NAPL PooL DISSOLUTION IN STRATIFIED AND ANISOTROPIC
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ABSTRACT: A two-dimensional numerical model is developed to study contaminant transport resulting from
the dissolution of single- and multicomponent dense nonaqueous-phase liquid (DNAPL) pools in heterogeneous
porous media. The aqueous-phase concentration of each dissolved component is assumed to undergo first-order
decay as well as sorb under local equilibrium conditions. Pool shrinkage is accounted for by modeling the
progressive reduction of the DNAPL pool surface area as a time-dependent boundary. Multicomponent pool
dissolution is modeled using an effective solubility (or equilibrium aqueous solubility) relationship, where the
nonaqueous-phase activity coefficient for each constituent is evaluated at each and every time step. Subsurface
heterogeneities are depicted by an ideally stratified porous formation and by a statistically anisotropic aquifer.
In the stratified formation, a multicomponent DNAPL pool is assumed to be formed at the interface between a
sand layer and a clay layer, where DNAPL dissolution occurs simultaneously in both strata. The ground-water
velocity inside the sand stratum is uniform in the longitudinal direction whereas the interstitial liquid in the
aquitard is stagnant. In the statistically anisotropic aquifer, a single-component DNAPL pool is assumed to be
formed on top of an impermeable bedrock, where DNAPL dissolution occurs in the aquifer only. Results from
several model simulations indicate that dissolved contaminant concentrations in aquifers are reduced significantly
in the presence of aquitards, and most importantly, the transfer of dissolved contaminants along the pool-water

interface is slower within statistically anisotropic than within homogeneous aquifers.

INTRODUCTION

The transport of contaminants resulting from the dissolution
of nonaqueous-phase liquid (NAPL) pools recently has re-
ceived considerable attention (e.g., Anderson et al. 1992; John-
son and Pankow 1992; Chrysikopoulos et al. 1994; Seagren et
al. 1994; Voudrias and Yeh 1994; Whelan et al. 1994; Chry-
sikopoulos 1995; Lee and Chrysikopoulos 1995; Holman and
Javandel 1996; Manivannan et al. 1996; Mason and Kueper
1996; Chrysikopoulos and Lee 1998). However, the majority
of the NAPL dissolution studies published in the literature are
associated with homogeneous porous media and do not ex-
amine the heterogeneous nature of complex natural subsurface
formations.

Aquifers are often polluted with NAPL mixtures composed
of two or more contaminants (Mackay et al. 1985; Mercer et
al. 1990). The modeling of multicomponent NAPL dissolution
involves the use of an effective solubility (or equilibrium aque-
ous solubility) relationship for each individual component. The
effective solubility of each component in an NAPL mixture is
equal to the single-component aqueous saturation concentra-
tion multiplied by the mole fraction of the component and its
nonaqueous activity coefficient (Banerjee 1984). The non-
aqueous-phase activity coefficient is a dimensionless param-
eter representing the component’s degree of nonideality in the
mixture (Stumm and Morgan 1981; Schwarzenbach et al.
1993), and it can be estimated by using the numerical code
UNIFAC (UNI-functional group activity coefficients) created
by Fredenslund et al. (1977).

In this work, a two-dimensional finite-difference multicom-
ponent numerical model is developed to simulate solute trans-
port resulting from the dissolution of well-defined, finite dense
NAPL (DNAPL) pools in heterogeneous porous media. As the
NAPL pool dissolves into the interstitial liquid of the aquifer
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or aquitard, a concentration boundary layer for each compo-
nent is assumed to develop above or below the NAPL-water
interface. The greater the concentration gradient the greater the
mass transfer of the dissolved component. Therefore, it is as-
sumed that the transfer of dissolved contaminants to the inter-
stitial liquid is faster at the upstream compared with the down-
stream section of the DNAPL-water interface, which in turn
leads to pool shrinkage and shifting of the pool origin in the
downstream direction. Model simulations are performed for
the longitudinal-vertical plane along the centerline of the pool.
First, we considered a synthetic two-component DNAPL pool
formed at the interface between a simple two-layered stratified
formation consisting of a sand layer over a clay layer (Fig. 1).
The pool is assumed to consist of a mixture of tetrachloro-
ethylene (PCE) and 1,1,2-trichloroethane (1,1,2-TCA) because
these compounds have dissimilar structures and form a noni-
deal DNAPL mixture. Each stratum (layer) is continuous with
uniform hydraulic properties. This subsurface configuration
permits NAPL dissolution into both strata simultaneously. Be-
cause ground-water flow rates in sand aquifers are orders of
magnitude higher than in clay aquitards, the transport of dis-
solved contaminants is dominated by advective processes in
the aquifer and diffusive processes in the aquitard. Further-
more, we considered a single-component 1,1,2-TCA pool
formed on top of an impermeable bedrock in a statistically
anisotropic aquifer, where NAPL dissolution is assumed to oc-
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FIG. 1. Schematic Representation of xz Cross Section along
Centerline of DNAPL Pool of Length /, Showing Location of Pool
with Respect to Origin of Carteslan Coordinate System
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cur in the aquifer only. The numerical model is good for ver-
ification of laboratory experiments as well as for cases where
the subsurface pollution source can be represented by an ide-
alized DNAPL pool.

