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Section 1.0 Introduction

1.0 Introduction

Source term modul es were developed for wastepiles (WPs), land application units
(LAUSs), and landfills (LFs), i.e., nonwastewater waste management units (WMUS), to provide
estimates of annual average surface soil constituent concentrations and constituent mass emission
ratesto air and ground water. These estimates are then used in an integrated, multipathway
module linking source term modules with environmental fate and transport and exposure/risk
modules. Additionally, LAU and WP source emission modules have been combined with alocal
watershed module (a“local” watershed is a sheet-flow-only watershed containing the WP or
LAU) to provide estimates of constituent mass flux rates from runoff and erosion to a downslope
waterbody, as well as surface soil constituent concentrations in downslope buffer areas. Because
the LAU and WP sources are assumed here to interact hydrologically with the local watershed of
which they are an integral part, they are termed “land-based” WMUSs.

A soil column module was devel oped to describe the dynamics of constituent mass fate
and transport within nonwastewater WMUs and near-surface soils in watershed subaress.
Becauseit isapplied in all the WMU source emission modules described here, it isreferred to as
the Generic Soil Column Module (GSCM). (Theterm “soil” is used loosely here to refer to a
porous medium, whether it is waste in the WMU or near-surface soil in awatershed subarea.)
Governing equations for the GSCM are similar to those used by Jury et a. (1983, 1990) and Shan
and Stevens (1995). However, the analytical solution techniques used by these authors were not
applicable to the source emission modules devel oped here because of the need to consider the
periodic addition of constituent mass and enhanced constituent mass loss rates in the surface soil
(e.g., dueto runoff, erosion, wind, and mechanical processes). A new solution technique has
been developed for use in HWIR that is computationally efficient and sufficiently flexible to
allow consideration of the unique design and operational aspects of each WMU under
consideration. Use of the GSCM described here allows:

# Constituent mass balance

# Waste additions/removals to simulate active facilities

# Joint estimation of constituent mass losses due to avariety of mechanisms,
including:

— Volatilization of gas-phase constituent mass from the surface to the air

— Leaching of agueous-phase constituent mass by advection or diffusion
from the bottom of the WMU or vadose zone

1-1
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Section 1.0 Introduction

— First-order losses, which can include:
- Abiotic and biodegradation

- Suspension of constituent mass adsorbed to surface particles due to
wind action and vehicular activity

- Suspension of constituent mass adsorbed to surface particles due to
water erosion (LAU and WP only)

- Surface runoff of aqueous-phase constituent mass (LAU and WP
only).

Section 2 provides a description of the GSCM assumptions, governing equations,
boundary conditions, and solution technique. Section 3 describes the application of the GSCM to
the land-based WMUs (WP and LAU) and its integration within the holistic local watershed
module, including hydrology, soil erosion, and runoff water quality. Sections 4 and 5 describe
the specifics of the application and integration for the WP and LAU, respectively. Section 6
describes the specifics of the application of the GSCM to the Landfill. Asdescribed in that
section, the Landfill module differs from the LAU and WP modulesin that it is not integrated
into alocal watershed construct. Appendix A lists and defines all symbols used in Sections 2
through 6. Appendixes B and C provide supplementary information on determination of H’, D,
and D, for organic compounds and particul ate emission equations.

1-2



Section 2.0 Generic Soil Column Module

2.0 Generic Soil Column Module

2.1 Assumptions

The following assumptions were made in the development of the Generic Soil Column
Module used in all the nonwastewater source term modul es:

# The contaminant partitions to three phases. adsorbed (solid), dissolved (liquid),
and gaseous (asin Jury et a., 1983, 1990).

Cr=p,Cs+ 0, CL+0,Cq (2-1)
where
C, = total contaminant concentration in soil (g/m? of soil)
pb = soil dry bulk density (g/cm?)
Cs = adsorbed phase contaminant concentration in soil («g/g of dry soil)
0, =  soil volumetric water content (m? soil water/m? soil)
C, = agueous-phase contaminant concentration soil (g/m? of soil water)
0, =  soil volumetric air content (m?* soil air/m? soil)
C. = gas-phasecontaminant concentration in soil (g/m? of soil air).
# The contaminant undergoes reversible, linear equilibrium partitioning between the

adsorbed and dissolved phases (asin Jury et a., 1983, 1990).

Cs = Ky CL (2-2)

where K is the linear equilibrium partitioning coefficient (cm®/g). For organic
contaminants:

K, = focxK . (2-3)

where foc is the organic carbon fraction in soil and K is the equilibrium partition
coefficient, normalized to organic carbon. Alternatively, K, can be specified asan
input parameter for inorganic contaminants. (It isimplicit in thislinear
equilibrium partitioning assumption that the sorptive capacity of the soil column
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Section 2.0

Generic Soil Column Module

solids is considered to be infinite with respect to the total mass of contaminant
over the duration of the simulation, i.e., the soil column sorptive capacity does not
become exhausted.)

Contaminant in the dissolved and gaseous phases is assumed to be in equilibrium
and to follow Henry’slaw (asin Jury et a., 1983, 1990).

Cs = H C (2-4)

where H” isthe dimensionless Henry’ s law coefficient.

Thetotal contaminant concentration in soil can also be expressed in units of n.g of
contaminant mass per g of dry soil («g/g):

CF% @5)

Using the linear equilibrium approximations in Equations 2-2 through 2-5, C; can
be expressed interms of C,, Cg, or Cg:

I‘<TL KTL
= C.=
K, °

He Cs (2-6)

where
KTL :rbKd +qw+an¢ (2'7)

K+, isthe dimensionless equilibrium distribution coefficient between the total and
agueous-phase constituent concentrations in soil.

Thetotal water flux or infiltration rate (I, m/d) is constant in space and time (asin
Jury et al., 1983, 1990) and greater than or equal to zero. It is specified as an
annual average.

Materia in the soil column (including bulk waste) can be approximated as
unconsolidated homogeneous porous media whose basic properties (p,, foc, 0,
0, n) are average annual values, constant in space.

Contaminant mass may be lost from the soil column due to one or more first-order
loss processes.

2-2
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Section 2.0 Generic Soil Column Module

# Thetotal chemical flux isthe sum of the vapor flux and the flux of the dissolved
solute (asin Jury et al., 1983, 1990).

# The chemical istransported in one dimension through the soil column (asin Jury
et al., 1983, 1990).

# The vapor-phase and liquid-phase porosity and tortuosity factors obey the module
of Millington and Quirk (1961) (asin Jury et al., 1983, 1990).

# The modeled spatial domain of the soil column remains constant in volume and
fixed in space with respect to a vertical reference, e.g., the water table.

2.2 Governing Mass Balance Equation

Under the above assumptions, the governing mass fate and transport equation can be
written asfollows:

oC o°C oC
— 1 =D—L - V—" -

— - kC
ot aZZ E 0z

T (2-8)

where k (1/d) isthe total first-order loss rate, D¢ (m?/d) is the effective diffusivity in soil
calculated as follows:

5 _(62110/3Da H + 0.°D,) 8.64

E

(2-9a)
nZKTL

where D, and D,, (cm?/s) are air and water diffusivities, respectively, and 8.64 is a conversion
factor (m?-s/cm?-d). D¢ can be considered to be the sum of the effective gaseous and water
diffusion coefficients in soil, D ,, and D, respectively, where

6,°D, H' 8.64

E (2-9b)
) K
0,.°D,, 8.64
P . i (2-90)
nKn

2-3



Section 2.0 Generic Soil Column Module

The effective solute convection velocity (V, m/d) is equal to the water flux corrected for
the contaminant partitioning to the water phase as follows:

Ve=—vo 210
KTL ( )

2.3 Parameter Estimation M ethodologies
# Water content (0,,) is estimated as a function of the annual average infiltration rate

(I, m/d) using (Clapp and Hornberger, 1978):

® | O%ZSMbwLS)

+ (2-11)
)30.24th [4]

g, =h

where K, (cm/h) is saturated hydraulic conductivity, SM, is a unitless exponent
specified by soil-type, and 0.24 (h-m/d-cm) is a unit conversion factor.

# Volumetric air content is estimated using:
0=nmn-6,. (2-12)
# H’, D, and D,, can be either estimated as a function of temperature in the soil

column (T, °C) using the methods described in Appendix B or specified directly
asinput parameters if preadjusted values are available, as they will be for the
HWIR analysis.

2.4 Solution Technique
24.1 Background

A solution of the complete convective-diffusive-decay concentration module
(Equation 2-8) was undertaken to evaluate, in asoil column of depth z,,

# Total contaminant concentration as a function of time, t, and depth below the
surface, z, for an arbitrary chemical

# Contaminant mass fluxes across the upper (z = 0) and lower boundaries (z = z.)
of the soil column.
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A numerical solution of Equation 2-8, with zero concentration boundary condition at the
surface and zero gradient lower boundary condition, was first examined as a straightforward
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Section 2.0 Generic Soil Column Module

explicit finite difference method. This approach resulted in such a high numerical diffusion that
it was impossible to distinguish diffusion effects. By subdividing each section into relatively
thinner sections, the numerical diffusion could be reduced to more acceptable levels, but then
smaller time steps were required, and the computation time became quite long. In addition, the
numerical solution was not stable in the extremes (e.g., high/low V¢ or Dg).

An aternative, quasi-analytical approach was developed for usein HWIR that allows for
relative computational speed and significantly reduces concern about numerical diffusion and
lack of stability. The tradeoff is aloss of ability to evaluate short-term trends in concentration
and diffusive flux profiles. The method was developed to allow estimation of long-term (i.e.,
annual average) contaminant concentration profiles and mass fluxes. Given concernin the
HWIR analysis about computational speed, the need to evaluate a wide range of contaminants
and soil/waste properties, and the interest in long-term, chronic exposure conditions, the method
should be well-suited for the HWIR analysis.

The alternative approach developed consists of a superposition of analytic solutions of the
three components of the governing equation (Equation 2-8) on the same grid. The solution for
the simplified case where the soil column consists of one homogeneous zone, whose properties
are uniform in space and time, is described below. Adaptations of the solution technique to
account for variations from this simplified case (e.g., more than one homogeneous zone as for a
landfill with cover soil zone atop the waste zone) are described in the modul e-specific sections.

2.4.2 Description of Quasi-analytical Approach

A guasi-analytical approach was developed that is a step-wise solution of the three
components of the governing Equation (equation 2-8) on the same grid. Boundary conditions of
C;=0 at both the upper and lower boundaries of the soil column are assumed, although some
flexibility exists in specifying the lower boundary condition as discussed below. That is, the
following equations are solved individually:

aC, Gl
= D, (2-13)
ot 9z2
oC, aC,
—T-_y T 2-14
ot E oz (2-14)
aC,
—T - _kC 2-15
g T (2-15)

2-5
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Section 2.0 Generic Soil Column Module

Equations 2-13 through 2-15 each have an analytical solution that can be combined to
obtain a pure diffusion solution that moves with velocity V¢ through the porous medium (Jost,
1960). The solution of the general differential equation then has the form of the solution of the
diffusive portion with its time dependence, trandating in space with velocity V¢, and decaying
exponentially with time.

The first two solutions for a point source are graphically depicted in Figures 2-1a and
2-1bfor illustration. If it were possible to compute such point source solutions for each position
in the soil column and each time of interest, then the contributions at each point could be added
to obtain a global solution because the governing differential equations are linear. That is, each
point in the soil column could be treated asif it were the only point for which there is a nonzero
concentration.

Figure 2-1a. Development of diffusive Figure 2-1b. Diffusive spreading from a point
spreading from a point source with time, source with a constant velocity to the right at
corresponding to times of 0.01, 0.05, and times of 0.01, 0.05, and 0.4.

0.4.

To make the analysis tractable, instead of a point source, the soil column is divided into
layer sources each of depth dz (i.e., a grid). A layer source can be thought of as multiple point
sources packed closely together. In such a case, Equation 2-13 has a solution for one-
dimensional diffusion, with the concentration at any point and any time given by

CTO

¢+ dz/20 2/2- 7@\
C; (z6t) = T

&
f T +erf zu 2-16
é 4DEt b g 4DE'[ 2 (219

N

D> &) D

for alayer of width dz centered at z' = 0 (Jost, 1960). The concentration profile is assumed to be
initially uniform from z’ = -dz/2 to z' = +dz/2 and zero everywhere else. With time, the profile
spreads outward and the concentration at the origin decreases, as shown in Figure 2-2afor dz=2.
With a positive velocity Vg, the concentration profile also moves down the soil column as
illustrated in Figure 2-2b. The use of layer solutions requires that we assume uniform average
concentrations within each layer. Thus, the thickness of the layers determines the spatial
resolution available.

2-6
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Section 2.0 Generic Soil Column Module

0 ! 0

-4 2 0 2 4 6 8 4 2 0 2 4 6 8
Figure2-2a. Development of diffusive Figure2-2b. Diffusive spreading from a layer
spreading from a layer source with time, source with a constant velocity to the right at
corresponding to times of 0.01, 0.05, and 0.4. times of 0.01, 0.05, and 0.4.

The total amount of material, m, in g/m? that has passed any ordinate z’ after timet is
given by theintegral of the concentration from z’ to «~ with half leaving to the left (negative z’
values) and half to the right (positive z’ values) :

m(z',t) = 20C, (zt)dz (2-17)

Theintegral in Equation (2-17) can be derived as

e ¥ ¥ u
m(zGt) = C;o4Dct€  Q  erfe(y)dy-  Qerfe(y) dyd (2-18)
Ez6 dz12)/ /4Dt (20+dz/2)/ /4Dt H

which is evaluated using the relationship (Abramowitz and Stegun, 1970):

Cerfe(x)dx = xerfc(x) - %pexp(- x?) + constant (2-19)

The fraction of the original mass that diffuses past aboundary at z’ in any time period O
tot, Df(z’.t), isone-half m(z',t) divided by the amount of massinitially present in g/m?in the
source layer (C;,d2):

JaD.t € ¥ v u
Df (zgt) =05 xd—E e O erfe(y)dy- Cerfe(y) dyu (2-20)
z Ez¢ dz12)/[4Dgt (z6+dz/2)/ /4Dt

2-7
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Section 2.0 Generic Soil Column Module

The fraction of mass that remainsin the original layer of width dz after diffusion in the
timeperiod 0 to t, Df (1), is:

Df ,(t) =1- 2>Df (z¢= 05dz,t) (2-21)

By means of evaluations at all the layer boundaries (z'=0.5dz, 1.5dz, 2.5dz, ...), the
amount of contaminant mass transported to any layer via diffusion after timet can be calcul ated
as the difference between the amount outside the upstream boundary and the amount outside the
downstream boundary. For example, the fraction of mass originally present in the source layer
that ends up in the layer adjacent to the source layer intimet is Df(z'=0.5dz, t) -Df(z'=1.5dz, t).
The integrated amounts of material that have crossed the layer boundaries and the amount that
remains in the source layer after timet are given directly by Equations 2-20 and 2-21,
respectively, and only have to be computed once for fixed time steps and layer thicknesses.

The amount of mass that diffuses from a given layer out the lower boundary of the soil
column in timet can be tracked by multiplying Df(Z',t), evaluated at the point where, for that
layer, z' is at the bottom of the soil column (z = z) by (C;, -dz) for that layer. Diffusive losses
across the bottom boundary from all the soil column layers are summed to get the total diffusive
(agueous and gaseous phase) |oss across the bottom boundary, M,.(t) (g/m?) in timet.

Likewise, by summing the total diffusive losses across the upper boundary from each
layer, the total diffusive loss out the top of the soil column, M(t) (g/m?), is determined. The
volatilization loss from the surface of the soil column, M,,(t) (g/m?), is assumed to be due to
gaseous phase diffusion only and is determined by

D

E.a
DE

Myg(®) = Mo(t) - (2-23)

where (D¢ /D) isthe fraction of the total diffusive loss from any layer thet is due to diffusion in
the gaseous phase in the soil. It isassumed that massis not lost across the top boundary due to
diffusion in the agueous phase in the soil. In order to maintain mass balance, mass calculated to
be lost thisway is added back into the top layer in the soil, augmenting the total contaminant
concentration there by (M(t) - Dg,/Dg). This method of obtaining M, ,(t) is an approximation,
justified on the basis of computational efficiency. A more rigorous treatment would include a
mathematical transition layer across which diffusion from the soil to the air occurs. However,
use of such atransition layer would require a more computationally intensive solution technique
as well as specification of the thickness of the transition layer. Without this approximation (i.e.,
if My, (1) = M(1)), M, (t) could be greater than zero for non-volatile contaminants (D, = H™ =0)
due to the possible contribution to M, from the agueous phase diffusive flux. It isbelieved that
this method of estimating M, ,,(t) and augmenting the total contaminant concentration in the
surface layer, while not theoretically rigorous, does represent a reasonable approximation of what
actually occurs. That is, contaminant mass diffuses to the surface in both the aqueous and
gaseous phases. While the contaminant mass in the gas phase volatilizes out the surface of the

2-8
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Section 2.0 Generic Soil Column Module

soil column, the contaminant mass in the aqueous phase is |l eft behind, concentrating the
contaminant mass in surface soil (approximated here as the surface soil column layer).

To account for decay, Equation 2-15 is solved readily by the technique of separation of
variables (Jost,1960). It has a solution of the form

C; = C,, exp(-kt) (2-23)

As Equation 2-23 is applied to each layer, the amount of mass lost due to first-order decay in
time, t, M, (g/m?), can be tracked using:

M o () = (1 exp(- kt))Cy, X0z (2-24)

Where multiple first-order loss processes may occur (i.e., k = Y k), the fraction of initial
mass present lost due to each process| is determined using:

M_..() = % M, ) (2-25)

loss,j

A potentia difficulty with the layer solution is that the convection of material leadsto an
artificial numerical diffusion because the concentration within each layer can only be expressed
as an average value. This component of numerical diffusion can be avoided completely if the
contents of each layer are transferred completely to the next layer at the end of each time step by
making the time step equal to the layer thickness divided by the effective velocity, V.

