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Dissolution of nonaqueous phase liquid pools
in anisotropic aquifers
E. T. Vogler, C. V. Chrysikopoulos

33
Abstract. A two-dimensional numerical transport model is developed to
determine the effect of aquifer anisotropy and heterogeneity on mass transfer
from a dense nonaqueous phase liquid (DNAPL) pool. The appropriate steady
state groundwater ¯ow equation is solved implicitly whereas the equation
describing the transport of a sorbing contaminant in a con®ned aquifer is solved
by the alternating direction implicit method. Statistical anisotropy in the aquifer
is introduced by two-dimensional, random log-normal hydraulic conductivity
®eld realizations with different directional correlation lengths. Model simulations
indicate that DNAPL pool dissolution is enhanced by increasing the mean logtransformed hydraulic conductivity, groundwater ¯ow velocity, and/or
anisotropy ratio. The variance of the log-transformed hydraulic conductivity
distribution is shown to be inversely proportional to the average mass transfer
coef®cient.

1
Introduction
The dissolution of dense nonaqueous phase liquids (DNAPLs) in subsurface
environments is a long lasting process that results in groundwater quality degredation. Furthermore, DNAPLs may remain in aquifers for long periods of time
due to their low aqueous solubilities. DNAPL pools are often formed atop low
permeability layers and in aquifers with even subtle heterogeneity (Khachikian
and Harmon, 2000). The majority of existing literature on contaminant transport
resulting from DNAPL pool dissolution is associated with homogeneous aquifers
(Johnson and Pankow, 1992; Whelan et al., 1994; Chrysikopoulos, 1995a; Lee and
Chrysikopoulos, 1995; Mason and Kueper, 1996; Kim and Chrysikopoulos, 1999;
and Tatalovich et al., 2000, to mention a few). The incorporation of the spatial
variability of soil and hydraulic properties in the study of ¯uid ¯ow and solute
transport can be achieved only by means of stochastic models (Christakos, 1992).
All properties which affect the rates of groundwater ¯ow and transport have been
shown to be highly spatially variable (Chrysikopoulos, 1995b). Consequently,
such variabilities may signi®cantly in¯uence DNAPL pool formation (Freeze,
1975; Sudicky, 1986; Burr et al., 1994; Russo et al., 1994; Manivannan et al., 1996)
as well as the complex behavior of DNAPL dissolution (Rivett et al., 1994).
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Numerous studies have focused on DNAPL dissolution in porous media.
Powers et al. (1998) identi®ed the importance of transverse dispersion and ¯ow
bypassing on the dissolution of NAPLs entrapped in a coarse sand lens as a
function of NAPL saturation, and demonstrated that the local equilibrium
assumption is appropriate for the majority of the dissolution duration period,
especially when the NAPL saturation is greater than 15%. Mayer and Miller
(1996) performed two-dimensional numerical multi-phase ¯ow, NAPL emplacement, and NAPL dissolution simulations, and have shown that aquifer
properties affect the spatial distribution of residual NAPLs, and the variance of
the log-normal intrinsic permeability contributes more to mass elution rates
than the horizontal correlation length scale. Lee and Chrysikopoulos (1998) have
determined that the average mass ¯ux originating from the dissolution of a well
de®ned DNAPL pool is smaller within a statistically anisotropic con®ned aquifer
than a homogeneous aquifer, whereas the spreading of dissolved contaminants is
greater in a statistically anisotropic aquifer. It should be noted however, that a
thorough investigation of the effects of aquifer anisotropy on DNAPL pool
dissolution and associated overall mass transfer coef®cient has yet to be conducted.
For the work presented here, a two-dimensional numerical model is developed
to determine the effect of aquifer anisotropy on the average mass transfer coef®cient of a 1,1,2-trichloroethane (1,1,2-TCA) DNAPL pool formed on bedrock in
a statistically anisotropic con®ned aquifer. Statistical anisotropy in the aquifer
is introduced by representing the spatially variable hydraulic conductivity as a
log-normally distributed random ®eld described by an anisotropic exponential
covariance function.