MODEL DEVELOPMENT
Contaminant Transport

The governing partial differential equation describing the
transient transport of each dissolved component originating
from the dissolution of a DNAPL pool in saturated two-di-
mensional porous media, assuming that each component may
sorb onto the solid matrix under local equilibrium conditions is
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where C = aqueous-phase solute concentration; D, and D, =
longitudinal and vertical hydrodynamic dispersion coefficients,
respectively; R = dimensionless retardation factor; U, and U,
interstitial fluid velocities in the longitudinal and vertical
directions, respectively; ¢ = time; x and z = spatial coordinates
in the longitudinal and vertical directions, respectively; A =
first-order decay constant; and subscript p = component indi-
cator. It should be noted that the term ARC in (1) implies that
the decay coefficient of the aqueous-phase concentration is
identical to the decay coefficient of the concentration sorbed
onto the solid matrix. The governing partial differential equa-
tion (1) is linear with respect to the aqueous-phase concentra-
tion; however, a closed-form analytical solution cannot be ob-
tained because D,, D,, U,, and U, are functions of the spatial
coordinates. Thus, a numerical approximation was developed.

For a well-defined multicomponent DNAPL pool with finite
mass and uniform thickness formed at the interface between
two stratified formations (i.e., aquifer/aquitard, Fig. 1), the

(a)

transfer of each component from the NAPL-water interfaces
to the interstitial fluid in both aquifer and aquitard is described
by the following mass transfer relationships (Chrysikopoulos
et al. 1994):
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where @, = B,/7* = effective molecular diffusion coefficient
of component p; 9 = molecular diffusion coefficient; 7* = 1
= tortuosity; k(¢, x) = local mass transfer coefficient applicable
at the pool-water interface; the ‘““hat’’ represents parameters
associated with the aquitard; [, = location of the pool’s origin;
and I/, = pool length (Fig. 1). The interface of the two strata
is at z = O and superscripts “+’’ and “—’’ indicate locations
slightly above or slightly below the aquifer/aquitard interface.
It should be noted that (2) and (3) assumed that the thickness
of the pool is insignificant relative to the thickness of the po-
rous medium. Furthermore, C"” is the time-dependent effective
solubility calculated by using the following expression (Ba-
nerjee 1984; Lee and Chrysikopoulos 1995):

Gy (0 = C X, (Dv,(X,) @
where C, = pure component saturation concentration (solubil-
ity); X = time-dependent nonaqueous-phase mole fraction of
component p; and vy = mole fraction—dependent nonaqueous-
phase activity coefficient of component p. For the special case
where the NAPL mixture behaves ideally, vy, = 1, (4) reduces
to Raoult’s law. For a single-component NAPL the effective
solubility is constant and equal to the aqueous saturation con-
centration C*(#) = C,. Also, it should be noted that C,(z, x,
*+0o0) is the bulk or background concentration of component p
in the interstitial fluid. Conventionally, any location outside
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FIG. 2. Schematic lllustration of Numerical Domain for: (a) Stratified Aquifer; (b) Statistically Anisotropic Aquifer
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the concentration boundary layer is considered as z — *o
(Incropera and DeWitt 1990).

The appropriate initial and boundary conditions for the case
of a multicomponent DNAPL pool formed at the interface be-
tween two stratified formations are
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Egs. (7) and (8) are identical to (2) and (3) with background
concentration C,(¢t, x, *x) =0

For the case of the statistically anisotropic aquifer, a single-
component DNAPL pool is considered in this work. Therefore,
the subscript p can be removed from the governing equations,
and (3), (4), (8), and (9) are no longer applicable because the
pool is assumed to be formed on top of an impermeable bed-
rock.

x<l,x>lL, +1, 9

Ground-Water Flow

For the stratified formation case, the interstitial ground-wa-
ter velocity within the aquifer is assumed to be unidirectional
and invariant (U, = constant; U, = 0). However, for the statis-
tically anisotropic aquifer case, the velocity components in the
x- and z-directions are spatially variable.

