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APPENDIX C

PCB CONGENER AND COLLOID TRANSPORT MODEL

C.1.0 INTRODUCTION

C.1.1 Overview

We developed RATLIM2D_PCB, a new transient, two-dimensional PCB
congener and colloid transport model of the shallow aquifer at the Kaiser
Trentwood Facility. We developed the model to provide an important
computational tool that we could use to analyze the October 2007 and April
2008 groundwater congener data sets and advance our understanding of the
key PCB transport mechanisms at the Facility. In addition to congener data, the
model uses many types of hydrogeologic and chemical data that have been
collected during previous site investigations (e.g., soil organic carbon, hydraulic
conductivity, hydraulic gradient, physical colloid characterization, etc.).
RATLIM2D_PCB contains two modules—groundwater flow, and PCB congener
and colloid transport models.

C.1.2 Flow Model

The analytical flow model allows the incorporation of multiple boundary
conditions representing various combinations of extraction and injection wells,
no-flow boundaries, leaky-type (semi-pervious layer) boundaries such as rivers
and lakes with complex geometries, and regional hydraulic gradients. The model
is based on the superposition of Dupuit-Forchheimer solutions (Bear 1979) for
flow to one or more wells and the effects of a regional hydraulic gradient. The
geometry, bed-sediment conductance distributions and surface water elevation
variations for rivers and lakes can be accurately represented because the model
employs an iterative solution that dynamically links the hydraulic impacts of the
water body on the aquifer.

C.1.3 PCB Congener Transport Model

The PCB congener and colloid transport model is a sophisticated and
comprehensive analysis tool that incorporates many chemical transport
mechanisms. The model simulates the transport of all 209 PCB congeners
simultaneously, both as aqueous phase (i.e., dissolved in groundwater) and
colloidal phase (i.e., sorbed to mobile colloids flowing with the groundwater)
fractions. Colloid filtration due to interactions with the porous media is also
included. Because of the high groundwater velocities at the Facility, the model
further incorporates rate-limited soil to groundwater chemical partitioning (non-
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C.2.0 THEORY

equilibrium chemical sorption) and non-equilibrium groundwater to colloid PCB
sorption mechanisms. We use the known chemical properties of PCB
compounds to assign different soil/water partition coefficients to each congener
based on published literature values and adjust these coefficients during model
calibration.

A computationally efficient numerical algorithm is used to solve the governing
solute transport equation. This solution technique, referred to as the Eulerian-
Lagrangian method, uses different techniques to solve the advection and
dispersion parts of the equation, thus avoiding numerical instabilities and
excessive time-stepping constraints associated with traditional numerical
methods. The backward method of characteristics (MOC) is used to solve the
advection component. The MOC algorithm employs accurate and efficient
semi-analytical pathline tracing methods developed by the USGS (Pollock 1988).
Interpolation of concentrations at the feet of the characteristic lines, required as
part of the MOC technique, is based on higher-order quadratic interpolation
functions, thus avoiding the spurious numerical dispersion associated with linear
interpolation methods. The alternating direction implicit (ADI) numerical
technique is used to solve the dispersion part of the transport equation. Because
the ADI method uses implicit time-stepping, much larger time steps can be used
than with codes that solve the dispersion equation explicitly. The ability of
RATLIM2D_PCB to handle large time steps is especially useful when simulating
field-scale remediation systems due to the high velocities that naturally occur
and the small grid cell sizes required around extraction wells.

The ADI method also minimizes computer memory requirements and simulation
times because it only requires the formulation and solution of one-dimensional
matrices. Another unique result of combining the Eulerian-Lagrangian technique
with ADI methods is that the time-step size is not constrained by Courant
number (related to velocity divided by cell size) restrictions, as is the case when
ADI methods are used to solve the entire advection-dispersion equation.

C.2.1 Groundwater Flow

The flow model is based on the superposition of Dupuit-Forchheimer solutions
(Bear 1979) for flow to one or more wells in an unconfined aquifer and the
effects of a regional hydraulic gradient. The solutions are also applicable to
confined aquifers as long as the change in hydraulic head due to pumping or
recharge is small compared to the saturated thickness.
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Hydraulic Head

The Dupuit-Forchheimer solution for the steady-state hydraulic head, 4, in an
unconfined aquifer with multiple (N,) pumping or injection wells and vertical
recharge rate, / is given by (Bear 1979):

N 2 2 2
, =9 (R I(RE —r7) I, (R
hZ —h (xi,yi)_Z{”Kln(FJ TaEralie (2-1)

-1 i

where:

h, is the initial hydraulic head without pumping wells or recharge;

(x,y) are the horizontal coordinates of the model grid;

Qs the pumping rate (positive for groundwater extraction, negative for
injection);

K'is the hydraulic conductivity of the aquifer;

R is the radius of influence of the pumping well;

ris the radial distance from the well to a point (x;y;) on the model grid;
1, is the radius of the pumping well; and

;. Q
ol

R. = |r,

] w

After rearranging Equation (2-1), the expression for hydraulic head, 4, is:

N, o Ir? .
h(xi, ;) = | 08 - JZ; l[f—;(+7]ln[f—j] - 5’ —rif)] (2-2)
Equation (2-2) can be further modified to add in the effects of a regional
hydraulic gradient, 7, which is defined as positive for decreasing hydraulic head
in the direction of the regional flow, defined as 6y (Figure C-1). lItis also useful
to establish a datum by defining a reference head, A,; that represents a known
water table elevation at a point (x,,y,). The equation for the hydraulic head, H,
referenced to a datum is then defined as:

H(Xi,¥i) = h(X;,y;) + (e —hg) — iR[(Xi —X,)cos(g) + (Vi _YO)Sin(HR)] (2-3)
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Pore Velocities

The x and y<direction Darcy pore velocities, v and v, are defined as:

_-KaoH,
Ne ox’

_-KaH
ne oy

where:
n, is the effective soil porosity.

