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An Analytical Modeling Approach for Evaluation
of Capping of Contaminated Sediments

DAVID J. LAMPERT AND DANNY REIBLE

Department of Civil, Architectural, Environmental Engineering,
The University of Texas at Austin, Austin, TX, USA

An analytical design tool is developed to predict performance of a cap for containment
of contaminated sediments. Transient conditions within a cap can be modeled by ad-
vection, diffusion, and reaction within the typically homogeneous chemical isolation
layer for which analytical models exist. After contaminant penetration of the chemical
isolation layer, a steady state model is proposed that incorporates pore water advection
and diffusion, sediment erosion and deposition, sediment re-working and pore water
pumping via bioturbation, and reaction. The steady state model allows the complexities
of the biologically active layer to be considered while maintaining an analytical form
for convenient and rapid evaluation. In this paper; the model framework, behavior, and
limitations are presented.

Keywords Capping, contaminated sediments, modeling

Introduction

Remediation of contaminated sediments is one of the most challenging problems in en-
vironmental engineering today. One of the primary risks associated with contaminated
sediments is bioaccumulation in benthic organisms, which is a route of entry into the food
chain. Thus an important goal of sediment remediation is reducing concentrations to these
organisms.

Few alternatives exist for management of contaminated sediments. One promising
technology for reducing exposure and risk to contaminated sediments in situ is through
the use of capping with clean media. Capping with clean media has been shown to reduce
surficial sediment concentrations in the lab and to agree well with traditional mass trans-
port models (Thoma et al., 1991). In a field study, Azcue et al. (1998) found that the flux
of metals was reduced significantly one year after capping. Zeman and Patterson (1997)
discuss the successful implementation of a sand cap in Hamilton Harbor, Ontario, Canada.
A capping project in the St. Paul Waterway near Tacoma, Washington, successfully demon-
strated habitat restoration (Parametrix, 1998). Ten years of monitoring showed minimal
cap disturbance and the ability of capping to contain contaminants. As an added benefit,
sand capping restored shallow-water habitat that had been reduced by 90% over the past
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100 years. Simpson et al. (2002) found that capping was successful at reducing metal fluxes,
particularly due to organism-induced mixing (bioturbation) in the clean cap material rather
than in the sediments.

The primary purposes of a cap over contaminated sediments are:

1. Armoring contaminated sediments to ensure they are not re-suspended in high flow
conditions.

2. Physically isolating contaminated sediments from benthic organisms that typically pop-
ulate only the upper few cm of sediment.

3. Providing resistance to transport processes that result in chemical release from the
sediments.

Because many sediment contaminants are highly sorptive, their migration through a
cap can be retarded due to accumulation on the clean cap material. A portion of the cap
is typically compromised by the following processes: intermixing between sediment and
the lower layer of the cap, expression of contaminated pore water by consolidation of
underlying sediment, and bioturbation (organism-related mixing) of the near surface layer.
The remaining layer is termed the chemical isolation layer. It has been estimated that
the time for typical sediment contaminants to migrate through strongly sorbing chemical
isolation layers may be hundreds or thousands of years (Murphy et al., 2006). For other
less sorbing caps where the breakthrough time is shorter, capping can serve as a mass
transport resistance to reduce the steady state flux and surficial concentrations near the
sediment-water interface.

Evaluation and design of sediment caps require a model to predict the relationship
of design parameters to chemical fate and transport processes that take place within the
contaminated sediment cap containment system. Chemical migration in porous containment
layers can be estimated using a transient advection-diffusion model as described by Bear
(1972). For example, numerous approaches to the transport of contaminants through soil
containment layers have been presented (e.g. Rowe and Booker, 1985; Rubin and Rabideau,
2000; Malusis and Shackelford, 2002). The majority of this work has been applied to soil
slurry liners, which differ from sediment caps in several important ways.

The top of the sediment cap (hereafter referred to as the bioturbation layer) is subject
to significantly different transport processes and rates than in the underlying cap layer and
may exhibit significantly different physical and chemical characteristics, such as increased
organic carbon content and sharp gradients in redox conditions. The organisms that reside
in this zone also re-work sediment particles; this process significantly affects chemical
transport. It is also within this zone that chemical reactivity is highest due to the exchange
of nutrients, labile organic matter, and electron acceptors with the overlying water. The
thickness of the cap may increase due to deposition or decrease due to erosion. Finally,
mass transport at the sediment-water interface requires different boundary conditions than
those used in soil slurries due to the presence of turbulent motion in the overlying surface
water.

The EPA has provided guidance for in situ cap design (Palermo et al., 1998). The
important considerations for cap design are minimizing erosion, reducing contaminant flux
to biological receptors, and providing appropriate thickness to account for consolidation
of the surficial sediments. The EPA guidance document presents a simplistic approach for
evaluating contaminant fluxes and concentrations in a sediment cap. In this approach, the
transient migration and flux through the cap system is assumed to be controlled by the chem-
ical isolation layer and estimated by advection or diffusion. This approach does not include
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important processes such as degradation and cannot predict contaminant concentrations or
fluxes in the biologically active zone that is often of primary importance.

In this paper, an approach is presented to address these limitations. The result is a set of
analytical models that can be used for initial screening and evaluation of sediment capping.
Because the models are analytical, they can be used for rapid evaluation across a range of
parameter values and can be used as a check for more complex numerical models, which
may be applied to situations where no exact solution to the governing equations exists.

The models developed here enable an assessment of the concentration within the
chemical isolation layer of a cap at any time, the time over which a cap is effective, and
the potential exposure in the biologically active zone after contaminant penetration of the
chemical isolation layer. The recommended approach is to employ a one-layer analytical
transient model under the assumption of a semi-infinite domain until penetration of the
chemical isolation layer occurs (i.e. while the assumption is valid). Upon penetration of
the chemical isolation layer, the relatively rapid transport processes in the surface layer
will subsequently quickly lead to steady state conditions. Under steady state conditions it
is possible to consider the complexities of the upper boundary and still employ relatively
simple analytical solutions to the chemical transport equations. Through use of a steady
state model, it is possible to estimate the maximum contaminant concentration and flux
that may ever be achieved within the biologically active zone. Thus the model can be used
to determine a conservative cap design through estimation of the maximum concentrations
and fluxes in the biologically active zone. The transient model presented here is equivalent
to the one presented in the EPA guidance document (Palermo et al., 1998) but is included
for completeness and discussion of how to adapt the model to evaluate other processes such
as burial by sediment deposition. The combination of the transient model for the chemical
isolation layer and the steady state model for the chemical isolation and bioturbation layers
presented here provide:

1. the concentration profiles during contaminant migration through the chemical isolation
layer;

2. the time of complete separation of the benthos from the contaminants;

3. the maximum concentration and flux that will be achieved after penetration of the cap
assuming constant concentration in the underlying sediment.

Conceptual Model

The conceptual model divides the system into five different parts: the underlying sediment,
the chemical isolation layer, the biologically active or bioturbation layer, the sediment-
water interface (benthic boundary) layer, and the overlying water column. The placed cap
layer, with thickness /4y, consists of both the chemical isolation layer, with thickness A,
and the bioturbation layer, with thickness #y;,. The underlying sediment layer also includes
the zone in which cap and sediment have intermixed during placement as the pore water
concentrations in this region are essentially indistinguishable from those in the underly-
ing sediment. In transient calculations any portion of the cap compromised by chemical
migration due to consolidation should also be considered part of the underlying sediment
(Palermo et al., 1998). Under steady state conditions, however, pore water expression and
consolidation do not influence contaminant behavior.

The underlying sediment concentration is assumed constant. In a real sediment cap-
ping system, as contaminants are transported from the former sediment-water interface to
the clean cap material the concentrations in the underlying sediment would change. The
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Figure 1. Sediment cap system and parameter definition.

concentration at the bottom of the cap would likely decrease with depletion of mass to
the capping materials. However, as shown by Rabideau and Kandelwahl (1998), the most
conservative boundary condition for the underlying contaminated material in a containment
system is constant concentration. Any change in the actual concentration would likely be
a decrease as mass is lost to the cap material, which provides further conservatism to this
assumption. An alternative to constant concentration in the sediment would be to model the
entire sediment layer; this approach is more robust but would require numerical simulation
to describe behavior in the sediment column and capping layer.