Statistically anisotropic, two-dimensional, log-transformed
hydraulic conductivity fields are generated based on the fol-
lowing widely used exponentially decaying covariance func-
tion (Gelhar and Axness 1983; Sudicky 1986; Russo et al.
1994):

TABLE 1. Parameter Values for Numerical Simulations
Statistically
Parameter Stratified formation anisotropic aquifer
(1) (2 (3)
G, €, (g/L) 0.0° 0.0°
C, (g/lL) 0.15%, 4.5" 4.5°
D, (m¥h) 1.01 X 107*~* Spatially variant
D, (m*/h) 1.21 X 107°, 1.22 X 107~** Spatially variant
D, (m%h) 2.19 X 107%*,2.33 x 107 233 X 107*
D,, D,, D, (m*h) | 3.13 x 107", 3.33 X 10°™ —
d (m) 0.003 0.003
M’ (mol) 0.74%, 0.74° —_—
R 2.89°, 1.63° 1.63°
R 5.78% 3.26" —

U, (m/h) 3.0 x 107 Spatially variant
U (m/h) 0.0 Spatially variant
U, (m/h) 0.0 —

_— 0.8
a; (m) 33 x 107 33 X 1072
o (m) 33 x 107 33 X 107
At (h) 5 5
L (m) — 0.5
£ (m) — 0.06
A 0.0~ 0.0°
™ 143 143
b 10.0 —
9 0.3 0.3
] 0.05 —

*Data for PCE.

*Data for 1,1,2-TCA.

P 2 112
Cov(r) = o} exp [—(% + %) ] (11)

where o = variance of the log-transformed hydraulic conduc-
tivity (Y = In K, where K is the hydraulic conductivity); r =
(ry, r,)" = a two-dimensional vector whose magnitude is the
separation distance of two hydraulic conductivity measure-
ments; and {, and {, = longitudinal and vertical correlation
length scales, respectively. It should be noted that statistical
anisotropy implies that the covariance function depends on
both the magnitude and the direction of the separation vector
(Gelhar 1993). For each realization of the hydraulic conduc-
tivity field generated, a spatially variant head field can be de-
termined numerically by the following two-dimensional equa-
tion, which describes steady-state flow through a heterogeneous,
isotropic, saturated porous medium (Bear 1979):

[K(, )ah("’ z’] [K(, p 2D Z)] 0 (12

where h = total head potential. It should be noted that K(x, 2)
is locally independent of direction and hydraulic anisotropy is
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FIG. 3. Nonaqueous-Phase Activity Coefficients as Function
of Mole Fraction Estimated with UNIFAC for Mixture of PCE and
1,1,2-TCA
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FIG. 4. Calculated Average Mass Fluxes as Function of Time

for: (a) PCE; (b) 1,1,2-TCA
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introduced by the overall spatial variability of the hydraulic
conductivity field (Burr et al. 1994). Furthermore, the hydrau-
lic conductivity is time invariant because the DNAPL pool is
assumed to remain immobile (single-phase flow); thus, the po-
rous formation is water saturated continuously. Velocity com-
ponents in the x- and z-directions are then calculated for every
discretized point (node) within the aquifer by using the fol-
lowing form of Darcy’s equation:

_ K, 2) 3h(x, 2)

0 ox a3

Ux, 2) =

_Kx, 2) oh(x, 2)

] 9z (14)

Ufx, 2) =

where 8 = effective porosity. In this study, it is assumed that
the porosity maintains a constant value because the spatial
variability of porosity is considered to be much smaller than
the variability of hydraulic conductivity; thus, the variability
of the porosity is not a factor that will significantly affect
steady flow (Freeze 1975; Dagan 1989).

Numerical Solution

The two-dimensional mathematical model presented is
solved numerically by a fully implicit, finite-difference
scheme. Discretization of the governing partial differential
equation (1) results in a band diagonal system of equations.
Each node contributes an equation. However, the number of
equations to be considered is limited by the memory size of

the available computer. In this study, a Sparc 20 workstation
(Sun Microsystems) with 80 MB of physical random-access
memory is used. This particular system is capable of efficiently
solving a band diagonal matrix corresponding to approxi-
mately 2,500 equations.