2
Model development
2.1
Contaminant transport
The transport of a sorbing contaminant in two-dimensional, heterogeneous,
saturated porous media, resulting from the dissolution of a single component
DNAPL pool, is described by the following partial differential equation:
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where R is the retardation; C t; x; z is the aqueous contaminant concentration;
t is time; x, z are the spatial coordinates in the longitudinal and vertical directions,
respectively; Dx , Dz are the longitudinal and vertical hydrodynamic dispersion
coef®cients, respectively; and Ux , Uz are the longitudinal and vertical interstitial
¯uid velocities, respectively.
Dissolution of a DNAPL pool results in the development of a concentration
boundary layer above the DNAPL-water interface. Assuming that the thickness of
the NAPL pool is insigni®cant relative to the thickness of the aquifer, the contaminant mass transfer from a DNAPL-water interface is then described by the
following relationship (Chrysikopoulos et al., 1994);
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Fig. 1. Schematic illustration of the aquifer domain and DNAPL pool location together
with the appropriate boundary conditions employed
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where De  D=s is the effective diffusion coef®cient (D is the molecular diffusion coef®cient and s  1 is the tortuosity of the porous medium); k t; x is the
local mass transfer coef®cient; Cs is the aqueous solubility concentration of the
contaminant; C t; x; 1 is the background aqueous contaminant concentration
above the concentration boundary layer; `x0 is the location of the origin of the
NAPL pool; and `x is the length of the NAPL pool. A de®nition sketch is provided
in Fig. 1. The left-hand side term in (2) describes the diffusive ¯ux into the
boundary layer at the DNAPL-water interface, given by Fick's law, and the righthand side describes the advective mass ¯ux.
The thickness of the boundary layer that results from a dissolving DNAPL pool
depends upon the hydrodynamics of the porous medium. Boundary layer
thickness is de®ned as the height above the DNAPL-water interface for which
C t; x; 0 C t; x; z=C t; x; 0 C t; x; 1  0:99 (Incropera and DeWitt,
1990, p. 321). For increasing interstitial groundwater velocities the boundary
layer becomes progressively thinner. A thin boundary layer corresponds to
steeper concentration gradients and the greater the concentration gradient the
greater the mass transfer of the dissolving DNAPL. Consequently, the local mass
transfer coef®cient decreases with distance from the front end of the DNAPL pool,
and has a maximum value at the leading or upstream edge. At early time the mass
transfer coef®cient is temporally dependent; however, at steady-state physicochemical and hydrodynamic conditions it becomes independent of time
(Chrysikopoulos and Lee, 1998).
The appropriate initial and boundary conditions for a DNAPL pool formed
above an impermeable stratum at the bottom of a con®ned aquifer are

C 0; x; z  0 ;
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where L is the length of the aquifer, and H is the height of the aquifer. The
condition (3) establishes that there is no initial dissolved NAPL within the twodimensional porous medium. The boundary condition (4) preserves concentration continuity for a ®nite system. The boundary condition (5) describes the mass
¯ux from the DNAPL-water interface. Boundary condition (6) represents a zero
dispersive ¯ux and implies that the aquifer is con®ned by an impermeable layer at
height H.

2.2
Groundwater flow
In this study the NAPL phase is considered immobile; consequently, aquifer
anisotropy is governed by the variability in the hydraulic conductivity ®eld. The
porous medium is also assumed to be fully saturated, making the hydraulic
conductivity time invariant. The two-dimensional hydraulic conductivity ®eld is
generated stochastically by using the computer program SPRT2D (Gutjhar, 1989).
It is assumed that the hydraulic conductivity follows a log-normal distribution
and the log-transformed hydraulic conductivity, Y, varies spatially according to
the following anisotropic exponential covariance function (Gelhar and Axness,
1983; Sudicky, 1986; Russo et al., 1994; Lee and Chrysikopoulos, 1998).
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where r  rx ; rz T is a two-dimensional vector whose magnitude is the separation
distance of two hydraulic conductivity measurements; fx and fz are the correlation length scales in the x and z directions, respectively; and r2Y is the variance of
the log-transformed hydraulic conductivity de®ned as