The transport processes in the chemical isolation layer are advection, diffusion/
dispersion, and decay. For the bioturbation layer, bioturbation-induced movement of par-
ticles and bioirrigation of pore water are also considered. Bioturbation-related processes
are considered quasi-diffusive and hence are assumed to increase the effective diffusion/
dispersion coefficient. Transport through the aqueous boundary layer is dictated by the
benthic boundary layer mass transfer coefficient (Boudreau and Jorgensen, 2001). Benthic
boundary layer mass transfer is controlled by the turbulence in the overlying water. For
river systems, this process is controlled by parameters such as current and water depth. In
lake systems, this coefficient is typically controlled by lake mixing processes. Imberger
and Hamblin (1982) provide an excellent overview of mechanisms of mixing processes in
lakes; mechanisms of lake mixing including wind, wave and buoyancy-driven circulation.
Figure 1 shows the conceptual model of the sediment cap system along with the model
coordinate system.

Due to the low solubility of most sediment contaminants, the bulk sediment loading,
W (mass of contaminant on solid phase per mass of solid phase), is the parameter that is
typically used for quantifying contaminant levels in sediments instead of the pore water
(mobile phase) concentration. W depends upon the sorption properties of the sediment or
cap layer, however, and is potentially discontinuous while the pore water concentration is
both continuous across interfaces and directly represents the mobile phase contaminants.
Under the assumption of linear partitioning, the bulk sediment loading can be related
to the pore water concentration, C, through the following relationship, assuming local
equilibrium:

W = K,C ey
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Where K, represents the effective sediment-water partition coefficient in the cap material.
It is generally reasonable to assume local equilibrium with the pore water at some effective
(measured) partition coefficient due to the relatively slow contaminant migration rates
within the sediment bed. Of critical importance to the rate of migration of contaminants in
the cap material is the ratio of the total concentration (mass per unit volume) in the porous
cap matrix to that of the mobile phase concentration, or the retardation factor, R; (defined
in terms of model parameters subsequently).

For organic contaminants, the contaminant partition coefficient is often estimated as
the product of the fraction organic carbon f,. and the organic carbon partition coefficient,
K,.. This is likely a crude assumption in the underlying sediment that has been shown to
exhibit a different relationship due to desorption resistance (McGroddy and Farrington,
1995) but may be a good assumption for the cap material and the new (clean) sediment. For
typical sand, the organic carbon fraction tends to be less than 0.1%. At these low organic
carbon contents, mineral sorption tends to become important even for organic compounds;
so the assumption of 0.01-0.1% organic carbon is likely a lower bound to the effective
sorption of organic contaminants on sandy cap materials (Schwarzenbach et al., 2003).

Due to the limited sorptive capacity of sand caps, permeable adsorptive caps, some-
times referred to as active caps, have been proposed (Reible et al., 2007; McDonough et al.,
2007). These caps may contain organic sorbents such as activated carbon, organo-modified
clays, coke, or metal sorbents such as apatite. These could be incorporated in the modeling
approach herein by using the appropriate effective partition coefficient, although for sor-
bents exhibiting nonlinear sorption behavior, such as activated carbon, the model results
are only approximate. Permeable reactive caps with enhanced degradation characteristics
have also been proposed, although their long-term efficacy has not been demonstrated.

The approach presented here is developed using pore water concentrations, which
represent the mobile contaminant phase in a stable cap and may be more closely related to
the contaminants available for bioaccumulation (e.g. Lu et al., 2006; Beckles et al., 2007).
Based on the assumptions listed above, the domain of the model for the cap system consists
of two layers: the chemical isolation layer and the bioturbation layer. The underlying
sediment, benthic layer, and overlying water are utilized to develop boundary conditions.

Transient Model and Containment Breakthrough Time

The governing transport equation for the chemical isolation layer (Layer 1) is:

aC, aC, 82Cy
R 5 a2 —D18—Z2—81)»1C1 2)
Where C| is the pore water concentration in the isolation layer, z is the depth downward from
the cap-water interface, 7 is the time, X is the decay rate constant, R; is the retardation factor
in the layer (defined here as the ratio of the total concentration to that in the mobile phase),
U is the effective advective velocity (assumed to be directed upward although a negative
value is still appropriate), and ¢ is the porosity in the layer. The decay of the contaminant
is assumed to be first-order and to occur only in the pore water. Thus seemingly large decay
rate constants may have only a minimal impact on mass degradation rate since only a small
fraction of the contaminants resides in the pore water. The strong sorptive nature of most
sediment contaminants limits the rate of degradation due to limited bioavailability (Hyun
et al., 2006; Beckles et al., 2007).
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For an active capping system, the chemical isolation layer must be further subdivided
into sand and active layer(s), which would require introduction of additional governing and
appropriate boundary conditions (continuity of concentration and flux) for each layer. The
transport equation for each layer would be essentially the same, with the primary difference
arising from the retardation term. For sorbing cap materials such as organoclays and peats
that obey linear partitioning relationships, the governing equations would differ only in the
value of the retardation factor. For a nonlinear sorption model (such as activated carbon)
the governing equations would be almost the same, although the retardation factor would
no longer be constant but a function of concentration. Note that in either case at steady state
the sorption term disappears and the steady state model developed herein still applies.

For the chemical isolation layer, the bottom boundary condition is assumed to be a
first-type or Dirichlet boundary with a concentration of Cy:

Ci(z =hyp) = Co 4)

For modeling during the transient period, i.e. before significant penetration of the
overlying biologically active layer, the chemical isolation layer may be approximated as
semi-infinite, which produces the second boundary condition:

3C
lim =L =0 (5)

z—>—00 0z
For an initially clean cap, the initial condition is:
Cit=0=0 (6)

The transient behavior can be estimated using an analytical solution to Equation (2)
subject to the conditions in (4), (5), and (6). The solution to this problem was presented by
van Genuchten (1981):

U - u)(hcap - Z):| |:R1(hcap —2z)— ut:|
c exp |: 2D, erfc ID.R +
C(z,t) =

0

2

U + u)(hcap —2) Rl(hcap —z)+ut @)
P [ 2D, } erie [ JADiRii }

u=+/U?4+4e) D,

The transient model (7) is appropriate until the time when the isolation layer is com-
pletely compromised by migration from below by the processes of advection, diffusion,
and dispersion. For a diffusion-dominated problem with no decay, Equation (7) reduces to
the well-known complementary error function solution:

R?ls(hcap —-2)
V4Dqt

This equation can be assumed valid while the concentration at the boundary of the
containment and bioturbation layers is small; the complementary error function is equal to
about 0.01 when the argument is about two (i.e. when the concentration predicted at the top
of the cap layer is 1% of the underlying sediment concentration). Therefore, a conservative

C = Cyerfc ( )]
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estimate of penetration time for a diffusion-dominated system is:

2
Rihy ©
16D,

Laiff =

For an advection-dominated system with no decay, Equation (7) reduces to a front or
step function with velocity U/ R, ; hence an appropriate time for penetration is:

theff

U (10)

adv =

Because advection and diffusion/dispersion act together to compromise the chemical

isolation layer, the time for penetration of the layer can be estimated by assuming the pro-

cesses act in parallel. Thus, a time scale characteristic of the advective-diffusive migration
through the isolation layer can be written:

1 1 Rihy
e 5 ~ (11D
1/t + 1/taay  16D1/(Rihgg) + U/(Rihey) 16Dy + Uhey

Laav/difr =~

For times long compared to #,4,/4 a steady state model will describe concentrations
and fluxes in the cap. The transient time through the biologically active layer is typically
negligible compared to that in the chemical isolation layer due both to its small thickness
(5—15 cm) and the rapid sediment reworking and contaminant migration rates in this layer.
Thus for times long compared to Z,44y, a steady state model is applicable to both the
chemical isolation layer and the overlying bioturbation layer.