_dz

dt
Ve

(2-26)

The contaminant mass in the bottom layer is convected out of the lower boundary. Total
mass lost due to advection in dt, M, ., (9/m?), issimply C,, in the lowest soil column layer times
dz.

2.4.2.1 Boundary Conditions. Zero concentration is assumed at the upper boundary of
the soil column. Thisis consistent with the assumption that the air isa sink for volatilized
contaminant mass, but requires the approximate method for estimating M, (t) described above.

At the lower boundary of the soil column, the flexibility exists with this solution
technique to specify avalue between zero and one for the ratio (bcm) of the total contaminant
concentration in the soil directly below the modeled soil column and in the soil column. A ratio
of one (bcm=1) corresponds to a zero gradient boundary condition (dC,/dz=0). A ratio of zero
(bcm=0) corresponds to a zero concentration boundary condition (C,=0).

2-9
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Section 2.0 Generic Soil Column Module

When bcm is equal to zero, diffusive fluxes at the upper and lower boundaries of the soil
column are calculated directly as described above. When bcm is greater than zero, areflection of
the soil column is created. The contaminant concentrations in the reflected soil column cells are
set equal to becm times the contaminant concentration in the soil column cell being reflected (i.e.,
the concentration in the first cell of the reflected soil column is set to bem times the contaminant
concentration in the lowest cell of the actual soil column). The upward diffusive flux from the
reflected soil column cells: (1) offsets the diffusive flux out the lower boundary of the soil
column, (2) increments the contaminant concentrations in the soil column, and (3) augments the
diffusive flux out the upper boundary of the soil column. Hence, when bcm is equal to one (the
no diffusion boundary condition), the downward diffusive flux out the bottom boundary of the
soil column is completely offset by the upward diffusive flux across the same boundary from the
reflected soil column cells.

2.4.2.2 Algorithm. The general agorithm developed for HWIR for applying the
individual solutionsto Equations 2-13 through 2-15 is as follows for a homogeneous soil column
and an averaging time period of 1 year.

1. Specify

Lower boundary condition multiplier (bcm)

Initial conditionsin soil column (C,)

Soil column size (z,)) and properties (p,, foc, n, K, SM,)
First-order lossrates (k;)

Chemical properties (K., H’, D,, D,)

Upper and lower averaging depths (z,., Z.)-

HFHEHHHIFHR

2. Calculate/read K. K isinternally calculated for organics, and read as a user input
for metals.

3. Subdivide the soil column into multiple layers of depth, dz, that are an integral
fraction of z,.. Calculate the total number of layers, Ny, = z../dz.

4, Get annual average infiltration rate (1) for the year.
5. Calculate 0, 0,, K1, Dg, V.

6. Calculate the time to cross asingle layer at velocity V¢ (Equation 2-26) . Thisis
the convection-based computing time step, dt. See also note below.

7. Evaluate the fraction of mass that remains in alayer (Equation 2-23) and that
diffuses across layer boundaries z'= 0.5dz, 1.5dz, 2.5dz,... (Equation 2-22) at t=dt.
(These fractions are constant for afixed dt.)

8. Calculate the amount of mass present in the soil column at the beginning of the
year (Mg, g/m’).

2-10
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0. Initialize cumulative mass loss variables (Mg, Mg » Migha Miosssj)-

10. Diffusion. Adjust the concentration profile to reflect diffusive fluxes for one time
step. This redistributes material throughout the whole soil column. Increment
Mo and M.

11. First-order losses. Allow the concentration profile to decay in each layer
(Equation 2-25) for one time step. Increment mass lost due to all applicable first-
order loss processes, j, M,.; (Equation 2-23).

12.  Convection: Propagate the concentration profile one layer downstream.
Increment M, ...

13. Repeat Steps 10 through 12 until it istime to add and/or remove contaminant
mass (go to Step 14) or until the end of the year (go to Step 15).

14.  To account for the addition of contaminant mass, update the contaminant
concentrationsin the affected layers. Track total mass added (M, 9/m?) and/or
removed (M,,,, 9/m?). Begin the algorithm again at Step 10.

15.  Atend of the year, calculate/report:

# Total massin the soil column (M,, /m?)
# Mass balance error for the year (M, g/m?):
[*]
I\/Ierr = Mcolz - Mcoll - Madd + Mrem + I\/Ivol + I\/Ilcha + Mlchd +a_ Mloss,j (2-27)
J

Annual average total concentration in surface layer
Annual, depth-weighted average total concentration (z,,, <2<z, )
Annual average volatilization flux (J,,, g/m?/d)

*HH

M
J, == (2-28)

vol — 365
# Annual average leaching flux (3, g/m?/d):

M Ichd + M Icha (2_29)

‘]Ich = 365

16. Begin the algorithm again at Step 4 until massis no longer added to the soil
column and mass has been depleted from the soil (i.e., M, =0).
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Section 2.0 Generic Soil Column Module

Note that the convection time step cannot be any greater than the length of time between
mass additions or removals (e.g., waste applicationsin an LAU). For example, if contaminant
mass is added every 30 days, thisis the maximum time step, regardless of how small the velocity
is. When dt islimited in this fashion, the number of time steps required before a convective
transfer can take place is determined, and the convective transfer step is performed on an “as-
needed” basis. If the calculated convective time step is 60 days, in this example, the convective
transfer would occur every other time step. Thiswill result in atemporal distortion of the
concentrations within the layers, but over several steps and, by the end of the year, preliminary
module runs show that the effects average out.

The primary means by which the performance of the solution algorithm is checked isvia
the annual mass balance check (Equation 2-27) to ensure that the change in massin the system
over the year is equal to the difference between mass additions and losses. If M, is greater than
10® g/m?, amessage is written to the warning file.

25 Limitations Related to Use of GSCM
The following limitations are noted for the GSCM:

# The GSCM was developed originally for organic contaminants, and assumes that
the partition efficient, K, islinear and is estimated as the product of K, and f,..
Partitioning for metals involves complex chemistry, including the dynamic effects
of agueous-phase contaminant concentration, precipitation, dissolution,
adsorption/desorption, and the geochemistry of media (e.g., oxidation-reduction
conditions) on the value of K, and the fate and transport behavior of metalsin
general. This complexity isnot modeled by the GSCM for metals partitioning;
rather, K, is externally provided as a randomly sampled value by the chemical
properties processor (CPP).

# With organic contaminants, the GSCM is not applicable if nonaqueous phase
liquid (NAPL) is present. Similarly, with metals, the presence of a precipitateis
not allowed. The presence of NAPL (precipitate) is determined by comparing C,
to the theoretical maximum contaminant concentration in soil without NAPL
(precipitate), determined by the aqueous solubility, saturated soil-gas
concentration of the contaminant, and the sorptive capacity of the soil. The limit
on C; isestimated using

CT < KTLCEO | (2-30)

where C * (g/m°) is the aqueous solubility. Thisisnot expected to be a
significant limitation in applying the module to develop HWIR exit levels. Itis
expected that in most circumstances exit levels will be sufficiently low that the
presence of NAPL (precipitate) would be precluded.

2-12
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Generic Soil Column Module

#

The algorithm is being applied to develop source rel ease estimates on an annual
average basis, to support estimation of chronic (long-term average) risk estimates.
Some of the inputs used (e.g., infiltration) are long-term annual average estimates,
while others are annual average. Accordingly, the outputs are not strictly
applicable to individual years.

The module allows consideration of only one contaminant at atime and does not
simulate fate and transport of reaction productsin its current form. With further
module development, it would be possible to track the production of reaction
products in each soil column layer and use basically the same algorithm that is
used for the parent compound to module the fate of reaction products.

The solution technique used, sequential solutions to the three-component
differential equations of the governing differential equation, allows computational
efficiency. However, systematic errors could result from the choice of the order in
which these solutions are applied. The size of the error would be dependent on the
relative loss rates associated with the three processes. For example, if the first-
order loss rate due to degradation were high and losses due to degradation were
calculated first, then less contaminant mass would be available for diffusive and
advective losses. The current algorithm prioritizes diffusive losses since the
diffusion equation is solved first. Thisisfollowed by first-order losses and
advection in that order.

As discussed, a boundary condition at the soil/air interface of C; = 0 was assumed
in developing this solution technique. Thisis consistent with the assumption that
theair isasink for volatilized contaminant mass. However, asdiscussed in
Section 2.4.1, because the diffusion coefficient used in the governing equation
(Equation 2-8) includes diffusion in both the air and aqueous phases of the soil,
contaminant mass that is transported upward in the soil column via diffusion can
include mass in both the air and agueous phases. While thisis appropriate within
the soil where the ratio of air to water isrelatively constant, the assumption breaks
down at the soil/air interface itself. To account for the fact that contaminant mass
in the aqueous phase should not be lost out of the surface of the soil column—
which, for example, would lead to nonzero volatilization fluxes for nonvolatile
contaminants (D, = H" =0)— the volatilization flux at the surface is assumed to
include only the diffusive flux due to gas-phase diffusion. Mass estimated to be
lost from the surface due to aqueous-phase diffusion is added back into the
surface soil column layer, augmenting the contaminant concentration there and
maintaining mass balance. Thisisan approximation, justified on the basis of
computational efficiency; nonetheless, the approximation should be in reasonable
agreement with what actually occursin nature.

2-13
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Section 3.0 Local Watershed/Soil Column Module (LAU, Wastepile)

3.0 Local Watershed/Soil Column Module (LAU,
Wastepile)

3.1 Introduction

As acomponent of the overall HWIR multimedia exposure/risk module, the WP and
LAU source emissions modules are required to provide annual average contaminant mass flux
rates from the surface of the WMU and its subsurface interface with the vadose zone, total
contaminant concentration in the surface material, and contaminant mass emission rate due to
particulate emissions. In addition, because these WMUs are on the land surface, they are integral
land areas in their respective watersheds and, consequently, are not only affected by runoff and
erosion from upslope land areas, but also affect downslope land areas through runoff and erosion.
Indeed, after some period of time during which runoff and erosion has occurred from aWMU,
the downslope land areas will have been contaminated and their surface concentrations could
approach (or conceivably even exceed long after WMU operation ceases) the residual chemical
concentrationsin the WMU at that time. Thus, after extensive runoff and erosion from aWMU,
the entire downslope surface area can be considered a “source” and it becomes important to
consider these “extended source” areas in the risk assessment. It isfor thisreason that a holistic
modeling approach has been taken with the WP and LAU source modules to incorporate them
into the watershed of which they are a part.

The watershed including an LAU or WP istermed here the “local” watershed, and is
illustrated in Figure 3-1. A local watershed is defined as that drainage area that just contains the
WMU (or aportion thereof — there can be multiple local watersheds) in the lateral
(perpendicular to runoff flow) direction, and in which runoff occurs as overland flow (sheet flow)
only. Thus, alocal watershed extends downslope only to the point that runoff flows and eroded
soil loads would enter a well-defined drainage channel, e.g., aditch, stream, lake, or some other
waterbody. The sheet-flow-only restriction is based on the assumption that any subareas
downslope of the WMU subarea are subject to chemical contamination from the WMU through
overland runoff and soil erosion.

Figure 3-2 illustrates how the local watershed is conceptualized for the combined Local
Watershed/Soil Column Module, that is, as atwo-dimensional, two-medium system. The
dimensions are longitudinal, i.e., downslope or in the direction of runoff flow, and vertical, i.e.,
through the soil column. The media are the soil column and, during runoff events, the overlying
runoff water column. The local watershed is assumed to be made up of, in the longitudinal
direction, an arbitrary number of land subareas that may have differing surface or subsurface
characteristics, e.g., land uses, soil properties, and chemical concentrations. For example,
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Local watershed
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Figure 3-1. Local watershed containing WM U.
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Figure 3-2a. Local watershed. Figure 3-2b. Cross-section view.
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Section 3.0 Local Watershed/Soil Column Module (LAU, Wastepile)

subarea 2 might be aWMU, subarea 1 would then represent an upslope area, and subareas 3
through N would be downslope buffer areas extending to the waterbody.

3.2 Hydrology
3.2.1 Overview

Hydrologic modeling is performed to simulate watershed runoff and ground water
recharge (termed here “infiltration”). The hydrology module is based on a daily soil moisture
water balance performed for the root zone of the soil column. At the end of a given day, t, the
soil moisture in the root zone of an arbitrary watershed subarea, i, is updated as

M, =M, + P+ RO - RO - ET — IN;, (3-1)

where

SM;, = soil moisture (cm) in root zone at end of day t for subareai

SM,;., = soil moisture (cm) in root zone at end of previous day for subarea

P, = total precipitation (cm) on day t

RO, = stormrunoff (cm) on day t coming onto subareai fromi-1

RO,, = stormrunoff (cm) on day t leaving subareai

ET,, = evapotranspiration (cm) from root zone on day t for subareai

IN; infiltration (ground water recharge) on day t (cm) for subareai.

Precipitation is undifferentiated between rainfall and frozen precipitation; that is, frozen
precipitation is treated as rainfall. Runoff, evapotranspiration, and infiltration losses from the
root zone are discussed in subsequent sections. The equations presented in these sections refer to
“day t and subareai” in accordance with the above water balance equation (3-1).

3.2.2 Runoff

3.2.2.1 Governing Equations. Daily runoff is based on the Soil Conservation Service's
(SCS) widely used “curve number” procedure (USDA, 1986) and is a function of current and
antecedent precipitation and land use. Land use is considered empirically by the curve numbers,
which are catalogued by land use or cover type (e.g., woods, meadow, impervious surfaces),
treatment or practice (e.g., contoured, terraced), hydrologic condition, and hydrologic soil group.

Runoff depth is calculated by the SCS procedure as

RO =—-——— for P> la (3-2)
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where
RO = runoff depth (cm)
P = precipitation depth (cm)
la = initial abstraction (threshold precipitation depth for runoff to occur) (cm)
S = watershed storage (cm).

By experimentation with over 3,000 soil types and cover crops, the SCS developed the
following relationships for watershed storage as a function of CN and initial abstraction asa
function of storage.

2540
S=-22--254 i
N (3-3)
la = 0.2S (3-4)

Combining Equations 3-2 and 3-3 resultsin

(P-0.29?

RO - (P029° ¢ b 02s ]

P +0.8S (3-53)
RO=0 for P<0.2S (3-5b)

where Sis given by Equation 3-3. For impervious surfaces (CN = 100), it can be seen that
RO=P.

Three antecedent moisture classes (AMCs) have been defined for use in adjusting the

SCS curve numbers as shown in Table 3-1. The growing season is assumed to be June through
August (Julian Day 152 to 243) throughout the country.

Table 3-1. Antecedent Moisture Classesfor SCS Curve Number M ethodology
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Total 5-day Antecedent Rainfall (cm)
AMC Class Dormant Season Growing Season
I <13 <36
1 1.3t02.8 3.6t05.3
I >28 >53

Source: U.S. EPA et al. (1985).

34




Section 3.0 Local Watershed/Soil Column Module (LAU, Wastepile)

Curve numbers are typically presented in the literature assuming average antecedent
moisture conditions (AMC 1) and can be adjusted for drier (AMC I) or wetter (AMC 111)
conditions as (Chow et al., 1988)

~4.2CN(IN
CN() = 10-0.058CN(I1) (3-6)
CN(I1I) = 23CN(IT) (3-7)

10+0.13CN(11)

These adjustments have the effect of increasing runoff under wet antecedent conditions and
decreasing runoff under dry antecedent conditions, relative to average conditions.

3.2.2.2 Implementation. Recall the conceptual module for the local watershed
(Figure 3-2), where the subareas may have different land uses and different curve numbers for
each subarea. Equation 3-5 is nonlinear in the curve number; therefore, the method by which the
SCS procedure is applied to multiple subareas can make a significant difference in the resulting
cumulative runoff values for downslope subareas. There are essentially two options for
implementing the procedure. Thefirst is based on runoff routing from each subarea to the next
downslope subarea. That is, the runoff depth from subarea 1 would first be calculated from
Equation 3-5. The cumulative runoff depth from subareas 1 and 2 would then be calculated by
applying Equation 3-5 to subarea 2 and adding (routing) the runoff depth from subarea 1. This
would be repeated for all subareas. This method is not appropriate for the sheet flow assumption
of the local watershed and can give much higher cumulative runoff depths (volumes) than would
actually occur under the sheet flow assumption. (Theimplicit assumption of the routing method
isthat the subareas are not hydrologically connected, e.g., runoff from subarea 1 is captured in a
drainage system (non-sheet-flow) and diverted directly to the watershed outlet without passing
through/over downslope subareas.)

A different, nonrouting method is appropriate for implementing the SCS procedure for
the local (sheet flow) watershed. The method is based on determining composite curve numbers
and is analogous to the nonsoil routing implementation of the Universal Soil Loss Equation
(USLE) soil erosion module presented in Section 3.3. The methodology used for implementing
this method isillustrated by the following pseudo-code.