Y  ln K ;
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where K is the hydraulic conductivity. The stochastic realizations of K x; z are
locally independent of direction. Anisotropy is therefore introduced globally by
the overall spatial variability of the hydraulic conductivity ®eld (Burr et al., 1994).
Log-transformed hydraulic conductivity ®elds were created for the model aquifer
illustrated in Fig. 1 with length L  3:92 m and height H  0:735 m. A single
realization of the hydraulic conductivity ®eld is shown in Fig. 2, where lower K
values are represented by lighter shades and higher K values are represented by
darker shades.
For each hydraulic conductivity ®eld generated, the associated variable hydraulic head ®eld and groundwater velocity ®eld are determined. The variable
hydraulic head ®eld is evaluated numerically by solving the following steady state
two-dimensional groundwater ¯ow equation for a heterogeneous con®ned aquifer
(Bear, 1979):
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Fig. 2. Illustration of a single realization of the statistically anisotropic hydraulic
conductivity ®eld. The gray scale represents magnitude of the hydraulic conductivity
(here fx  0:5 m, fz  0:05 m, Y  0:8, r2Y  0:3)

where h x; z is the hydraulic head, which is equal to total head potential.
The appropriate groundwater ¯ow boundary conditions are
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Boundary conditions (10) and (11) ®x the overall hydraulic gradient across the
model domain. Impermeable boundaries corresponding to impermeable bedrock
and an impermeable con®ning layer are represented by zero ¯ux boundary
conditions (12) and (13), respectively. Interstitial groundwater ¯ow velocities,
used in the governing transport equation (1), are determined using the hydraulic
head distribution given by (9) and the following equations:
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where h is the effective porosity of the porous medium. The porosity is assumed
constant even though the hydraulic conductivity ®eld is variable. Variability in
porosity is assumed to be insigni®cant compared to the variability in hydraulic
conductivity, therefore it will not substantially affect steady state ¯ow (Freeze,
1975; Dagan, 1989).

2.3
Model parameters
The aqueous phase molecular diffusion coef®cient for 1,1,2-TCA, at 25  C
obtained using the Hayduk and Laudie relationship, is D  1:6  10 6 m2 =h
(Hayduk and Laudie, 1974; Lee and Chrysikopoulos, 1998). Employing a tortuosity value of s  1:43 for clean sand (de Marsily, 1986), the calculated effective
diffusion coef®cient for 1,1,2-TCA is De  2:33  10 6 m2 =h.
Spatially variant hydrodynamic dispersion coef®cients are calculated using the
following relationships (Bear, 1979):
38
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is the magnitude of the interstitial velocity vector; and aL and aT are the longitudinal and transverse dispersivities, respectively.
Assuming instantaneous, reversible, and linear sorption, the retardation factor
in the aquifer is de®ned by (Hashimoto et al., 1964);

R1

qb
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h
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where qb is the bulk density of the solid matrix; Kd  foc Koc is the partition
coef®cient where foc is the fraction of organic carbon in the porous medium and
Koc is the octanol-water partition coef®cient (Karickhoff, 1984). In this work,
values used for foc and Koc are 0.16% and 7:0  10 5 m3 =g, respectively (Mackay
et al., 1992). Assuming an aquifer bulk density of 1:69  106 g=m3 and an
effective porosity of 0.3, the retardation factor for 1,1,2-TCA is estimated to be
R  1:63.
Local time dependent mass transfer coef®cient values along the length of the
DNAPL pool are determined by rearranging (5) and solving for k t; x. The
average mass transfer coef®cient is given by
N
1 X
k t 
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where N is the number of different log-normally distributed hydraulic conductivity ®eld realizations examined. Table 1 lists all model parameter values used in
this study.