To verify the applicability of the relatively simple approach in Equation (11), the time
required to achieve a concentration at the top of the chemical isolation layer equal to 1%
of the concentration at the sediment-cap interface (C/Cy = 0.01) and the time required to
achieve a flux at the top of the chemical isolation layer 1% of the flux at the sediment-
cap interface, F/Fy = 0.01, were calculated from a full advection-diffusion model and
compared to the prediction of Equation (11). The ratio of the flux at the top of the chemical
isolation layer to the flux at the sediment-cap interface was calculated by,

F(z = hpip, 1) _ UC@ = hpip, 1) + Dy 2 1t)

F/Fo = = =
F@=hep. 1) UC(z = hegp, 1) + Dy 2 EE5 a0

12)

The results were computed for dimensionless time, 7, in terms of the dimensionless
Peclet number, Pe, which is defined as:

tD
T=——r (13)
R
Uh,
Pe=—"% (14)
D,

The times to concentration or flux equal to 1% of that at the bottom of the sediment
were calculated for two solutions to Equation (2), a semi-infinite cap layer and a finite cap
layer with a zero concentration at the cap-water interface (z = 0). The calculated times
were identical for both boundary conditions, since the top boundary does not affect the
solution until significant penetration of the complete chemical isolation layer has occurred.
The results in Figure 2 show that the prediction of breakthrough based on Equation (11)
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Figure 2. Comparison of breakthrough time approaches. Time required to achieve concentration (C)
or flux (F) at top of the chemical isolation layer equal to 1% of the concentration (Cy) or flux (Fy) at
the bottom of the layer from full solutions of Equation (2).

fall between those based on flux and concentration at low Pe, while at high Pe Equation
(11) slightly over-predicts breakthrough for both cases. The maximum over prediction
compared with an F'/F value of 0.01 basis was 23%. It appears that Equation (11) provides
a reasonable estimate for penetration time for a non-reactive solute over the entire range
of Pe and, in particular, provides a good estimate of the time before conditions in the
biologically active layer will begin to influence concentration profiles within the cap. Any
decay would retard the breakthrough time and as a result the predictions from Equation
(11) would be conservative.

The Bioturbation Layer and the Sediment-Water Interface

The transport equation for the bioturbation layer has the same general form as the chemical
isolation layer; however, the processes of bioturbation are assumed to increase the effective
diffusion/dispersion coefficient. The decay rate and retardation factor in the bioturbation
layer may also be different than those observed in the chemical isolation layer. The Darcy
velocity U must be the same for water (assumed incompressible). The transport equation
for the bioturbation layer (Layer 2) is:

2
R, €2 90C2 _ Dzﬁ — 30 Cs (15)

ot 0z 922
Where C, is the concentration in the bioturbation layer, R, is the retardation factor in the
bioturbation layer, D, is the effective diffusion/dispersion coefficient for the bioturbation
layer, A, is the decay rate for the bioturbation layer, and ¢, is the porosity in the layer.

At the interface between the chemical isolation layer and the bioturbation layer, the
concentrations and fluxes in the two layers must be equal. Recognizing that the advective
flux is the same in each layer, the following represent appropriate boundary conditions
at the interface between the bioturbation and underlying containment layers (here Cy;, is
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defined as the concentration at the interface):

Ci(z = hpio) = Ca(z = hyip) = Chio (16)

D, 0C1(z = hpip) _ _D23C2(Z = hpio)
0z 0z

A7)

The boundary condition at the cap-water interface is the most complex, as it essentially
requires the effluent boundary condition from a porous medium, which has a long history
and is the subject of many papers (Hulbert, 1944; Danckwerts, 1953; Wehner and Wilhelm,
1956). The concept of a benthic boundary layer mass transfer resistance composed of a
laminar (diffusive) sublayer above the sediment-water interface has long been used for
modeling mass transport from surficial sediments and is widely accepted in soil and marine
science (see Boudreau, 1997). A complete mass balance on the interface results in the
following expression (Boudreau and Jorgensen, 2001):

9C>(z =07)

UCy(z =0")— D,
0z

+ R = UpCri(z = 07) + kpi(Cpy — Cy) (18)
Where R’ represents transport of contaminants from the exposed surficial sediment to the
overlying water, and Uy, kp; , and Cpi(z) represent the effective advective velocity, effective
mass transfer coefficient, and concentration in the benthic boundary layer, respectively.
The value of R’ has been shown to be small relative to the other processes (Boudreau and
Jorgensen, 2001). The effective mass transfer coefficient in the benthic boundary layer
can also be thought of as a diffusion in a laminar sublayer of thickness, §, separating the
cap-water interface from the bulk overlying water of concentration, C,,:
Cu—C

kp(Cp — Cy) = DblTw (19)
The value in the overlying surface water is taken to be zero without loss of generality
(all other concentrations are taken relative to this surface water concentration). Combining
these assumptions results in the following boundary condition of the third kind (Boudreau
and Jorgensen, 2001):

3C(z = 07"
D, 2(z )

a2 = kpCpi(z = 07) = kpCa(z = 07) (20)

Steady State Model

To evaluate the concentrations in the combined containment and bioturbation layers, the rel-
ative importance of the different transport mechanisms can be evaluated with the following
dimensionless numbers, which are defined as:

Uhey  Rate of advection
D,  Rate of diffusion

Pe; = Peclet number in chemical isolation layer =

2n

e1hihyy _ Rate of decay
D,  Rate of diffusion
(22)

Da; = Damkohler number in chemical isolation layer =
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thio

Pe; = Peclet number in bioturbation layer = D
2

(23)

2
e2hahi;,

2

Da, = Damkohler number in bioturbation layer = 24)

. kpihpi,  Rate of mass transfer
Sh = Sherwood number at cap-water interface = =

D,  Rate of diffusion
(25)

Under steady state conditions the time derivatives in Equations (2) and (15) disappear.
Equations (2) and (15) can be re-written in terms of the dimensionless parameters introduced
above:

a Cl 8C1
2 —
her—— 322 + Pelheﬁ”a—z — Da,C, =0 (26)
3°C, 9C,
2
hbl() 972 + Peshpip— 9z — Da,C, =0 27

By assuming a solution of an exponential form, the general solution of (26) and (27) can
be obtained. At steady state the concentrations at the boundaries of the domain are constant
and assumed to have values of Cj at the cap-sediment interface, Cy;, at the boundary of the
chemical isolation and bioturbation layers, and Cy; at the cap-water interface. The solutions
to the governing ordinary differential equations are thus:

Pey

Pey
Cpive~2 —C —B P Neap — C ﬂ—C,‘(,_i
Cl = bio® 2. 0¢ eXp _el +,3 e ‘ 0 . bio® *
2sinh g8 2 hegr 2sinh 8
Pel hcap —Z
_ 28
e |:( 2 ﬂ) heb‘ ] 28)
P L
=, — a
1 1

Cpe™ % — Chpe™ Pe, hpio — 2 Chige? — Cpe™ 2
6} - exp(| ——+v -
2 sinh y Npio 2 sinh y

2

Pe; Rpio — 2
z_ 29
X exp [( 2 J/) . } (29)
P€2 D
= a
Y 2 2

The values of Cp;, and Cj; can be determined by applying the boundary conditions
(17) and (20) to Equations (28) and (29):

C, &e z Bsinhy

Pe A y2sinh B
P—eT,B cosh 8 sinhy + y sinh Bcoshy — AW
Sh+—= ) sinh y+y coshy

Cbio =

(30)
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€29

The concentration of contaminants in the bioturbation layer is of particular interest,
as benthic organisms in the layer often provide the primary route of entry of contaminants
into the food chain. Hence, another important parameter is the average concentration in
the bioturbation layer. This concentration can be used to evaluate the potential long-term
effectiveness of a sediment cap. Integrating Equation (29) over the bioturbation layer and
dividing by the depth of the bioturbation layer provides the average value:

_Pey —y Pa, _Pe Py
Cpe=2 —Cppe Ve —1  Cpe¥ —Cpipe™2 e2 7V —1

2sinhy Pty 2sinhy Lo _

(Chio)avg = (32)

The average solids loading in the bioturbation layer, (Wp;,)aye, can be determined from
the partitioning relationship between the pore water and the sediment, where (f,,.)pi, 1S the
expected fraction of organic carbon in the newly deposited sediment:

(Wbio)avg = (foc)bioKoc(Cbio)avg (33)

Additionally, the flux to the overlying water column, J, may be of interest. This can be
evaluated by:

J = (kp +U)Cyy (34)

Numerical Model Comparison

To check the validity of the analytical solutions for both the transient and steady state
models, Equations (2) and (15) subject to boundary conditions (4), (16), (17), and (20) and
initial condition (6) were solved independently by numerical analysis. A finite differencing
scheme using the Crank-Nicolson method (Crank and Nicolson, 1947) with a forward
difference for the advection term and central difference for the diffusion term was employed
for the analysis. Reasonable estimates for the parameters were assumed for two cases using
the methods described above. Simulations were performed for low and high values of Pe;.
Figure 3 shows that results of the simulations and the analytical solutions (7) and (28-31)
are equivalent. Thus the analytical solutions can be used to predict concentrations within the
chemical isolation layer during the transient period and to predict the steady state behavior.
For estimation of cap behavior in the transition time between t,qyqir and steady state, a
numerical model must be employed to approximate the solution to the governing equations.