FORi =1,...,N (subareas)
CNeff, = area-weighted composite CN,; for all subareasj, j=1,...,i
Calculate S from equation (3.2.2-2) using CNeff;
Calculate RO, from equation (3.2.2-1) using S. (RO, is the average runoff depth
over all upslope subareasj, j=1,...,i).
Calculate Q = RO*WSA, where Q, is cumulative runoff volume and WSA, is
cumulative area.
IFi=1THEN
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Section 3.0 Local Watershed/Soil Column Module (LAU, Wastepile)

H1, = RO, where H1, is subarea-specific runoff depth for subareai, i.e. RO, - RO,
ELSE
H1, = (Q; - Q.)/A, where A, is subarea-specific surface area
IFH1, <OTHEN H1, =0
END IF
NEXT i

3.2.3 Evapotranspiration

Potential evapotranspiration (PET) is the demand for soil moisture from evaporation and
plant transpiration. When soil moisture is abundant, actual evapotranspiration (ET) equals PET.
When soil moistureislimiting, ET will belessthan PET. The extent to which it isless under
limiting conditions has been expressed as a function of PET, available soil water (AW), and
available soil water capacity (AWC) as (Dunne and Leopold, 1978)

AW

ET = PET«f -
( AWC) (3-8)
where
DRZ
AW = (SM-WP)—— .
( ) 100 (3-9)
DRz
AWC = (FC-WP)—— .
( ) 100 (3-10)
and
f = afunctional relationship of the arguments.
WP = soil wilting point (% volume), which is the minimum soil moisture content

that isavailable to plants. (Plants can exert a maximum suction of
approximately 15 atmospheres. The wilting point is that moisture that
would not be available at 15 atmospheres.)

FC = soil field capacity (% volume), which is the maximum soil moisture
content that can be held in the soil by capillary or osmotic forces. Soil
moisture above the field capacity is readily drained by gravity.

DRz = depth of the root zone (cm).
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The functional relationship in Equation 3-8 is assumed here to be linear, so that ET (cm)
iscalculated as

SM-WP
FC-WP

ET = min[PET, PET( )] (3-11)

PET is estimated as described below.

The more theoretically based modules for daily evapotranspiration (e.g., the Penman-
Monteith equation [Monteith, 1965]) rely on the availability of significant daily meteorological
data, including temperature gradient between surface and air, solar radiation, windspeed, and
relative humidity. For HWIR purposes, it is assumed that all of these variables will not be
readily available for all application sites. Therefore, aless data-demanding module, the
Hargreaves equation (Shuttleworth, 1975), is proposed. As compared with the most theoretical

h modules, some accuracy will be sacrificed. Nonetheless, the Hargreaves method, which is
z primarily temperature-based, has been shown to provide reasonabl e estimates of evaporation

(Jensen, 1990)—presumably because it al'so includes an implicit link to solar radiation through
m its latitude parameter (Shuttleworth, 1993).
E The Hargreaves equation is
@) PET = 0.00235A7°(T+17.8)+0.1 (3-12)
n where
wi PET = potentia evapotranspiration (cm/d)
> T = meandaily air temperature (° C)
- . | . o
: A, = difference in mean monthly maximum and mean monthly minimum air
u temperature
u S, = water equivaent of extraterrestrial radiation (mm/d) and is given as (Duffie and
q Beckman, 1980)
¢ S = 15.392d (@, SnpSnb + CosdpCosbSnw,) (3-13)
T where

27
d = 1+0.033Cos(——J n

)] ' i i 365 ) (3-14)

and
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J = Julian day
@, = sunset hour angle (radians) given by
@, = Arccos(-Tan¢ Tano) (3-15)
¢ = site latitude (positive for northern hemisphere, negative for southern)
0 = solar declination (radians) given by
6 - 0.4093Sn(-2~ J-1.405) (3-16)
365

3.24 Infiltration (Recharge)

Soil moisture in excess of the soil’ sfield capacity (FC), if not used to satisfy ET, is
available for gravity drainage from the root zone as infiltration to subroot zones (Dunne and
Leopold, 1978). Thisinfiltration rate will, however, be limited by the root zone soil’ s saturated
hydraulic conductivity. Accordingly, infiltration is calculated as

. DRz
IN = min[Ksat, (SM-FC)—— N
[ ( ) 100] (3-17)
where
IN = infiltration rate (cm/d)
Ksat = saturated hydraulic conductivity (cm/d).

In the event that infiltration is limited by Ksat, the hydrology algorithm includes a
feedback loop that increases the previously calculated runoff volume by the amount of excess
soil moisture, i.e., the water above the field capacity that exceeds Ksat. This adjustment is made
to preserve water balance and is based on the assumption that the runoff curve number method,
which isonly loosely sensitive to soil moisture (through the antecedent precipitation adjustment)
has admitted more water into the soil column than can be accommodated by ET, infiltration,
and/or increased soil moisture. After the runoff isincreased for this excess, the ET, infiltration,
and soil moisture are updated to reflect this modification and preserve the water balance.

3.3 Soil Erosion
331 General
The Soil Erosion Module is based on the Universal Soil Loss Equation, an empirical

methodology (see, e.g., Wischmeier and Smith, 1978) based on measured soil losses for
experimental field-scale plotsin the United States for some 40,000 storms. The USLE predicts
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sheet and rill erosion from hillsides upslope of defined drainage channels, such as streams. It
does not predict streambank erosion. Let SL (kg/m*time) denote the eroded soil flux (unit load)
from a hillside area over sometime period. SL is predicted by the USLE as the product of six
variables:

S = RxKxCxPxLSxXd (3-18)

These variables are discussed below.

R istherainfall factor with units of 1/time. Therainfall factor accounts for the erosive
(kinetic) energy of falling raindrops, which is essentially measured by rainfall intensity. The
kinetic energy of an individual storm times its maximum 30-minute intensity is sometimes called
the erosivity index (El) factor. R factors have been compiled throughout the United Stateson a
long-term annual average basis. These R factors were developed by cumulating these individual
storm El factors.

K isthe soil erodibility factor with units of kg/m?. Soil erodibility is an experimentally
determined property and is afunction of soil type, including particle size distribution, organic
content, structure, and profile. K values are reported by soil type in the literature.

C isthe dimensionless “cropping management” factor that varies between O and 1. It
accounts for the type of cover (e.g., sod, grasstype, fallow) on the soil. C isused to correct the
USLE prediction relative to the cover type for which the experimentally determined K values
were measured (fallow).

P isthe dimensionless practice factor and accounts for the effect of erosion control
practices, e.g., contouring or terracing. P isnever negative, but could be greater than 1.0 if land
practices actually encourage erosion relative to the original experimental plots on which K was
measured.

L Sisthe combined “length-slope’factor and is given by (U.S. EPA, 1985b) as

LS =(.045X)(65.419n20 + 4.569n0 + .065) (3-19)
where
X, = flow distance (m) from the point at which sheet flow originates (the
upslope drainage divide) to the point of interest on the hillside.
0 = slope angle (degrees), where 0 may be calculated from percent slope, S, as

0 = arctan(S100) (3-20)
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and b, the exponent, is determined as afunction of S as:

b=0.5,if S>.05

b=04,if .035<=S<=.045
b=0.3,if .01<=S5<.035
b=0.2,if S<.01.

L Sincreases with increasing flow distance because runoff quantity generally increases with
distance. It increases with slope because runoff velocity generally increases with slope.

Sd isthe “sediment delivery ratio,” which estimates the fraction of onsite eroded soil that
reaches a particular downslope or downstream location in the subbasin (Shen and Julien, 1993).
The sediment delivery ratio is here used to account for deposition of eroded soil from the local
watershed in ditches, gullies, or other depressions. Vanoni (1975) developed the sediment
delivery ratio as afunction of watershed drainage area. That formulation is
where

Sd = axA B (3-21)

sediment delivery ratio (dimensionless)

subbasin area (m?)

normalized to give Sd = 1.0 for an area of 0.001 mi? as per Vanoni (1975).
(For areain m?, a= 2.67.).

Sd
A
a

3.3.2 MUSLE Implementation

The USLE isimplemented for HWIR on a storm event basis, i.e., the “modified” USLE
(MUSLE) isused. Thisimplementation requires determining an R value (with units of 1/day) for
each daily storm event that specifies the erosivity of that individual storm. Let the storm-event-
specific R value be denoted as R, for storm event t, so that the pseudo-code presented aboveis
applied for agiven daily storm event. Several methods have been proposed for estimating R, and
are summarized below. Method 4 isused for HWIR.

Method 1 — R, as a Function of Total Daily Precipitation. This method (Richardson et
al., 1983) predicts R, as afunction of total daily precipitation by means of atwo-parameter
regression module (a power function). The parameters were estimated by Richardson et al. from
long-term records of daily “erosivity index” (El, which is operationally equivalent to R) and total
daily precipitation for 11 sites, all located east of the Rocky Mountains. (Western sites were not
included in the data“... so that the relationships would not be influenced by the complex
orographic effects of mountainous terrain.”) It was determined that one of the parameters (the
exponent) was statistically invariant with respect to site, while the other parameter did vary by
site. In addition, the variance of the prediction error was also found to be a predictable function
of sitelocation. Thus, tables relating the varying regression parameter and its prediction error
variance were generated from the regression data by site. This method is nearly ideally suited for
HWIR; except for the unfortunate fact that all of the 11 sites used for the regression module were
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Section 3.0 Local Watershed/Soil Column Module (LAU, Wastepile)

located east of the Rocky Mountains. Several methods were considered for correlating those 11
sites to western sites (e.g., correlation by average storm intensity), but were rejected as either too
data-intensive or too uncertain.

Method 2 — R, as a Function of Storm Runoff. This method (used by PRZM) predicts R,
as afunction of daily storm event runoff and peak storm runoff (Williams, 1975). Although total
runoff from the (daily) storm event is available to HWIR (from the SCS Curve Number module),
the shape and duration of the runoff hydrograph for the storm is not calculated and, thus, the peak
runoff from the storm is not available.

Method 3 — R, Calculated from Hourly Erosivity Index Values. This method
(Wischmeier and Smith, 1978) is the most rigorous MUSLE approach. It is not based on
regression analysis of presumed correlated independent variables, but rather predicts R, directly
by aggregating hourly El calculations over the storm’s duration. The El values are calculated
from hourly average rainfall intensity data. Thisisthe method that has been used to estimate
long-term annual total R values for the classical (annual total) use of the USLE. Because hourly
precipitation data are available from the SAMSON files, this method is feasible for HWIR.
Method 4 below is essentially based on this method, although the method all ocates the
(published) long-term annual R values down to hourly R (and then up to daily R) instead of
building up the long-term annual R from the hourly data.

Method 4 — R, Allocated from Published Long-Term Annual Total R Values. Because
published values of long-term annual total R values exist in the form of isopleths across the
country, it seems appropriate to use these annual total R data for HWIR and disaggregate them
down to adaily basisfor the MUSLE. Thisisthe method used for HWIR. Pseudo-code to
implement this method is:

Given: Long-term annual total R, Rann, for a site.

Given: Number of yearsin the smulation, NYR.

Given: Hourly time series of precipitation amounts for the complete record of NYR years.

1. Compute cumulative R over record, R,y = Rann x NYR

2. Compute cumulative precipitation over NYR years, PPT, .,

3. For each hourly precipitation value in the record, alocate R, to that hour based
on the fraction of PPT,, represented by the hourly precipitation. Denote an
hourly alocation asR, -

4. For each day of the record, cumulate all R,,, valuesto the daily total. The result
isR, for each day of the NYR record.

3.3.3 Spatial Implementation

For the local watershed application, the USLE is applied spatially to a hillside that
comprises N subareas (see Figure 3-2a). Pseudo-code for this applicationis:
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Section 3.0 Local Watershed/Soil Column Module (LAU, Wastepile)

LET CSL, = cumulative soil load (kg/day) for subareai, i.e. eroded load from subareai
and all upslope subareasj, j = 1,...,i
LET WSA, = cumulative land area (m?) upslope of and including subareai

FORi=1,...,N
Keff, = arearweighted K, for al subareasj, j=1,...,i
Ceff, = area-weighted C, for al subareasj, j=1,...,i
Peff, = area-weighted P, for all subaressj, j=1,...,i
CSL, = R*WSA *Keff* Ceff * Peff * LS* Sd,
NEXT i

The assignment of the sheet-flow distance parameter, X;, within the LS factor (see
Equation 3-19) merits discussion in the context of the “local watershed” conceptual module.
Thisloca watershed construct (see Figure 3-1) was developed to simulate the downslope
transport of contaminant due to storm water runoff and soil erosion from the WMU. The use of
the USLE equation for estimating soil erosion (and associated chemical |oad) assumes that runoff
is essentially sheet flow and that erosion results from sheet, or, at mogt, rill (very small channels)
erosion; i.e., runoff does not occur in significantly defined drainage channels (e.g., ditches,
swales) within the local watershed. As part of HWIR data collection, the delineation of the
sheet-flow-only local watershed is accomplished by geographic information system (GIS)
analysis, and a key component of this analysis with respect to the sheet-flow-only assumption is
the correct generation of the waterbody network such that the waterbody delineated as lying
downslope of the local watershed isin fact the first “defined drainage channel” that the runoff
would encounter. That is, runoff upslope of the GIS-defined waterbody is essentially sheet flow,
in accordance with the conceptual module and the underlying assumptions of the USLE. The
criterion used for terminating (headwater) the Gl S-delineated streams is atributary drainage area
of 700,000 m?, which has been estimated (see Data Collection for the Hazardous Waste
Identification Rule. Section 5. Watershed and Waterbody Layout. [U.S. EPA, 1999a)) to coincide
with “first-order” stream headwaters. Thus, the 700,000-m? criterion provides an upper bound on
the area of alocal watershed.

Theissue here, however, is that within this 700,000-m? upper bound there is ample
opportunity for the length of the sheet-flow path (measured in the direction of the steepest
gradient) of any given local watershed to greatly exceed a distance at which one could reasonably
expect to maintain sheet-flow conditions; that is, a ditch or swale (but not necessarily afirst-
order stream) would have been encountered. That distance is dependent on many factors such as
slope, soil type, and runoff intensity, but has been estimated to be no more than approximately
one-quarter of amile (400 m) (Wischmeier and Smith, 1978). Indeed, more recent data (Lightle
and Weesies, 1998) have suggested even more restrictive limits that vary nonlinearly with slope,
e.g., 30.5 mfor aslope of 0.5 percent, 91 m for slope of 2 percent and 15 m for slopes exceeding
17 percent. Thus, to the extent that a Gl S-delineated flow path distance greatly exceeds a
reasonable maximum sheet-flow-only distance, application of the sheet-flow-only module to that
entire local watershed becomes inconsistent with what might actually be occurring at that site.
The implications of such an inconsistency are the following:
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Section 3.0 Local Watershed/Soil Column Module (LAU, Wastepile)

# Sail erosion (and associated contaminant 10ss) would be overestimated, because
erosion is an increasing function of flow distance (see Equation 3-19).

# Contamination in a downslope buffer would be overestimated. (The
runoff/erosion may instead be channeled directly into the waterbody viaaditch or
swale before it reaches the buffer area.)

The obvious solution to thisissue is to further disaggregate the local watershed into a
series of sublocal watersheds, each defined by aflow distance not exceeding the maximum, and
apply the module sequentially to each sublocal watershed. There are a number of difficulties
associated with this option, however, including:

# The impracticality of implementation in GIS in an automated manner.
# The increased computational burden.

# Is soil/chemical “piped” directly to the waterbody at the outlet of each sublocal
watershed or assumed to be deposited in the ditch or swale? If deposited, when
would it finally be transported to the waterbody?

# The inherent uncertainty in spatial resolution of the WMU within the local
watershed in the first place.

In short, while this solution is appealing from a conceptual point of view, it is believed to
be impractical in HWIR and, indeed, an inappropriate complexity given HWIR'’ s screening-level
objective. The resolution used for HWIR isto simply limit the flow distance to a reasonable
maximum when the Gl S-delineated distance exceeds that maximum. The maximum is sampled
from a distribution as described in the technical background document, Data Collection for the
Hazardous Waste | dentification Rule. Section 5. Water shed and Waterbody Layout. (U.S. EPA,
1999a). The conceptual module corresponding to this approach is that the runoff water itself may
be diverted by swales or ditches, but the soil and chemical being eroded are maintained on the
local watershed surface, to be transported downslope over time across the buffer and into the
waterbody. Thisresolution isenvironmentally conservative with respect to contamination in the
buffer. Depending on the actual residence time of a chemical deposited in a swale or ditch
within the local watershed, it is not necessarily conservative with respect to chemical loadings to
the waterbody. Nonetheless, mass balance is conserved.

3.4 Chemical Fate and Transport
3.4.1 Runoff Compartment

3.4.1.1 Introduction. A module of chemical and suspended solids concentrationsin
storm event runoff is presented in this section. The module is based on mass balances of solids
and chemical in the runoff and the top soil column layer of thickness dz. The soil compartment
is external to this module (see Section 3.4.2) and results from that compartment are called as
needed by the software. A simplifying assumption is made that solids and chemical

3-13



-
<
L
=
-
O
o
(@
L
>
—
- -
o
o
<
<
o
L
2
=

Section 3.0 Local Watershed/Soil Column Module (LAU, Wastepile)

concentrations in the runoff are at instantaneous steady-state during each individual runoff event,
but can vary among runoff events, i.e. a quasi-dynamic approach is used. While assumption of
instantaneous steady-state for each storm event is not strictly accurate, it was felt appropriate for
the following reasons:

# Run time considerations (i.e., maximize the numerical time step).

# Datawill not be available at the temporal scale to accurately track within-storm
event conditions (e.g., rainfall hyetographs).

# Because of the anticipated relatively small surface areas of the watershed subareas
and the associated relatively small runoff volumes, the actual time to steady-state
may not differ significantly from the one day or lessimplicitly assumed here. (A
sengitivity analysis was performed using a dynamic form of the runoff
compartment module that suggested relatively little difference in soil
concentrations as a function of the steady-state versus dynamic assumption.)