3
Numerical modeling
The two-dimensional mathematical model for contaminant transport and
groundwater ¯ow is solved numerically by a ®nite difference approximation. For

Table 1. Parameter values for numerical simulations
Parameter

Parameter value

Cb
Cs
De
d
H
`x
` x0
L
R

Y
aL
aT
Dt
fx
fz
h
r2Y
s

0.0 g/l
4.5 g=ly
2.33 ´ 10)6 m2 =hy
0.003 m
0.735 m
0.72 m
0.64 m
3.92 m
1:63y
0.8, 0.9
3.3 ´ 10)2 m
3.3 ´ 10)3 m
1h
0.50 m
0.03±0.50 m
0.3
0.1±0.5
1.43

y Data for 1,1,2-TCA

the contaminant transport model, a zero dispersive ¯ux boundary condition is
applied to all outer boundaries of the numerical domain with the exception of the
DNAPL pool. Concentrations at nodes along the DNAPL pool are kept constant at
the 1,1,2-TCA solubility limit Cs . For the groundwater model, constant head
boundaries are used on the left and right of the numerical domain to attain steady
state ¯ow. The top and bottom boundaries, corresponding to the con®ning layer
and impermeable bedrock, respectively, are de®ned by no-¯ux boundary conditions. The physical model domain together with the appropriate boundary conditions are schematically illustrated in Fig. 1.

3.1
Groundwater flow solution
The steady state groundwater ¯ow equation (9), subject to boundary conditions
(10)±(13), is solved numerically using an implicit ®nite difference scheme with
node spacing Dx  0:08 m and Dz  0:015 m in the x and z directions, respectively. The left and right constant head boundary conditions are given by (10) and
(11), respectively. Zero ¯ux boundary conditions (12) and (13), corresponding to
the lower and upper impermeable layers, respectively, are solved numerically by
the method of images. Equation (9) is solved at every node of the 50  50 node
grid. The resulting matrix is band diagonal and represents a system of equations
that can be ef®ciently solved using the numerical subroutines bandec and banbks
(Press et al., 1992). Using the estimated hydraulic head distribution, the spatially
variant interstitial groundwater velocity is then determined by (14) and (15).
3.2
Contaminant transport solution
The contaminant transport of aqueous phase solute described by (1) is solved
using the backwards in time alternating direction implicit (ADI) ®nite difference
scheme. In the ADI method, concentration is ®rst solved along columns implicitly, then along rows explicitly. One complete solution sweep involves solving for
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concentration over half of a time step, Dt=2, for each individual sweep along
columns then rows, resulting in an unconditionally stable algorithm. A time step
of Dt  1 h was used in all simulations. Solving only one-dimension at a time,
either along rows or columns, results in a system of equations forming a tridiagonal matrix. The tridiagonal matrix may be ef®ciently solved using the Thomas
algorithm. For each realization of the hydraulic conductivity ®eld, local mass
transfer coef®cients were determined from (5) at each node at the NAPL-water
interface by using the second-order accurate one-sided approximation of the
concentration gradient above the NAPL pool (Strikwerda, 1989). The local mass
transfer coef®cients were averaged over the length of the NAPL pool and the
average (or overall) mass transfer coef®cient was determined from (20) by
averaging the results from 200 realizations of the hydraulic conductivity ®eld.

3.3
Comparison with an analytical solution
The numerical ®nite difference solution to the contaminant transport problem
(1)±(6), is compared to the two-dimensional analytical solution derived by
Chrysikopoulos et al. (1994)
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 x De is the overall Sherwood
where Pe  Ux `x =De is the PeÂclet number; Sho  k`
number; T  Ux t=`x is dimensionless time; X  x `x0 =`x is dimensionless
distance; K  k`x =Ux is the dimensionless decay coef®cient; and s is a dummy
integration variable. For the special case of uniform longitudinal interstitial ¯uid
and a 1,1,2-TCA pool, the numerical and analytical solutions are compared at
t  5000 h and the results are presented in Fig. 3. Clearly, there is very good
agreement between the numerical and analytical solutions, indicating that the
numerical scheme employed in the present work is relatively accurate.