Characterization of Transport Parameters

The factors R; and R, as defined here are the ratios of the total concentration in an el-
ementary sediment volume (stationary phase) to that in the pore water (mobile phase)
for the containment and bioturbation layers, respectively. A significant proportion of the
total concentration in the pore water may be present in colloidal organic matter (Baker
et al., 1985; Chin and Gschwend, 1992; Schlautman and Morgan, 1993). Chin and
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Figure 3. Transient and steady state concentration profiles throughout cap: comparison of analytical
with numerical solution. Top: low flow (Pe; = 0.66); Bottom: high flow (Pe; = 32.8).

Gschwend (1992) found this relationship to be linear. Thus partitioning onto the total
organic carbon in the pore water, ppoc, with a colloidal organic carbon partition coeffi-
cient, Kpoc, serves to increase the effective solubility of the compounds. Coupling this
assumption with the linear partitioning onto the cap material, and recognizing that the
fractional organic carbon in the bioturbation layer, (f,.)pio Will over time be different from
that in the containment layer, (f; )4, produces the following relationships for Ry and R; in
terms of pc, Kpoc, €, the particle density pp, and K,,.:

R, — &1+ ¢1ppocKpoc + (1 —e)pp(foc)efKoc (35)
| =
1 + ppocKpoc

R, = & + &20p0cKpoc + (1 — €2)pp(foc)vio Koc 36)
1 + ppocKpoc

The Darcy velocity, U, here accounts for both groundwater upwelling and the effect

of erosion/deposition. In a coordinate system fixed relative to the cap-water interface,
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deposition or erosion changes the net advective flux. Because particle deposition effectively
buries both pore water and solid associated contaminants, the effective advective flux also
encompasses both. The effective advective velocity associated with both the Darcy pore
water upwelling, V, the velocity of sediment deposition, Vg, and the retardation factor
applicable to the cap-sediment layer, R, is:

U=V —RVy (37)

Note that although new sediment is typically deposited at the cap—water interface, the
mixing in this region is rapid and governed by bioturbation, or particle mixing processes that
are not subject to retardation by pore water transport. Transient migration in the underlying
cap containment layer is delayed by burial with new sediment and the apparent shifting
of the sediment interface. For estimation of the time delay associated with burial, R in
Equation (37) can be conservatively estimated by R; (the retardation in the underlying
sand), despite the fact that typically more sorbing sediment is deposited at the cap-water
interface (characterized by R,). In the event of net erosion rather than deposition the value
of Vg, is negative. For the purposes of conservative estimates and due to uncertainties over
future deposition rates, it is often assumed that the deposition of new sediment is negligible
despite the fact that contaminated sediments have typically accumulated in net depositional
areas.

The advective flow is perhaps the most important parameter in this analysis, as it will
dominate in many natural systems. The flow may be upward or downward, in which case
the value is negative. In the absence of direct measurements, the flow may be modeled
using Darcy’s Law. This approach requires an understanding of the hydrogeology of the
area, including the effective hydraulic conductivity of the sediment/groundwater system
and the local groundwater elevation levels driving the flow rate. For direct measurement of
groundwater flux, seepage meters such as the one described by Lee (1977) may be used to
measure the groundwater seepage rate. Alternatively, Cook et al. (2003) describe methods
for estimating flux using different kinds of tracers. The local effective hydraulic conductivity
for the sediment-cap system is dictated by the layer with the lowest hydraulic conductivity.
The hydraulic conductivity of the system is generally unaffected by the presence of a cap
(since it is often composed of relatively coarse granular media) although the cap could be
constructed to control permeability or may cause consolidation in the underlying sediment,
reducing its permeability.

The value of D; is the sum of the diffusion and dispersion coefficients. Diffusion
through granular porous media is often characterized by an effective diffusion coefficient
D given by the molecular diffusivity D,, times the porosity (the available diffusion area)
and divided by a hindrance parameter (the lengthening of the diffusion path by the media).
The model of Millington and Quirk (1961), where the hindrance parameter is taken to be
the porosity to the negative one-third power, is widely used for diffusion in granular porous
media such as a typical sand cap:

4
Dy = & Dy, (38)

Boudreau (1997) suggests an alternative that may be more applicable for fine-grained
sediments:

81Dw

W 39
l—lnsf (39)

Dd,ﬂ =
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The molecular diffusivity is a function of temperature and molecular weight and can be
estimated from the literature (e.g. Lyman et al., 1990). Mechanical dispersion characterized
by Dgsp of the contaminant through the cap can be modeled as the product of the velocity
through the cap and some length scale defined as the dispersivity, o:

Ddisp =aU (40)

Thus, the effective diffusion/dispersion coefficient in the containment layer can be
determined by:

4
D, =&} Dy, +aU (41)

After placement of a sediment cap, new sediment is deposited at the cap surface. As
this deposition occurs, the top of the sediment cap is re-colonized by benthic organisms
(worms and other macro invertebrates). These organisms blend the sediments at the top
of cap, resulting in relatively rapid transport of contaminants from the bottom of the
layer to the overlying water. Provided that the movement of particles and pore water by
these organisms is essentially random, the length scale of the movement of the particles
is smaller than that being studied (i.e. the cap thickness), and time scale between mixing
events is smaller relative to other processes, the transport processes can be taken as quasi-
diffusive (Boudreau, 1986). The diffusion-like mixing of particles is known as bioturbation,
while the diffusion-like mixing of pore water is bioirrigation. These processes increase
diffusion/dispersion coefficient from the containment layer, Dy, to that in the bioturbation
layer, D,. The flux of a chemical species, Jb’;g, associated with the diffusion of these particles
associated with a bioturbation coefficient of D/, and a solid-phase concentration (mass of
chemical species per unit volume sediment particle) of M is:

oM
P _ 14
‘Ibio - _Dbio 9z (4‘2)
If the time for movement of the sediment particles plus the time between particle movement
events is large compared with that of desorption of contaminants, local equilibrium can be
assumed, and the value of M can be re-written in terms of pore water concentration (noting
that &, pp, (focJvio» and K, are independent of depth):

aC
Jh =-DF (1 — s)m(ﬁw)b,-oKwa—; 43)

In addition to particle mixing, organisms also irrigate the surficial sediments through

direct pore water exchange from the underlying sediments to the overlying water. The
transport of contaminants associated with this process can be modeled by:

: aC
Jhio = ~Dio7— (44)
Thus the processes of bioturbation and bioirrigation serve to increase the effective
diffusion/dispersion coefficient. The values of D}, and D} can be measured using ra-
dioactive tracers, such as described by McCafree et al. (1980). Thoms et al. (1995) provide
an extensive review of measured biodiffusion coefficients at different locations in the United
States. The effective diffusion coefficient for the bioturbation layer, D,, can be determined
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from the following:
D, = Dy + DZ,M:) + Dll,)w(l - g)pP(foc)bioKoc (45)

The decay rates A; and A, are highly compound and site specific. The model taken
here is based on first-order kinetics, which may not be appropriate as the degradation may
depend on many factors other than the contaminant concentration but provides a relatively
simple way of incorporating this important mechanism into a mathematical model. In the
absence of a site-specific study, the literature may be used to estimate a degradation rates.

Transport at the cap-water interface is dictated by the benthic boundary layer mass
transfer coefficient, which is a function of the turbulence and shear of the overlying water
column. Boudreau and Jorgensen (2001) and Thibodeaux (1996) present empirical corre-
lations for k;; based on mixing conditions in the overlying water. The value of k;; should be
conservatively estimated, as its value directly affects the surficial sediment concentrations.

Steady State Model Behavior

The steady state model presented in (28-31) is a function of only the five parameters
(21-25) and the depth of the two layers. To illustrate the behavior of the solution, consider
a one-foot (30 cm) thick sand cap with an expected bioturbation depth of 10 cm. For Case
I, consider a conservative (Da; = Da, = 0) contaminant, with S4 = 10 (minimal mass
transfer limitations) and D, = 10D; (Pe; = 0.05Pe;). Figure 4 shows the dimensionless
concentration profiles for 0.1 < Pe; < 200. For low Pe|, the solution approaches a straight
line in each layer, which is the expected result of a diffusion-dominated steady state profile.
The increased diffusivity in the bioturbation layer results in lower concentrations in that
layer. This behavior makes sense physically because the increased mixing rate in the
layer reduces the concentrations there (contaminants are transported more rapidly in the
bioturbation layer). If advection dominates (high Pe)), the concentration profile approaches
unity; again this is the expected result for an advection problem at steady state. The deviation
near the boundary layer is a result of the simplifying assumptions made in the formulation
of the top boundary condition. For high advection a more appropriate boundary condition
would be a zero gradient. However, the profiles still approach the expected result and
provide a reasonable estimation of cap performance even under these conditions. Clearly,
at steady state in a high upwelling velocity system a cap will have limited effectiveness.

