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Abstract

Numerical simulations examine the migration, entrapment, and mass recovery behavior of DNAPLs in aquifer systems with
coupled textural and wettability variations. Permeability fields of varying degrees of heterogeneity (i.e., differing ”1zn<k)) were gen-
erated with sequential Gaussian simulation, using geostatistical parameters derived from core grain size measurements in a sandy
glacial outwash aquifer. Organic-wet mass fraction, a representative metric for wettability, was correlated to porous media per-
meability. A multiphase flow simulator incorporating wettability-dependent constitutive relationships for capillary behavior is used
to generate residual saturation distributions for tetrachloroethene (PCE) spill events in these synthetic aquifers. Simulated saturation
distributions then serve as initial conditions for compositional simulations of PCE dissolution, to examine the effect of coupled
wettability and permeability variations on DNAPL mass recovery. Simulations reveal considerable differences in predicted depth of
organic liquid penetration, extent of vertical spreading, and magnitude of maximum entrapped saturation for the various modeled
scenarios. These differences are directly linked to observable variations in effluent concentration and mass recovery predictions in the
aqueous phase flushing simulations. Results suggest that mass recovery behavior may be highly realization dependent and not
closely correlated with geostatistical parameters.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction behavior of dense nonaqueous phase liquids (DNAPLSs),

which migrate through the vadose and saturated zones

The accidental or intentional introduction of low
solubility organic compounds into the subsurface has
led to widespread contamination of groundwater re-
sources. These contaminants are often released as a
separate, immiscible phase known as a nonaqueous
phase liquid (NAPL). Of particular concern is the
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under gravitational and pressure forces, leaving behind
pooled or entrapped residual organic liquid mass
[52,75]. This pooled and entrapped organic liquid has
the potential to contaminate significant volumes of
groundwater over lengthy time scales due to its low
aqueous phase solubility.

The fate and transport of DNAPL contaminants is
known to be controlled by spatial heterogeneity in
physical and chemical properties. Numerical [13,24,
30,43,47], laboratory [75], and field [55] studies have
examined the effect of spatial variability in physical
properties on the flow and entrapment of immiscible
liquids in the saturated zone. Other studies have inves-
tigated the effect of spatial variability on source zone
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remediation and mass flux of contaminant dissolved in
the aqueous phase [21,25,32,36,46,66,67,69].

A common assumption in these investigations is that
the porous media are completely water-wet. In water-
wet media, water preferentially coats the solid surface.
In systems where both water and an organic liquid are
present, the water will be retained in the small pores/
finer textured material and the organic liquid will reside
in the larger pore spaces/coarser textured material. Wet-
tability influences both capillary pressure—saturation [5]
and relative permeability [6] relationships and will have
a significant effect on the overall distribution of DNAPL
in the subsurface.

Since most uncontaminated aquifer materials (espe-
cially those that are quartz-based) are strongly water-
wetting, it has been typically assumed that this is also
the case when the material is contaminated. However, a
number of laboratory investigations in the petroleum
recovery and hydrology literature have demonstrated
that solid phase wettability can vary with a variety of
factors, such as: solid phase mineralogy [4], surface
roughness [53], pH [50], presence of organic acids and
bases [29,50,64,65,70,77], exposure to coal tar [56,73],
exposure to synthetic gasolines [57], and exposure to
surface active solutes [33,38]. Of particular concern is
the fact that many DNAPLs used in degreasing and dry-
cleaning operations (e.g., chlorinated solvents) may
contain surface active additives.

A number of studies have been undertaken to
examine multiphase fluid behavior in formations
exhibiting spatial variability in physical properties
(permeability, porosity, and capillary parameters)
[24,31,43,44,60]. These studies have shown that the
spatial distribution of multiphase flow parameters has
an observable influence on predictions of organic liquid
migration pathways and entrapment volumes. These
conclusions are supported by several laboratory
[8,37,74] and field scale [30,45] observations.