Analytical solutions for the pore velocities can be derived from Equations (2-3)
and (2-4) as follows. First, define an auxiliary variable o:

N 2
w Q | fy R. |
=h? - =L il =4 | - —(R? —r? 2-5
o B[R ] e
Then, by definition h=+o and
oH 1 oo .
— =——=————izcos(d 2-6
X 2@ P R ( R) ( )
where:
ow 1 = 1 6["] 2 2
OX ;z_KJ:l . OX [Qﬁﬂl(r"" i )]
and
oty _ Xi— X,
ox T
which gives:
-1 o1 Ki
, — M (X - (2 —r--z] R cos(@ 2-7
U(X| yl) 27zn h(XI,yI) jz_];{rljz (X| ij)[QJ"‘ﬂ' (Wj |])}+ ne ( R) ( )
Following a similar derivation for the j«direction pore velocity, the following
result is obtained:
NW
v(X;, I z—r?] R sin(@ 2-8
( i y|) 27rn h(X“y, JZ_:{I’ ( )[Q + (Wj 'J)} n, ( ) ( )
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Boundary Conditions
Rivers and Lakes (Leaky-Type Boundaries)

Rivers and lakes can easily be added by defining the water body geometry and
inputting data for the river/lake stage, ¢,; the bed sediment hydraulic
conductivity, kg,; and the bed sediment thickness, Az, . The total vertical flow
rate, Qr, , entering the aquifer from any river or lake cell in the grid system is
equal to:

¢0_H

ZRL

AX Ay (2-9)

QRL = kRL

where:

Ax and Ay are the grid cell dimensions; and
ke, / Azg, is the river/lake bed conductance.

The aquifer inflows or losses due to lakes and rivers are incorporated into
Equation (2-2) as additional wells. Because the hydraulic head in the aquifer, ~,
is dependent on the flow from the water body, Qx, an iterative solution
procedure is employed. First, H(x y)is computed from Equation (2-3) without
river or lake boundary conditions; this initial estimate is then used to calculate
Qk at each river/lake cell. Second, Equations (2-2) and (2-3) are used to update
the H(xy) distribution based in the initial Q, estimates. The process of updating
Qg and His repeated until the maximum change in His less than a user-
specified head tolerance, AH (e.g., AH = 0.001 foot).

For a lake, one bed conductance and water surface elevation (i.e., stage), ¢,, are
specified. For a river, values of conductance and stage are specified at each of
the construction points that the user selects to define the river geometry. The
program linearly interpolates between construction points to establish
conductance and stage values at grid cells that intercept river segments.

Constant-Head Boundary

Constant-head boundaries or regions can be created using the river/lake option
and specifying a large bed conductance (e.g., k;, =K) so that a good hydraulic
connection between the water body and aquifer is established. To avoid
convergence problems with the iterative solution scheme described above, we
recommend that the river/lake bed hydraulic conductivity, kg, not exceed the
hydraulic conductivity of the aquifer, K
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No-Flow Boundary

The code allows the optional specification of one linear, no-flow boundary (e.g.,
Figure C-1). Cells located within this area are set inactive for flow and
contaminant transport simulations. If a regional gradient is specified, the
regional flow direction is automatically changed so that it is parallel to the no-
flow boundary. For each pumping/injection well and each river/lake cell, the
flow code defines image wells on the opposite side of the no-flow boundary to
create the desired effect of no groundwater flux across the boundary.

C.2.2 PCB and Colloid Transport

Governing Conservation of Mass Equation—Aqueous Phase
PCBs

The depth-averaged, two-dimensional transport equation governing the
conservation of aqueous phase PCB in groundwater and soil with non-
equilibrium sorption is (van Genuchten and Wagenet 1989; Bentley and Pinder
1992; Culver et al., 1997):

ac, ac, ac, ) ac,
b ~ + bu - + bv - = — |bD, - + bD
ot X ay O X J X

ac, Kl ac, ac,
M ~| + —— | bD,, - + bD,, '
ay ay O X ay

O,

_ b% a |: kdl Cwl _ 32,:| - b ,D; O |:(|(d )coll, CWI — CO|:| — bFO (229N |:(kd )collI CW. - So—.:|

- - €y, —Cy,, ) (2-10)

where:

b(x,y)is the saturated thickness (length) of the aquifer;

¢, (X, y,t) is the aqueous phase PCB concentration (mass/volume) for congener
T (=1, Noong)

N,ong is the number of congeners;

tis time;

vand vare the x and j+direction pore velocities (length/time), respectively;
Djis the dispersion coefficient tensor (length?/time);

py is the soil bulk density (mass/volume);

ky is the soil-water partition coefficient for congener “/” (volume/mass);

nis the soil porosity (dimensionless);

s, is the PCB congener concentration in the soil (mass congener/mass soil);
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a is the first-order kinetic rate coefficient for PCB transfer between the soil and
pore water phases (1/time);

p, is the mobile colloid (i.e., colloid mass that has not been filtered by the
aquifer) concentration (mass mobile colloids/volume groundwater);

. 1 the first-order kinetic rate coefficient for PCB transfer between the colloid
and pore-water phases (1/time);

(Ky)eo, is the colloid-water partition coefficient for congener “/” (volume/mass);

¢, is the mobile colloid PCB concentration for congener “/' (mass

o

a

congener/mass mobile colloid);

o, is the immobile (i.e., colloids mass that has been filtered from the mobile
groundwater) colloid concentration (mass immobile colloids/volume
groundwater);

S,, is the immobile colloid PCB concentration for congener “/” (mass
congener/mass immobile colloid);

| is the groundwater recharge rate; and

Cy,, IS the concentration of PCB congener “/" in the infiltrating water.