# To the extent that the actual time to steady-state would be greater than 1 day, the
module is biased toward overestimating downsl ope concentrations and waterbody
loads (i.e., it is risk-conservative).

Figure 3-3 presents the conceptual Runoff Quality Module showing the two
compartments and the fate and transport processes considered. Devel opment of mass balance
equations for solids and chemical follow. (It should be noted that hydrolysis, volatilization, and
biodegradation processes are not simulated in the runoff compartment. The percentage of time
that runoff is actually occurring will be sufficiently short that any additional losses from these
processes should be minimal. In addition, these processes are continuously simulated in the
surface layer of the soil column. To also include them in the runoff compartment would be
"double-counting.")

3.4.1.2 Solidsin Runoff Compartment. A steady-state mass balance of solids in the
runoff, i.e. suspended solids from erosion, written for arbitrary local watershed subareai is given
by the following equation. (In the subsequent module devel opment, units are presented in
genera dimensional format, i.e., M(ass)-L (ength)-T(ime), for simplicity of presentation.)

0=0Q,m,;,-Qm;-vsAmM,; +vr,Am, (3-224)
Cs,
Qi1=Q4 ~ 0 (3-22b)
, cs.
Qi = Qi + p (3'22C)
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— Partitioning >
Runon Flow | Dissolved <€ » Particulate Runoff Flow
RUNOFF
Settling
Diffusion
Resuspension

Burial/erosion

Figure 3-3. Runoff quality conceptual model.

where
m,; =  solidsconcentration (M/L?) in the subareai runoff (suspended solids)
m, =  solids concentration (M/L?) in the top soil column layer of subareai
Q = runoff flow (L3T) leaving subareai
Q. = runonflow (L¥T) from subareai-1
A, =  surface area(L? of subareai
VS =  settling velocity (L/T)
\i¢ =  resuspension velocity (L/T)
Q = tota runoff flow volume (L¥T) (water plus solids) leaving subareai
CSL, = cumulative soil load leaving subareai (M/T)
o =  particledensity (M/L3) (i.e., 2.65 g/m°).

(Note: subscript “1" denotes the runoff compartment while “2" denotes the top soil column layer
compartment.) The first term in Equation 3-22ais the flux of soil across the upslope interface of
subareai. The second term isthe flux of soil across the downslope interface. The third term isan
internal sink of soil due to settling while the fourth term is an internal source due to
resuspension.
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3.4.1.3 Solidsin Soil Compartment. The GSCM does not consider chemical mass
transport among watershed subareas due to soil erosion, because it is based on a single subarea
only. Therefore, that transport is considered here. The assumption is made that solids mass
transport from or to the soil compartment of any given watershed subarea occursonly in a
vertical direction, i.e., no downgradient advection of the top soil column layer itself is
considered. (Thisis analogous to the assumption of a stationary sediment bed in stream/sediment
quality modules.) The downslope mass transport of soil occurs due to vertical erosion or
resuspension of soil followed by advective transport of the soil in the runoff water as suspended
solids. The transport is described in terms of three parameters — settling, resuspension, and
burial/erosion velocities. Under the assumption of no advective transport of the soil column
layer, the steady-state mass balance equation for the surficial soil layer is

0 =vsm,; A -vrm,; A-vbm,; A (3-23)

where
vb, = burial/erosion velocity (L/T).

The first term of Equation (3-23) is a source of soil massto the surficial soil column layer
due to settling from the overlying runoff water. The second term isasink from resuspension.
Thethird term is either a source or a sink depending on the sign of the burial/erosion velocity as
described subsequently.

Consider the solids balances in the runoff and soil compartments, Equations 3-22 and
3-23, respectively. These two equations involve three parameters—vs, vr, and vb—and two
solids concentrations—m, and m,. Which of these five variablesis known for arbitrary subarea
i? It can be assumed that the solids concentration in the soil (m,) isaknown value — it issimply
the bulk soil density. Consider now the suspended solids concentration in subareai, m,;. From
the Soil Erosion Module, the total solids mass fluxes moving across both the upslope and
downslope interfaces of subareai are known, and these two fluxes are, respectively, the first two
terms on the right side of Equation 3-22 m,; can then be determined as

m ; = C3,/Q} (3-24)

where CSL, is the cumulative soil load leaving subareai, as determined by the Soil Erosion
Module, and Q’; is the cumulative runoff flow volume (including solids' volume) leaving subarea
i, as determined by the Runoff Quantity Model. Therefore, because the soil concentration (m,) is
assumed to be known and the Soil Erosion and Runoff Quantity modules can be used to
determine the suspended solids concentrations (the m,;), Equations 3-22 and 3-23 can now be
considered as two equations in three unknowns, vs, vr, and vb.

The settling (vs) and resuspension (vr) parameters reflect processes internal to subareai,
while the burial/erosion parameter (vb) reflects net changes across subareai and is completely
determined by the difference in the soil fluxes entering and leaving subareai. This can be seen
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by adding the right-hand-sides of Equations 3-22 and 3-23 and setting the result to zero. All
termsinvolving vs and vr cancel, and the burial/erosion velocity is then given by

- cs,-CY,

vb. '
Am,

(3-25)

where CSL, ; and CSL,; denote the soil fluxes into and out of subareai, respectively, as discussed
above. From Equation 3-25 it can be seen that, if the soil load entering subareaii (CSL,,) is
greater than the soil load leaving (CSL,), then the burial/erosion velocity is positive and soil is
being deposited (buried). Conversely, aswill typically be the case, if the load leaving is greater
than the load entering, then the burial/erosion velocity will be negative and erosion is occurring
in an upward direction.

Consider now vs and vr. With the net soil flux across the subarea having been
determined, Equations 3-22 and 2-23 are in fact the same equation—the burial velocity termis
explicitly shown in Equation 3-23 and implicitly shown in Equation 3-22. Thus, either Equation
3-22 or 3-23 represents one equation in two unknowns, vs and vr. If one of theseis known, the
other can be solved for. Of the two, the resuspension velocity would be very difficult to obtain
estimates for, while the settling velocity could be assumed similar to, for example, hindered or
compaction settling in sludge thickeners. Accordingly, vr as afunction of vs (and vb, which is
determined as per Equation 3-25 is given for subareai by

m;
vr; = VS'E - Vb, (3-26)

The settling velocity, vs, is assigned values for HWIR99 from a uniform random
distribution between the range 0.05 and 1.0 m/d, based on observed settling velocities for
“mineral” sludgesin sludge thickening experiments (U.S. EPA, 1999b).

In summary, because m, is assumed known and m, is calculated from results of the Soil
Erosion and Runoff modules, the solids mass balance equations are used to determine the
burial/erosion and resuspension parameters for subsequent use in the chemical (contaminant)
model.

3.4.1.4 Contaminant in Runoff Compartment. Asillustrated in Figure 3-3, a steady-
state mass balance of contaminant in the runoff results in the equation

Fd
d

2,i I:dl,i
Cz,i - Q)_ Cl, i) (3-27)

2 Li

0=0Q ¢, ,-Qc,;~vsSAFp;c ; + VI AFp,Erc, +vd A(

where
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Cyj = total contaminant concentration (particulate + dissolved) in runoff in
subareai (M/L®)

Cy; = total contaminant concentration in soil (M/L?)
Vy, = subarea-specific (not cumulative) runoff volume for subareai (L3)
Fp,, = fraction particulate in runoff
Fd,, = fraction dissolved in runoff (1-Fp,;)
vd, = diffusive exchange velocity (L/T)
Er, = enrichment ratio
o, = isthe porosity of the runoff, calculated as
D, = 1- % (3-28)

where p isthe density (M/L®) of suspended solids (e.g., 2.65 g/cm?).

D, = soil porosity, calculated as

(3-29)

Note that ¢, is equivalent to porosity (1) in the GSCM.
Equation (3-27) can be used to express ¢, ; as afunction of c,;, and c,; as

Q' 1€ ~ [V AFP, Er + vd A (Fd, /D,)]C, ;

c, . = , ]
Ll Q, +vsAFp,; +vdA (Fd, /®, ) (3-30)

where c,; is determined by the GSCM as described in Section 2. Determination of the individual
terms constituting this equation are described below.

Fp,; is calculated as (Thomann and Mueller, 1987)
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(/DM ;
Fp,, = L }
pl,l 1 + (kd/q)l’i) ml’i (3 31)
where
Kq = chemical-specific partition coefficient (L*/M) (Note: k, is divided by

porosity to attain the porosity-corrected k, with units of mass per total
[liquid plus solids] volume.)

Fp,; issimilarly calculated as

(k/®D.)
p2,i = d—2m2 (3_32)
1+(k/D,)m,
where it can be seen that Fp, (and Fd,) will be constant among all subareasi.
Fd,; and Fd,; are then determined as
Fd,; = 1-Fp,; (3-33)
Fd,; = 1-Fp,, (3-34)

Under the assumption that resistance to vertical diffusion is much greater in the soil than
in the runoff, the diffusive exchange velocity, vd;, can be expressed as (Thomann and Mueller,
1987, p. 548)

Dw

vd, = N
where
Dw = water diffusivity (L%T).
Lc = characteristic mixing length (L) over which a concentration gradient

exists; assumed to be the depth of the runoff including the solids (H1'):

Lc = H1, = =L (3-36)

The enrichment ratio, Er;, is used to account for preferential erosion of finer soil
particles — with higher specific surface areas and more sorbed chemical per unit area— as
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rainfall intensity decreases. That is, large (highly erosive) runoff events may result in average
eroded soil particle sizes and associated sorbed chemical loads that do not differ much from the
average sizes/loads in the surficial soil column layer. However, less intense runoff events will
erode the finer materials and resulting chemical loads could be significantly higher than
represented by the average soil concentration. U.S. EPA et al. (1985) give the storm event-
specific enrichment ratio as a power function of sediment discharge flux (M/L?). This
formulation resultsin:

a

Er. =
(CSI_i/VVSA\i)O'2

(3-37)

wherea=7.39 for CSL//WSA, in kg/ha (U.S. EPA et d., 1985). (CSL, isthe event soil load
leaving subareai and WSA, is the local watershed surface area from the drainage divide down to
and including subareai.) It should be noted that the enrichment ratio is greater than or equal to
1.0. Should specific values of the sediment discharge (the denominator) result in an enrichment
ratio lessthan 1.0, it isreset to 1.0 in the code.

3.4.2 Soil Compartment

The GSCM (see Section 2.2) is coupled to the Runoff Compartment Module (see
Section 3.4.1) in this section and applied to the several subareas that constitive the sheet flow
local watershed of which the LAU or wastepile is an integral part. Continuing the chemical
concentration indexing scheme (i.e., subscript “1" denoting runoff compartment, and subscript
“2" denoting surficial soil compartment), let the total (dissolved, particulate, and gaseous phase)
chemical concentration in the surficial soil column layer of any local watershed subareai be
denoted as C,;. (C,; is equivalent to C; in the GSCM description.) From Section 2.2 (GSCM),
the governing differential equation for the surface soil layer of subareai is

. 9°C,. aC., .
atZI G az? Ve azzyl TG s (9

where k; represents first-order rate constant due to processj not including runoff/erosion
processes, i.e., biological decay and hydrolysis and wind/mechanical action. Thelast term, ss, is
asource/sink term representing the net effect of runoff and erosion processes on C,; as illustrated
in Figure 3-3. Thistermisgiven by

Fp, .C Fp, Er.C ol(FOIZi C Fd“c ) - Vb Fp,C
VSp. .—Vl‘.p.l’. = VA (——— - — .—V.p .
. I 1,i i i 2,0 172, i (I)z 2,i (I)]_,i 1 i 272 (3_39)
SSI =
dz

wherevs, vr,, vb,, and vd, denote, respectively, the settling, resuspension, burial/erosion and
diffusive exchange velocities for subareai as described in the Runoff Compartment model.
Thus, the terms comprising ss are, respectively, a source of chemical due to settling from the
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overlying runoff water, asink of chemical due to resuspension, and a source or sink (depending
on therelative values of C,; and C,;) due to chemical diffusion from/to the runoff.

(The burial/erosion mechanism introduces a minor mass balance error into the model.
The module for surface soil/runoff water fate and transport [ Section 3.4.1] is based on a
conceptual module originally developed for use in a stream/sediment application [e.g., Thomann
and Mueller, 1987] where the sediment compartment location relative to areference point below
the surface can move vertically [“float”] as burial and erosion occur. In that moving frame of
reference, burial/erosion of contaminant does not introduce a mass balance error because, with
respect to the modeled sediment, this sink/source of contaminant is exogenous to the modeled
system, i.e., it is coming from/going to outside of the modeled system. Thereisinternal
[endogenous] mass balance consistency within the modeled system. However, in this HWIR99
application, the frame of reference is not alowed to float, but is fixed by the elevation of the
lower boundary, e.g. top of the vadose zone. Thus, if sorbed chemical is eroded from the surface
cell, that surface cell, which is vertically fixed, must have a“source’ that isinternal to the
modeled soil column to compensate for this sink or its internal mass balance is not maintained.
The magnitude of this mass balance error is equal to the mass of eroded soil from the surface
over the duration of the simulation times its average sorbed chemical concentration. In most
cases, this error as a percentage of the total chemical massin the modeled WMU will be quite
small, and that has been confirmed in multiple executions of the module. Conceptually at least,
the GSCM could be designed so that, after each runoff event, the surficial soil compartment
could decrease or increase in size to accommodate the event’ s erosion/burial magnitude, while
maintaining afixed vertical reference. This degree of complexity, however, falls outside the
scope of the “screening level” approach to the HWIR99 analysis.)

Grouping coefficients of C,; and C,;, Equation 3-39 can be rewritten as

ss = 8C;-bCy; - Ky, Gy (3-40a)
where
Fd,
Vs Fpl’i +vd, —==
B 1 (3-40Db)
& = dz
dy;
vriFp,Er; + vd,
b - 2 (3-40c)
i dz
_ Vb Fp,, (3-40d)
Wi dz

and ky,; isthe first-order rate constant (1/T) associated with the burial/erosion process.
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Using Equation 3-40, Equation 3-38 can be rewritten as

20 aZCZ’i 8C2’i Ek b
ot = DE azz - VE oz - jC2,i + aiCl,i - iCZ,i - kbu,iCZ,i (3_41)

From Equation 3-41, it can be seen that C,; isafunction of C,;. Similarly, from
Equation 3-30 of the Runoff Compartment Module, it can be seen that C, ; isafunction of C,,.
Thus, C,; and C,; are jointly determined at any time t by simultaneous solution of their two
respective equations.

C,; at timet can be determined by substitution for C, ;. From the Runoff Compartment
module (Equation 3-30). C,; can be expressed as

_ Q'i—lcl,i—l dy

c, =ttt e X
1, d2’i d2’i 2,1 (3 42a)
where
Fd,.
dy; = vrAFp,Eri+vdA, q)' (3-42D)
2
Substituting for C,; from Equation 3-42 into Equation 3-41, the differential equation for
C,; isnow

, Fd,
dy; = Q+vsAFp,;+vdA (Dl'l (3-42¢)
1

expressed implicitly asafunction of C,; as

oC, DEachi oy
ot 9z?

sty
d2,i

4 a‘i(g’i —1cl,i -1
2,i d

dC,;
8_2 - (ij b+ Ky - (3-43)

E
2,

Once C,; at timet is determined by solution of Equation 3-43, the associated value for C,;
can be found from Equation 3-42, thus compl eting the simultaneous solution. (The value for
C,;.., i.e., the runoff concentration in the immediately upslope subarea, will have been
determined previously during the simultaneous solution for the i-1 subarea at timet.)
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To implement the simultaneous solution, Equation 3-43 can be simplified to
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Coi 5 %G, Cu e g (3-44a)
ot T2 Foz T HE
where
K= 2K+ kg * Ky, (3-44b)
d,.
Kyi = b - & d—l' (3-44c)

Ko, i 1S the storm event (or runoff and erosion) first-order lossrate, k’; is the lumped first-order
loss rate which includes the effects of abiotic hydrolysis (j=hy), aerobic biodegradation (j=ag),
and wind/mechanical activity (j=wd), in addition to runoff and erosion. k;, and k. areinputsto
the module

a
Id_; = d_I Qi1 Cs (3-44d)
2i

and k4 is calculated using the methodologies detailed in Appendix A. Thelast term, Id._; isthe
run-on load from upslope subareas in g/m*/d.

Recall that in the GSCM, the governing equation is broken up into three component
equations—diffusion, convection, and first-order losses (Equations 2-13 through 2-15), each
solved individually on agrid. In the subsurface layers, the solution technique described in
Section 2 is applied directly. However, for the surface soil column layer, the first two-component
equations remain the same, while the third is revised to:

3C,,
atZI - - KC,; +1d , (3-45)

which has the following analytical solution for C,; = C°,; at t = 0:

1 - exp(-k't
C exp(-K:t) + Id [ PCK] )] .
2,i i i-1 ’ i
C, = K’ (3-46)

Cyi + 1d ,t k=0
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To track mass losses, the total mass added to the soil column in subareai in any time
period zero to t due to settling from runoff water, M, (M/L?), is evaluated using

Magg; = 1d 4t dz (3-47)

A mass balance on the soil column intimet gives:

i = Maggi = Migss; (3-48)

where AM; (M/L2) is the change in massin the soil column in subareai as given by ((C,; -
C°,;)*dz) and M,.; (M/L?) isthe total mass lost from the subareai soil columnin any time
period zero to t. By substituting Equation 3-46 for C,; and Equation 3-47 for M ,; and
rearranging, the following equation for M, ; was derived for k’;>0. For k’;,= 0, M, = 0.