Fig. 3. Comparison between normalized 1,1,2-TCA dissolved concentration contours
predicted by the Chrysikopoulos et al. (1994) analytical solution (solid line) and the
®nite-difference model (dashed line) at t  5000 h (here `x0  0:64 m, `x  0:72 m,
k  0:28  10 4 m=hr, Ux  0:325  10 3 m=hr)

4
Simulations and discussion
Several numerical simulations were performed in order to investigate the effects
of the various model parameters on the DNAPL pool dissolution. The groundwater interstitial velocity was varied by changing the hydraulic gradient oh=ox in
the range 0.002 to 0.01. These two hydraulic gradients represent typical hydraulic
gradients for regional ¯ow and ¯ow near a pumping well, respectively. Two mean
log-normal hydraulic conductivities, representative of a ®ne to course sand,
(Y  0:8; 0:9) were employed. All numerical results presented are evaluated at
t  5000 h and represent the average of 200 different realizations of the lognormal hydraulic conductivity. Furthermore, the variance of the log-normal hydraulic conductivity ®eld was varied from 0.1±0.5 and the correlation length scale
in the z direction was varied from 0.05±0.5 m while the correlation length scale in
the x direction was kept constant at 0.5 m yielding anisotropy ratios fz =fx  in the
range from 0.1 to 1.0.
Numerically evaluated average mass transfer coef®cients k as a function of
fz =fx for several variances of Y  ln K (r2Y  0:1; 0:2; 0:3; 0:4, and 0.5) at two
different hydraulic gradients (oh=ox  0:002; 0:01) and two different mean logtransformed hydraulic conductivities (Y  0:8; 0:9) are shown in Fig. 4. The re Low
sults indicate that for increasing fz =fx there is a signi®cant increase in k.
values of the anisotropy ratio fz =fx may represent the presence of thin lenticular
layers of varying hydraulic conductivity which are observed in some sedimentary
rocks (Smith, 1981). Consequently, for low fz =fx ratios, transverse dispersion is
signi®cant causing more vertical spreading of the dissolved 1,1,2-TCA concentration plume which in turn leads to a thicker concentration boundary layer,
smaller concentration gradients at the pool-water interface, and smaller k values.
Increasing fz =fx , the hydraulic conductivity becomes progressively more statistically similar in the vertical direction. At the limit where the anisotropic ratio
approaches unity, the aquifer can be described as homogeneously heterogeneous
without a preferential principal direction of anisotropy. For high fz =fx ratios the
dissolved 1,1,2-TCA concentration boundary layer is thinner because vertical
dispersion is reduced across statistically similar lenticular layers yielding steeper
concentration gradients at the pool-water interface and greater k values.
Comparison of Figs. 4a and b indicates that k increases with increasing hydraulic gradient or equivalently increasing interstitial velocity. It should be noted
that the effect of the anisotropy ratio fz =fx on k is more pronounced at higher
hydraulic gradients (compare Figs. 4b and d). At higher interstitial velocities
concentration gradients within the boundary layer are steeper leading to greater
 Figure 5 illustrates the effect of hydraulic gradient on the dissolved concenk.
tration boundary layer thickness resulting from the dissolution of a 1,1,2-TCA
pool. Similar results have been observed in recent theoretical (Kim and Chrysikopoulos, 1999; Chrysikopoulos and Kim, 2000) and experimental (Chrysikopoulos et al., 2000) DNAPL pool dissolution studies.
The results presented in Fig. 4 also indicate that increasing the variance of the
log-transformed hydraulic conductivity distribution leads to a decreasing average
mass transfer coef®cient. This is an intuitive result because by increasing r2Y the
heterogeneity of the porous medium is increased, the spreading of the dissolved
plume is increased in the vertical direction, and consequently, the concentration
gradients at the pool-water interface are reduced leading to k reduction. The effect
of r2Y on the dissolved concentration distribution within an aquifer is illustrated
in Fig. 6.
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Fig. 4a±d. Average mass transfer coef®cient as a function of aquifer anisotropy ratio
for several variances of the log-transformed hydraulic conductivity distribution at
a oh=ox  0:002, Y  0:8; b oh=ox  0:002, Y  0:9; c oh=ox  0:01, Y  0:8; and
d oh=ox  0:01, Y  0:9 (here t  5000 h)

