 x 10° mg/L




Table 4.3. Conversion Factors

1L 10%m’

C | 5/9-32)
K 273.15+C
|1 atm 1.01325 bar

l 1kg 1000 g
1m 100 cm
11t 0.3048 m
1 ton 907185 g

To demonstrate the potémial affects a higher distribution coefficient could have on concentration
levels, two additional distribution coefficient values were tested (Example 2: K; = 100 mL/g, and
Example 3: K, = 6000 mL/g). The Cheng et al. (1995) example results are described as
Example 1 or the illustrative example. The calculations will be shown for Example 1, but only

a summary of the results for Examples 2 and 3 are provided in this report.

Eight timé-vai'ying total concentration values were used from Cheng et al. (1995) to determine
the concentration distribution in the environmental compartments. Table 4.4 provides the values
that were used. Figure 4.2 shows the distribution of the contaminant concentration over time.

4.2.1 Water Compartment

The water compartment mass ratio equals unity.
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Table 4.4.  Time-Varying Concentration of Ethylene Glycol

Year | Near-Field Ccncentration (mg/L) | Far-Field Concentration (mg/L)
0o |o 1o ‘
2 1.48 X 10? 1.4 X 100 .
4 2.2 X 10° 2.8 X 1010
6 2.2X10° 2.8X 1010
8 2.2 X 10° 2.8X 101
10 2.2X10° 28X 100
12 8.2X 101 1.4 X 1010
14 1X 101 | 0
16 0 0
2.50E-09
2.00E-09
J
o
£ 150800
s
s
£ 100809
Q
g . .
[+
o
5.00E-10
0.00E+00

0 2 4 6 8 10 12 14 16
Time (years)

—ao— Near-Field Concentration (mg/L) |
—m— Far-Field Concentration (mg/L)

Figure 4.2. Time-Varying Concentration of Ethylene Glycol Calculated by MEPAS for
Illustrative Example in Cheng et al. (1995).
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4.2.2 Sediment Compartment

As described in Section 4.1, the sediment type is 100% medium sand and the river wéter
temperature is 60°F. From Table 4.5, it is assumed that the mean particle size of the sediment
is 0.3 mm. It is also assumed that there is minimal fine sediment present. Since the river depth
is 10 feet or less, Colby’s relations were used. From Figure 2.6, the sediment discharge rate (g,)
is 2 tons/day/ft-width. Next, the sediment discharge rate is used to calculate the sediment flux
rate (g,); and the sediment flux rate and water discharge rate are used to calculate the

concentration of the sediment in the water column (Equation 2.18):

Table 4.5. Sediment Grade Scale

Class Name Size Range (mm)
Very coarse sand 2.000-1.000
Coarse sand 1.000-0.500
Medium sand 0.500-0.250
Fine sand : 0.250-0.125
Very fine sand 0.125-0.062
Coarse silt - 0.062-0.031
Medium silt- 0.031-0.016
Finesilt 0.016-0.008
Very fine silt 0.008-0.004
Coarse clay 0.004-0.0020
Medium clay 0.0020-0.0010
Fine clay 0.0010-0.0005
Very fine clay 0.0005-0.00024

51




g (near—field) = g - W(near-field) 4.8)

tons , 907185g = day | ft

near -field) = 2.0 — + 7.625m = 525.3¢g/s
Bs ¢ ) day - ft ton 86400s  0.3048m g “.9)
g, (far—field) = g .+ W (far—field) (4.10)
‘ tons 907185¢g day ft
far-field) = 2.0 -+ 50.5m t - . = 2101.3g/s
B ( ) day - ft ton 86400s  0.3048m £ . (4.11)

- Next, the ‘distribution coefficient for ethylene glycol was estimated using the Carbon Matter
Partition Coefficient (Koc) provided by Warren and Strenge (1995) and the estimation method
described in Strenge et al. (1989). In general, the approach outlined in this paper would request

the user to provide the distribution coefficient.