) k't + exp(-k'.t) - 1
= [Ci(L - exp(-K' 1) + Id _(— % '

M

)]dz (3-49)

loss,i

The total mass lost in any time period zero to t from subareai soil column can be
attributed to specific first-order loss processes, j, M, (t) (M/L?) using

) K

M = My a2 (3-50)
|

where

j = hy for hydrolysis,

| = aefor aerobic degradation,

] =wd for losses due to wind/mechanical activity,
| = ev for runoff/erosion events, and

j = bu for burial/erosion.

Equation 3-42a provides the contaminant concentration in the runoff water at timet. The
average contaminant concentration in the runoff water (C,;) over time O to t is determined using:

_ Q,i—lél,i—l d

C.. _LC. 3-51
1,i d + d2’i 2. ( )
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where C,; is the time-weighted average contaminant concentration in the soil compartment over
the same time period. Given the short time step (i.e., 1 day) used in the integration of the Local
Watershed/Soil Column Module, C,; is approximated using:

_ c) +C,
C,i - % (3-52)

where the O superscript denotes concentration at the beginning of the day.

3.5 Implementation
351 Overview

An overview of the algorithm implementing the combined Local Watershed/Soil Column
Modulesis provided in Figure 3-4aand b. Some additional differences from the GSCM general
algorithm (Section 2.4.1) are noted. Inthe GSCM, it is assumed that infiltration is constant and
convection events occur at regular intervals throughout the entire ssmulation. (With a convection
event, soil column concentrations are propagated downward and M, ., isincremented.) Inthe
Loca Watershed/Soil Column Modules, the infiltration rate (1) is allowed to vary from year to
year. As aresult, convection events do not occur at regular intervals. To determine the
appropriate time to initiate a convection event, at the end of every time step avariable (fadv)
tracking the fraction of massin the bottom soil column layer that would have convected is
incremented by (dt-V/dz). If fadv is sufficiently closeto 1, a convection event isinitiated and
fadv isreset to zero. At the end of the simulation (year = NyrMax), if fadv is greater than zero,
M e IS incremented by fadv times dz times C; in the lowest layer and C; in the lowest layer is
adjusted accordingly. Leachate flux for the final year isthen calculated using Equation 2-29.

3.5.2 Simulation-Stopping Criterion

For agiven local watershed, i, the simulation is stopped in each successive subarea when
the amount of contaminant massin local watershed i and all upslope subareasj (j <i) is
determined to be insignificant. “Insignificance” is defined by the input parameter TermFrac, and
this ssmulation criterion is implemented as follows:

1. During the years before the end of the operating life of the WMU, the year-end
cumulative subarea contaminant mass in each subareais determined. Here,
cumulative subarea mass (samass) refers to the sum of the contaminant massin
subareai and al upslope subareas| (j <i). The maximum cumulative subarea
contaminant mass (max_samass) is stored for each subarea.

2. After WMU operation ceases, the year-end cumulative subarea contaminant mass
in each subarea is compared to the stored maximum for that subarea. The
simulation in subareai is stopped when
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tl Nextyear,y=y+1 |

v

| For all subareas, get daily and annual average I, Q, CSL |

tI Next subarea, i =i+ 1 |

| Get time constant subarea soil column parameters |

v

| Calculate annually variable subarea soil column parameters |

v

| Calculate time step dt (d) and diffusion fractions |

| Initial waste application |

4}| Next time step, t = t + dt |

| Diffusion: Update C;. Increment M, M.

+ vol?

Eirst order losses, surface: Calculated daily.
(See Figure 3.5-1b)

No No +

First order losses, subsurface: Update C;. Increment M
(j = ae,an, or hy)

v

Convection: Propagate C; down as needed. Increment M

add/remove waste?

loss,j

Icha*

Yes

\ 4

Output annual average fluxes and
surface C,. Initialize M's.

@

Output annual average load to
waterbody

/y;b

Figure 3-4a. Overview of algorithm for combined local water shed/soil column module.
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Figure 3-4b. Detail on calculation of first-order lossesin surface layer.
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samass, < TermFrac+maxsamass

where“ TermFrac” is the user-specified fraction ranging from 0 to 1.0 (unless the
NyrMax parameter is reached first, at which point the simulation is automatically
stopped). The year the ssmulation ceases in each local watershed and subareais
stored in an internal two-dimensional array dimensioned on local watershed and
subarea.

(Note: Asof thiswriting, computer memory requirements have resulted in an inability to make
full use of the above-described TermFrac stopping critierion for highly persistent chemicals.
Time series outputs are kept in random access memory [RAM] for postprocessing. When the
length of the time series becomes excessive with respect to array sizes and available RAM,
memory-cacheing occurs with a concomitant drastic slowdown in run time. To mitigate this
problem, it was determined that the length of the time series would be determined by the
TermFrac criterion, as described above, or 200 years, whichever comesfirst.)

3.5.3 Leachate Flux Processing

Preliminary module runs indicated that there are many cases where the convective
transfer step will occur less than once per year, sometimes even less than once in the entire
simulation period. In these cases the leachate flux will be nonzero in the years when a
convection event occurs and zero in years when it did not. Thisisalimitation of the solution
technique. In redlity, leaching occurs more or less continuously over the time between the
modeled convection events. To mitigate this limitation, aleachate flux postprocessing algorithm
was developed. The entire simulation (0 <j <NyrMax) is split into three time periods, wherej is
used here as the year index:

1. WMU operating years (O< j <y,,)
2. Non-operating years (y,, <] <LeachFIuxXNY
3. No leachate flux years (LeachFIuxNY <] <NyrMax)

where LeachFLUxNY isthe last year there is a positive leachate flux. The processed leachate
fluxes (Jg,, 9/m?/d) in time periods 1 and 2 are calculated from J,, in each year, j, using:

chhp,j = —1— . chh,j (3-53)

where, intime period 1, a=0andb=y,, Intimeperiod 2, a=y,, and b = LeachFIuxNY. The
first term in Equation (3-53) is an infiltration-based weight where |; is the annual average
infiltration ratein year j and T is the average infiltration rate between yearsaand b. Intime
period 3, J, is zero.
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Section 3.0 Local Watershed/Soil Column Module (LAU, Wastepile)

With use of Equation 3-53 to estimate the leachate flux, massis conserved. That is, the
total mass lost due to leaching over the course of the ssmulation is the same using the processed
and unprocessed leachate fluxes. However, with the processed leachate flux, a smoother
function of leachate flux over timeis provided.

354 End-of-Simulation M ass Balance Check

At the end of the simulation, a system-wide mass balance check is performed in the code.
The system, in the Local Watershed/Soil Column Modules, includes the WMU subarea and all
other subarea “soil columns.” The mass balance error (fMerr) is computed as afraction of the
total contaminant mass added to the system from the mass balance equation

fMerr = 1 - (fMrem + fMlost) (39

where fMrem is the fraction of total contaminant mass added that remains in the system at the
end of the simulation. fMlost isthe fraction of the contaminant mass added that was estimated to
have been lost from the system by the end of the ssimulation. fMlost isthe sum of the variables
listed and defined in Table 3-2.

Table 3-2. Variables Summarizing Contaminant M ass L osses

Definition:
Variable Fraction of the total mass added lost due to:
fMvol_wmu Volatilization from the WMU
fMich_wmu Leaching from the WMU
fMwnd_wmu Wind/mechanical action on the WMU surface
fMdeg_wmu Abiotic and biodegradation within the WMU

fMrmv_wmu?

Removal from the WMU

fMvol_sa Volatilization from the non-WMU subarea soil columns

fMIch_sa Leaching from the non-WMU subarea soil columns

fMdeg_sa Abiotic and biodegradation in the non-WMU subarea soil columns
fMswl Runoff/erosion from the most downslope subarea

fMbur®

Burial/erosion in all subareas (see k, in Equation 3-44d)

& Applies only to the WP, which is removed and refreshed regularly. See Section 3.7 for details.

® fMbur is the only variable listed that can be negative (indicating a mass gain). This results from the
inclusion of a burial/erosion term in linking the runoff and soil compartments. See Figure 3-3 and the
discussion of the meaning of the burial/erosion term in Section 3.4.2.

3-29



Section 3.0 Local Watershed/Soil Column Module (LAU, Wastepile)

Time series outputs to the various other HWIR99 modules are reported as follows:

# Outputsto Air Module. All annnual time series outputs to the Air Module are
reported up to and including the last year that there is nonzero VE or CE. Thus,
the annual time series outputs to the Air Module are al the same length. After
this, all outputsto the Air Module will be zero and are not reported.

# Outputs to the Vadose Module. The annual time series of LeachFlux for each
local watershed is reported up to and including the last year that there is anonzero
LeachFlux in any local watershed. This resultsin the same reported L eachFlux
time series length for all local watersheds. After this, all LeachFlux valuesfor all
local watersheds will be zero and are not reported. Anninfil is reported from year
one to the last year that meteorological data are available.

3.6  Output Summary

E Table 3-3 summarizes the outputs of the combined Local Watershed/Soil Column

T Module.

§ Table 3-3. Output Summary for the WP and LAU Modules

(@) Variable Name?

o Documentation Code Definition Units

a I Anninfil Leachate infiltration rate (annual avg., WMU subarea(s) m/d

only)

m N VE Volatile emission rate g/m?/d

> VEYR Y ear associated with output Year

= VENY Number of yearsin outputs Unitless

: CE30 CE Constituent mass emission rate-PM 30 g/m?/d

u CEYR Y ear associated with output Year

u CENY Number of yearsin outputs Unitless

q E30 PE30 Eroded solids mass emission rate-PM30 g/m?/d

¢ PE30YR Y ear associated with output Year

n PE3ONY Number of yearsin outputs Unitless

w pmf PMF Particul ate emission particle size distribution Mass
frac.

m' PMFYR Y ear associated with output Year

: PMFNY Number of yearsin outputs Unitless
(continued)
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Table 3-3. (continued)

Variable Name?
Documentation Code Definition Units
Q Runoff Runoff flow to waterbody m3/d
Jen LeachFlux L eachate contaminant flux g/m?/d
LeachFluxYR Y ear associated with output Year
LeachFIuxNY LeachFluxNY Number of yearsin outputs Unitless

SWLoadChem Chemical load to waterbody g/d

SWLoadChemYr | Year associated with output year

SWLoadChemNY | Number of yearsin outputs Unitless
h CsL SWL oadSolid Total suspended solids load to waterbody g/d
z c1 SWConcTot Total chemical concentration in surface water runoff mg/L
m SWConcTotYR Y ear associated with output Year
E SWConcTotNY Number of yearsin outputs Unitless
: C, CTss Soil concentration in surface soil layer ug/g
U CTssYR Y ear associated with output Year
o CTssNY Number of yearsin outputs Unitless

C; CTda Depth-weighted average soil concentration (from zavato Hg/g
a zavh)
m CTdaYR Y ear associated with output Year
> CTdaNY Number of yearsin outputs Unitless
(= SrcSoail Flag for soil presence (true) Logical
: SrcOvl Flag for overland flow presence (true) Logical
u- SrcLeachMet Flag for leachate presence when leachate is met-driven Logical
(true)
m SrcLeachSrc Flag for leachate presence when leachate is not met-driven | Logical
q (false)

SrcVE Flag for volatile emissions presence (true) Logical
¢ SrcCE Flag for chemical sorbed to particulates emissions Logical
n presence (true)

I.IJ SrcH20 Flag for surface water presence for eco-exposure (false) Logicd
m NyrMet Number of yearsin the available met record Unitless
: Where the variable name is used in the code but not in the documentation, the first column isleft blank.
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# Outputs to the Surface Water Module. The annual time series of SWLoadChem
are reported up to and including the last year that there is nonzero SWLoadChem
in any local watershed. Thisresultsin the same reported SWLoadChem time
series length for all local watersheds. SWLoadSolid and Runoff are reported for
all local watersheds up to the last year that meteorological data are available.

# Outputs to Exposure Modules (Human and Ecological). The annual time series of
CTdaisreported to the the last year of nonzero CTdain each local watershed and
subarea. Thus, the length of the reported time series for CTdain each local
watershed and subarea may differ. The sameistruefor CTss.

3.7 Wastepile Module Specifics
3.7.1 Introduction

Section 3.4 presents the Local Watershed/Soil Column Module as common to both the
wastepile and the LAU. This section discusses wastepile-specific issues in implementation.
Figure 3-5 illustrates the wastepile in the local watershed conceptual module.

3.7.2 Additional Assumptions

# The wastepile has a constant height equal to h (m) (i.e., z, = h) and constant area
(A, m?) equal to the footprint of the wastepile.

# At time zero, the wastepile isfilled to capacity. After each period of time equal to
t., the entire wastepile is removed and instantaneously refreshed (i.e., replaced
with fresh waste). The time between fresh wastepiles is determined by:

(o Tow XA e d (3-55)
bt T L¢ yr

Volatilization

rticulate emissions

io/chemical
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Figure 3-5. lllustration of wastepilein local water shed.
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LAU).

where py,, (9/cm®) isthe dry bulk density of the waste and L’'(Mg/yr) is the annual
waste (dry) loading rate, adjusted for waste losses during the process of unloading
raw waste:

L =L - E3Oun - A- 365 (3-56)

108

E30un (g/m?) is the mass lost due to particul ate emission during the unloading of
raw waste. The methodology used for calculating E30un is presented in
Appendix A.

In reality, waste is added and removed from a wastepile incrementally. The
assumption that the waste is instantaneously refreshed is made to simplify
modeling. As such, for volatile contaminants, the wastepile module may
underestimate volatile losses since the waste surface is not refreshed in between
the placement of new waste relative to a module where waste is built up gradually.
For nonvolatile contaminants, thisis unlikely to affect emission estimates.

Total porosity for the wastepile is specified rather than calculated (asit isfor the

The wastepile site is used for afinite number of years (y,,, yr), after whichitis
assumed that the final wastepile is removed.

The first-order chemical and biological 10ss processes include aerobic
biodegradation (K, 1/d) and hydrolysis (k,, 1/d) in the surface soil column layer,
and anaerobic bio-degradation (k,,, 1/d) and hydrolysisin al subsurface layers of
the wastepile.

The first-order loss rate due to wind and other surface activities (k,,4, 1/d) is
applied to the surface soil column layer only and is calculated each year as an
annual average with consideration of losses due to wind erosion, vehicular
activity, spreading/compacting operations from an active wastepile, and wind
erosion only from an inactive wastepile. Appendix A outlines the estimation
procedures for annual average K.

For purposes of runoff and erosion processes, the following assumptions apply:
> The wastepile is conceptualized as having side slopes (from which
increased runoff and erosion would occur) that are insignificant in terms of

surface area in comparison to the top surface of the wastepile.

> The top surface of the wastepile has the same slope as the average slope of
the local watershed.
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> No run-on to the wastepile subarea from upslope subareas in the local
watershed occurs.

> Following removal of the wastepile, there is no subsequent runoff/erosion
transport pathway from the wastepile subarea of the local watershed
downslope to the surface water, only from the buffer subarea. That is,
there is assumed to be no remaining contamination in the subarea that
contained the wastepile. The only remaining contamination isin the
buffer. Thisisanimplicit assumption imposed by the modeling boundary
between the WP and Vadose Modules. The WP Module considers the soil
surface to be its lower boundary for the WP subarea. However, for the
downslope, buffer subarea, a surficia soil layer is modeled (see Figure
3-5). Once the WP has been removed at the end of its operating life, the
WP subarea effectively ceases to be part of the local watershed, because
thereis no residual contamination (from the perspective of the WP
Module). Any such residual contamination isin the underlying vadose
zone, which is modeled by the Vadose Module and which does not have
the runoff/erosion pathway functionality. The “missing” chemical in the
WP subarea post-removal does not imply a mass balance error between the
WP and Vadose Modules, however. That chemical isbeing smulated in
the Vadose Module, only no surface water pathway is considered.

The annual average infiltration rate (1, m/d) is determined using the method
described in section 3.2.4 (note that | isthe same asIN in section 3.2.4) with
consideration of the properties of the waste only.

As described in Section 3.4, the topmost soil column layer in the GSCM
developed for the wastepile serves as the soil compartment in the watershed/soil
column algorithm (see Figure 3-3). For the purposes of applying the watershed/
soil column algorithm, it is assumed that the appropriate depth for the soil column
surface layer (dz) is0.01 m. To achieve computational savings, yet provide the
gpatial resolution in the wastepile surface that is required by the watershed/soil
column algorithm, the wastepile is subdivided into two homogeneous zones with
identical properties, but different layer thicknesses (dz). The upper wastepile zone
consists of the top 0.1 m of the wastepile and uses dz = 0.01 m. The lower
wastepile zone has a thickness equal to (h - 0.1) m, and dz is determined in the
code asafunction of (h-0.1), alimit on the maximum number of layers equal to
100, and an initial value for dz = 0.01 m. (For example, if h = 5m, the upper zone
consists of 10 x 0.01 m soil column layers; the lower zone consists of 98 x 0.05 m
cells).

Within each homogeneous zone, the solutions can be obtained in the manner described in
Section 2.4. The method used to propagate the material (numerically) across the boundary
dividing the two zonesis asfollows. At the boundary between two zones, contaminant mass
from layersin the upstream (higher) zone will be considered to diffuse into the uppermost layer
of the downstream (lower) zone. A counter-diffusion of material from all the layersin the
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downstream zone to the bottom layer of the upstream zone will also take place. All of the
material in the bottom layer of the upstream zone will be carried into the top layer of the
downstream zone after one convection-based time step in the upstream zone.

3.7.3 Initial Conditions
The simulation starts immediately following placement of the initial wastepile on clean

soil. Thesameinitial conditions are reestablished each time the wastepile is refreshed. For t <
Yop' 369!