Now consider a system with degradation (Case II). For simplicity, the Damkohler
number in the chemical isolation layer is assumed to be four. The value of D, was again
taken as 10D, and again itis assumed that Sh = 10. The decay rate in the bioturbation layer is
taken as ten times that in the chemical isolation layer, a reasonable assumption due to higher
levels of nutrients, organic matter, and electron acceptors. These assumptions resultin Pe; =
0.05Pe; and Da, = 0.25Da; = 1. Figure 4 shows the dimensionless concentration profiles
for 0.1 < Pe; < 200. When compared with the no decay situation, the concentration profiles
are lower, as expected. In general, the graphs perform as anticipated mathematically. The
concentrations in the bioturbation layer are significantly decreased versus the underlying
sediment concentrations. Hence, if it can be proven that a contaminant will decay in a cap,
capping is an extremely attractive alternative for remediation.

To evaluate the effects of mass transfer resistance on model output, consider the
systems presented in Cases I and II with Sk = 0.1 rather than 10 (Cases III and IV).
Figure 4 also shows the results for these parameters. For Case III, the concentrations in
the cap are minimally reduced even when diffusion-dominated (low Pe;). The performance
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Figure 4. Steady state model behavior. Top left, Case I (Da; = Da, = 0, Sh = 10). Bottom left,
Case Il (Da, =4, Da, = 1, Sh = 10). Top right, Case Ill (Da, = Da, = 0, Sh = 0.1). Bottom right,
Case IV (Da; =4, Da, = 1, Sh = 0.1). The dashed lines represent the interface between the chemical
isolation and the bioturbation layers.

is as expected theoretically, with a linear profile in the containment layers at low Pe,
which approaches a uniform profile for high values of Pe;. In Case IV, the importance of
decay on long term capping success is demonstrated. For a diffusion-dominated system,
the bioturbation layer concentrations are drastically reduced over pre-cap levels, even with
mass transfer resistance at moderately high advection (Pe; = 5). Again, as the upwelling
velocity is increased, the cap performance is limited.

It is important to note that the model presents steady state concentrations, which may
not be realized for many years. Capping may still be a viable option in a case where
the transient migration through the containment layer is sufficiently long that natural at-
tenuation processes not included in the models are expected to render the contaminants
inconsequential. Steady state predictions beyond this time frame may not be considered
important.

These results show the importance of the ground water upwelling velocity in the
effectiveness of a cap. The upwelling velocity is a critical parameter in a transient analysis
as well as it often controls the steady state flux. Upwelling velocities of the order of cm/day
or more may be high enough to effectively negate the effectiveness of a cap even for
moderately sorbing contaminants. In addition, the local equilibrium assumption may fail
under the influence of extremely high upwelling. So, if capping is under consideration
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for management of contaminated sediments, it is important for the designer to measure or
make a good estimate of the upwelling velocity before making a final decision. Due to the
inherent heterogeneity in this parameter, it is also important to evaluate a range of values
of upwelling velocity for predicting concentrations that will be used in design and decision
making.

The traditional material used for capping sediment is clean sand. However, as demon-
strated by these modeling results, a passive sand cap may not be an effective long-term
approach for contaminated sediment management for high seepage/low degradation sys-
tems. For this reason, one current research focus (Reible et al., 2007; McDonough et al.,
2007) is on active capping; that is, capping with materials that may enhance sequestra-
tion/degradation in situ or decrease the seepage flow rates through a sediment cap.

Conclusions

In this article, the key processes controlling chemical migration in a cap isolation layer
and in the overlying biologically active layer have been highlighted. A simple means for
incorporating these processes into an analytical modeling approach has been developed.
The approach is subject to a number of limitations. First, several of the models for individual
processes are simplistic (e.g. deposition, linear pore water partitioning, first-order decay).
The underlying sediment is assumed to maintain a constant concentration. A more robust
approach to assessing the concentration in the sediment would be to model fate and transport
within the layer based on an initial concentration profile. However, this approach would
normally require a numerical simulation in the full-advection diffusion case. Finally, the
model is based on two homogeneous layers. Predicting transient concentration profiles in
more complex sediment caps with more than two homogeneous layers or with nonlinear
sorption would require a more robust approach. The steady state model presented here,
however, would still be valid provided the values of diffusion/dispersion coefficients and
decay rates were the same. For predicting transient performance of a cap under these
scenarios, a numerical solution to the governing equations would be required. The exact
solutions presented here represent an important check for future models of this kind.

The model presented here allows calculation of the steady state concentration pro-
file and flux in a sediment cap. When coupled with a transient model of advection,
diffusion, and reaction in the chemical isolation layer, this approach forms a relatively
simple means of evaluating sediment caps. If the steady state condition is sufficient
for achieving remediation objectives, there is no need for a more complicated tran-
sient approach. A spreadsheet that computes the analytical model output is available at
http://www.caee.utexas.edu/reiblegroup/downloads.html for interested parties.
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Memorandum

Date: November 23, 2010

From: Charles Andrews

To: Caryn Kiehl-Simpson

Subject: Active Capping Transport Model — Version 2.0

The Active Capping Transport Model is a computer program developed by David Lampert and Danny
Reible at the University of Texas. The model calculates one-dimensional vertical transport of a
contaminant through a sediment cap considering the processes of advection, diffusion, dispersion,
reaction, bioturbation, deposition, consolidation, and retardation with local equilibrium between sediment,
pore water, and dissolved organic matter. Excellent background documents that describe the processes
simulated with the model are “Guidance for In-Situ Subaqueous Capping of Contaminated Sediments:
Appendix B: Model for Chemical Containment by a Cap” (Palermo and others 1996) and a paper
published in Soil and Sediment Contamination by Lampert and Reible (2009). I highly recommend that
all users of Active Capping Transport Model read and familiarize themselves with these background
documents.

The Active Capping Transport Model was developed as a MATLAB program and is run within the
MATLAB environment. I have reviewed several versions of the Active Capping Transport Model and
described the results of my reviews in memoranda dated January 6, 2009 and November 5, 2010. In my
reviews, | noted several coding issues in the Active Capping Transport Model. These coding issues have
all been addressed.

The Active Capping Transport Model Version 2.0 was developed to simulate contaminant transport in a
six layer system; model parameters can vary from layer to layer. The governing equation in the Active
Capping Transport Model is:

2
RE - u% p2C nic (1)
ot OX OX

where: C = concentration;
U = Darcy velocity;
D = effective diffusion/dispersion coefficient (sum of diffusion and dispersive
coefficients);
R = retardation factor for compound of interest; and
A= first-order degradation rate.

The governing equation is solved using a two-point upstream centered finite-difference scheme in space
with the Crank-Nicolson method. The model automatically creates a finite-difference grid with
sufficiently fine-vertical spacing to minimize numerical dispersion; for typical problems a vertical spacing
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of 0.5 centimeters is specified. The time step size is increased with time from start of simulation for
computational efficiency.

A schematic of the 6-layer system simulated

with the Active Capping Transport Model is Lake
shown to the right. The bottom two layers
represent the underlying sediment. These Layer# Layer Description Parameters
layers can be specified at a constant bt n M
cqncentratlop, can be spec{lﬁed with a ﬁnlte 6 Bioturbation Layer 1 Togr M Pgr A My
thickness with depth varying concentrations Dbp’ wa, Koc
to simulate a depleting source with time, and
can be specified with a constant 5 Buffer and b,f . n p. A K
concentration at base of sediment layer. Habitat Layer B N Y
ggfle::tliyl(;;l% athe sed;lrpelzIHF layer is the chemical 4 S v b, f,., N, pg, AKF,
yer, which in turn is overlain by N

an active layer — a layer containing activated
carbon. i [

3 ChemIE:IyL‘srolatlon b, f.., N, pg, A,Koc
Overlying the active layer is the buffer and
habitat layer, which in turn is overlain by a 2 )
bioturbation layer. In the real world, the 1 Sediment Layer b, foc’ N, Pg, ;\"Koc
bioturbation zone develops in the upper part
of the buffer and habitat layer. In the model
the bioturbation zone is treated as a separate T groundwater
layer with properties that differ from those in flow

the underlying layer. At the top of the
bioturbation layer, a mass transfer coefficient
(My)) specifies the rate of contaminant
transfer to the overlying lake water.