K,=10"%-K_-0.005 =135x 10®mL/g 4.12)

[

The next step was to calculate the sediment factor for the near- and far- field receptors using
Equation (2.15):

Mc _ '
—M-i" (near-field)= K, .~ C., = 1.35x 10° mL/g - 9.27 mg/L = 1.25 x 107 (4.13)
c

Mc .
—=¢ (far~field) = K
M

[M
w

. _ 5 . _ ; .
aeety Coeg = 135 x 107 mL/g - 37.1 mg/L = 5 x 1072 (4.14)
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4.2.3 Bed Sediment Compartment

For the bed sediment factor, the same distribution coefficient (K,) that was calculated for the
sediment factor was used. Since the user will be asked to provide a distribution coefficient for
the bed sediment, it might not always be the same as the sediment factor K;. The following
calculation repfesents both the near- and far-field calculations for the contaminant mass in the bed

sediment compartment, using Equation (2.37):

. B
____.1;“(“‘” = (1.35 x 107° mL/g)(1.64 g/m 3)[
c

w

0.05m
3.05m

) =3.63 x 107'° (4.15)

4.2.4 Air Compartment

~ The following calculation represents both the near- and far-field calculations for the contaminant

mass in the air compartment, using Equation (2.52):

Mc H_
2 - Ky 2 = 421 x 107 2000
Mc d 3

) =4.21 x 1077 4.16)

w 05m

4.2.5 Fish Compartment

The following calculation represents the near-field calculations for the contaminant mass in the

fish compartment, using Equation (2.60):

M(:f

(near—field) = (2.15 x 10 kg/L)2 x 102 L/kg) = 4.3 x 1078 4.17)

Cw
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The following calculation represents the far-field calculations for the contaminant mass in the fish

compartment:

Mcf

(far-field) = (5.37 x 1077 kg/L)(2 x 1072 L/kg) = 1.07 x 107® (4.18)

Mc,,

4.2.6 Vegetation Compartment

The following calculation represents the near-field calculations for the contaminant mass in the

vegetation compartment, using Equation (2.67):

Mcv

v (near—field) = (4.3 x 107® kg/L)(1.3 x 10®> mL/kg) = 5.59 x 1077 (4.19)
c .

w

The following calculation represents the far-field calculations for the contaminant mass in the

vegetation compartment:

cV

Mc

w

(far—field) = (1.07 x 107 kg/L)(1.3 x 10®> mL/kg) = 1.4 x 1077 (4.20)

4.2.7 Free Product Compartment

The total contaminant mass for the air factor is zero because the total concentration was not

- greater than the solubility limit of ethylene glycol.
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4.2.8 Mass Balance and Concentration Calculations

Table 4.6 summarizes the near- and far-field contaminant mass calculations for the illustrative

example.

Table 4.6.  Summary of Contaminant Mass Calculations

Compartment/Variable Near Field Far Field
Sediment Mec, /M, | 1.25x10°%3 5.00x10°3
Bed Mc,./Mc,, | 3.63x10%¢ 3.63x10%¢
Air Mc,/Mc, |4.21x107 4.21x107
Fish Mc/Mc,, | 4.30x10% 1.07x10®
Vegetation Mc,/Mc,, | 5.59x107 1.40x107
Water Mc,/Mc,, | 1 1
Free Product Mcg,/Mc,, |0 0 I

The following calculation represents the near-field scenario ratio of contaminant mass in the water

compartment to the total mass, Equation (2.8):

Mc
¥ (near-field) = L 4.21)
Mct 1+(1.25E-13)+(3.63E-16)+(4.21E-7)+(4.3E-8)+(5.59E-7)
Mc
(near-field) = 0.999998977 (4.22)

C

The following calculation represents the far-field scenario ratio of contaminant mass in the water

compartment to the total mass:
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Mc

™ (farfield) = [ ! ) 4.23)
1\/[(:t 1+(SE~-13)+(3.63E-16)+(4.21E-7)+(1.07E-8)+(1.4E-7)

Me
— Y (far-field) = 0.999999428 (4.24)
Mc

t

The time-varying concentration near- and far-field values for each of the environmental

compartments are summarized in Table 4.7.

4.3 RESULTS AND DISCUSSION

As mentioned in Section 4.1, the ethylene glycol distribution coefficient was so small that the
water factor was the primary holder of contaminant mass and concentration; the sediment factors,
along with all the other environmental compartments, appeared to be insigniﬁcaﬂt. Figure 4.3
shows how the water compartment contaminant concentration dominates in the illustrative
example. This illustrative example was chosen because it was used to compare- the results of
multimedia models, like MEPAS and MMSOILS. Although the results did not show significant
partitioning of the contaminant into environmental compartments, this approach still provides the

equations needed to perform a preliminary analysis of contaminant transport mechanisms that can

be incorporated into multimedia models.