The numerical domain as well as the corresponding bound-
ary conditions for both cases of heterogeneous formations con-
sidered in this study are illustrated schematically in Fig. 2. For
the stratified aquifer [Fig. 2(a)], the subsurface domain is di-
vided into two subdomains, a top subdomain representing the
aquifer and a bottom subdomain representing the aquitard.
Splitting the subsurface into two subdomains results in two
separate band diagonal matrices, and each matrix can be
solved independently. The number of nodes used for each sub-
domain in the x- and z-directions are 50 and 50 with a nodal
separation distance of 0.08 and 0.006 m, respectively. A no-
dispersive flux condition is applied to all outer boundaries of
the numerical domain. Eq. (7) is applied to the nodes at the
pool-water interface within the aquifer subdomain, whereas (8)
is applied to the nodes at the pool-water interface within the
aquitard subdomain. The matrices are solved recursively at
each and every time step, and (9) is satisfied by requiring the
two subdomains to share the same nodal points at the aquifer/
aquitard interface.

For the statistically anisotropic aquifer [Fig. 2(b)], only (7)
is applied to the nodes at the pool-water interface within the
aquifer domain. A no-dispersive flux condition also is applied
to all outer boundaries of the numerical domain. The number
of nodes used in the aquifer in the x- and z-directions are 50
and 50 with a nodal separation distance of 0.08 and 0.015 m,

1 1 2 1
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FIG. 5. Concentration Contour Plots of PCE (g/L) in Stratified Formation Consisting of Sand Stratum over Clay Stratum at: (a) 1,000;

(b) 5,000; (c) 10,000 h (after Initiation of Dissolution Process)
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respectively. The head field is obtained by discretizing the flow
equation (12) in a similar fashion to the discretization of the
transport equation (1). Constant head values are applied at the
upstream and downstream numerical boundaries; furthermore,
the top and bottom numerical boundaries are considered im-
pervious.

EVALUATION OF MODEL PARAMETERS

The aqueous-phase molecular diffusion coefficient for each
constituent of the DNAPL pool is obtained by using the Hay-
duk and Laudie relationship (Hayduk and Laudie 1974)

477 x 10 [m?
0 [1“};—] 15)

where 7, (cP) = viscosity of water [at 25°C m, = 0.8904 cP,
Lyman et al. (1982)]; and V (¢cm*/mol) is the molar volume.
The molar volume of each constituent is estimated using the
LeBas method, which sums the volume increments of every
individual atom in the molecule and subtracts any volume cor-
rection for the shape or structure of the molecule (Lyman et
al. 1982). The LeBas molar volumes for PCE and 1,1,2-TCA
are 128.0 and 115.0 cm*mol, respectively (Mackay et al.
1992). Employing a tortuosity of 7* = 1.43 for sand and #* =
10.0 for clay (de Marsily 1986), the calculated effective mo-
lecular diffusion coefficient for PCE is 2.19 X 10~° m%h in
sand and 3.13 X 1077 m%h in clay; for 1,1,2-TCA, it is 2.33
X 107 m*h in sand and 3.33 X 10”7 m%h in clay.

The hydrodynamic dispersion coefficients are obtained by
the following relationships (Bear 1979):

D, =

o UNx, 2) + o UXx, z) +

Dx, 2) = U] . (16)
2 2
Dx, 2) = o Uz(x, 2) + o U (x, 2) +Q, an
|
where
U] = [Uix, 2) + Ulx, 21" (18)

is the magnitude of the interstitial velocity vector; and o, and
o = longitudinal and transverse dispersivities in the x- and z-
directions, respectively.

For instantaneous, reversible sorption with a linear isotherm,
the retardation factor in the aquifer is (Hashimoto et al. 1964)

Ry=1+2K, (19)
where p, = bulk density of the aquifer; and K, = distribution
coefficient, which can be estimated using the correlation (Kar-
ickhoff 1984)

Kd, = f ucKnc‘, (20)

where f,. = organic carbon fraction of the porous medium; and
K. = organic carbon partition coefficient (mass sorbed per unit
mass of organic carbon per unit aqueous concentration). It
should be noted that calculation of K, based on (20) is accurate
when sorption can be represented by a linear model and occurs
primarily onto organic carbon (Ball and Roberts 1991). The
K. values for PCE and 1,1,2-TCA used in this work are 2.1

0.0 0.5 1.0 1.5

x (m)

FIG. 6. Concentration Contour Plots of 1,1,2-TCA (g/L) In Stratified Formation Conslsting of Sand Stratum over Clay Stratum at:
(a) 1,000; (b) 5,000; (c) 10,000 h (after Initiation of Dissclution Process)
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FIG. 7. Comparison between Predicted Breakthrough Curves
with (Solid Lines) and without (Dashed Lines) Contaminant DIf-
fusion into Aquitard for: (a) PCE; (b) 1,1,2-TCA (Here x=2.72 m;
z=0.024 m)