Comparatively little work has been undertaken to
examine the effect of solid phase wettability on predic-
tions of DNAPL migration, entrapment, and mass re-
moval. The limited investigations suggest that increasing
amounts of organic-wet material are associated with
higher maximum organic liquid saturations and de-
creased depths of penetration [13]. The presence of or-
ganic-wet capillary barriers has also been shown to
strongly affect both the entrapment and dissolution of
organic liquids in laboratory sand tank experiments [18].

This paper extends previous investigations [13] of
DNAPLs in coupled physically and chemically hetero-
geneous porous media. This investigation [13] was based
upon a very limited and somewhat hypothetical set of
permeability realizations. By employing a larger
ensemble (three different conditioned realizations and
three different levels of physical heterogeneity) of field
site-based porous media migration and entrapment

behavior will be systematically examined here. In addi-
tion, the effect of these coupled porous media properties
on aqueous phase DNAPL-component recovery will
also be addressed. The comprehensive modeling frame-
work, incorporating the effect of solid phase wettability,
upon which these simulations are based, is first de-
scribed below.

2. Mathematical model
2.1. Governing equations

A combined mass and momentum balance equation
which governs the flow of a fluid phase (o = a (aqueous)

or o (organic)) in a porous medium may be written
as: [1]

Kk,
(00yS2) =V - | py . (VP —p,8)| +Ep+ 0, (1)

0
ot o
where ¢ is porosity [-], p, is the a-phase mass density
[M/L?], S, is the a-phase saturation, k is the intrinsic
permeability tensor [L?], k;, is the a-phase relative per-
meability [-], u, is the a-phase kinematic viscosity [M/L/
T], P, is the a-phase pressure [M/L/T?], g is the gravi-
tational acceleration vector [L/T?], E,g is an interphase
mass exchange term between the a- and B-phases [M/L3/
T], and Q, is an external source or sink to the a-phase
[M/L3/T]. For a two-phase system, additional constitu-
tive relationships (in this case, capillary property rela-
tionships) are necessary to close the problem. In
addition, mass conservation requires that XS, = 1.

A component mass balance equation which governs
the transport of an aqueous phase component may be
written as: [1]

0 a
ot (PSap™ ;) + V- [PSa(Vap™t; — p*Di - Vi)t] = Eoa (2)

where y; is the mole fraction of the aqueous phase
component i [-], p* is the aqueous phase molar density
[mol/L?], v, is the pore velocity of the aqueous phase [L/
T], and Dy, is the hydrodynamic dispersion tensor [L?/T].
Herein, local hydrodynamic dispersion is assumed to be
a Fickian process and is evaluated with a traditional
groundwater modeling approach [9]. E,,, the interphase
mass exchange of the organic component between the
DNAPL and aqueous phases, is modeled using a stan-
dard linear driving force expression:

an = paicloaO(eq - Xt) (3)

Here, l}f“’ is a lumped liquid film mass transfer coefficient
[T-']and Yeq TEPTEsents the equilibrium mole fraction of
component i [-] in the aqueous phase. As the emphasis
of this study is the investigation of DNAPL mass
recovery, organic sorption/desorption to the solid phase
will not be considered.
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2.2. Wettability-dependent constitutive relationships

There are several common parameterizations of the
capillary pressure-saturation (e.g., [20,72]) and relative
permeability—saturation (e.g., [22,54]) relationships for
water-wet media. These parametric forms must be
modified for porous media that possess fractional wet-
tability. Fractional wettability arises when both water-
wet and organic-wet surfaces occur within the same
representative elementary volume of the porous med-
ium. These modified constitutive relationships should
appropriately account for the effect of pore scale
wettability variations at the continuum scale. Several
wettability-dependent comprehensive capillary pres-
sure-saturation—relative permeability models have been
presented in the literature [12,14-16,48,71]. In fraction-
ally-wet porous media, it is possible to have negative
capillary pressures (assuming the P, = P, — P, conven-
tion) due to the presence of strongly hydrophobic
material. Thus, a reference water-wet capillary pressure—
saturation curve can be thought of as being ‘“shifted”
along the capillary pressure axis. A general capillary
pressure—saturation relation may be presented as [15]:

Pc (S:a) kref ¢

k (:bref
where k. [L*] and ¢, [-] are the permeability
and porosity of the reference material, S, is the apparent
water saturation [-], and A, is a shifting parameter [M/
L/T?]. The leading coefficient multiplying the first term
of the right-hand side of (4) is a standard Leverett
scaling factor [49]. Here, the apparent water saturation
(S,) is defined as [13]:

S =5+ S — S (5)

where S, is the effective aqueous phase saturation

pref (S ) — Ay (4)

1-3,
tion, S is the effective entrapped organic liquid satu-

(Sa =5 S“), S.a is the residual aqueous phase satura-

ration, and S, is the effective entrapped aqueous phase
saturation. Pret (S,) is any particular chosen parameter-
ization of the water-wet capillary pressure-saturation
relationship (e.g., [20,72]). In this work, a shifted Brooks
and Corey [20] parameterization will be employed:

PUS) = RS, 6
s (6)

where Py is the entry pressure [M/L/T?] and 4 is a pore-
size distribution parameter [-]. The shifting factor, A,
has been found to depend upon the organic-wet mass
fraction and the whether the aqueous phase is under-
going drainage or imbibition. Bradford and Leij [16]
used laboratory observations to develop the following
correlation for A:

AL(F) = P (@R, + 8)p gl )

Table 1

Capillary pressure curve shifting parameters
aP 7.618x 10~° m/Pa
bP 1.215% 1075 m/Pa
a 1.554x 10~ m/Pa
bl 6.660x 10~ m/Pa

Aief( ) P:%:()‘s(a]FO +b1)pa||g|| (8)
Here, F, is the mass fraction of organic-wet sand [-],
PL s the water-wet capillary pressure corresponding

¢,852=0.

to an apparent water saturation of 0.5 [M/L/T?], and a”

bP, a', and b are fitting parameters [L>T?/M]. Values for
these parameters for selected quartz sands are summa-
rized in Table 1.

Several authors have developed models that predict
relative permeability as a function of material wettabil-
ity [12,39,42,48,51,71] in fractionally-wet unsaturated
systems as well as mixed-wet (systems where small pores
are water-wet and larger pores are intermediate- to or-
ganic-wet) NAPL/water systems. The model used here is
an extension of the Burdine [22] relative permeability
model for fractionally wet media [12]:

)y ds + [1 — cos(@ f =R (S)*ds

Zfo

[1 = cos(6)] [ R(S)?dS + [1 + cos(0)] [ =R(S)’dS

2 [ R(S)*dS

X

©)

Here, R(S) is the pore radius distribution (R(S) =
P.(S)/2y, where 7y is interfacial tension [M/T?]) and 0 is
an effective macroscopic contact angle. As 0 nears 0° the
porous media behaves as a water-wet media and as 0
nears 180° it behaves as an organic-wet media.

Solid phase wettability has been shown to have an
observable effect on tetrachloroethene (PCE) dissolution
rates in laboratory sand columns [19]. Systems with a
high fraction of organic-wet sand exhibit increased rates
of interphase mass transfer compared to systems with
little or no organic-wet sand. This has been attributed to
the existence of films of residual organic liquid in or-
ganic-wet sands, in contrast to pore-body ganglia in
water-wet sands. Organic liquid configured as a film has
a much higher interfacial area and a correspondingly
higher interphase mass transfer rate [19]. This investi-
gation employed an empirically-based Sherwood num-
ber relationship that correlates lumped film mass
transfer coefficients to several experimentally obtainable
physicochemical quantities [17]:
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dso 0.475
Ngp = 0.254( ———— U
St ( 0.05 cm ) i
6.265
g\ 0991-F) T
xRN (2 ) (10)
Here, Ng;, is the Sherwood number (NSh = k?;f“), dsg 18