The hydrodynamic dispersion coefficients, D; are defined as follows:

2
u -~
Dy =27V, + (a,_—aT)—V + Dy,
o]

D,, = Dy =(a, —ar)— (2-11)

where:

a, is the longitudinal dispersivity (length);

aris the transverse dispersivity (length);

D, is the effective molecular diffusion coefficient in a porous medium
(D, =7D,);

7 is tortuosity;

D, is the molecular diffusion coefficient in free water; and

V, =vu?+v7 .
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Governing Conservation of Mass Equation—Mobile Colloids

b PP gyl sy TP = pp PP g TPy O gy TP pp DL
O X oy O X o X oy oy o X oy
. I . .
-bAp - o (Ps = Ps,,) (2-12)
where:

4, = f.u is the mobile colloid reduction (loss) coefficient (1/time) due to colloid
filtration by the aquifer matrix;
f_ is the colloid filtration coefficient (1/length); and

C

p, . is the colloid concentration in infiltrating water.

in

Governing Conservation of Mass Equation—Immobile Colloid
Concentration

oo .
S =2n 2-13
T o N Py (2-13)

Governing Conservation of Mass Equation—PCBs in Soil

as,
ot

= afkgc, -3, ] (2-14)

Governing Conservation of Mass Equation—PCBs Adsorbed to
Immobile Colloids

a Scr- ﬂ’o n ,0; C,,
é’tl = o -+ Aol |:(kd )colli Cwi - Sai:| (2-15)

9
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Governing Conservation of Mass Equation—PCBs Adsorbed to
Mobile Colloids

aec, ac, ac, Kl aJc, ac, Kl ac,
b —2 +bu—2 +bv—> = Z |bD,—> +bD,—2| + — [bD, —2 + bD, —=
ot O X ay J X O X ay a2y O X
| « «
+ b Al [(kd )colli Cwi - Coi:' - b ﬂ'o coi - * [Coi Po — (Coi po)inf ]

oun

o

Governing Conservation of Mass Equation—Total Mobile PCB
Congener

Ci = Cwi + Po Coi

where:

¢ is the total mobile concentration (mass/volume) of congener “/ in
groundwater (i.e., aqueous phase PCBs + congener mass adsorbed to mobile
colloids).

C.2.3 Numerical Solution

Solution Approach

The conservation of mass equations for aqueous phase and colloidal PCBs (each
congener) and mobile colloids are solved in three separate steps based on a
time-derivative operator splitting technique. We use the Eulerian-Lagrangian
method (Baptista 1987) to solve the advection and dispersion terms in the first
two steps. In the third step, we use a fourth-order accurate Runge-Kutta scheme
(Press et al., 1986) to implicitly solve the system of first-order ordinary differential
equations that define the remaining conservation of mass equations.

By using finite-difference approximations to the time derivative and defining an
auxiliary concentration variable, ¢ (i.e., intermediate concentrations that are
computed during the process of advancing the solution from the old time level
“n” to the new time level “n+7"), the advection and dispersion terms in
Equations 2-10, 2-12, and 2-16 can be decomposed into two equations, as
follow (Baptista 1987):
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Advection

¢-c +(uﬁ} . (vﬁj - (2-18)

n+l _ Aan n+l n+1
b ¢ ¢ = ﬁ bex ﬁ + bey ﬁ + ﬁ bDyx ﬁ + bDyy ﬁ
O X O X oy oy 0 X ay

(2-19)
Advection Equation

The solution of the advection portion of the transport equation by the reverse or
backward method of characteristics is based on the fact that concentration in a
parcel of water does not change as it moves from point to point. Therefore,
computing water concentrations, ¢", at a new time level due to advection
involves two main tasks: (1) back-tracking (reverse pathline tracing) of particles
along characteristic lines for a time period, At, starting from each node on the
finite element grid; and (2) spatial interpolation using neighboring values of ¢" to
determine the concentration at the endpoint (foot) of the characteristic line
(Figure C-2).

Two-dimensional particle tracking is performed using the semi-analytical method
developed by Pollock (1988). Spatial interpolation to compute the
concentration, ¢, is based on a bi-quadratic shape function, N(x ), and the
concentrations, ¢; for the closest set of nine nodes surrounding the element that
contains the foot of the characteristic line:

6= Y NG (2-20)
(X—XZ)(X Xs) (y yz)(y_yz)
N, (X) = N, (y) =
M = ) x) O = )
(X—Xl)(X—Xz) (y_yl)(y_ys)
N,(X) = N,(y) =
) (% =x%) (X, = X;) ) (V2= Y1) (Y2 —Vs)
(X=%)(x=%,) (Y=x)(¥y-¥.)
N;(x) = N;(y) =
(X3_X1)(X3_X2) ( 3_y1)(y3_y2)
N, (%, y) = Ny(x) N, (y) N,(x,¥) = N3(x) N,(y) N, (x,y) = Ny (x) Ny(y)
N, (X, y) = N,(x) N,(y) Ns (X, y) = N3(x) Ny(y) Ng (%, ) = Ny (X) N,(y)
Ny (% y) = Ng(x) N,(y) Ne (X, ¥) = Ny(x) N5(y) Ng(X,y) = Ny(x) N,(y)
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Quadratic interpolation functions are computationally efficient and minimize
numerical damping (Baptista 1987). However, higher-order interpolation
methods can introduce numerical oscillations (e.g., negative concentrations)
near steep concentration fronts. If such oscillations are detected, linear
interpolation is used for that specific node. This mixed quadratic/linear
technique was developed by Healy and Russell (1989) and eliminates
oscillations while adding only minimal and localized numerical dispersion.