X 107 and 7.0 X 107° m’/g, respectively (Mackay et al.
1992). Assuming the aquifer has a bulk density of 1.69 X 10°
g/m®, an effective porosity of 0.3, and an organic carbon frac-
tion of f,. = 0.16%, the retardation factors for PCE and 1,1,2-
TCA are estimated as 2.89 and 1.63, respectively. In clay-rich
formations, contaminant sorption occurs onto both organic and
inorganic solids (Karickhoff 1984; Myrand et al. 1992). Thus,
K, calculations for clay-rich aquitards may not be accurate if
based on (20). However, retardation factors reported in the
literature for organic contaminants in clay formations are a
few-fold higher than the corresponding retardation factors in
other types of porous media. In this study, the retardation fac-
tor for each dissolved component is assumed to be twice as
large in the aquitard as in the aquifer (R, = 2R,). Table 1
summarizes the parameter values used in the simulations.

For each time step the multicomponent pool composition is
updated, X and <y are evaluated accordingly, and C" is calcu-
lated for each component using (4). The nonaqueous-phase
activity coefficients required for the evaluation of the time-
dependent equilibrium aqueous solubilities are obtained with
the software PC-UNIFAC (BRI 1993). The UNIFAC is a semi-
empirical thermodynamic model developed by Fredenslund et
al. (1977) to estimate activity coefficients of nonideal liguid
mixtures.

The nonaqueous-phase mole fraction of each component
X,(9) is calculated at each time step by dividing the number
of moles of each component by the total number of moles
present in the pool. The number of moles for each component
as a function of time ,(r) is calculated by tracking the
amount of contaminant mass depleted from the pool during all
preceding time steps using the following relationship:

Ok, + k1At &,
(mol wt), 2 Cy(mANA(mAN ¢ = At
(3]

M) =M, —

where M, = initial number of moles of component p in the
nonaqueous phase; At = time step; and m = an integer time

step summation index with m, = I(#/A?) indicating the total
number of time steps, where I( ) is an integer mode arithmetic
operator truncating any fractional part of the numeric argu-
ment; k(z) and k(t) = time-dependent, spatially averaged (or
overall) mass transfer coefficients for the aquifer and aquitard,
respectively; and A(f) = pool surface area. The time-dependent
pool-water interfacial area is calculated using

13 M) (mol wt),
A= (EZW) @2

p=1
where d = thickness of the NAPL pool; ? indicates the total
number of components in the mixture; and p, = fluid density
of component p. The fluid dens1ty and the molecular weight
for PCE are 1.63 X 10° g/m® and 165.83 g/mol, respectively;
and for 1,1,2-TCA, they are 1.44 X 10° g/m® and 133.41
g/mol, respectively (Mackay et al. 1992).

The DNAPL pool shrinkage caused by dissolution is ac-
counted for at each time step of the numerical approximation.
Chrysikopoulos (1995) noted that the longer the pool in the
direction of flow, the higher the solute peak concentration in
the interstitial fluid. Consequently, as the pool shrinks, the dis-
solved peak concentration decreases. Therefore, it is important
to account for pool shrinkage. Assuming that the ratio of the
pool length to pool width is equal to a time invariant parameter

23)

where [, = pool width, the time-dependent coordinate of the
pool origin (Fig. 1), is given by

L =1L, ~ Ap + Lt — Ay — [EA®]"” (24)

The local mass fluxes J and J along the length of the pool
are calculated in this study at each time step using (7) and (8)
as follows:

aC,(t, x,0")

5,,5) = Ci0k 0,0 = =, “EEE22 | <x<l 4L (25)
3
It 0= Croke 0 =9, C—(’a-z’f& Lo<x<l,+1 (26)

where the derivatives of concentration with respect to z are
obtained by numerically solving the governing partial differ-
ential in (1) in conjunction with the following boundary con-
ditions:

C,t, %, 0 =Ct) Ly<x<l,+1 @7)
Ct,x,0)=Clt) L<x<l, +1 (28)

which imply that the concentration along each pool-water
interface within the porous formation is equal to the effective
solubility of the corresponding component. The average mass
transfer coefficients k(¢) and k(t) at each time step are calculated
by averaging the calculated local mass transfer coefficients over
the corresponding pool-water interfacial area. Furthermore, the
average mass fluxes J(f) and J(t) are calculated by using the
relationships J(f) = C “(Yk(¢) and J(t) = C‘”(t)k'(t) respectlvely
It should be noted that the calculation of M, (?) is based on
average mass transfer coefficients applied to the entire surface
of the pool [see (21)]. For the case of a single-component
DNAPL pool formed within a statistically anisotropic aquifer,
the average mass flux is obtained in a similar fashion; how-
ever, the subscript p is removed from the governing equations
(1), (25), and (27); the effective solubility is replaced by C;;
and (26) and (28) are no longer applicable.
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FIG. 8. Comparison of Dissolved Concentrations Originating from Single-Component PCE Pool with and without Diffusion Into
Aquitard as Function of Time for Three Ground-Water Velocities at Downstream Locations: (a) x=2.72m; (b) x=1.92m; (c) x=1.52m

(Here A =5.78; z=0.024 m)

SIMULATIONS AND ANALYSIS
ldeally Stratified Formation

The multicomponent DNAPL pool considered in this study
initially consists of a mixture of 0.74 mol of PCE and 0.74
mol of 1,1,2-TCA. The initial volume of this DNAPL mixture
is approximately 0.144 L. The pool is assumed to have initial
length and width equal to /, = 0.4 and [, = 0.4 m, respectively
(corresponds to € = 1), with an initial origin located at I, =
0.76 m. Furthermore, the ground-water flow in the aquifer is
assumed to be unidirectional with a longitudinal interstitial
velocity of U, = 3.0 X 107* m/h, whereas the ground water
within the aquitard is stagnant.

The relationship between the nonaqueous-phase activity co-
efficients and mole fraction for a PCE and 1,1,2-TCA mixture
as predicted by UNIFAC is shown in Fig. 3. For this particular
two-component mixture, both of the nonaqueous-phase activ-
ity coefficients increase with decreasing mole fraction. The
solubility for 1,1,2-TCA is 4.5 g/L whereas the solubility for
PCE is 0.15 g/ (Mackay et al. 1992). Consequently, more
1,1,2-TCA molecules are expected to dissolve into the aqueous
phase, resulting in a decreasing 1,1,2-TCA mole fraction with
increasing time. Furthermore, UNIFAC estimates a higher
nonaqueous-phase activity coefficient for a lower 1,1,2-TCA
mole fraction (Fig. 3), which in turn leads to even faster 1,1,2-
TCA depletion from the pool. The calculated mass fluxes av-
eraged over the entire pool-water interfacial area for PCE and

1,1,2-TCA as a function of time are presented in Figs. 4(a and
b), respectively. It is shown that J decreases significantly dur-
ing the first 200 h after the initiation of the dissolution process.
In contrast, J decreases at a relatively slower rate. The greater
the concentration gradient across the pool-water interface the
greater the mass flux of the dissolved component. Therefore,
the decrease of J is faster than the decrease of J for both of
the pool components because the formation of the concentra-
tion boundary layer for each dissolved component in the ag-
vifer is relatively fast and transport is controlled by
advection/dispersion whereas the contaminant transport in the
aquitard is dominated by slow diffusion.

Contour plots of dissolved concentrations on the xz-plane
along the centerline of the pool for PCE and 1,1,2-TCA at
three different times are presented in Figs. 5 and 6, respec-
tively. It should be noted that the aquifer/aquitard interface is
at z = 0. Fig. 5 shows a gradual increase in dissolved PCE
concentrations with increasing time, whereas Fig. 6 shows a
decrease in dissolved 1,1,2-TCA concentrations in the vicinity
of the pool from 5,000 to 10,000 h (208.3 to 416.7 days) after
the initiation of the dissolution process. This concentration de-
crease is caused by the decreasing 1,1,2-TCA effective solu-
bility. Because advection is the dominant transport mechanism
in the aquifer whereas diffusion governs solute transport in the
aquitard, dissolved contaminant molecules are expected to be
transported farther downstream in the aquifer. As a result, a
concentration gradient exists at the aquifer/aquitard interface
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causing contaminant molecules in the aquifer to diffuse into
the aquitard. Both Figs. 5 and 6 illustrate that the dissolved
concentrations within the aquitard, downstream from the pool,
are increasing with time.

Model simulated breakthrough concentrations for dissolved
PCE and 1,1,2-TCA at a location downstream from the pool
source with coordinates x = 2.72 m and z = 0.024 m are pre-
sented in Fig. 7. Both cases of an aquifer with an underlying
aquitard where diffusion is included as well as an aquifer with
an impermeable bedrock where diffusion is neglected are con-
sidered. It is shown that the dissolved concentrations are sig-
nificantly lower in the presence of an aquitard because of con-
taminant diffusion into the underlying aquitard. Consequently,
for certain situations back diffusion from the aquitard into the
aquifer may lead to prolonged ground-water contamination.
Johnson and Pankow (1992) noted that diffusion can attribute
to a significant amount of contaminant storage in the aquitard,
and back diffusion alone can lead to a long-lasting aquifer
contamination.