the mean grain diameter [L], D,, is the free liquid dif-
fusivity [L%/T], U; is the uniformity index [-], Ng, is the
Reynolds number (NRe = %), Ns. 1s the Schmidt

number (NSC = pfgm), and S is the initial entrapped

organic liquid saturation.
2.3. Numerical implementation

The wettability-dependent capillary property model
(Egs. (4),(7)—-(10)) was incorporated in an extensively
modified version of the VALOR model [3] known as
M-VALOR. M-VALOR is a block-centered finite dif-
ference code capable of solving the fully coupled mul-
tiphase flow equations for three mobile phases (aqueous,
gas, and DNAPL). It uses an iterative implicit pressure-
explicit saturation (IMPES) scheme to solve the
linearized system of continuum equations (Eq. (1)). M-
VALOR has been shown to be a robust, computation-
ally efficient code for the simulation of a variety of
multiphase flow problems [13,24,26,59-61].

The wettability-dependent interphase mass transfer
model (10) was incorporated into a modified version of
MISER, a compositional flow and transport simulator
originally designed [63] to model soil vapor extraction
and bioventing scenarios. MISER solves flow and
transport equations (1) and (2) using a standard
Galerkin finite element method employing linear basis
functions on triangular elements. Nonlinearities are
handled using a quasi-Newton iteration. Single valued
nodal phase velocities are obtained through a Galerkin
finite element solution of Darcy’s Law. In addition, to
fully account for spatial discontinuities in saturation,
mobility, and interphase mass exchange MISER main-
tains and numerically tracks discontinuous variables at
material property interfaces [2]. MISER has been shown
to be mathematically accurate via global mass balance
calculations, comparisons with one- and two-dimen-
sional analytical solutions, as well as comparisons with
other numerical models [63]. Recently, MISER has been
successfully used to model laboratory-scale aquifer
remediation experiments in nonuniform media [62].

3. Model application

The modified models, M-VALOR and MISER, were
used to numerically investigate the effect of coupled

physical and chemical spatial heterogeneity on estimates
of DNAPL entrapment and mass recovery. The com-
putational domain was selected based upon a PCE spill
scenario investigated by Lemke et al. [47] for a con-
taminated unconfined glacial outwash formation in
Oscoda, Michigan. PCE was chosen as the representa-
tive DNAPL for this study (cf. PCE properties in Table
2). PCE was introduced into the top of the domain over
a region 1.22 m wide at a rate of 0.240 1/day. The PCE
was allowed to infiltrate for a period of 400 days, fol-
lowed by a 330 day period of organic liquid redistribu-
tion. At this point the PCE had ceased to flow under
gravitational, viscous, and capillary forces. These values
for spill size and release rate were chosen to be consis-
tent with a slow PCE leak over an extended period of
time, similar to that which occurred at the former dry
cleaner in Oscoda.

The aquifer at this site consists of relatively homo-
geneous medium-fine sand underlain by a thick clay
layer 8.00 m below grade. Heterogeneous fields of dj
values were generated using conditional sequential
Gaussian simulation, with distribution parameters (cf.
Table 3) based on a geostatistical analysis of 167 site
core samples. Sequential Gaussian simulation assumes a
Gaussian random function distribution for the variable
of interest (in this case, the distribution of dj, values).
This allows the univariate distribution to be completely
described by its mean and variance. In addition, defi-
nition of the bivariate distribution requires only a
semivariogram or autocorrelation function as additional
information. In SGS, each unsimulated grid node is
visited sequentially in random order. Multi-Gaussian
kriging is used to estimate a local cumulative distribu-
tion function (cdf) at each unknown grid node, condi-
tioning to all the known and previously simulated data
points, and the local cdf is randomly sampled to assign a

Table 2
Fluid properties [17,47]
Water PCE

o 0.9991 1.623 g/em?

u 1.1139 0.89 cP

Ceq N/A 203 mg/l

Dy, N/A 6.56x107% cm?/s
Table 3

Variogram parameters for SGS geostatistical modeling [47]