Dispersion Equation

The ADI method of Douglas (1962) is used to solve Equation (2-19). The overall
approach is similar to method developed by Daus and Frind (1985) except that
they adopted the Peaceman-Rachford ADI technique and solved both the
advection and dispersion terms. The numerical approximation of the two-
dimensional dispersion equation is handled in two separate steps consisting of
consecutive one-dimensional, implicit solutions in the x and j«directions (Figure

C-3):
Step 1
C*nﬂ — én 1 *n+l , An an
At = E(Lyx+Lxx)<C +C ) + (LXY+LW) ¢ (2—21&)
Step 2
Cn+1 C*n+1 R
x = (L, +L,)(c-¢") (2-21b)

where the subscripts in the differential operator /;indicate the spatial
dependence and the solution is second-order accurate in space and time
(Lapidus and Pinder 1982). The second-order temporal approximation requires
that the terms £; ¢"” be evaluated at the foot of the characteristic line. The
spatial variations of concentration are defined as follows:

Step 1 (x-direction)

c = N;(x)c; + N,(x)c,
(2-22a)

Xy — X X—X
2 Ny (x) = L

Ny (x) =
Xp =X Xy =X
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Step 2 (y-direction)

¢ = Ny(y)e, + Na(y)c, (2-22b)

N = 225 Ny = B
Y2 = V1 Yo=Y

The Galerkin finite element method (Huebner 1975) is applied in each direction,

as follows:
Step 1
1( ¢ oc o oc1Y" 1(os o¢ o o¢] Y
s g (2l 25 ] 200, 2] L (20,26 2 28
x—dir. elements Xy AREZ J X o y o x 2 \odx o X 7 y o x
2 J¢ 3 oe]Y ¢ .
+|—|bD, —| + —|bD, — - b|— N. (X)dydx = 0 1=12 2-23a
Step 2
1( ¢ o o oc]Y" 1( o 08 g o¢] Y
i {(ales] ol - o) )
y—dir. elements y x 2 ﬂy 5)’ aX ay 2 ay ﬁy ﬁX y
Cn+1 _ C*n+1 .
- b (A—t] } N, (y)dxdy =0 i=12 (2-23b)

First, integrate Equations (2-23a and 2-23b) across the explicit directions:

Step 1

. n+l -
1 o oc 1 oc
2 {J 5”[5{*’%5” N e | EMbDvxE]
x—dir. elements % I%

1 8 aé 1 8 281 Y
+ |=A —_ —_— N.(x)dx + |=A —|bD, — N. (x) dx
[0 (S5, 53] [ v+ oy [ 5] | e
o 0”6 o o] Y
A —_ — N. (x) dx A —| bD,, — N. (x) dx
+£ y(o”y Toy J 0 +£ y[ﬁx{ ”é’y” )
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1 . 1 . .
- [Ayb —c™ N (x)d Ayb —¢N(X)d =0 =12 (2-24
[ yb = ¢ N, () dx +£ yb = EN,(x) x} i (2-24a)

Step 2

n+l
1 o dc 1 Jc
Zax| 2o, 2o | Nyydy + [ 2 (bD _]
Z {JZ (é’y{ WVU jz[ Yoy,

[}

1 o oe]Y 1 o o¢]Y
- [= Ax [—{bDW—} j N(y)dy — [=Ax (—[bow—} J N, (y) dy
2 oyl "ay ) 2 ax (2-24b)

<

1 1 . .
— |Axb —c" N (y)d Axb —c"™ N (y)d =0 i=12
{ N (y)dy + { = () y}

Next we integrate the equations in the implicit directions using integration by
parts and assuming the resulting dispersive flux terms at the boundaries are zero.
band D; are assumed to be constant across an element.

Step 1

ni1 I Ny N, 1 oc
- (c) "Ay/2|Db——"dx + = | |bD
{ (e ay -[XX I XX 2[( yxﬁxj

x—dir. elements

(2-25a)

n+l
Ayl2
) Ayl2

. <5ﬁy(66yyﬁ_§]>nAX/2{G;’} ) <%(Bbwﬂ_§]>n“/2[6;’} (2-25b)
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~ (c)""Aaxb /At {G

y} + <b c*>n+1Ax /At [Gy}

Il
o

where:
J N, J N, 1 -1 I N, JN, 1 [+1 -1
I;d":i + [ gy - L
. OX X Ax |-1 +1 L, dyay Ay |-1 +1
I 1 (xg—x1‘°’)/3+x2x12 - X2x (xg—xf)/6—x1x§/2+xzxf/2
NN, dx =
. A X _(x§—><f)/6—x1x§/2+x2xf/2 (6 =%)13 + X%, = %
J‘NN dy _ (yﬁ—yf)/3+y2y12 _yiyl (yg—yf)/B—ylyzzlz +y2y12/2
v AV |(i-¥i)I8 - yyil2 +yyii2  (Vi=vi)I8 + ¥y, - w¥:

Rearranging Equations (2-25a and 2-25b) gives:

Step 1
b 1 1 A . . n+1
*\ N+1 —Ay D + — -1 1 X oc Jc

-7 XX _ A b— G = oc _

dZ':t ) [ 2 Ax L +J ! At[ XU ’ 4<Ax>[ " ox|, y*axj
+ [6,]Ay 1 ﬁ(“f)xxacj L1 ﬁ(gf) ﬁj
2 \Ox o 2\ayl "ox
(2-26a)

Step 2
H 1 1 A n+l
ey [ 22X P [ R L e | e LAY op, 28 e, 2C
y—dir. elements 2 Ay -1 +1 At 4 Ay é’yxz é’yxl
. 1/ 6 (pa 06\ 1) o (rn 06\ a1
+ [ 1ax| == - Z({=]bpD, == |) + (b - = 0(2-26b
] 2<0”y( WMD 2< X[ ! yj> LAY (2:260]
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Final Matrix Equations

Step 1
AT = () ()
Step 2
A Je = e B ()
where:

(2-27a)

(2-27b)

_ ﬂbex +1 -1 i
[AX] _xdir§ments{ 2 |:_ :| i Ayb At I:GX:| }

AX

Ax bD, [+1 -1 -1 .
[Ay:| =ydir§ments{7 Ayyy |:_1 +1:| " AXbE[GyJ }

n+1 *

. 1/AX Jc
= = = bD, ——
< yx> x—dir%ments { 4 <A X> [ " 0” X

n+l 1/A Yy Jc
F = = bD,, ~—
< Xy> y—dirglements { 4 <A y> l: ¥ o y

o | e[ fes)

{F} -3 { ax[G)] {@ ¢y
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The resulting systems of tri-diagonal matrix equations are solved using the
FORTRAN routine 7TRIDAG presented in Carnahan, Luther, and Wilkes (1969).

Solution of Additional Conservation of Mass Equations
The remaining terms in the aqueous phase PCB congener conservation of mass

equation are represented as a third step in the numerical solution scheme by the
following ordinary differential equation:

d:/l = - % a |: kd, Cw, - SZ,] - p; Aol [(kd )coll, Cwl - Co,:| - % Aol I:(kd )coll, Cwl - SGI:|
- ety (2-28)

The remaining terms in the mobile colloidal phase PCB congener conservation
of mass equation are:

Co I « .
dtl = Ay |:(kd )collI CwI - Co,:| - ﬂ’o Co, - bp n [CoI Po ~ (CoI po)inf] (2'29)

*
o

Similarly, the final terms in the mobile colloid conservation of mass equation are:

dp;

. ..
T L R S 2-30
dt 0 0 bn(o oinf) ( )

These three equations (Equations 2-10, 2-12, and 2-16) and the conservation of
mass equations for immobile colloids (Equation 2-13), PCBs adsorbed to
immobile colloids (Equation 2-15), and PCBs sorbed to soil (Equation 2-14)
constitute a system of ordinary differential equations with respect to time.
During each transport time step, At, the system of ODEs is solved implicitly
using the fourth-order Runge-Kutta solver of Press et al. (1986). This solver
employs adaptive step-size control in which the solver time step, t, is
automatically adjusted during the integration to maximize solution accuracy. For
example, smaller time steps, 5t, would be used for larger soil to pore water mass
transfer rates.
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C.3.0 MODEL APPLICATION

C.3.1 Model Verification

Test Problem 1—Analytical Solution for Equilibrium PCB
Congener Transport

We first compare RATLIM2D_PCB simulation results with the analytical (exact
mathematical) solution of Van Genuchten and Alves (1982) for one-dimensional
solute transport in a porous medium with equilibrium partitioning between soil
and groundwater. The groundwater does not contain colloids in this example.
We used the principle of superposition (Bear 1979) to modify the analytical
solution to handle the transport of multiple solutes in the form of a PCB
congener mixture. We developed a FORTRAN code to compute the enhanced
analytical solution. For this test problem, the distribution of PCB congeners is an
Aroclor 1242 mixture from the literature (Frame et al., 1996). The congener k.
values are from Hansen et al. (1999).

Figure C-4 shows the longitudinal variations of total PCB concentration (i.e., sum
of the congener concentrations) for the numerical (RATLIM2D_PCB) and
analytical transport solutions at times of 20 and 50 years following the
introduction of the upgradient source. Numerical results are shown for three
values of the soil-water mass transfer coefficient, «, in decreasing order of rate-
limited sorption effects: « =0.365, 3.65, and 100,000 yr' (0.001, 0.01, 270
days'). Table C-1 (Cosler 2004) summarizes several field and laboratory
observations of « for a range of soil types. « =100,000 yr' for the
RATLIM2D_PCB simulation is equivalent to equilibrium soil-water partitioning
and, as Figure C-4 illustrates, compares very well with the exact mathematical
solution (solid black curve).

The congener simulation results on Figure C-4 illustrate an important
characteristic of PCB transport—the more mobile, less-chlorinated homolog
groups migrate much faster in the aquifer and create a “tail-like” zone of low
level PCB concentrations in the leading edge of the plume. The numerical
simulations for « =0.365 and 3.65 yr' illustrate how rate-limited soil-water
sorption further increases the degree of longitudinal dispersion (e.g., Culver et
al., 1997; Cunningham et al., 1997).