Sensitivity analysis is performed to determine the impact of
various ground-water velocities and aquitard retardation values
on predicted downstream concentrations. A single-component
PCE pool with [, = [, = 0.4 m, [,, = 0.76 m, and M’ = 1.415
mol is considered. Fig. 8 shows differences between dissolved
contaminant concentrations originating from identical PCE
pools with and without diffusion into the aquitard. Three dif-
ferent ground-water velocities at three different downstream

locations are examined. The percent difference in dissolved
concentration is calculated by the expression: (CP(f) — C*(r))
X 100/CP(¢), where C* and C® are predicted dissolved PCE
concentrations with and without diffusion into an adjacent
aquitard, respectively. Fig. 9 illustrates the effect of aquitard
retardation on the difference between dissolved contaminant
concentrations obtained from simulations based on identical
PCE pools with and without diffusion into an adjacent aqui-
tard. Fig. 9 clearly shows that the percent difference in dis-
solved concentrations increases with increasing R. Both Figs.
8 and 9 indicate that the highest concentration difference oc-
curs during the initial stage of pool dissolution, and that the
concentration difference decreases with time. Furthermore,
Figs. 8 and 9 show the percent difference in dissolved con-
centrations is lowest near the pool and increases with distance
away from the pool.

Statistically Anisotropic Aquifer

Consider a single-component 1,1,2-TCA pool formed within
a statistically anisotropic aquifer on top of an impermeable
bedrock (k = 0). The pool is assumed to have initial length
and width equal to /, = 0.8 and [, = 0.8 m, respectively (cor-
responds to £ = 1), with an initial origin located at /,, = 0.68
m. The program SPRT2D developed by Gutjahr (1989) is em-
ployed for the generation of two-dimensional realizations of
statistically anisotropic, random, log-transformed hydraulic
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conductivity fields, based on the exponential covariance func-
tion (Dagan 1989). The geostatistical parameters of the ¥ =
In[K(x, 2)] field are: {, = 0.5 m, {, = 0.06 m, 03 = 0.5, and ¥
= 0.8 (corresponding to a mean hydraulic conductivity K =
2.86 m/day). Fig. 10(a) illustrates a single realization of the
hydraulic conductivity field, where higher K values are rep-
resented by darker shades and lower K values are represented
by lighter shades. Each rectangular unit element represents the
average hydraulic conductivity at the corresponding node of
the finite-difference grid used for the numerical approxima-
tions. Fig. 10(b) presents the spatially variable flow field de-
rived from the hydraulic conductivity field of Fig. 10(a), by
numerically solving (12)—(14). The flow at each node ranges
from 1.15 X 107° to 3.98 X 107* m/h in the x-direction and
from —5.84 X 107* to 2.22 X 107* m/h in the z-direction, as
indicated by the magnitude and direction of the arrows pre-
sented in Fig. 10(b).

The predicted 1,1,2-TCA aqueous-phase concentrations on
the xz-plane along the centerline of the pool at three different
times since the initiation of the dissolution process are pre-
sented in Fig. 11. Dissolved concentrations represent ensemble
averaged obtained from 200 different realizations of the spa-
tially variable hydraulic conductivity field. The observed resuit
is intuitive; the plume size of the dissolved organic gradually
increases in both longitudinal and vertical directions with in-
creasing time.

The effect of the variance of the log-transformed hydraulic
conductivity field o% on dissolved contaminant concentrations
is illustrated in Fig. 12. Concentration contours are simulated
with three different values of '} at 7,000 h (291.7 days) since

the initiation of the dissolution process. With the exception of
the homogeneous aquifer case [Fig. 12(a), o5 = 0], all con-
centrations represent ensemble averages obtained from 200
different realizations of the spatially variable hydraulic con-
ductivity field. Comparison of the contours presented in Fig.
12 indicates that the spreading of the dissolved organic in-
creases with increasing o}, However, it should be noted that
the average mass flux of the 1,1,2-TCA to the aqueous phase
along the pool-water interface is decreasing with increasing
aquifer heterogeneity. For the conditions of Fig. 12, the cal-
culated average mass fluxes along the pool interface are:
0.127, 0.111, and 0.107 g/h per m?, for o} equal to 0, 0.2, and
0.5, respectively. It should be noted that for a constant ¥, an
increase in o} causes an increase in K, as indicated by the
following relationship (Ang and Tang 1975):