Orientation  Nugget* Variance*® Range (m) Correlation
length (m)

Horizontal 0.333 0.80 7.00 2.33

Vertical 0.333 1.00 1.07 0.36

#Variance normalized to 1.0.
®Includes nugget effect contribution.
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simulated value at the node. This process continues until
all unknown grid nodes have been determined. A full
three-dimensional sequential Gaussian simulation was
performed for each realization to incorporate site data.
From each three-dimensional realization a vertical
cross-section (7.92 mx9.75 m) was extracted and sub-
sequently used for the simulation of a PCE infiltration
event. This cross-section was oriented SW-NE along a
flow path through the site’s suspected DNAPL source
zone. This extraction of a two-dimensional profile was
done in the interest of computational tractability.

Simulated dj, values were used to calculate an
intrinsic permeability field using a calibrated Carman—
Kozeny equation. Available data from 167 repacked
core samples from the site supported the assumption of
a spatially uniform porosity of 0.360. Corresponding
capillary properties in the cross-section were estimated
using an average of measured air-water capillary pres-
sure-saturation data and Leverett [49] scaling.

For the present study, three permeability realizations
were chosen from the reference set of permeability
realizations utilized by Lemke et al. [47]. These realiza-
tions were selected to encompass the variability of
infiltration and entrapment behavior observed among

the much larger ensemble of results simulated in that
work. The second mass moment about the horizontal
axis through the entrapped organic liquid’s center of
mass (i.e., vertical spreading) was selected as a repre-
sentative DNAPL entrapment measure to distinguish
among realizations:

2 Z?IN (Zi - 2)2S0i¢ipo,- V;
Om, = NN
Zi Soiqsipo; 1Z

where z; is the is the z-coordinate of the ith node/element
[L], NN is the number of nodes/elements in the domain,
and V; is the volume associated with the ith node/ele-
ment [L3]. Z is the z-coordinate of the organic liquid’s
center of mass; the first spatial moment of the organic
liquid distribution:

Z?’N ZiS0i¢ipoi Vl
Z?[N S0i¢ip0i Vt

One permeability realization was selected to represent
the mean behavior observed for the entire ensemble of
entrapment results, and two realizations to represent
spreading behavior that bounded the entire ensemble of

(11)

z =

(12)

Increasing Vertical Spreading Behavior Observed by Lemke et al4” —
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Fig. 1. Representative permeability realizations based upon work of Lemke et al. [47]. Increased vertical spreading is reproduced on the figure’s
horizontal axis (R1 —R2 — R3); increased In(k) variance is reproduced on the figure’s vertical axis (0.246 — 1.00 — 2.00).
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entrapment results (a minimum and a maximum). These
three reference cases will be referred to as cases R1
2

(minimum vertical spreading case, o3, = 2.19 m?), R2

(mean vertical spreading case, ¢;, =4.41 m?), and R3
(maximum vertical spreading, o3, = 7.86 m?).

To examine the effect of different levels of heteroge-
neity, these three permeability realizations were then
scaled to obtain six more distributions with identical
In(k) means but with larger In(k) variances (1.00 and
2.00). * These additional values were chosen to reflect
the range of In(k) values observed in the literature (e.g.,
[41,68]) Data sets with In(k) variances much higher than
2.50 are very rare. The nine permeability realizations are
shown in Fig. 1.

There are relatively few data available that address
the variability of wetting properties in the subsurface.
Several studies, however, have explored the link between
the spatial distribution of permeability and equilibrium
sorption parameters. For example, the sorption capacity
of the Borden aquifer material has been reported to be
directly correlated with particle size [7]. Situations where
sorption parameters might be inversely correlated with
soil texture are also conceivable particularly in media
where fines are higher in organic carbon. Thus, it is very
difficult to make general statements about the relation-
ship between permeability and sorption parameters.
Several studies (e.g. [10,11,23,27,76]) have used an
exponential relationship to positively or negatively cor-
relate equilibrium sorption parameters to material per-
meability. Recognizing that the physicochemical basis
behind many types of organic compound sorption also
creates porous media surfaces which are strongly or-
ganic-wetting, this same type of correlation will be
hypothesized for this study:

E) _ j;v:el"[ln(k)fln(ic)]’ 0 gE) < 1 (13)

Here, F, is the mass fraction of organic-wet sand, 1?0 is
the geometric mean organic-wet mass fraction and I’ is
the correlation coefficient. Four different wettability
treatments were applied to the nine permeability fields to
yield a completely water-wet (F, = 0.00), completely
organic-wet (F, = 1.00), positively correlated (I"' =
+1.00), and negatively correlated (I" = —1.00) version

3 Scaling was performed to preserve the mean but alter the variance
of the permeability distributions

2
gln(k)/

In(k)| =

5—(In(k);, — In(k)) + In(k)
Oin(k)

2
In(k)

iance of the scaled permeability distribution, In(k) and o7, are the

where In(k); is the scaled permeability value, 62 . is the desired var-

mean and the variance of the original permeability distributions, and
In(k), is the original permeability value.

Table 4

Wettability parameters
Case 1?0 r
Water-wet 0.00 0.0
Organic-wet 1.00 0.0
Positively correlated 0.368* +1.0
Negatively correlated 0.368* -1.0

#0.368 is approximately the geometric mean of F, values ranging
from O to 1.

of each permeability field. These particular values of I
were chosen to bracket the possible behavior observed
when wettability is correlated to intrinsic permeability.
When I' = —1.00, organic-wet surfaces are associated
with low-permeability zones and when I' = +1.00, or-
ganic-wet surfaces are associated with high-permeability
zones. Parameters used in (13) are summarized in Table
4. Fig. 2 shows a set of representative F, values for a
high variance In(k) case in which I' = +1.00. Aquifer
properties are summarized in Table 5.

In aquifer settings, the time scale of interphase mass
transfer is generally much larger than that of organic
liquid infiltration. To reduce computational effort and
decrease simulation run times, the infiltration and dis-
solution processes are decoupled in this investigation.
Residual saturation distributions generated by M-VA-
LOR were used as initial conditions for MISER simu-
lations.

For the infiltration and entrapment simulations, the
computational domain was discretized uniformly with
26 nodes horizontally (Ax ~ 0.305 m) and 128 nodes
(Az = 0.0762 m) vertically. Following the approach of
Rathfelder and Abriola [60], Lemke et al. [47] performed
an analysis of the sensitivity of spreading and maximum
saturation behavior to vertical and horizontal grid
refinement. The horizontal and vertical discretization
used for this study is consistent with results of Lemke et
al.’s analysis. No flow boundary conditions were im-
posed at the top and bottom of the domain while con-
stant hydrostatic pressure boundary conditions were
imposed on the left and right boundaries. Pertinent
capillary model parameters are presented in Table 6.

The 36 (3 In(k) variances x 4 wettability treatments x 3
realizations) final saturation distributions were then
used as initial conditions for the simulations of mass
removal using MISER. It was assumed that all organic
liquid was immobile and that the only mechanism by
which it could exit the domain was through aqueous
phase transport. For the aqueous phase flushing simu-
lations, a domain with the same spatial discretization
was constructed for use in MISER. No-flow boundary
conditions were employed at the top and bottom of the
domain and a constant pressure boundary condition
was specified on the left and right boundary such that a
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2
Singiy

In(k) (m?)

Fig. 2. Representative fractional wettability (F,) distribution, obtained by correlation to permeability distribution.