The model parameters that are specified for the layers are shown on the schematic above and are defined
as follows (note that parameters must be specified in units listed below):

b = layer thickness (cm) foc = fraction organic carbon content

n = porosity Kf = Freundlich coefficient (ug/kg)(L/ug)"

A = first order decay rate (1/yr) Dy, = water biodiffusion coefficient (cm?*/yr)

N = Freundlich coefficient Dy, = particle biodiffusion coefficient (cm*/yr)

ps = particle density (g/cm) Koc = organic carbon partition coefficient for specific
M, = mass transfer coef. (cm/hr) contaminant (specified for sediment, sand and

bioturbation layers separately, L/kg).
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Note that the Freundlich coefficients (Kf and N), which are contaminant specific, are specified only in the
active layer, and the particle biodiffusion coefficient and the water biodiffusion coefficient are only
specified in the bioturbation layer.

In addition to the model parameters that are layer specific are the following parameters:

Kdoc = colloidal partition coefficient for a specific contaminant (L/kg);

Dw = diffusion coefficient for specific contaminant in water (cm*/sec);
U = Darcy velocity (cm/yr);

Uss = steady-state Darcy velocity (cm/year),

Uc = Darcy velocity due to consolidation (cm/year),

o = dispersion length (cm); and

Co,c = colloidal matter concentration (mg/L).

It is important to note that the governing equation (1) has only four parameters — U, R, D and A. One of
these parameters, the first-order decay rate (A) is specified directly. The other three parameters are
derived from the parameters described above. The derivation of the parameters R, D, and U in the
governing equation are described below.

The retardation factor is defined for all layers, except for the active layer, as:

_n+ (1 _ n)ps Koc foc +NCoc Keee
1+CycK

R

@

doc

For the active layer, the retardation factor is defined as follows with sorption described by the Fruendlich
isotherm:

n+(1-n)p,K,NCN™ +nC,.K
1+CucK

doc

R =

3)

doc

The effective diffusion/dispersion coefficient (D) is defined for all layers except the sediment layer and
the bioturbation layer as follows:

D=n""D, +a |U| )
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For the sediment layer the effective diffusion/dispersion coefficient (D) is defined as:

D=——"""+a U
1-In(n?)
This definition uses a relationship developed by Boudreau (1996) to adjust the water diffusion coefficient
for the tortuosity of a porous sediment. This relationship better defines the tortuosity relationship in
natural sediments than the term used in equation 4 that is based on a relationship developed by Millington
(1959). The Millington relationship works best for relatively uniform sands.

nD
| )

For the bioturbation layer the effective diffusion/dispersion coefficient is defined as:
D =n“?D, +a |U|+ Dy,ps (1 =M Kee foc + Dy, (6)

The Darcy velocity in the Active Transport Model consists of two components: a steady-state
groundwater velocity and a velocity component due to consolidation as

U =Uss+Uc (7)

.The velocity component due to consolidation is defined on the basis of two parameters (a and b) as
follows:

Uc=30.48*a*p*t®™" (8)
where a and b are coefficients, and t is time in years since placement of the cap.

It is important for the user of Active Capping Transport Model to note that the retardation parameter and
the effective diffusion/dispersion parameter as defined by equation 1 are not equivalent to those
commonly used in the groundwater literature. The retardation parameter commonly used in the
groundwater literature (R’ ) in equal to the retardation parameter defined above divided by the porosity (
R =R’/n); and equivalently D = D’/n where D’ is the effective diffusion/dispersion coefficient commonly
used in the groundwater literature.
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Review and Verification

I checked the accuracy of the calculated concentrations from the Active Capping Transport Model by
simulating eight test cases with this computer code and with other computer codes. The other computer
codes I used were MT3D (Zheng, 2006), the most-widely used groundwater transport model that has been
extensively verified, and an analytical solution to equation 1 (Neville, 2005). The analytical solution was
only used for test case 1 as it requires uniform properties. In using MT3D, the test cases were set up in a
similar fashion to that used in the Active Capping Transport Model; a finite-difference grid with a vertical
spacing of 0.5 centimeters. The TVD solution method was used in MT3D. Consolidation in MT3D was
simulated by adjusting the velocity at each time step.

The input parameter values for the eight verification test cases are listed on Table 1. The various test
cases were designed to test the model with various combinations of model parameters and boundary
conditions. In five of the test cases, a Darcy velocity of 2 cm/year was used. When this velocity is
specified, the contaminant transport is dominated by diffusive processes. The other three test cases used
velocities of 10 and 20 cm/year. Only one of the test cases, test case 8, considers consolidation. The
results from the test cases are presented on Figure 1 which is a series of plots of concentrations with depth
as calculated with the models at various times after placement of the cap.

In test case 1, the calculated concentrations from all three models were nearly identical at all times
(Figure 1). This indicates that for a media with uniform properties, that both MT3D and the Active
Capping Transport Model correctly solve equation 1. This provides a level of confidence that MT3D is
an appropriate code to use for verification of the Active Capping Transport Model.

The calculated concentrations from MT3D and the Active Capping Transport Model for tests cases 2
through 8 at various times since placement of the cap are also shown on Figure 1. For each of the test
cases, nearly identical concentrations were calculated by MT3D and the Active Capping Transport
Model. This provides confidence that the Active Capping Transport Model correctly solves the
governing equation.

Conclusions

The Active Capping Transport Model is an appropriate model to use for the evaluation and design of
sediment caps for Onondaga Lake. Based on the evaluations described in this memorandum, the
computer model accurately solves the governing equation. The computer code for the model is concisely
written and is relatively easy to understand. The model is very efficient which makes it feasible to easily
conduct Monte Carlo type simulations.
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Table 1

Input Parameter Values for Test Cases

Parameter | Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8

Contaminant Properties (Contaminant Specific)

Contaminant Toluene Mercury | Mercury | Mercury | Mercury | Mercury [ Mercury | Mercury
log Koc 2.35 2.35 2.35 2.35 2.35 2.35 2.35 2.35
log literature Koc - for sand layers 0 2.35 1.00 2.35 2.35 1.00 2.35 2.35
log Kdoc 0 0 0 0 0 0 0
Dw 5.2E-06| 4.7E-06| 4.7E-06( 4.7E-06( 4.7E-06| 4.7E-06| 4.7E-06| 4.7E-06
Flow and System Properties (Site Specific)

Darcy Velocity 2 2 2 2 10 10 20 2
depositional velocity 0 0 0 0 0 0 0 0
hydrodynamic dispersivity 0.42 6.13 6.13 6.13 6.13 6.13 6.13 6.13
boundary layer mass transfer coeff. 0.33 0.36 0.36 0.36 0.36 0.36 0.36 0.36
colloidal matter concentration 0 0 0 0 0 0 0 0
Sediment Properties (Site Specific)
sediment porosity 0.4 0.79 0.79 0.79 0.79 0.79 0.79 0.79
sediment particle density 2.6 2.62 2.62 2.62 2.62 2.62 2.62 2.62
sediment foc 0.001 0.1 0.1 0.01 0.1 0.1 0.1 0.1
sediment initial decay rate 0 0 0 0 0 0 0 0
duration for initial decay rate 0 1000 1000 1000 1000 1000 1000 1000
sediment final decay rate 0 0 0 0 0 0 0 0
Chemical Isolation Layer Properties (Design Parameters

layer thickness 30 30.48 30.48 30.48 30.48 30.48 30.48 30.48
layer porosity 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
layer particle density 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6
layer foc 0.001 1E-07 1E-07 1E-07 1E-07 1E-07 1E-07 1E-07
layer initial decay rate 0| 2.1E-09| 2.1E-09| 2.1E-09| 2.1E-09| 2.1E-09| 2.1E-09| 2.1E-09
layer final decay rate 0| 2.1E-09( 2.1E-09| 2.1E-09| 2.1E-09| 2.1E-09| 2.1E-09( 2.1E-09
Active Layer Properties (Design Parameters

active layer thickness (sand plus AC) 17.0 0.3846 0.3846 0.3846 0.3846 0.3846 0.3846 0.3846
active layer porosity 0.4 0.35 0.35 0.35 0.35 0.35 0.35 0.35
active layer particle density (calculated) 2.6 0.80 0.80 0.80 0.80 0.80 0.80 0.80
active layer Freudlich Kf 0.22 22.36 22.36 22.36 22.36 22.36 22.36 22.36
active layer Freundlich 1/n 1 1 1 1 1 1 1 1
active layer initial decay rate 0| 2.1E-09( 2.1E-09| 2.1E-09| 2.1E-09| 2.1E-09| 2.1E-09( 2.1E-09
active layer final decay rate o[ 2.1E-09| 2.1E-09| 2.1E-09( 2.1E-09| 2.1E-09| 2.1E-09( 2.1E-09
Buffer and Habitat Restoration Layer Properties (Design Parameters)