_ _ ol
K=-exp Y+-2— (29)

The transfer of a dissolved organic into the aqueous phase is
proportional to the concentration gradient at the pool interface
[see (25)]. The reduction in the average mass flux J is attrib-
uted to elevated dissolved concentrations just above the pool-
water interface caused by the increase in the mean hydraulic
conductivity K. However, it is expected that during the initial
stages of the dissolution process J is directly proportional to
o because the concentration gradients along the pool-water
interface are large at early time. Therefore, for constant satu-
ration concentration along the pool-water interface and steady-
state flow conditions, the transfer of the dissolved 1,1,2-TCA
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is slower and the spreading of the plume is greater within
statistically anisotropic aquifers than within homogeneous
aquifers.

SUMMARY

A two-dimensional finite-difference numerical model sim-
ulating solute transport resulting from the dissolution of sin-
gle- and multicomponent NAPL pools in heterogeneous sub-
surface formations is presented. Multicomponent dissolution is
modeled using an effective solubility relationship, where the
nonaqueous-phase activity coefficient for each constituent is
evaluated at each and every time step. Subsurface heteroge-
neities are depicted by an ideally stratified porous medium and
by a statistically anisotropic aquifer. For solute transport in a
stratified porous medium consisting of a sand aquifer over a
clay aquitard, model simulations indicate that lower solute
concentrations in the aquifer are expected when diffusion into
the aquitard is considered. Consequently, back diffusion from
the clay aquitard into the aquifer may lead to prolonged
ground-water contamination. For solute transport in a statisti-
cally anisotropic aquifer, it was shown that for the case of
constant saturation concentration along the NAPL pool-water
interface and steady-state flow conditions, the predicted aver-
age mass flux is lower, but the spreading of dissolved contam-
inants is greater in statistically anisotropic than homogeneous
water-saturated subsurface formations.
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APPENDIX 1li. NOTATION

The following symbols are used in this paper:

A = pool-water interfacial area (L?);
C = aqueous-phase solute concentration (solute mass per fluid
volume) (M L73);

C, = background aqueous-phase solute concentration (solute
mass per fluid volume) (M L™%);

C, = single-component aqueous saturation concentration (sol-
ubility) (M L7%);

C” = effective solubility (M L™%);

% = molecular diffusion coefficient (L2 T™");

@, = effective molecular diffusion coefficient: @/v* (LZ T™");

D, = longitudinal hydrodynamic dispersion coefficient (L T™");

D, = hyzdrodlynamic dispersion coefficient in vertical direction
@ T)

d = pool thickness (L);
Jfoc = organic carbon fraction (mass of organic carbon per mass
of sorbent) (M M™!);
h = total head potential (L);
I( ) = integer mode arithmetic operator;
J = local mass flux M L2 T™Y);
J = average (or overall) mass flux M L2 T™);
K = hydraulic conductivity (L. T™');
K = mean hydraulic conductivity (L T™);

K, = distribution coefficient (L’ M™*);

K, = organic carbon partition coefficient (tnass sorbed per unit
mass of organic carbon per unit agueous concentration)
L*M™);

k = local mass transfer coefficient (L T™');
k = average (or overall) mass transfer coefficient (L T™");
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length of pool in longitudinal direction (L);

x Cartesian coordinate of pool origin (L);

width of pool in lateral direction (L);

number of moles in NAPL pool mixture;

initial number of moles in NAPL pool mixture;

integer time step summation index;

total number of time steps;

total number of components;

component number indicator (subscript);

retardation factor;

separation distance of hydraulic conductivity measure-
ments (L);

time (T);

ground-water velocity in longitudinal direction (L T™');
ground-water velocity in vertical direction (L T™');
interstitial velocity vector;

molar volume (L* mol™");

nonaqueous-phase mole fraction;

spatial Cartesian coordinates in longitudinal direction (L);
log-transformed hydraulic conductivity, equal to In K;
mean log-transformed hydraulic conductivity;

spatial Cartesian coordinates in vertical direction (L);
longitudinal dispersivity (L);

transverse dispersivity (L);

nonaqueous-phase activity coefficient;

numerical time step (T);

correlation length scale (L);

water viscosity (M L™' T™Y);

effective porosity (fluid volume per porous medium vol-
ume) (L* L7%);

first-order decay constant (T™');

ratio of pool length to pool width;

bulk density of porous medium (M L™%);

density of NAPL component p (M L™%);

variance of In K

tortuosity; and

parameters associated with aquitard are indicated by
“hat.”’