To determine the sensitivity of the distribution coefficient, two additional examples with higher

K, values were performed. A comparison of the percent of mass per environmental compartment
is shown in Table 4.8.
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Table 4.7. Time-Varying Concentrations
Compartment | Near-Field Concentration Far-Field Concentration Years
Water (g/m®) 1.48 x 10? 1.40 x 107° 2
2.20x 10° 2.80x 10 4-10
8.20x 100 ° 1.40 x 10 12
1.00 x 101 0 14
Sediment (g/g) | 1.05 x 107 3.97 x 10 2
1.56 x 10 7.94 x 10 4-10
5.82 x 102 3.97 x 10 12
7.09 x 102 0 14
Bed Sediment | 3.28 x 10%. 3.10x 10% 2
(&/g) 4.87 % 107 6.20 x 107 4-10
1.81 x 10 3.10x 10 12
2.21x 10% 0 14
Air (g/m3) 6.23 x 107¢ 5.89 x 107 2
9.26 x 10 1.18x 106 4-10
3.45x 106 5.89 x 107 12
4.21 x 1077 0 14
Fish (g/g) 2.96 x 107 2.80 x 108 2
4.40x 10" 5.60 x 102 4-10
1.64 x 107 2.80x 10® 12
2.00x 108 0 14
Vegetation 1.92x 10 1.82 x 107 2
(g/g) 2.86 x 1076 3.64 x 10 4-10
1.07 x 10" 1.82x 107 12
1.30 x 107 0 14
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2.50E-09

0.00E+00 1

Water Sediment Bed Air Fish Vegetation
Sediment

Concentration (glg or g/mL)

Environmenta! Compartments

Figure 4.3. Contaminant Concentration for the Near-Field Receptor, at 4 years, in each
Environmental Compartment, when Ky= 1.35 x 10® mL/g

Table 4.8.  Percentage of Mass per Environmental Compartment

K,= 1.35 x 10* mL/g K,= 100 mL/g K,= 6000 mL/g
Compartment | Near-Field | Far-Field | Near-Field | Far-Field | Near-Field Far-Field
Water 100.00% | 100.00% |99.91% |99.63% |94.73% |81.81%
Sediment 0.0% 0.0%  |0.09%  |037% |527% |18.19%
Bed Sediment | 0.0% 0.0% |{00%  |00% - |0.0% 0.0%
Air 0.0% 0.0% |0.0% 0.0% 0.0% 0.0%
Fish 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Vegetation 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Free Product |0.0% | 0.0%  |0.0% 0.0% |0.0% 0.0%
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Graphical representation of the contaminant concentration distribution in the environmental
compartments for K, values of 100 mL/g (Example 2) and 6000 mL/g (Example 3) are shown in
Figures 4.4 and 4.5, respectively. ‘

In the case of Example 3, the contaminant concentration on the sediment is greater than that in
the water column by a factor of 10. The approach outlined in this report is most useful when the
distribution coefficient for the contaminant is large, or any other determining factor (e.g., Henry’s

Constant, Biological Concentration Factors, etc.) is significant.
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Figure 4.4. Tlme-Varymg Contaminant Concentration for the Far-Field Receptor in each
Environmental Compartment, when K;= 100 mL/g
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Figure 4.5. Time-Varying Clontaminant Concentration for the Far-Field Receptor, in each _
Environmental Compartment, when K,= 6000 mL/g ' . )
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5.0 SUMMARY

This approach provides a mathematical model for multimedia contaminant transport mechanisms
in river water. It uses the advection-dispersion equation to model the flow and transport of the
contaminants in the water. It uses compartment modeling to partition the contaminant into the
water, sediment, bed sediment, air; fish, vegetation, and free product environmental
compartments, and it calculates the contaminant concentrations in each environmental
compartment. As long as the approach is applied with an understanding of its assumptions and
limitations, it should be useful in further defining the risk associated with contaminant transport

in river water.

Risk and the qualitative process of decision-making are the primary endpoints of this mathematical
model. The model outlined in this paper has acéomplished this by providing a preliminary
assessment and/or screening tool for contaminant transport in rivers by capturing the essence of
environmental partitioning without unduly burdening the analyst with data input cqmputations

and/or requirements.

The mathematical model outlined in this papét is intended as a potential replacement for the
approach in existing multimedia models that assumes the contaminant is completely dissolved in
the water column. Although the compartment modeling may not be necessary in all preliminary
multimedia assessments, it can be very useful when key data input parameters exist for the

exposure scenario. Those key data input parameters include:

1. Contaminant Characteristics
. distribution coefficient (K,)
. Henry’s constant (Ky) ,
. biological concéntration factor for fish (BCF{)

biological concentration factor for vegetation (BCF,")




solubility limit (S)

-2. River Characteristics
. sediment concentration (C,.)
. height of bed sediment (H,.,)
. mass of fish (M)

. mass of vegetation (M,)