Habitat Restoration Layer thickness 55.7 30.48 30.48 30.48 30.48 30.48 30.48 30.48
Buffer Layer thickness 0 0 0 0 0 0 0 0
layers porosity 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
layers particle density 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6
layers foc (Cl and non-bio HR) 0.001 0.1 0.1 0.1 0.1 0.1 0.1 0.1
layers initial decay rate 0| 2.1E-09| 2.1E-09| 2.1E-09| 2.1E-09| 2.1E-09| 2.1E-09| 2.1E-09
layers final decay rate 0| 2.1E-09( 2.1E-09| 2.1E-09| 2.1E-09| 2.1E-09| 2.1E-09( 2.1E-09
Bioturbation Layer Properties (Site Specific)

bioturbation depth 5.5 15.24 15.24 15.24 15.24 15.24 15.24 15.24
bioturbation layer porosity 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
bioturbation layer particle density 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6
bioturbation layer foc 0.001 0.1 0.1 0.1 0.1 0.1 0.1 0.1
bioturbation layer initial decay rate o[ 2.1E-09| 2.1E-09| 2.1E-09( 2.1E-09| 2.1E-09| 2.1E-09( 2.1E-09
bioturbation layer final decay rate 0| 2.1E-09( 2.1E-09| 2.1E-09| 2.1E-09| 2.1E-09| 2.1E-09( 2.1E-09
Pore Water Biodiffusion Coefficient 0| 4.7E-06| 4.7E-06| 4.7E-06| 4.7E-06| 4.7E-06| 4.7E-06| 4.7E-06
Particle Biodiffusion Coefficient 0 0 0 0 0 0 0 0
Bioturbation Layer logKoc 0 2.35 2.35 2.35 2.35 2.35 2.35 2.35
Consolidation Data

parameter a 0 0 0 0 0 0 0 0.211
parameter b 0 0.235 0.235 0.235 0.235 0.235 0.235 0.235
total time for consolidation (years) 0 30 30 30 30 30 30 30
Simulation Parameters

Simulation length (years) 100 1,000 1,000 1,000 1,000 1,000 1,000 1,000

Minimum number of grid points 150 150 150 150 150 150 150 150

Minimum number of time steps 400 400 400 400 400 400 400 400
Answer 1 for yes and 0 for no

Infinite source? 1 1 1 0 1 1 1 1

Infinite source at sediment bottom? 1 1 1 1 1 1 1 1

Note: Shaded cells indicate parameters changed relative to Test Case 2.
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Figure 1 Comparison of Calculated Concentrations for Test Cases 1 through 8
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Memorandum

Date: January 6, 2009

From: Charles Andrews

To: Files

Subject: Active Capping Transport Model — Version 2.0

Introduction

Active Capping Transport Model is a computer program developed by David Lampert and Danny Reible
at the University of Texas. The model calculates one-dimensional vertical transport of a contaminant
through a sediment cap considering the processes of advection, diffusion, dispersion, reaction,
bioturbation, deposition and retardation with local equilibrium between sediment, pore water, and
dissolved organic matter. An excellent background document that describes the processes simulated with
the model is “Guidance for In-Situ Subaqueous Capping of Contaminated Sediments: Appendix B: Model
for Chemical Containment by a Cap” (Palermo and others 1996). I highly recommend that all users of
Active Capping Transport Model read and familiarize themselves with this background document.

I reviewed Version 2.0 of the Active Capping Transport Model dated December 10, 2008. The model
was developed as a MATLAB program and is run within the MATLAB environment. [ used MATHLAB
Version 7.7 to run the program. The model reads input data from an Excel spreadsheet and writes model
outputs to an Excel spreadsheet. The model will not run on earlier versions of MATLAB that do not
support reading and writing from Excel files.

Active Capping Transport Model Version 2.0 was developed to simulate contaminant transport in a five
layer system; model parameters can vary from layer to layer. The governing equation in the Active
Capping Transport Model is:

2
RC__y L, poC
ot OX OX

—niC (1)

where: C = concentration;
U = Darcy velocity;
D = effective diffusion coefficient (sum of diffusion and dispersive coefficients);
R = retardation factor for compound of interest; and
A= first-order degradation rate.
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The governing equation is solved using a two-point upwind centered finite-difference scheme in space
with the Crank-Nicolson method. The model automatically creates a finite-difference grid with
sufficiently fine-vertical spacing to minimize numerical dispersion; for typical problems a vertical spacing
of 0.5 centimeters is specified. The time step size is increased with time from start of simulation for
computational efficiency.

A schematic of the 5-layer system simulated L&KQ,
with the Active Capping Transport Model is

s & : . . ' - .h‘-.-. 2 "f
shown to the right, \o. o) L,A_)Fﬁ\ ’D@gmp}ﬂaﬁ Parou ‘A,EQ/ ;,,mm.

— Bactrurivodon b, fae, 1, G , A
The bottom layer is the sediment layer. This -] oM ers Due , Dhw
layer can be specified at a constant _ :
concentration or it can be specified with a u"%ij‘m”! Tecabon | B, See, W, fs a
finite  thickness with depth  varying t Rul&o Lompiu)
concentrations to simulate a depleting source
with time. e

- v B %o 0 A

Overlying the sediment layer is the cap S Ackive Linjen Jk . i;I:l Al
foundation layer, which in turn is overlain by | e
an active layer — a layer containing activated o Foudooo b, Q""% Oy f, A
Overlying the active layer is the | g%&\:ﬁ“&ju s gocﬂ 9, ?3 J?\
habitat/isolation/buffer layer, which in turn is ‘
overlain by a bioturbation layer. In the real /[‘ gl‘oowéu,aa%ﬂ ......... §
world, the bioturbation zone develops in the Lho vt

upper part of the habitat/isolation/buffer

layer. In the model the bioturbation zone is

treated as a separate layer with properties that differ from those in the underlying layer. At the top of the
bioturbation layer, a mass transfer coefficient (My) specifies the rate of contaminant transfer to the
overlying lake water.

The model parameters that are specified for each layer are shown on the schematic above and are defined
as follows (note that parameters must be specified in units listed below):

b = layer thickness (cm) foc = fraction organic carbon content

n = porosity ps = particle density (g/cm’)

A = first order decay rate (1/yr) Kf = Freundlich coefficient (ug/kg)(L/ug)"

N = Freundlich coefficient Dy, = particle biodiffusion coefficient (cm®/yr)

Dy = water biodiffusion coefficient (cm?*/yr)



520 S.S. PAPADOPULOS & ASSOCIATES, INC.

Environmental & Water-Resource Consultants

To: File
Date: January 6, 2009
Page: 3

Note that the Freundlich coefficients (Kf and N), which are contaminant specific, are specified only in the
active layer, and the particle biodiffusion coefficient and the water biodiffusion coefficient are only
specified in the bioturbation layer.

In addition to the model parameters that are layer specific are the following parameters:
Koc = organic carbon partition coefficient for a specific contaminant (L/kg);

Kdoc = colloidal partition coefficient for a specific contaminant (L/kg);
Dw = diffusion coefficient for specific contaminant in water (cm?/sec);

U = Darcy velocity (cm/yr);

o = dispersion length (cm);

Co,c = colloidal matter concentration (mg/L); and
My = upper layer mass transfer coefficient (cm/hr).

It is important to note that the governing equation (1) has only four parameters — U, R, D and A. Two of
these parameters, the Darcy velocity (U) and the first-order decay rate (L) are specified directly. The
other two parameters are derived from the parameters described above. The derivation of the parameters
R and D in the governing equation are described below.

The retardation factor is defined for all layers, except for the active layer, as:

R = n+ (1 — n)ps Koc foc +NCoc Ko
1+CycK

@)

doc

For the active layer, the retardation factor is defined as follows with sorption described by the Fruendlich
isotherm:

q_ n+(1-n)psK NC™? +nCo. Ky )
1+CucK

doc

The effective diffusion coefficient (D) is defined for all layers except the sediment layer and the
bioturbation layer as follows:

D=n“"D,+a |U| (4)
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For the sediment layer the effective diffusion coefficient (D) is defined as:

D= sz +a U (5)
I1—-In(n")
This definition uses a relationship developed by Boudreau (1996) to adjust the water diffusion coefficient
for the tortuosity of a porous sediment. This relationship better defines the tortuosity relationship in
natural sediments than the term used in equation 4 that is based on a relationship developed by Millington
(1959). The Millington relationship works best for relatively uniform sands.