Test Problem 2—RATLIM2D_PCB vs. COLFRAC

COLFRAC is a numerical model that simulates combined steady-state
groundwater flow and transient, colloid-facilitated contaminant transport in
porous or discretely fractured porous media (Ibaraki 2004). Computational
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efficiency for large-grid problems is achieved by employing a preconditioned,
ORTHOMIN-accelerated iterative matrix solver. Groundwater flow and solute
transport (including matrix diffusion and advection in the porous matrix) are
rigorously treated in both fractures and porous matrix blocks. Chemical
reactions in the form of first-order decay and linear equilibrium and kinetic
sorption are also accommodated. The application of the program to complex
real-world problems, which often require a fine spatial discretization, is facilitated
by a pre-processor, PRECLD, which reads a data file containing relevant high-
level descriptive information, and translates this information into a set of
COLFRAC compatible input data files. Post-processing routines are then used to
produce plotted or printed output.

We compared RATLIM2D_PCB simulation results with COLFRAC for a test
problem involving one-dimensional solute (single constituent with a &, similar to
PCBs) transport in a porous medium with the following transport mechanisms—
equilibrium partitioning between soil and groundwater; equilibrium partitioning
between colloids and groundwater; and colloid filtration. Figure C-5 shows the
simulated total (colloidal + aqueous phase) PCB, aqueous phase PCB, and
mobile colloid concentrations for both codes. We show results with and
without colloid filtration. The agreement between the codes is very good. Due
to less accurate numerical methods, the COLFRAC results exhibit some
numerical (artificial) dispersion in areas with large concentration gradients.

Test Problem 3—RATLIM2D_PCB vs. RBCA Tier 2 Analyzer

The software package RBCA Tier 2 Analyzer (Cosler 2000) consists of two-
dimensional groundwater flow and solute transport codes and an initial-
condition plume generator that can easily be used to develop sophisticated and
physically realistic models of groundwater systems and contaminant plumes.
Five different transport simulation capabilities are provided: 1) single-
constituent; 2) the PCE>TCE>DCE>VC sequential-decay sequence that occurs
during the biodegradation of tetrachloroethene, trichloroethene, 1,2-
dichloroethene, and vinyl chloride by reductive dechlorination; 3) instantaneous
benzene-toluene-ethylbenzene-xylene (BTEX) biodegradation with a single
electron acceptor (oxygen); 4) instantaneous BTEX biodegradation with multiple
electron acceptors (oxygen, nitrate, iron(lll), sulfate, carbon dioxide); and 5)
kinetics-limited BTEX biodegradation with multiple electron acceptors.

The transport model has the capability of simulating either equilibrium or non-
equilibrium (one-, two-, or multi-site sorption) partitioning between water and
soil. The software can be used as a design tool for a wide variety of problems,
including the analysis of remedial alternatives such as groundwater pump and
treat systems (including extraction well concentration “tailing” effects), natural

Hart Crowser
2644-114 May 2012

Page C-18



attenuation evaluation, and source remediation level determination based on
simulation of compliance point concentrations. RBCA Tier 2 Analyzer features
a Windows-based visual graphical environment for grid construction, data input,
initial-condition plume generation, and automated and user-defined boundary
condition specification; optional import of contoured contaminant plumes saved
in the Surfer GRD format; detailed help system with numerous fate and
transport parameter values from the literature; low computer memory
requirements; fast execution times; and sophisticated visualization and analysis
of simulation results using the graphics program Tecplot developed by Amtec
Engineering.

In this test, we compare RATLIM2D_PCB and RBCA Tier 2 Analyzer for the
Test Problem 2 parameters but remove the colloids. However, we add rate-
limited soil to groundwater partitioning as a transport mechanism. Figure C-6
shows the excellent agreement between simulation results for both models and
three values of the soil-water mass transfer coefficient « : 1, 10, and 1,000 day.
a =1,000 day' represents approximate equilibrium soil to water partitioning. As
discussed above and illustrated on Figure C-6, non-equilibrium soil to
groundwater partitioning (i.e., low values of « ) is similar to increased
longitudinal dispersion (also, see Haggerty and Gorelick 1995 and 1998).

C.3.2 Model Input Data
Hydrogeologic and PCB Fate and Transport Data
From the model calibration process and site-specific measurements, we
estimated the following parameter values for the final model simulation results
presented in the Rl report:

Soil to Water Mass Transfer Rate, o

Table C-1 shows representative values for other sites. Based on model
calibration: a = 0.1 yr’

Longitudinal Dispersivity, a,

Table C-2 lists measurements from other sites. Based on model calibration: a, =
Tm
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Groundwater Pore Velocity, u

We used a uniform velocity field equivalent to the approximate mean
groundwater pore velocity along the PCB plume centerline. Based on site
hydraulic conductivity and hydraulic gradient measurements: u = 3,670 m/yr.

Fraction of Organic Carbon in Soil, fy

From site measurements, f, ~ 0.001. Table C-3 summarizes f,, measurements
from other sites. As outlined in Table C-4, we used f,_ and the organic carbon/
water partition coefficient, k
coefficients, k, for each PCB congener.

to estimate site-specific soil-water partition

oc /

Organic Carbon/Water Partition Coefficient, k,

We used the compound-specific PCB congener k,, values estimated by Hansen
et al. (1999) as initial estimates. We made some adjustments of these values
(within appropriate uncertainty ranges) during model calibration.

Colloid — Water Mass Transfer Coefficient, «

coll

From model calibration: a_, ~ 100 yr".

coll

Fraction of Organic Carbon in Colloid, (f,)..
From model calibration: (f,.).,
studies (Hart Crowser 2005) indicate that the colloids are primarily quartz
minerals with particle sizes ranging from <0.3 to >25 um. The effective diameter
of the majority of particles was <1.6 um. As shown in Table C-5, the colloidal
size range in groundwater is about 0.01 to 10 um, with the smallest colloids
being those that are justlarger than dissolved macromolecules, and the largest
colloids being those that resist settling once suspended in soil pore waters
(DeNovio et al., 2004).