Fig. 5. Comparison between dissolved concentration contours originating from a 1,1,
2-TCA pool for oh=ox  0:01 (solid line) and 0.002 (dashed line) (here `x0  0:64 m,
`x  0:72 m, fx  0:5 m, fz  0:5 m, Y  0:8, r2Y  0:5; t  5000 h)

Numerically evaluated k values as a function of r2Y for several anisotropy ratios
(fz =fx  0:1; 0:5, and 1.0) at two different hydraulic gradients (oh=ox 
0:002; 0:01) and two different mean log-transformed hydraulic conductivities
(Y  0:8; 0:9) are presented in Fig. 7 together with the best ®tted lines. The results

Fig. 6. Comparison between dissolved concentration contours originating from a 1,1,2TCA pool for r2Y  0:5 (dashed line) and 0.1 (solid line) (here `x0  0:64 m, `x  0:72 m,
oh=ox  0:01, fx  0:5 m, fz  0:5 m, Y  0:8, t  5000 h)

Fig. 7a-d. Average mass transfer coef®cients as a function of the variance of the
log-transformed hydraulic conductivity distribution for a oh=ox  0:002, Y  0:8;
b oh=ox  0:002, Y  0:9; c oh=ox  0:01, Y  0:8; and d oh=ox  0:01, Y  0:9.
Open circles represent numerically generated data and solid lines represent linear ®ts
(here t  5000 h)

indicate that k is inversely proportional to r2Y . A strong linear relationship is
observed suggesting that a correlation between k and r2Y , fz =fx , and Y can be
developed. However, such correlation is dependent on the speci®c DNAPL
component and it is beyond the scope of the present study. Furthermore, in
agreement with the results presented in Fig. 4, it is also evident from Fig. 7 that k
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 It should be noted that increasing
values increase with increasing fz =fx and/or Y.
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rY and/or Y results in larger mean hydraulic conductivity K because (Ang and
Tang, 1975).
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However, increasing r2Y results in increased aquifer heterogeneity with a broader
range of K values. Consequently, k is more sensitive to increasing aquifer het
erogeneity due to increasing r2Y than the corresponding apparent increase in K.
Note that k increases with increasing K or Y (compare Figs. 7a and b) but it is
shown to decrease with increasing aquifer heterogeneity (see Figs. 4 and 7).

5
Summary
In order to determine the effect of aquifer anisotropy and heterogeneity on the
average mass transfer coef®cient associated with DNAPL pool dissolution in
saturated porous media, a numerical model was developed to simulate 1,1,2-TCA
pool dissolution in two-dimensional porous media. Aquifer anisotropy was obtained by generating random hydraulic conductivity realizations assuming that
the hydraulic conductivity is lognormally distributed and can be described by an
anisotropic exponential covariance function. Groundwater velocity was varied by
changing the hydraulic gradient as well as the mean log-transformed hydraulic
conductivity. Model simulations indicated that increasing the mean log-transformed hydraulic conductivity and/or the hydraulic gradient results in an increase of the average mass transfer coef®cient. Increasing aquifer anisotropy, an
increase in k was observed particularly at low fz =fx ratios and high hydraulic
gradients due to the formation of steep concentration gradients above the 1,1,2TCA pool. Furthermore, it was shown that the average mass transfer coef®cient is
inversely proportional to the variance of the log-transformed hydraulic conductivity distribution.
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