For the bioturbation layer the effective diffusion coefficient is defined as:

D=n“’D, +a |u | + Dyp 05 (1= M Koe foe + Dy, (6)

It is important for the user of Active Capping Transport Model to note that the retardation parameter and
the effective diffusion parameter as defined by equation 1 are not equivalent to those commonly used in
the groundwater literature. The retardation parameter commonly used in the groundwater literature (R’ )
in equal to the retardation parameter defined above divided by the porosity ( R = R’/n); and equivalently
D =D’/n where D’ is the effective diffusion coefficient commonly used in the groundwater literature.

Review and Verification

I checked the computer code for Active Capping Transport Model (parsons.m) to verify that the model
input parameters specified for model layers were correctly converted into the parameters used in the
governing equation. These conversions are made on lines 99-199 and 329 to 330 of the model code. In
the latest version of the code that I reviewed, these conversions were correct except for the calculation of
the retardation coefficient with a Freundlich isotherm (equation 3). I modified the code to correctly
calculate the retardation coefficient using equation 3 (in the version of the code I reviewed, the term “n+”
in the numerator on the right hand side was missing).

I checked the accuracy of the calculated concentrations from the Active Capping Transport Model by
simulating four test problems with this computer code and with other computer codes. The other
computer codes I used were MT3D (Zheng and Wang, 1998), the most-widely used groundwater
transport model that has been extensively verified, and an analytical solution to equation 1 (Neville,
2005). In the first three test cases, a Darcy velocity of 2 cm/year was used. When this velocity is
specified, the contaminant transport is dominated by diffusive processes. The fourth test case used a
Darcy velocity of 10 cm/year.
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The four test problems consisted of the following: 1) problem with uniform properties in the five model
layers, 2) problem with uniform properties except for porosity which was varied from layer to layer, 3)
problem with sorption in active layer simulated with Freundlich isotherm (in other test problems the
Freundlich coefficient N was specified as 1 to simulate linear sorption), and 4) identical to test problem 3
except that Darcy velocity increased from 2 cm/year to 10 cm/year. The model parameters specified for
the Active Capping Transport Model for the four test problems are listed below in the format that they
appear in the Excel spreadsheet used for model input.

Input Parameter Values for Test Problems
Test Problem 1 Test Problem 2  Test Problem 3  Test Problem 4
Contaminant Properties (Contaminant Specific)

log Koc 2.34947 2.34947 2.34947 2.34947 log L/kg
log Kdoc 0 0 0 0 log L/kg
Dw 5.2187E-06 5.2187E-06 5.2187E-06 4.8541E-06 cm2/s

Flow and System Properties (Site Specific)

Darcy Velocity 2 2 2 10 cmiyr
depositional velocity 0 0 0 0 cm/yr
hydrodynamic dispersivity 0.42361 0.42361 0.42361 0.42361 cm
boundary layer mass transfer coeff. 0.328 0.328 0.328 0.328 cm/hr
colloidal matter concentration 0 0 0 0 mg/L

Sediment Properties (Site Specific)

sediment porosity 0.4 0.4 0.4 0.4
sediment particle density 2.6 2.6 2.6 2.6 g/cm3
sediment foc 0.001 0.001 0.001 0.001
sediment decay rate 0 0 0 0 yr-1

Foundation Layer Properties (Design Parameters)

foundation layer thickness 30 30 30 30 cm
foundation layer porosity 0.4 0.5 0.4 0.4
foundation layer particle density 2.6 2 2.6 2.6 g/lcm3
foundation layer foc 0.001 0.001 0.001 0.001
foundation layer decay rate 0 0 0 0 yr-1

Active Layer Properties (Design Parameters)

active layer thickness 17.0 17.0 17.0 17.0 cm
active layer porosity 0.4 0.8 0.35 0.35
active layer particle density 2.6 0.8 0.8 0.8 g/lcm3
active layer Freudlich Kf 0.22 0.22 5,000.00 5,000.00 ug/kg*(ug/L)"
active layer Freundlich n 1 1 0.44 0.44
active layer decay rate 0 0 0 0 yr-1

Isolation, Buffer, and Habitat Restoration Layer Properties (Design Parameters)

Habitat Restoration Layer thickness 40.48 40.48 40.48 40.48 cm
Chemical Isolation Layer thickness 15.24 15.24 15.24 15.24 cm
Buffer Layer thickness 0 0 0 0 cm
isolation layers porosity 0.4 0.3 0.4 0.4

isolation layers particle density 2.6 2.2286 2.6 2.6 g/cm3
isolation layer foc 0.001 0.001 0.001 0.001

isolation layer decay rate 0 0 0 0 yr-1

Bioturbation Layer Properties (Site Specific)

bioturbation depth 55 55 55 55 cm
bioturbation layer porosity 0.4 0.4 0.4 0.4
bioturbation layer particle density 2.6 2.6 2.6 2.6 g/cm3
bioturbation layer foc 0.001 0.001 0.001 0.001
bioturbation layer decay rate 0 0 0 0 yr-1
Pore Water Biodiffusion Coefficient 0 0 0 0 cm2/yr

Particle Biodiffusion Coefficient 0.00 0.00 0.00 0.00 cm2/yr
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The results from the test simulations are shown on the following pages. The analytical solution was only
used for test problem 1 as it requires uniform properties. In using MT3D, the problem were set up in a
similar fashion to that used in the Active Capping Transport Model; a finite-difference grid with a vertical
spacing of 0.5 centimeters was used and the TVD solution method.

In test problem 1 the calculated concentrations from all three models were nearly identical (Figure 1). For
the second test problem, the solutions from MT3D and the Active Capping Transport Model compared
well (Figure 2). For the third test problem, the solutions from MT3D and the Active Capping Transport
Model did not compare well (Figure 3). In the MT3D simulation, based on results for 100 years, it
appears that the effective retardation coefficient in the active layer is higher than in the Active Capping
Transport Model. Another simulation was made in which the Freundlich coefficient (Kf) in MT3D was
reduced by 15.5% to check if the differences between the models were related to specification of
retardation coefficient. The results from this MT3D simulation compared very well with the results from
the Active Capping Model for test problem 3.

It was determined that the discrepancy between the MT3D solution and the Active Capping Transport
Model solution was the result of differences in time-step sizes. The Active Capping Transport Model was
rerun for test problem 3 with each time step reduced by a factor of 32 and the solution compared well
with the MT3D solution (Figure 4). Test problem 4 was also run with a reduced time step size and the
comparison between the MT3D solution and the Active Capping Transport Model solution is good.

The reduction factor of 32 was chosen arbitrarily. Initially chose a factor of § and this did not produce
acceptable results, the factor was then increased to 32 and the results were acceptable.

Conclusions

The Active Capping Transport Model is an appropriate model to use for the evaluation and design of a
sediment cap for Onondaga Lake. Based on our evaluations that computer model accurately solves the
governing equation. In addition, note that the computer code for the model is concisely written and is
relatively easy to understand. The model is very efficient which makes it feasible to easily conduct
Monte Carlo type simulations.
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Figure 1 Test Problem 1 Uniform Properties
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Figure 2 Test Problem 2 -- Non-Uniform Properties (porosity varies among five layers)



520 S.S. PAPADOPULOS & ASSOCIATES, INC.

Environmental & Water-Resource Consultants

To: File
Date: January 6, 2009
Page: 9
0
D
D @]
D 0]
-20 O 0]
1000 years
D O
D @]
D O
-40 O O
'é\ D @]
L D O
e
"g D O 100 years
a -600Q (@]
@]
O
5 years o
-80 O o)
@]
0.2 years
O
-100 -
—— Parsons.m
O MT3D
'120 T T T T
0 2000 4000 6000 8000 10000

Concentration (ug/L)

Figure 3 Test Problem 3



520 S.S. PAPADOPULOS & ASSOCIATES, INC.

Environmental & Water-Resource Consultants

To: File
Date: January 6, 2009
Page: 10

1000 years
€
L
- 100 years
o
)
[a]
5 years
0.2 years
-100 A g
— Parsons.m
O MT3D
'120 T T T T
0 2000 4000 6000 8000 10000

Concentration (ug/L)

Figure 4 Test Problem 3 (decreased time step size in Parsons.m)
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