~0.054. Site-specific colloid characterization

Because the colloids at the site are predominantly inorganic, (f.),, was a
calibration parameter used to estimate the colloid-water partition coefficient,
(ky)wn » Which quantifies chemical sorption to inorganic soil/particles (e.g.,
Lyman, et al., 1982).
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Colloid Filtration Coefficient, f,

From model calibration: f_~ 0.002 m™. As a comparison, Ibaraki and Sudicky
(1995) characterize f_~ 0.1 m" as “weak” filtration and f, ~ 10 m™ as
“vigorous” filtration.

Boundary and Initial Conditions

The PCB congener and colloid transport model incorporates fixed concentration
boundary conditions along the upgradient boundary of the simulation domain
that are based on monitoring well data. In effect, these boundary conditions
simulate a source of PCB contamination in the general vicinity of monitoring
well RM-MW-17S. We set all initial (¢ = 0) concentrations to zero because the
model simulations were designed to mimic the historical evolution of the PCB
plume.

DeNovio et al. (2004) report several field studies of colloid transport in
groundwater systems where the colloid concentrations generally exceeded 1 to
10 mg/L. Ryan and Elimelech (1996) report groundwater colloid concentrations
as high as 100 mg/L in samples taken from a wide variety of geological and
geochemical settings. Total suspended solids (TSS) concentration measurements
for monitoring well RM-MW-17S have generally ranged from 5 to 45 mg/L.
Observed TSS concentrations in upgradient monitoring wells include:
RM-MW-15S (2 to 67 mg/L); RM-MW-16S (3 to 21 mg/L); RM-MW-1S (2 to 34
mg/L); and HL-MW-29S (2 to 13 mg/L). Based on this information, we assumed
10 mg/L as the upgradient colloid concentration boundary condition. However,
the simulation results are not very sensitive to this value because the colloid-
was determined by model calibration, as
discussed above. In other words, the product of the colloid concentration and
(ky)en determines the significance of colloid transport on the downgradient PCB
congener distribution in groundwater.

water partition coefficient, (k)

coll 7
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Mass Transfer Rate, «, and Fraction of Soil Mass at Equilibrium, F

Table C-1 - One- and Two-Site Models

: a Material
Source of Estimate . ) F — Reference
in days™ Description foe
Batch sorption studies (30 days) Moffett Naval Air Station,
with TCE, vinyl chloride, carbon 0.02t00.15 NA sand and gravel 0.0011 California(Harmon et a.,
tetrachloride 1992)
16 (3 days) NA 0.0036
Laboratory measurement of 0.36 (3 months) 0.74 0.0036 .
napthal ene desorption rates using 0.15 (aged) 0.36 ) 0.13 m??#;a;t:rrne%ggs plant site,
fresh (days to weeks) and aged (30 6.7 to 14 (aged) NA 0.016 (Connaughton et aI 1993)
years) soil samples 13 (aged) NA 0.0023 9 .
5.2 (aged) NA 0.012
Batch sorption studies (150 days) 0.24 NA fine to coarse 0.00021 Borden, Ontario (Ball and
with PCE? 0.15 0.10 sand ' Roberts 1991)
Column desorption studies (21 0.17 NA medium sand 0.0015 Aquifer sediment (Werth and
days) with TCE? 0.014 NA fine sand 0.00064 | Reinhard 1997)
Laboratory batch (20 days), column
(42 days), and field injection (23 0 552(70 é'libn)m) 0 | wdendaravd | 0000s | ANy Arsendl, New
days) experiments with Triton X- . : ’ g ’ Jersey (Smith et al., 1997)
= 0.013 (field) 0.15
100 (non-ionic surfactant)
Field-scale natural gradient medium to fine Borden, Ontario (Cushey and
experiment with PCE (700 days) 0.0046 032 sand 0.00021 | Rypin 1097)
e el
a nyadrop 9 ) 0.48t02.4 p sand to Brusseau et a., 1991
chemicals and three low-organic 0.61
- ] 0.00025
carbon aquifer materials
Laboratory studies of 0.024 to 0.098 (slow) 03410
desorption of Lab 0.007 to 0.012 (very 0.91 very fine sand 0.032 L ake sediments, The
chlorobenzenes, PCBS, slow) Netherlands (Cornelissen et
and PAHs from lab- and 0.02 t0 0.05 (slow) 01to fine sand and al., 1997)
field-contaminated Field 0.003 to 0.006 (very 0 4 Silt 0.070 b
sediments (13 to 90 days) slow) )
Long term (12 monihs) |2oretory 0.00055 oss | Yvevfineto 0010 | Hudson Rivers sediments
puon expe : 0.00083 0.76 And, 0.046 | (Carroll et al., 1994)
contaminated river sediments’ somesilt
) Subsurface material (Wagner)
:Xab;:i(;%:g%g ?rp;)'?,ci th diuron 0.026 NA fineto very 0.00043 from sand and gravel pit
perim Y 0.0067 0.098 coarse sand : (Pedit and Miller 1994 and
(herbicide) 1995)
Laboratory batch sorption 0.11t00.19 Na | mediumtofine | 56005 | Borden, Ontario
experiments (8 to 10 days) with sand
PCE and TCE (Harmon and i i
Roberts 1994) ( 0.032t00.36 NA | coarsesand 000y | phoftett Naval Air Siation,
. Columbus Air Force Base,
Field-scale natural gradient 0.0046 (bromide) sand and Mississioni (H d
- - i 0.011 (tritium gravel, small ississippi (Harvey an
experiment with bromide and 011 (tritium) NA - Gorelick 2000)
- amounts
tritium (500 days) — 1ol
0.0016 to 0.0033 (tritium) slvday Feehley et al., 2000
Tables from Cosler (2004)