CT Zt=jtpg;j=0,1,2,... = C:'p:W ol b,w ><1:Wmu (3-57)

where C';,, (19/0) isthe mass-based contaminant concentration in the HWIR99 waste of concern
and f,,,, isthe fraction of the HWIR99 waste of concern in waste disposed of in the wastepile.

3.8 Land Application Unit
3.8.1 Introduction

Section 3.4 presented the Local Watershed/Soil Column Module as common to both the
wastepile and the LAU. This section discusses L AU-specific issuesin implementation.
Figure 3-6 illustrates the LAU in the local watershed conceptual module.

3.8.2 Additional Assumptions

# Waste is applied to the soil surface periodically at even intervals (e.g., quarterly)
and then tilled into the top layer of soil to a depth of z;, (m).

# Till zone (z=0t0 z;,) is completely mixed upon each application of waste to soil.

# The modeled soil column consists of one homogeneous zone, the till zone,
consisting of a soil/waste mixture. Thetill zone properties (py,,, foc,, ) can be
estimated as the depth-weighted average of the soil (p,,, focy) and waste properties
(ppws fOC,) according to the depth of soil (d,, m) and waste (d,,, m) in thetill zone.
To illustrate, an example using p,,is presented below.

dS dW
Pogi = Pos — *+ Ppw — (3-58)
btill b,s Z[ill b,w Z[ill
dg = z;,-d, (3-59)
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"% Bio/chemical
Uffer Sdegradatian

Leaching

Figure 3-6. Illustration of LAU in local water shed.

where W is the wet waste mass loading for a single application, determined as

W
d, = — (3-60)
pb,w
R - sd/100
= (3-61)

where R, is the wet waste application rate (Mg/m?-y), sd is the weight percent
solidsin the waste, N,,,, is the number of waste applications per year, pb,s (g/cm?)
isthe dry bulk density of the soil estimated from n using Equation (3-63), and
Pyw (@/cm®) isthe dry bulk density.

# The water added to the LAU contained in the wet waste increases the annual
average infiltration rate (1) by:

, (1-s0/100)
365 PH,0

R
+_app

(3-62)
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#

The contaminant mass is concentrated in the solids portion of the waste and isre-
partitioned among the solid, aqueous, and gas phases in the soil column.

The waste added to the till zone does not significantly affect the hydraulic
properties of thetill zone. Thus, the hydraulic properties of the soil (K, SM,) are
used in Equation 2-11 to determine the water content if the till zone. Although
the waste may affect the hydraulic properties of thetill zone, there is no way of
determining this effect theoretically.

Total porosity of thetill zone () is estimated using the following relationship
for porous media (Freeze and Cherry, 1979):

b
2.65

h=1 (3-63)

Waste applications do not result in significant buildup of the soil surface, nor does
erosion significantly degrade the soil surface (i.e., the distance from the site
surface (z = 0) to afixed point below the surfaceis constant). Asaresult, thereis
no naturally occurring limit to the modeled C; other than the limit for NAPLs. In
other words, the modeled contaminant concentration in thetill zone could exceed
the contaminant concentration in the waste. Indeed, thisis physically possible for
highly immobile constituents if the waste matrix is organic and decomposes,
leaving behind the constituent to concentrate over multiple applications.

The land application unit is operated for y,,, years.

The first-order chemical and biological loss processesin thetill zone include
aerobic biodegradation (K, 1/d) and hydrolysis (k,, 1/d).

The first-order loss rate due to wind erosion and other surface disturbances (k4
1/d) is applied to the surface layer of thetill zone only and is calculated each year
as an annual average with consideration of losses from an active LAU due to wind
erosion, vehicular activity on the surface of the LAU, and tilling operations. The
particul ate emission loss rate from an inactive LAU includes wind erosion only.
Appendix A outlines the estimation procedures for k.

The annual average infiltration rate (1, m/d) is determined using the method
described in Section 3.2.4 (note that | isthe same asIN in Section 3.2.4) with
consideration of the properties of thetill zone only.

As described in Section 3.4, the topmost soil column layer in the GSCM
developed for the LAU serves as the soil compartment in the watershed/soil
column algorithm (see Figure 3-3). For the purposes of applying the watershed/
soil column algorithm, it is assumed that the appropriate depth for the soil column
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Section 3.0 Local Watershed/Soil Column Module (LAU, Wastepile)

surface layer (dz) is0.01 m. In the LAU module, dz = 0.01 mis used for the entire
till zone.

3.8.3 Initial Conditions

The simulation starts immediately following the first application of waste, at which time
thetill zoneiswell-mixed. Initial conditions are

W Cg, xf

Tlzt=0 Z),
|

(3-64)

where C';, istheinitial total contaminant concentration in the dry waste, calculated by dividing
the total mass-based concentration in the wet waste (input by the user as Cw in FRAMES or
CTPwaste in the LAU code) by sd/100.

During the operating lifetime of the LAU (t < 365y,,), with each application of waste the
initial condition in the till zone is reset to account for the contaminant mass added as well as any
contaminant mass remaining in the till zone from previous applications.

B W>Cg, <t _ )
=+ Cr(Zy ] Xpe) (3-65)

T12t= Zy,

wherej isthe waste application counter index = 1,2,3..., C;* (z,t) (g/m°) is the depth-weighted
average total contaminant concentration at timet averaged over a depth of z, and t,, isthe time
between applications:

365
Loet = N (3-66)
appl
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Section 4.0 Landfill Module

4.0 Landfill Module

4.1 Introduction

The landfill module was devel oped to approximate the effects of the gradual filling of
active landfills. The landfill is divided into equal-volume vertical cells running from the site
surface to the bottom of the landfill, each sized so that they require 1 year to fill. Waste massis
added gradually, forming layers of waste. After 1 year, the cell isfull and the waste is covered
with a clean soil cover (optional). Then the next cell beginsto full, and so on until the landfill
reaches maximum capacity. The landfill module is computationally efficient because only a
single cell is simulated and results are stored. Results for the landfill as awhole are then
obtained by aggregating stored results for asingle cell to account for the time that each cell in the
landfill came on-line. For example, the results for the landfill at the end of year 3 account for the
fact that thefirst cell isat year 3 in the single cell smulation, the second cell filled is at year 2,
and the third, at year 1.

4.2 Additional Assumptions

# Landfill (empty) can be approximated as an excavated volumetric rectangle.
Sinceit isassumed to be below grade, it is also assumed that no contaminant mass
islost due to runoff and erosion. (The runoff curve number parameter, CN, is set
to approximately 0 to ensure no runoff.)

# Landfill waste, cover, and subsoil (or liner) below are divided into vertical cells
running from the site surface (z = 0) to the bottom of the subsoil zone at z = z,
+z,+z. where z,, z,, and z_ are the thicknesses of the subsoil, waste, and cover
soil zones.

# Each landfill cell can be approximated as a soil column consisting of three
homogeneous zones, as shown in Figure 4-1: soil cover, landfill waste, and
subsoil. Each zone can be approximated as having homogeneous porous media
whose properties are uniform in space and time within the zone but may differ
between zones. The soil cover zone and subsoil zones are optional. The subsoil
zone can be treated as the unsaturated zone or as alandfill liner layer with
properties consistent with those of a homogeneous porous media (i.e.,
impermeable liners are not considered). (Note: As of thiswriting, it has been
decided for HWIR99 purposes that no liner shall be included in the Landfill
module.)




-
<
L
=
-
O
o
(@
L
>
—
- -
o
o
<
<
o
L
2
=

Section 4.0 Landfill Module

Volatilization Volatilization
4 x
\ Volatilization
Cave+ soil ~ ‘t ﬁrﬁculate emission.
]

8 Bia/chemhull ] L
g degmdatioTﬂ io/chemical 1
B radatio. ?

Liner soil Leaching

Leaching Leaching

Figure4-1. Illustration of landfill with six cellsand three waste layers.

# It takes 1 year (365 days) to fill alandfill cell. The areaof alandfill cell (A, M?)
is calculated as follows:

L’

A =
Zw ) pb,w

cell

(4-1)

where L™ (Mglyr) isthe dry bulk waste mass |oading rate adjusted for losses
during the process of unloading waste as in Equation 3-59, and p,,,, (g/cm®) isthe
dry bulk density of waste. The number of full cellsis determined by:

A

(D> D~

®
>

o ey end

Nea = (4-2)

ell runcate

where A (m?) is the area of the landfill.

# It is assumed that afractional cell would contribute little to the total mass flux
rates. Therefore, the landfill area used in the simulation iS (N X Ay)-

# Landfill cells are filled sequentially.

# Incoming HWIR99 waste is at constant contaminant concentration (C',,, H9/Q)
and added at a constant rate (L, Mglyr). C';,, can be adjusted by f,,,, to indicate
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Landfill Module

that the waste entering the landfill consists also of other wastes not containing the
contaminant of interest.

There is no transport laterally between cells.

Waste is added to the landfill cell in layers. A waste layer, for the purposes of the
module, is simply azone wherein initial concentrations are assumed uniform.
Waste layers are conceptualized as being formed over time by the dumping of
loads (e.g., viadump truck) of waste next to one another in the LF cell until
eventually awaste layer of uniform depth is formed. At this point, a new layer is
started. Thetime required to lay down alayer (t,, d) issimply 365/N,, where N,
is the user-specified number of waste layersin alandfill cell. The depth of a
waste layer (d,,, m) is determined by (z,/N,,).

At the start of the landfill cell simulation, one waste layer is assumed present.
After each time period, t,,, another waste layer islaid down until there are N,
waste layers and the landfill cell isfull. At thistime, it isoptionally covered with
clean soil.

The first-order chemical and biological 1oss processesin the entire landfill
including cover soil, waste, and liner material include anaerobic biodegradation
(K4 1/d) and hydrolysis (k,, 1/d).

The first-order loss rate due to wind erosion and other surface disturbances (k4
1/d) is calculated with consideration of losses due to wind erosion, vehicular
activity, and spreading and compacting from an active landfill cell and with
consideration of losses due to wind erosion only from an inactive landfill cell.
Appendix A outlines the estimation procedures for k.

The annual average infiltration rate (1, m/d) is determined using the method
described in Section 3.2.4 (note that | isthe same asIN in Section 3.2.4) with
consideration of the properties of the landfill waste only. | isassumed unaffected
by the possible existence of cover and liner sail (i.e., cover and subsoil are
permeable).

The long-term annual average of the infiltration rate and meteorological
parameters used in the calculation of the k4 (e.9., windspeed) are determined
from the respective time series of annual averages, and the scalar long-term
averages are used in the smulation. Thisresultsin significant computational
savings. With constant infiltration rate and k4 each year, the annual time series
results for all the landfill cells are the same relative to the time they began filling.
As described below, this allows simulation results for a single landfill cell to be
stored and aggregated to get results for the landfill asawhole. It obviatesthe
need to simulate each landfill cell individually.

4-3
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Section 4.0 Landfill Module

# The thickness of the “soil column” layers (dz) in each homogeneous zone (cover
soil, waste, and subsoil) in alandfill cell are determined in the code as afunction
of zone thickness, a limit on the maximum number of “soil column” layers of 100,
and an initial value for dz =0.01 m.

4.3 Landfill Cdl Simulation—First Year

In each filled cell there are three distinct zones, the optional soil cover, the waste zone,
and the optional subsoil zone, where the z axis is considered fixed with z=0 at the landfill surface
(i.e., the cover soil surface, if it exists, or the filled waste zone surface). During the first year,
thereis no cover soil zone. Thereis a subsoil zone and a growing waste zone. By the end of the
first year, the waste zone isfull. The location of the upper boundary is moving as waste layers
areadded. An alternative z-dimension, z”, is defined to identify the position of the upper
boundary relativeto the z-axiswhere z'= 0 at z = z. + (N, - i) d,., wherei =1,2,...N,, the total
number of waste layers. The location z can be determined from z =z"+ z. + (N, - i) dy,

4.3.1 Boundary Conditions

4.3.1.1 Upper and L ower Boundaries. A boundary condition of C;=0 is applied at the
surface of the waste. At the lower boundary (the bottom of the waste zone or subsoil zone, if a
subsoil zone exists), the user-specified boundary condition multiplier (bcm) can be used to
specify the boundary condition as discussed in Section 2.4.

4.3.1.2 Inner Waste/Subsoil Boundary. At the inner waste/subsoil boundary, under the
assumption that the sorptive capacity of the subsoil has been exhausted and that partitioning is no
longer applicable, aboundary condition where the aqueous-phase contaminant concentration
gradient is zero (dC,/dz = 0) should be applied to ensure that dissolved concentrations cannot
increase across the subsoil. Such an increase could occur if massis alowed to diffuse into the
subsoil from the waste zone. Since diffusive flux occursin the aqueous and gas phases only,
dC, /dz = O implies no diffusive flux across this boundary. Thisboundary condition is
approximated in the landfill module by: (1) setting the boundary condition equal to dC,/dz=0 at
the bottom of the waste zone, which prevents diffusive flux from waste to subsoil, and (2)
modeling only advection and decay in the subsoil zone.

With use of these approximations, the existence of a subsoil zone simply shifts the
leachate flux profile by the amount of time required for the contaminant to travel from the top to
the bottom of the subsoil zone. The delay can be calculated in years using (z, K /1/365) where
z, (m) isthe subsoil zone thickness, K, is the dimensionless total/aqueous phase partition
coefficient in the subsoil, and T(m/d) is the long-term average infiltration rate. In addition, with
long delays, if the first-order chemical and biologica decay rate (determined from k,,, +ky,) is
substantial, the peak leachate flux rate will be reduced due to decay in the subsoil zone.

4.3.2 |Initial Conditions

At t = 0, the waste zone has one waste layer at initial concentration and the subsoil zone
isclean:

4-4
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Section 4.0 Landfill Module

CE X b XF o O<z@td,

I
_1 4-3
Cr L= %0 d, <z®£d, +z 9

With the addition of subsequent waste layersat t =i x t,, wherei is the number of layers,
the surface of the waste zone shifts up. Initial concentration in the new waste layer is established
by the bulk waste concentration, and initial concentration in the remainder of the waste zone as
well as the subsoil zone are the modeled concentrations, reassigned to reflect the d,, increment in
waste zone size and the update to z”.

i C& X o Xf o O<z®£d,

i ie =] ’ . : 4-4
CT|Ztli;t—|>t,y,|—l,2,...N,y—l ‘IrCT(Z@- d,, i %) d, < z®Eixd, +2, (4-4)
4.4 Landfill Cell Smulation — After First Year

At the start of the second year, the waste zone is full and the optional cover soil is added.
4.4.1 Boundary Conditions

4.4.1.1 Upper and L ower Boundaries. A boundary condition of C;=0 is applied at the
surface of the waste (or cover sail, if it exists). At the lower boundary (the bottom of the waste

zone or subsoil zone, if a subsoil zone exists), the user-specified boundary condition multiplier
(bcm) can be used to specify the boundary condition as discussed in Section 2.4.

4.4.1.2 Inner Waste/Subsoil Boundary. The waste/subsoil boundary is treated the
same as for thefirst year (see Section 4.3.1).

4.4.1.3 Inner Cover Soil/Waste Boundary. To berigorous, at the inner cover
soil/waste boundary, a boundary condition should be applied where the sums of the advective
and diffusive fluxes on either side of the boundary are equal. However, using the current
solution technique, it is not possible to implement such arigorous boundary condition. Asan
approximation, at the bottom of the cover soil zone, ano diffusive flux (dC;/dz = 0) boundary
condition is applied. At the top of the waste zone, a zero concentration (C; = 0) boundary
condition isapplied. The diffusive flux from the waste into the cover soil zone is added to the
bottom-most soil column layer in the cover soil zone.

This set of boundary conditions allows diffusive transfer of contaminant mass from the
waste to the cover soil. Conversely, advective, but not diffusive, transfer of contaminant mass
from the cover soil to the waste zone is allowed. Use of these conditions would tend to
overestimate contaminant mass | osses from the waste zone into the cover soil zone and
overestimate the volatile emissions.

4-5
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Section 4.0 Landfill Module

4.4.2 |Initial Conditions

The landfill cell isfull and optionally covered. The z dimension and final z” dimension
arerelated by z"=z - z.. Theinitia conditions reflect a clean soil cover and the waste and
subsoil zone concentrations are modeled concentrations that have been reassigned to reflect the
updated z dimension as follows:

0<z£f z

i0
Cle,t=365 _':‘CT(Z' Zc,t) Zc <z£ Zs (4'5)

45 Calculation of Landfill Results

The results for the landfill as awhole are obtained by aggregating the results for the
landfill cell with consideration of the year that each cell came on line. Fluxes are averaged over
the whole landfill area, even when the landfill is not yet full. Soil concentrations are averaged
over thefilled cells only.

4.6 Implementation Algorithm
4.6.1 Overview

An overview of the algorithm implementing the Landfill module is provided in Figure 4-2.
Asfor the local watershed modules, avariable (fadv) is used to track the fraction of massin the
bottom soil column layer that would have convected each computational time step. (For example,
if the computational time step is half of ayear and the convection-based time step is 2 years, a
convection event will occur every 4 computational time steps. At the end of each computational
time step, fadv will be incremented by 0.25). A convection event will occur when fadv is equal to 1
and, when it does, fadv is reset to zero. At the end of the ssimulation (year=NyrMax), if fadv is
greater than zero, M, isincremented by fadv times dz times C; in the lowest layer and C; in the
lowest layer is adjusted accordingly to conserve mass. Leachate flux for the final year isthen
calculated using Equation 2-31. Thus, even if the convection-based time step in yearsis greater
than NyrMax, aleachate flux will be generated in the final year.