If this approach is used by MEPAS or other multimedia models, it is recommended that the
advection-dispersion equation be adapted to account for the losses of contaminant in the system
due to volatilization, adsorption, and settling associated with the air, ﬁsh, vegetation, sediment,
bed sediment and free procluct factors as the contaminant makes its way to the receptor.
Currently, losses (except for degradation/decay) are not accounted for in the solution to the
advection-dispersion equaticn. The approach outlined in this paper does not address these
potential losses of contaminant in the advection-dispersion equation. The MEPAS model may
want to use this approach only when the key input parameters are significant enough to justify the
time spent partitioning the contaminant into the environmental compartments. MEPAS may also
want to consider allowing the users to select which en\}ironmental compartments they want the

model to use.
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APPENDIX A

EQUATION NOTATION/DEFINITIONS

Alphabetized list of variables and their definitions.

(1 - n) = total porosity fraction (fraction)

Buweey = bulk density of bed sediment (g/m’; mass of sediment/volume of water)

Bacayy = bulk density of clay portion of bed sediment (g/m’; mass of clay/volume of water)
Bagsny = bulk density of fish (g/m’; mass of fish/volume of water)

Bacangy = bulk density of sand portion of bed sediment (g/m’; mass of sand/volume of water)
Busy = bulk density of silt portion of bed sediment (g/m*; mass of silt/volume of water)

Baweg = bulk density of vegetation (g/m’; mass of vegetation/volume of water)

y = specific weight of water

v, = specific weight of sediment

A = degradation/decay constant (s™) 7

Pasy = density of clay portion of sediment (g/m’; mass of clay/volume of clay)

p; = density of fish (g/m?; mass of fish/volume of fish)

pom = density of organic matter portion of sediment (g/m*; mass of organic matter/volume of
organic matter) :
Pona = density of sand portion of sediment (g/m?; mass of sand/volume of sand)

P = density of silt portion of sediment (g/m’; mass of silt/volume of silt)

p, = density of vegetation (g/m>; mass of vegetation/volume of fish)

A = function of 10°v?/10 U.’ as given in Figure 2.10

B = width of river (m)

BCF;" = biological concentration factor for fish (m*/g; volume of water/mass of fish)

BCF,’ = biological concentration factor for vegetation (m?/g; volume of water/mass of fish)
C.ay= concentration of clay in water compartment (g/m’® or Ci/m’; mass of clay/volume of water)
Com= concentration of organic matter in water compartment (g/m’® or Ci/m?; mass of organic
matter/volume of water)

C.a = concentration of sand in water compartment (g/m® or Ci/n? ; mass of sand/volume of -
water)

C.q = sediment concentration in the sediment compartment (g/m?; mass of sediment/volume of
water)

C, = concentration of silt in water compartment (g/m> or Ci/m?; mass of silt/volume of water)
Ccuiy = contaminant concentration in the air compartment (g/m* or Ci/in; mass of -
contaminant/volume of air)

Ceopey = contaminant concentration in the bed sediment compartment (g/g or Ci/g; mass of
contaminant/mass of bed sediment)

Cc@syy = contaminant concentration in the fish compartment (g of contaminant/g of fish or
Ci/g; mass of contaminant/mass of fish)




Ceueqy = adsorbed contaminant concentration in the sediment compartment (g/g or Ci/g; mass of
contaminant/mass of sediment).

Ccwey = contaminant conceritration in the vegetation compartment (g/g or Ci/g; mass of
contaminant/mass of vegetation)

Cewy = contaminant concentration in the water compartment (g/m’ or Ci/mi; mass of
contaminant/volume of water)

C, = concentration

clay = fraction of clay in sediment (fraction)

C,; = concentration in lower zone

Cu: = concentration in middle zone

C,, = contaminant concentration for the previous receptor (g/m® or Ci/in; mass of
contaminant/volume of water)

C; = total contaminant concentration in stream due to advection & dispersion (g/m® or Ci/m’;
mass of contaminant/volume of water)

Crm= contaminant concentration for the current receptor (g/m® or Ci’m; mass of
contaminant/volume of water)

Cy; = concentration in upper zone

d = depth of river (m)

ds;, = mean particle size (mm)

d,; = sand size (ft)

d; = mean size fraction of sediment (ft)

D, = dispersion coefficient in the y-direction (m?/s)

f,” = Darcy-Weisbach bed friction factor

f, = fraction of the source term upstream of the current receptor (fraction)

f,., = fraction of the source term upstream of the previous receptor (fraction)

g = acceleration due to gravity

g, = sediment discharge (tons/day/ft or lbs/s/ft)

g2 = bed load sediment discharge (tons/day/ft)

g, = sediment discharge as a function of V, d, and ds, (tons/day/ft)

g, = total sediment discharge (tons/day/ft)

g = sediment mass flux rate (g/s)

g.; = suspended sediment load discharge in lower zone (tons/day/ft)

g.on = suspended sediment load discharge in middle zone (tons/day/ft)

g.ui = suspended sediment load discharge in upper zone (tons/day/ft)

h = depth of river (m)