NA=not analyzed because data were fit to a one-site model
®First-order mass transfer rate converted from spherical diffusion value using first term of the first-order, multi-rate series

approximation to the diffusion model (Haggerty and Gorelick 1995)
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Table C-2 - Dispersion Coefficients and Dispersivity

Longitudinal Dispersivity, a

Use the graph below or the following line-of-best-fit equation to estimate the longitudinal dispersivity at
your site:

2414 (Xu and Eckstein 1995)

a, = 0.83[logy(Ls)]
where L s isthe horizontal length scale of the plume and g and Ls are in meters.

Transverse Dispersivity, ar

Theratio of transverse (ar) to longitudinal dispersivity, ar/a., istypicaly in the range of 0.05 to 0.25 (Fetter
1993).

Molecular Diffusion Coefficient

The molecular diffusion coefficient for a porous medium, 5m , isdefined as:
ISm =7D,

where 7 isthetortuosity of the aguifer and Dy, is the molecular diffusion coefficient of the solute in free
water. Bear (1972) cites referencesindicating 0.3 <7<0.7 as arepresentative range for unconsolidated
media. At normal groundwater temperatures, most chemicals exhibit amolecular diffusion coefficient in
water, Dpy,, of about 1x10°° m?/s (Lyman et al., 1982).
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Tables based on Mackay 1990; Wiedemeier et al., 1995b; Karickhoff 1981; and Environmental Science and Engineering, Inc.,

Amherst, NH)

Table C-3 - Organic Carbon Content (f,.) of Typical Sand and Gravel Aquifers

Site Location

Organic Carbon
Content, fy

Material

interstratified silts, sands,

Gloucester, Ontario 0.001 to 0.006 gravels
Borden, Ontario 0.0002 medium to fine sand
Moffett Naval Air
Station, California 0.0011 sand and gravel
Otis Air Force Base,
M husetts 0.0001 to 0.0075 sand and gravel
Savage Well Superfund fine to coarse sand and
Site, New Hampshire 0.0014 10 0.0030 gravel
Gallup’s Quarry Superfund Site, fine to coarse sand and
Connecticut 0.001100.002 gravel
Old Southington Landfill
Superfund Site, Connecticut 0.0005t0 0.003 sand and gravel
D_arllng Hill Superfund 0.0014 to 0.0039 fine to coarse sand
Site, Vermont
P_a\rker Landfill Superfund 0.0003 to 0.011 very fine to medium sand
Site, Vermont
Hill Airforce Base, Utah 0.00053 to 0.0012 medium sand
Bolling _A| rforce Base, District of 0.0006 t0 0.0015 fine sand
Columbia
Patrick Airforce Base, Florida 0.00026 to 0.007 fine to coarse sand
Elmendorf Airforce Base, Alaska 0.10t0 0.25 organic silt and peat
Elmendorf Airforce Base, Alaska 0.0007 to 0.008 silty sand

. silt with sand, gravel and
Elmendorf Airforce Base, Alaska 0.0017 to 0.0019 day (glacial till)
Elmendorf Airforce Base, Alaska 0.00125 medium sand to gravel
Truax Field, Madison, Wisconsin <0.0006 to 0.0061 medium fine to sand
King Salmon Airforce Base, Alaska 0.00021 to 0.019 medium fine to sand
Battle Creek ANGB, Michigan 0.00029 to 0.073 fine to coarse sand
Oconee River, Georgia 0.0057 sand
Oconee River, Georgia 0.020 to 0.029 silt
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Table C-4 - Equilibrium Sorption

Soil-Water Partition Coefficient, kg

For non-ionic organic compounds the soil-water partition coefficient, kq (cm®g) can be estimated from the
following correlation with the organic carbon content of the soil:

Kg = foc Koc (f,c 20.001)

where f isthe fraction of organic carbon in the soil (grams organic carbon per gram soil) and k. isthe
organic carbon/water partition coefficient (cm*/g). Published k. values are available from several sources
(e.g., Lymaneta., 1982; U.S. EPA Public Health Risk Evaluation Database; and the web site
www.epa.gov/oerrpage/superfund/resources/soil/part_5.pdf). Alternatively, ko can be estimated (Seth et
al., 1999) from a correlation with the octanol/water partition coefficient, ko (cm®/g), for which extensive
databases and reliable estimation methods exist (e.g., Hansch and Leo 1979; Lyman et al., 1982; and the
above-referenced EPA web site):

Koo =035k,

The above correlation is subject to variation by afactor of 2.5 in either direction. The above EPA web site
also contains a summary of reported ky values for several inorganic constituents.
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Table C-5 - Colloid Particle Sizes

Particle Sizes

(diameter, m) 1?_10 1?_9 1?_8
[ [ [

1A 1nm
Soils
-
Microorganisms » 2
Viruses Bacteria Protozoa
@) Red blood cell
Blood cells
moecues Ao [ eseret £ e
cules .
molecules
< >

Colloids <€

Suspended particles

Depth-filtration range

>< ><

Light microscope Human eye

><

Electron
microscope

Based on DeNovio €t a., 2004
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Concentration Interpolation at the Foot of the Characteristic Line
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ADI Solution Approach
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