4.6.2 Simulation-Stopping Criteria

Aswith the LAU/WP implementation, the single landfill cell ssmulation is stopped when
the contaminant mass in the landfill cell is significantly depleted as defined by the TermFrac
input parameter. At the end of the year in which the contaminant massin the landfill cell isless
than or equal to TermFrac times the maximum contaminant mass in the cell, the simulation is
stopped. (Unlessthe NyrMax parameter is reached first, at which point the smulation is
automatically stopped.) The maximum contaminant mass in the cell is assumed to occur at the
end of thefirst year when the landfill cell isfull and no further contaminant mass will be added
to that cell. (Note: Asof thiswriting, the NyrMax computer memory constraint corresponding to
200 years discussed previously also appliesto the LF.)
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Section 4.0 Landfill Module

4.6.3 Leachate Flux Processing

Asfor the Local Watershed/Soil Column Modules, aleachate flux postprocessing
algorithm for the landfill was developed to account for the fact that leaching occurs gradually
over the time between convective events. The algorithm developed for the landfill differs from
that developed for the local watershed modules to take advantage of the fact that in the landfill
cell, convective events occur at regular intervals since a constant, long-term average infiltration
rate is used every year (versus the variable annual average infiltration rate used in the local
watershed modules).

During the landfill cell simulation, if the convection-based time step in the waste zone is
greater than 1 year, each time a convection event occurs, the mass leached is distributed back
over the appropriate number of years.

(Note: Asof thiswriting, the leachate flux processing algorithm is applicable only when
there is no subsoil zone as currently planned for HWIR99. The algorithm has not yet been
adapted to allow a subsoil zone.)

4.6.4 End-of-Simulation Mass Balance Check

An end-of-simulation mass balance check is performed on the entire landfill results using
procedure similar to that described for the Local Watershed/Soil Column Modules (see Section
3.5.4). Thedifferenceisthat, in the landfill module, the system includes the landfill (and
associated cover and subsoil zones, if present). There are no buffer subareas since the local
watershed is not modeled. Therefore the term fMlost in Equation 3-57 includes only the first four
variableslisted in Table 3-2.

Time series outputs to the various other HWIR99 modules are reported as follows:

# Outputsto Air Module. All annual time series outputs to the Air Module are
reported up to and including the last year that there is nonzero VE or CE. Thus,
the annual time series outputs to the Air Module are al the same length. After
this, all outputsto the Air Module will be zero and are not reported.

# Outputs to Vadose Module. The annual time series of LeachFlux is reported up to
and including the last year that there is a nonzero LeachFlux. Anninfil is reported
from year 1 to the last year that meteorological data are available.

# Outputs to Exposure Modules (Human and Ecological). The annual time series of
CTdaisreported to the last year of nonzero CTda. The sameistruefor CTss.
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Figure4-2a. Landfill module flowchart for an active cell (year 1).
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4.7 Output Summary

Table 4-1 summarizes the outputs of the Landfill Module.

Table4-1. Output Summary for the LF Module

Variable Name?

Documentation Code Definition Units
| Annlnfil Leachate infiltration rate (annual avg., WMU subarea(s) only) m/d
Jool VE Volatile emission rate g/m?/d
VEYR Year associated with output Year
VENY Number of years in outputs Unitless
CE30 CE Constituent mass emission rate-PM, g/m?/d
h CEYR Year associated with output Year
z CENY Number of years in outputs Unitless
m E30 PE30 Eroded solids mass emission rate-PM,, g/m?/d
PE30YR Year associated with output Year
E PE30NY Number of years in outputs Unitless
: pmf PMF Particulate emission particle size distribution Mass frac.
u. PMFYR Year associated with output Year
PMFNY Number of years in outputs Unitless
o Jieh LeachFlux Leachate contaminant flux g/m?/d
n LeachFluxYR | Year associated with output Year
LeachFluxNY | Number of years in outputs Unitless
m C; CTss Soil concentration in surface soil layer ug/g
> CTssYR Year associated with output Year
H CTssNY Number of years in outputs Unitless
: C; CTda Depth-weighted average soil concentration (from zava to zavb) | ug/g
u CTdaYR Year associated with output Year
CTdaNY Number of years in outputs Unitless
ﬁ SrcSoil Flag for soil presence (true) Logical
q SrcOvl Flag for overland flow presence (false) Logical
SrcLeachMet Flag for leachate presence when leachate is met-driven (true) Logical
ﬂ SrcLeachSrc Flag for leachate presence when leachate is not met-driven Logical
n (false)
SrcVE Flag for volatile emissions presence (true) Logical
m SrcCE Flag for chemical sorbed to particulates emissions presence Logical
(true)
m SrcH20 Flag for surface water presence for eco-exposure (false) Logical
:‘ NyrMet Number of years in the available met record Unitless

2 Where the variable name is used in the code but not in the documentation, the first column is left blank.
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Appendix A

Symbols, Units, and Definitions

(Symbolslisted in Tablesin Appendix A, Particulate Emission Equations are not repeated here.)

Table A-1. Symboals, Units, and Definitions

Symbol Units Definition

n; total porosity where j is a subscript indicating waste, w; waste/soil mixture in
the till zone, till; and soil, s.

j—

=

L

=

-

U n total porosity

o 0, soil volumetric air content

n 0, soil volumetric air content where j is a subscript indicating waste, w;
waste/soil mixture in the till zone, till; and soil, s.

g 0., soil volumetric water content

—d O soil volu.metr.ic Watgr contgnt where.j is a sub_script indicating waste, w;

: waste/soil mixture in the till zone, till; and soil, s.

u Op g/cm?® soil dry bulk density. Same as m2. (Note: g/cm® =Mg/m?®)

m Pbj g/cm? er bul_k density _wherej is_a subscript indicating waste, w; waste/soil mixture
in the till zone, till; and soil, s.

q Pou™ | g/lcm? wet bulk density of LAU waste

¢ A m? area of WMU

n Acan m? surficial area of vertical landfill cell

m a 1/d calculated parameter (equation 3.4.2-3b) for subarea i

g bcm lower coil column boundary condition multiplier

(continued)
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Table A-1. (continued)

Symbol Units Definition
b; 1/d calculated parameter (equation 3.4.2-3c) for subarea i
C'y ny/g total mass-based contaminant concentration in dry soil
C'rw ny/g total mass-based contaminant concentration in incoming dry waste
Cyi g/m? contaminant concentration in surface soil grid space in subarea i (equivalent
to C;)
Cs g/m? contaminant concentration in gaseous phase in soil
C. g/m? contaminant concentration in aqueous phase in soil
c™ gm? contaminant agueous solubility
h CN unitless SCS runoff module Curve Number parameter
E Cs ny/g contaminant concentration in adsorbed phase in soil
E (G0 I kg cumulative soil load leaving subareai, day t
: Cr g/m? total volume-based contaminant concentration in soil
U Cn g/m? initial total volume-based contaminant concentration in soil
o dy; m’/d calculated parameter (equation 3.4.2-5b) for subareai
a dy; m3/d calculated parameter (equation 3.4.2-5¢) for subarea i
D, cm?/s diffusivity in air
g D¢ m?/d effective diffusivity in soil
(= DI m?/d effective diffusivity in soil air
: De. m?/d effective diffusivity in soil water
u Df fraction of original mass in soil column grid space that diffuses past a
m boundary in time, t.
q Df, fraction of original mass in soil column grid space that remains after time, t.
dyy m thickness of one LF waste layer in LF cell
E DRz cm depth of the root zone
m d, m thickness of soil in unmixed LAU till zone
m dt d length of time step in GSCM solution algorithm
: d, m thickness of waste in unmixed LAU till zone

(continued)
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Table A-1. (continued)

Symbol Units Definition

D, cm?/s diffusivity in water

dz m soil column grid size in GSCM solution algorithm

ER; unitless erosion chemical enrichment ratio for subarea i

ET:, cm/day evapotranspiration from root zone on day t for subarea i

FC, cm soil moisture field capacity for subarea i

foc organic carbon fraction in soil

foc; organic carbon fraction where j is a subscript indicating waste, w; waste/soil

mixture in the till zone, till; and soil, s.

fwmu fraction of HWIR99 waste of concern disposed in WMU

h m height of wastepile

H” dimensionless Henry's Law constant

I m/d average annual water infiltration rate

IN; cm/day daily infiltration for subarea i, day t

N g/m?/d annual average leachate flux at lower soil column boundary

Juol g/m?/d annual average volatilization flux at upper soil column boundary
k 1/d total first-order loss rate

Kpu,i m/d first order rate constant due to burial/erosion for subarea i

K,y cm®/g soil-water partition coefficient

K; 1/d annual average first order loss rate due to process j, where j indicates

hydrolysis, h; aerobic biodegradation, ae; anaerobic biodegradation, an;
storm events in subarea i, ev,i; and wind/mechanical activity, wd.

Koe cmilg equilibrium partition coefficient normalized to organic carbon
Keat cm/hr saturated hydraulic conductivity
KqL equilibrium distribution coefficient between the total (g/m?) and aqueous

phase (g/m®) contaminant concentrations in soil

L Ma/yr bulk waste mass loading rate into WMU
Id;, g/m¥/d run-on load to subarea i from subarea i-1
L” Ma/yr bulk waste loading rate adjusted for mass losses due to unloading
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Table A-1. (continued)

Symbol Units Definition
m1; g/m3 suspended solids concentration in runoff water, subarea i
m g/m2 total amount of material from soil column grid space that has passed a
boundary at time, t
\Y/ g/m? total mass in soil column at start of year
Mcoi2 g/m? total mass in soil column at end of year
M, g/m? annual contaminant mass loss due to processi, wherei is a subscript
indicating:
# total diffusive loss at the surface, 0;
h # gas phase diffusive Ipsses (volati_lizati_on) at th(_e surface, vol;
# aqueous phase leaching due to diffusion, Ichd;
z # aqueous phase leaching due to advection, Icha;
m # first order loss process j where j is as defined in k;.
E M, g/m? annual mass added to soil column
: Mo o/m? annual mass removed from soil column
U Nappl 1ly number of LAU applications per year
o Neen -- total number of annual cells ina LF
a Ny, total number of grid spaces of depth dz in soil column
m Ny, assumed number of waste layers in LF cell
> PET,; cm/day potential evapotranspiration for day t
= P, cm total precipitation on day t
: Qi m3/day runoff flow volume (water only) leaving subarea i, day t
u Qi m3/day total runoff flow volume (including solids) leaving subarea i, day t
ﬁ Rappl Mg/m?y | LAU waste application rate
q Sd unitless sediment delivery ratio for subarea/watershed i
ﬂ RO;, cm stormwater runoff depth leaving subarea i, day t
n sd w/w, % | weight percent of solids in raw waste applied to LAU
m SM, unitless soil-specific exponent in equation (2.3-1)
m SM;, cm soil moisture in root zone at end of day t for subarea i
:' t d time since start of simulation

(continued)
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Table of Symbols, Units, and Definitions

Table A-1. (continued)

Symbol Units Definition

toet d time between WP refresh or LAU waste application

ty, d time required to lay down one layer in LF cell

vb; m/d burial/erosion velocity for subarea i

vd; m/d diffusive exchange velocity between runoff and surficial soil
VI, m/d stormwater runoff resuspension velocity for subarea i

C/ g/m? depth-weighted average C at time, t

Ve m/d effective solute velocity in soil

W Mg/m? average mass of waste added per LAU application

WP; cm soil moisture wilting point for subarea i

Yop yr last year of operation of LAU or WP

z m distance down from soil surface

Z. m thickness of LF cover soil

Z m thickness of LF subsoil or liner

Ze m total depth of soil column

Zan m distance from soil surface to bottom of LAU till (mixing) zone
Z, m total thickness of LF waste zone (at capacity)
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Appendix B Determination H", Da, and Dw for Organic Compounds

Appendix B

Determination H”, D,, and D,,
for Organic Compounds and Outputs

B.1 Introduction

For organic compounds, the dimensionless Henry’ s law coefficent (H") and air and water
diffusivities (D, and D,,, cm?/s, respectively) are calculated as a function of system temperature
given user-input reference values and temperatures. H™ is determined from the dimensionless
Henry’s Law Coefficient (H™") at temperature T, (K). D, and D,, are determined from air (D,)
and water (D,,) diffusivities (cm?/s) at temperature t', (°C). The methodologies used are
described in this Appendix. Here, the convention is used where T is temperature in Kelvin and t
istemperature in degrees centigrade.

B.2 Air Diffusivity (D,)

The reference air diffusivity (D,) is adjusted using the following equation which was
derived from the Fuller, Schettler, and Giddings (FSG) Method for estimating air diffusivities of
organic compoundsin Lyman et al. (1990, Eq. 17-12):

o - Dr l 175
T

a a

(B.2-1)

In the module, D, is converted from cm?/s to m?d by multiplying by 8.64.

B.3 Water Diffusivity (D,

The reference water diffusivity ( D,," ) is adjusted using the following equation which was
derived from the Hayduk and Laudie Method for estimating water diffusivities of organic
compoundsin Lyman et a. (1990, Eq, 17-24):

B-3
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Appendix B Determination H", Da, and Dw for Organic Compounds

~ n(to) o

Dl pr B.3-1
Y0 (B-31)

where n,, (cp) isthe viscosity of water as a function of temperature, t, in degrees centigrade, t' is
the temperature for which D, was specified. Vauesfor n, are provided in the program and
were obtained from Lyman at al. (1990, Table 17-7) for t=0 to 30°C in one degree increments. In
the module, D, is converted from cm?/s to m?d by multiplying by 8.64.

B.4 DimensionlessHenry’'sLaw Coefficient (H")

The algorithm used to adjust the dimensionless Henry's law coefficient, H", as a function
of temperature, T, is based on the Claussius-Clayperon equation and consideration of
temperature effects on solubility (Dzombak et al., 1993) and is presented below:

(B.4-1)

;
H, _ le'eX AHv(TH) B AHv(-r)
RT, RT

where H" isthe dimensionless Henry’ s law coefficient at reference temperature T," (K), Risthe
gas constant (1.9872 cal/mol-K), and AH,(T) (cal/moal) isthe molar heat of vaporization as a
function of temperature T (K). AH,(T) isestimated using Eq. 13-21 and Table 13-7 in Lyman et
al. (1990):

n

AH. = aH | 2T (B.4-24)
VoV LT T, '
where
Tb
0.30 b < 057
TC
Tb Tb
n=1{ 074 =2| - 0116 057<—2 < 0.71 (B.4-2b)
TC TC
Tb
0.41 b 5071
TC

B-4
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Appendix B Determination H", Da, and Dw for Organic Compounds

where T, (K) isthe critical temperature and T,(K) is the boiling point of the compound of interest
AH,; (cal/mol) isthe molar heat of vaporization at the normal boiling point and is estimated
using the method of Haggenmacher (Lyman et al., 1990, Section 13-5):

2.303 B R T,2 (z,-2)

VB (t+O)2 (B.4-39)
b
where
1 i (B.4-3b)
z,-7 = - 4-
9 (T/T)?

where T, (K) isthe critical temperature, P, (atm) is the critical pressure, B (°C or K) and C (°C).
are Antoine's constants. Antoine's constants have been cal culated for many compounds,
especially hydrocarbons, and are tabulated in the literature (e.g., Reid et al., 1977 ). Some caution
isrequired in specifying values for the Antoine’ s constants, because in some tabulations, the
conversion factor to natural log (2.303) isincluded in the value of B. To check, if the value for
methane is 405.42 (°C or K) use the valuesfor B directly. If itisabout 930 (°C or K), divide al
values given for B by 2.303. Also, if Antoine's constants are presented in the literaturein K, B
should not be changed and C should be converted to °C by adding 273.2. Note that thisis not the
usual way to convert from K to °C, but is necessary to maintain the constancy of the term

B/(t+C) in Antoine's relationship since temeperature,t, is assumed to bein °C.

In the code, if T, isunavailable, T, isestimated as 1.5Tb (Lyman et al., 1990, p. 14-13).
If P, isunavailable, but B and C are available, (z,-z) is approximated as one (Lyman et al., 1990,
Table 14-6). If B and C are unavailable, Trouton's rule is used to estimate AH,; (Lyman et a.
(1990):

AHyg = 21 Ty (B.4-4)

mole-K
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B.5 References

Dzombak, D. A., Fang, H., and Roy, S. B. (1993). ASDC: A microcomputer-based program for
air stripper design and costing (CE Report No. 92-204). Department of Civil Engineering,
Carnegie Méellon University, Pittsburgh, PA.

Lyman, W. J., Reehl, W. F., and Rosenblatt, D. H. (1990). Handbook of Chemical Property
Estimation Methods . Washington, DC: American Chemical Society.

Reid, R. C., & Sherwood, T. K. (1977). The Properties of Liquids and Gases, 3rd Ed. New Y ork:
McGraw-Hill Book Co.

B-6



Appendix C

Particulate Emission Equations

-
<
L
=
-
O
o
(@
L
>
—
- -
O
o 4
<
<
o
Ll
2
=




ININWND0A IAIHDOYEY vYd3 SN



-
<
L
=
-
O
o
(@
L
>
—
- -
o
o
<
<
o
L
2
=

Appendix C Particulate Emission Equations

Appendix C

Particulate Emission Equations

C.1 Introduction

The nonwastewater source modules have been designed to provide estimates of the
annual average, area-normalized emission rate of contaminant mass adsorbed to particulate
matter less than 30 um in diameter, CE30 (g of contaminant/m?/d), as well as annual average
particle size distribution information in the form of the mass fractions of the total particulate
emissionsin four aerodynamic particle size categories—30 to 15 pm, 15 to 10 um, 10 to 2.5 pm,
and <2.5 um.