H,;, = height of the air compartment (m)

H,.; = height of contaminatior in bed sediment (m)

k, = water temperature correction factor (° F)

k, = presence of fine sediment correction factor

k; = sediment size correction factor

k, = correction factor from Figure 2.10

Ky = contaminant distribution coefficient for clay (m*/g; volume of water/mass of clay)
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Kyom = contaminant distribution coefficient for organic matter (m*/g; volume of water/mass of
Organic matter) _ ,
Kyeaney = contaminant distribution coefficient for sand (m*/g; volume of water/mass of sand)
Ky« = contaminant distribution coefficient for silt (m 3/g; volume of water/mass of silt)

Ky = Henry’s constant (atm m*/mole) '

Ky = Henry’s constant (dimensionless)

L = unit length of control volume (m)

1 = lateral mixing length at the current receptor location (m)

loep = lateral mixed length at the previous receptor location (m)

M,., = mass of bed sediment in the contaminated portion of the bed (g; mass of sediment)

Mc, = mass of contaminant in air compartment (g or Ci; mass of contaminant)

Mc,.,= mass of contaminant in the bed sediment compartment (g or Ci; mass of contaminant)

MCpeqeeizyy = mass of contaminant in clay portion of the bed sediment compartment (g; mass of
contaminant)

MC;40m) = mass of contaminant in organic matter portion of the bed sediment compartment (g;
mass of contaminant)

MCyeqsangy = mass of contaminant in sand portion of the bed sedlment compartment (g; mass of

. contaminant)

MCpeqiy = mass of contaminant in silt portion of the bed sediment compartment (g; mass of
contaminant) :
Mc,,, = mass of contaminant on clay portion of the sediment compartment (g or Ci; mass of
contaminant)

Mc; = mass of contaminant in fish compartment (g or Ci; mass of contaminant)

Mc;, = mass of contaminant in free product compartment (g or Ci; mass of contaminant)
Mcqy = mass of contaminant on organic matter portion of the sediment compartment (g or Ci;
mass of contaminant)

Mc,,,« = mass of contaminant on sand portion of the sediment compartment (g or Ci; mass of
contaminant)

Mc,; = mass of contaminant in sediment compartment (g or Ci; mass of contaminant)

Mc,, = mass of contaminant on silt portion of the sediment compartment (g or Ci; mass of
contaminant) _

Mc, = total contaminant mass (g or Ci; mass of contaminant)

Mc, = mass of contaminant in aquatic vegetation compartment (g or Ci; mass of contaminant)
Mc,, = mass of contaminant in water compartment (g or Ci; mass of contaminant)

M; = mass of fish in water (g) |
M., = sediment mass (g; mass of sediment)

M, = total mass of vegetation in water (g; mass of vegetation)

n = number of receptors (dimensionless)

OM = fraction of organic matter in sediment (fraction)

p; = fraction by weight of fraction of bed with mean size d
Q = water discharge rate (m*/s)

Q. = contaminant flux at the source (g/s or Ci/s)

Q, = river discharge at the current receptor location (m®/s)
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Q,.; = river discharge at the previous receptor location (m*/s)
= depth of stream (ft)

R = universal gas constant [8.2057 X 107 (atm P/(mole K)]
1, = depth of bed (ft)
S = solubility limit (g/m* or Ci/m?; mass of contaminant/volume of water)
S = slope of stream (ft/ft)
sand = fraction of sand in sediment (fraction)
silt = fraction of silt in sediment (fraction)
- T = temperature (°F or Kelvin)
u = average flow velocity (m/'s)
U = flow velocity at distance y above bed (ft/s)
U.” = shear velocity (fi/s)
V = mean velocity (ft/s)
w; = fall velocity
x = downstream distance to receptor (m)
y = distance above sediment bed (ft)
V,= volume of air (m%)
Vied = volume of bed sediment (m?)
Vs = volume of clay in water compartment (m?; volume of clay)
V¢ = volume of fish (m®)
Vom = volume of organic matter in water compartment (m?; volume of organic matter)
Veans = Volume of sand in water compartment (m®; volume of sand)
Vane = volume of sand in bed sediment (m®)
Vg = volume of silt in water compartment (m?; volume of silt)

= volume of vegetation (m®)
V., = volume of water (m®)
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