A variety of release mechanisms are considered. The inventory of release mechanisms
considered is different for each WMU, but includes, in general, wind erosion, vehicular activity,
unloading operations, tilling, and spreading/compacting operations. The mechanisms considered
for each WMU are summarized in Table C-1.

This appendix describes the algorithms and assumptions used to estimate annually for
each mechanism of release:

# E30. (g of particulates < 30 um in diameter/m?/d), the annual average PM,
emission rate due to release mechanism i, where mechanisms of release
considered for each WMU are summarized in Table C-1

# Particle size range mass fractions, the mass fractions of E30, in the aerodynamic
particle size categories identified above.

For each WMU:

# +E30, (g/m,/d), the total annual average PM,, emission rate dueto all release
mechanisms

# Annual average particle size range mass fractions of the total annual average PM,,
emission rate

C-3
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Table C-1. Summary of Mechanisms of Release of Particulate Emissionsfor Each WMU

WMU Type*P
LAU LF cell® WP
E30, Algorithm
Mechanism of Release | Subscript | Active | Inact. | Active | Inact.? | Active | Inact. Reference
Wind erosion from open wd X X X X Cowherd et
area a. (1985)
Wind erosion from wp X X U.S. EPA
wastepile (1985)
Vehicular activity ve X X X U.S EPA
(1995)
Unloading un X X U.S. EPA
(1995)
Spreading/compacting or sc X X X U.S. EPA
tilling (1985)

& X = Mechanism of release is considered in modeling the WMU.
® Active = Operating WMU.
Inact. = Inactive WMU where no additional contaminant massis being added.
¢ For adescription of how results for whole LF are obtained from LF cell results, see Section 4.5.
4 Inactive (full) and uncovered landfill cell. Assume no emissions from a covered LF cell.

# CE30 (g/m?/d), the annual average emission rate of contaminant as PM,

# Annual average first-order loss rate from the soil surface due to contaminant mass
losses caused by particulate emissions, k4 (1/d).

C.2 Particulate Emission Rate (E30) Algorithms and Particle Size Range
Mass Fractions

C.21 Wind Erosion from Open Fields (E30,,)

The algorithm for the estimation of PM ;, emissions due to wind erosion from an open
field is based on the procedure devel oped by Cowherd et al. (1985). It was adapted for
implementation in a computer code and is presented in detail here. E30,,is estimated in the
LAU and LF source emission modules. The user-specified input parameters are summarized in
Table C-2.

To account for the fact that active and inactive WMUSs can differ in the degree of
vegetation (veg’), surface roughness height (z',), and frequency of disturbances per month (fd"),
different values are assigned to these parameters in the equations presented below according to
whether the WMU is active or inactive. The value assignments are summarized in Table C-3
where veg, z,, and fd are user input values.
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Table C-2. Input Parameter Units and Definitionsfor E30,4

Symbol | Units | Definition

asdm mm Mode of the aggregate size distribution

Lc Ratio of the silhouette area of roughness elements too large to be included
in sieving to total base area

veg Fraction of surface covered with vegetation (inactive WMU)

z cm Surface roughness height (inactive WMU)

S w/w, % | Silt content of surface material

u* m/s Observed or probable fastest mile of wind between disturbances

PE Thornthwaite Precipitation Evaporation Index

u m/s Mean annual windspeed

p diyr Mean number of days per year with >0.01 in precipitation

fd 1/mo Frequency of disturbance per month where a disturbance is defined as an
action that exposes fresh surface material (inactive WMU)

Table C-3. Active/lnactive WMU Assignments for

veg', Z,, fd
Symbol Units Active WMU Inactive WMU
veg’ 0.0 veg
zZ, cm 1.0 z,
fd’ 1/mo fd 0.0

Step 1. Calculate U.,

Calculate the threshold friction velocity, U., (m/s), the threshold windspeed for the onset
of wind erosion:
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U, = 0.650-cf-(asdm)®** (C-19)
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Appendix C Particulate Emission Equations

where

-4
o - {1.0 Lc<2x10 (C-1b)

1.05 + 50.18Lc - 647.89Lc? + 6863.50Lc? 2x10 “<Lc<1x10?t

Table C-2 provides definitions of asdm and Lc. Lc ismeasured by inspection of a
representative 1-m? transect of the site surface. Lc can range from zero to 0.1. High Lc (>2x10)
increases the threshold friction velocity, which results in arelatively low or zero particul ate
emission rate due to wind erosion. Low Lc (<2x10*) isindicative of a bare surface with
homogeneous finely divided material (e.g., an agricultural field). Such surfaces have arelatively
low threshold friction velocity and increased particulate emissions. Equations (C-1a) and (C-1b)
were derived from Cowherd et a. (1985, Figures 3-4 and 3-5).

Step 2: Calculate U,
U, (m/s) isthe threshold wind velocity at aheight of 7.0 m (7.0 misthe typica weather

station anemometer height). It is calculated using Cowherd et al. (1985, Equation, 4-3, with z =
700 cm):

u 700
U = — In| == 7 <700 3
04 ( z’o) 0 (C-2)

where Z', is the roughness height in cm. Valuesfor z', for various surface conditions are
provided in Cowherd et al. (1985, Figure 3-6).

Step 3. Calculate E30,4

E30,,, isthe annual average emission rate of particulate matter less than 30 pmin
diameter per unit area of the contaminated surface. Note that the methodology developed in
Cowherd et al. (1985) was developed for estimation of emission rate of particulate matter less
than 10 pm (or E10,,4). E30,,, can be approximated from E10,,, with knowledge of the ratio
between PM,, and PM,, for wind erosion. Cowherd (1998) advises that a good first
approximation of thisratio is provided by the particle size multiplier information presented in
U.S. EPA (1995) for wind erosion from open fields where PM,/PM ,, is equal to 2. Therefore, a
factor of 2 has been incorporated into Cowherd et al.’s (1985) equations for E10,,4to allow
estimation of E30,.

For sites with limited erosion potentia (U., > 0.75 m/s)

The following equation was derived by using Cowherd et al. (1985, Equations 4-1 to 4-3),
applying afactor of 2 as discussed above and converting units to g/m?/d :

C-6



-
<
L
=
-
O
o
(@
L
>
—
- -
o
o
<
<
o
L
2
=

Appendix C Particulate Emission Equations

11.12(U "-U)(1-veg)fd" 24

B304 - (PE/50)? 10°
0 U<y,

U U, (C-3)

Data for mean annual U" and PE for |locations throughout the United States can be found in
climatic atlases (e.g., U.S. Department of Commerce, 1968) and Cowherd et al. (1985,
Figure 4-2), respectively. Cowherd et al. (1985) advise that, in the worst case, fd should be
assumed to be 30 per month.

For sites with unlimited erosion potential (U., < 0.75 m/s)

When U,, islessthan 0.75 m/s, the site is considered to have unlimited erosion potential
and E30,,4 is calculated using Cowherd et al. (1985, Equation 4-4) with afactor of 2 applied as
discussed above.

3
E30,, = 0.072 (1-veg) [Ui) 9(x) - 24 % (C-43)
t
where
Ut
X = 0.886 —t (C-4b)
u
1.01 0<x<05
22 - 0.6x 05<x<1.0
909 =1 29 - 1.3x 1.0<x< 2.0 (C-40)

0.18 (8x3 + 12X) exp(-x?) x>2.0

where g(x) was derived from Cowherd et a. (1985, Figure 4-3). Datafor u for locations
throughout the United States can be found in climatic atlases (e.g., U.S. Department of
Commerce, 1968).

Step 4: Apply Particle Size Range M ass Fractions

Particle size range mass fractions allow estimation of the fraction of the PM,, emitted that
isin specific size fractions. As mentioned above, Cowherd (1998) suggests using the particle

C-7
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Appendix C Particulate Emission Equations

size multipliers provided for wind erosion from industrial fieldsin U.S. EPA (1995). The U.S.
EPA (1995) distribution was adapted to get the fraction of the emissions in the designated size
categories as presented in Table C-4.

Table C-4. Aerodynamic Particle Size Range Mass Fractions for E30,,4 and E30,,,

30 pum -15 pm 15 pm -10 pm 10 pm -2.5 um <2.5um

04 0.10 0.3 0.2

C.2.2 Wind Erosion from Wastepiles (E30,,)

The equation used in the WP module to estimate E30,,, (¢/m?/d), the annual average
PM ,, emission rate per unit area of contaminated surface due to wind erosion, is an adaptation of
the empirical equation developed for total suspended particulate matter (TSP) (kg/d/hta)from
active sand and gravel wastepilesin U.S. EPA (1985, referred to here as AP42; see Equation 3,
p. 11.2.3-5). (TSP is defined as what is measured by a high-volume sampler, and the effective
cutoff commonly assigned to standard high-volume samplersis 30 um [U.S. EPA, 1985]. Here,
units are converted to g/m?/d and a dust control efficiency factor, eff ., is added.

0°g ha

a5, 02865~ poaefwo N
kg 10*°m?

=0 =19 15 235 w8150

X1 ff,) > 9

Parameter definitions are provided in Table C-5. It should be noted that a more recent
version of AP42 (U.S. EPA, 1995) recommends the use of an event-based algorithm for
estimating wind emissions from awastepile. The updated algorithm was evaluated for usein
HWIR99, but it was determined that it requires detailed site-specific information unavailable in
the HWIR99 analysis. It should be noted that the algorithm used here will tend to overestimate
emissions relative to the event-based algorithm (Meyers, 1998).

The particle size range mass fractions for E30,,, are provided in Table C-4. These arethe
particle size multipliers provided in U.S. EPA for wind erosion from open industrial area.
Cowherd (1998) suggests that it is an appropriate first approximation to use the same particle
size multipliers for E30,,, here, but cautions that the mass fraction in the <2.5 category islikely to
be an overestimate.

C-8



-
<
L
=
-
O
o
(@
L
>
—
- -
o
o
<
<
o
L
2
=

Appendix C Particulate Emission Equations

Table C-5. Parameter Unitsand Definitionsfor E30,,

Symbol | Units | Definition

Sy w/w, % | Silt content of waste?
p diyr Mean number of days per year with 0.01 in. precipitation
fw % Mean annual percentage of time that unobstructed windspeed exceeds 5.4

m/s (12 mph) at mean pile height

eff g Dust suppression control efficiency (0, no control; 1, total control)

2 Silt is defined as particlesless than 75 pm in diameter. Silt content is determined by the percent of
loose dry surface material that passes through a 200-mesh screen using the ASTM-C-136 method
(U.S. EPA, 1985).

C2.3 Vehicular Activity (E30,,)

To estimate E30,, (9/m?/d), the quantity of particulate emissions from vehicular travel on
the surface of the WMU, the following equation was used:

.. .. 0.7 ,.05 ..
E30, =1362> EYSUBWO WO 8805- PO 1 eff, )™ (co)
el2pd48;p?2.7g ed4 g € 365 g A

where parameter definitions are provided in Table C-6. Equation A-6 was derived from an
empirical equation presented in U.S. EPA (1995; Equation 1, p. 13.2.2-1) for the kilograms of
size-specific particulate emissions emitted per vehicle kilometer traveled on unpaved roads. (In
this application, the EPA parameter “fraction of waste on unpaved roads’ is one sincetravel ison
the surface of the WMU.) Thefirst six terms of Equation C-6 are equivalent to the U.S. EPA
(1995) equation after application of the 0.80 particle size multiplier for PM,,. EPA's equation
has been adapted here to provide emissions normalized to the contaminated surface area and to
account for the control of emissions with adust control efficiency factor of eff .

The particle size multipliers for E30,, are presented in Table C-7. These have been
adapted for the size categories of interest in the HWIR99 analysis from the particle size
multiplier information presented in U.S. EPA (1995).
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Appendix C Particulate Emission Equations

Table C-6. Parameter Unitsand Definitionsfor E30,,

Symbol Units Definition

S wiw,% Silt content of roadway (4.3-20)%°

Vs km/h Mean vehicle speed (21-64)

ww Mg Mean vehicle weight (2.7-142)

nw — Mean number of wheels per vehicle (4-13)

nv 1/d Mean annual number of vehicles per day

eff g — Dust suppression control efficiency

A m? Contaminated surface area

mt m Meters traveled per vehicle (nv) on contaminated surface
p dly Mean number of days per year with 0.01 in precipitation

& Siltisdefined as particles less than 75 pm in diameter. Silt content is determined by the percent of loose dry
surface material that passes through a 200-mesh screen using the ASTM-C-136 method (U.S. EPA, 1985).

® Valuesin parentheses are the ranges of source conditions that were tested in developing the U.S. EPA (1995,
Equation 1, p. 13.2.1-1).

Table C-7. Aerodynamic Particle Size Range Mass Fractionsfor E30,,

30 um -15 pm 15 pm -10 pum 10 pm -2.5 pm <2.5um

0.38 0.17 0.33 0.12

C.2.4 Unloading Operations (E30,,)

The equation for estimating E30,,, (¢/m?/d), the PM,, emission rate due to unloading
operations at wastepiles and landfills, was adapted from U.S. EPA. (1995, Equation 1,
p. 13.2.4-3). The EPA equation was adapted by multiplying it by the average annual loading rate
(L, Mglyr), normalizing the emissions for the contaminated surface area, and applying the
particle size multiplier for <30 pm.
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E30,  =(0.0012) x X— % C-7
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Appendix C Particulate Emission Equations

Parameter definitions are provided in Table C-8. The particle size range mass fractions
were developed from information provided in U.S. EPA (1995) and are presented in Table C-9.

Table C-8. Parameter Unitsand Definitionsfor E30,,

Symbol Units Definition
u m/s Mean annual wind speed (0.6-6.7)
mcW volume % Waste moisture content (0.25-4.8)
L Mglyr Annual average waste loading rate

Note: Valuesin parentheses are the ranges of source conditions that were tested in developing the
U.S. EPA (1995) equation.

Table C-9. Aerodynamic Particle Size Range Mass Fractionsfor E30,,

30 um -15 pm 15 um -10 um 10 pm -2.5 um <2.5um

0.35 0.18 0.32 0.15

C.2.5 Spreading/Compacting or Tilling Operations (E30,,)

Asin HWIRO5, the equation for estimating E30,, (g/m?/d), the rate of PM,, emissions due
to spreading and compacting or tilling operations, was adapted from an equation in U.S. EPA
(1985, Equation 1, p. 11.2.2-1) that was developed for estimating emissions due to agricultural
tilling in units of kilogram of particul ate emissions per hectare per tilling (or spreading/
compacting) event. Thefirst two termsin Equation C-8 represent the EPA equation with the
particle size multiplier for <30 um applied.

10°g  ha

E30,, - (L77) S°®N,- o o

(C-8)

Parameter definitions are provided in Table C-10. The particle size range mass fractions
were developed from information provided in U.S. EPA (1985) and are presented in Table C-11.

C.3 Particle Size Range Mass Fractionsfor Total PM ;) Emission Rate

Particle size range mass fractions characterizing the total annual average PM,, emission
rate (E30, summed over all applicable mechanisms) is determined annually by applying the
mechani sm-specific mass fractions to the E30, estimates to obtain size-specific emission rate
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Appendix C Particulate Emission Equations

Table C-10. Parameter Unitsand Definitionsfor E30,

Symbol | Units Definition

S wiw, % | Silt content of surface material (1.7-88)"

Nop® 1/d Number of tilling (or spreading and compacting) operations per day
feult Number of cultivations per application

& Siltisdefined as particles less than 75 um in diameter. Silt content is determined by the
percent of loose dry surface material that passes through a 200-mesh screen using the
ASTM-C-136 method (U.S. EPA, 1985).

® Valuesin parentheses are the ranges of source conditions that were tested in developing the
U.S. EPA (1985) equation.

¢ For the LAU, Nop = (Nappl/365 x fcult).

Table C-11. Aerodynamic Particle Size Range Mass Fractionsfor E30,,

30 um -15 pm 15 um -10 um 10 pm -2.5 um <2.5um

0.24 0.12 0.34 0.30

estimates E;; (g/m*/d) where subscript j identifies the particle size range (j= 1 indicates 30-15
pm; 2, 15-10 um; 3, 10-2.5 um; and 4, <2.5 um). Thetotal particle size range mass fraction,
pmf;, is calculated as:

> E,

mf. =
b ) E30,

(A-9)

C.4 Annual Average Constituent Emission Rate (CE30) Equations

The amount of mass lost due to wind and mechanical disturbances, M., (9/m?),
estimated using Equation 2-24 and accumulated throughout the simulated year is used to estimate
CE30 (g/m?/d), the annual average, area-normalized emission rate of contaminant mass adsorbed
to particulate matter less than 30 um in diameter.

M
CE30 - ;gséwd (A-10)
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Appendix C Particulate Emission Equations

Equation A-10 is directly applicable to the LAU during both the inactive and active years,
the WP during the inactive years, and the inactive (full) LF cell. For thefirst year of the LF cell
and the active years of the WP, the raw waste |osses due to particulate emissions during
unloading waste are added to the CE30 estimate. The increment is equal to

+E30un- C'TW-meu-lo’s& (A-11)
' Hg

C.5 Estimation of First Order Loss Rate (k)

An equation for k,, was derived by performing a mass balance on the surface layer of the
“soil” column to a depth of dz (the depth of the surface soil column cell) and considering losses
due to wind and mechanical activity only:

oC,
= MCr (A-12)

where:

1 Kd g i
K = ___Z E30. i un A-13
©odz Ky 10fug T A

The processes indicated by subscript i that are included for each WMU are summarized in Table
C-1. Only processes acting on the surface layer are included in the summation of E30.
Therefore, the unloading of raw waste (i=un) is excluded.
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