Table 5
Soil properties [47]

Low variance Intermediate =~ High variance
variance
¢ 0.36 0.36 0.36
K (= Ker) 1.971x 10~ 1.971x 107" 1.971x 1071 m?
‘71211(/() 0.246 1.00 2.00
ky : ky 1/2 1/2 12
U; 1.86 1.86 1.86
Table 6
Capillary properties [47]
Py 1860 Pa
A 2.0773
Sta 0.080
Sro 0.151

piezometric head gradient of —0.130 (flow from left to
right) was created. This value, while large, is consistent
with forced flow conditions during a pilot-scale surfac-
tant-enhanced aquifer remediation project conducted at
the Oscoda dry cleaner site [28]. Imposed aqueous-phase
component boundary conditions included no flux of
organic solute at the top and bottom of the domain, zero
total mass flux at the left side of the domain, and zero
dispersive flux at the right side of the domain.
Utilization of the interphase mass transfer correlation
presented in (10) requires knowledge of the spatial dis-
tribution of dsy values. Analysis of the original core data
shows a linear relationship between d5, and dj, values
(cf. Fig. 3). A simple linear regression relationship was
used to estimate a spatial dsy field from the spatial dj
field generated by the sequential Gaussian simulations.

o o
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450 o o o b
[¢]
o]
400 B
le) of 0
O,
oo g PHFo
350 © & o 9
@063 Gg o
o O o

__ 300} ° o ° 4

= 08

o ) 06)
© 2500 o (§§® g° |

[¢] ()
[e)
200 OgeO B
e %
150 B
100+ d5o=1.24d;,+61.9 um+
50 Il Il Il Il Il Il
0 50 100 150 200 250 300 350
d,, (um)

Fig. 3. Relationship between dsy and d)y for Bachman soil samples.

4. Results

Fig. 4 presents organic liquid distributions for the
mean spreading behavior simulations (R2). These results
are representative of the behavior observed in the larger
suite of 36 infiltration simulations. Some overall trends
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Fig. 4. Representative residual organic distributions. Here, the mean spreading behavior results are presented (R2).

are directly observable from Fig. 4. Incorporation of
organic-wet surfaces tends to increase the magnitude of
maximum DNAPL saturations. The depth of penetra-
tion and extent of vertical spreading is reduced as afn(k)
increases. This result is consistent with previous studies.
[24,31,43,47].

A spatial moment analysis was performed to quan-
titatively investigate entrapment behavior. Three metrics
were selected to quantify the spatial distribution of
DNAPL in the simulated systems. Depth of penetration
was represented by the z-coordinate of the organic li-
quid’s center of mass, the first spatial moment of the
organic liquid distribution (12). The degree of horizontal
and vertical spreading was quantified via the square root
of the second spatial moment of the organic liquid dis-
tribution, the radii of gyration ((aﬁlz)l/ * and (ai,r)l/ ? cf.
Eq. (11)) about the z-axis and x-axis (respectively)
passing through the organic liquid’s center of mass. In
addition, the maximum organic liquid saturation
encountered in the domain was determined. Similar
metrics have been used in several previous investiga-
tions. [24,31,43,47].

Fig. 5 presents maximum organic liquid saturation
for each of the permeability and organic-wet mass
fraction distributions. Mean behavior among the three
realizations for each permeability field (R1-R3) along

with 95% confidence intervals are presented. Consistent
with earlier studies [13,24], inspection of Fig. 5 suggests
that the magnitude of maximum organic liquid satura-
tion increases with increasing values of alzn(k). Organic
liquids tend to pool at interfaces of capillary property
contrast which are more prevalent in systems with
higher In(k) variances. Fig. 5 also suggests that the
inclusion of organic-wet materials increases the magni-
tude of maximum organic liquid saturations. It appears
that there is no significant difference between the posi-
tively correlated, negatively correlated, and completely
organic-wet systems. This would suggest that the pres-
ence of organic-wet media, regardless of its correlation
to permeability, tends to generate high organic liquid
saturations.

Fig. 6 presents a summary of depth of penetration
results for each of the twelve permeability and fractional
wettability combinations. The behavior observed here is
similar to that of maximum saturation. Organic liquid
tends to penetrate less in systems with higher variability
in In(k), owing to the increased incidence of capillary
property contrasts. Similarly, inclusion of organic-wet
solids tends to reduce depth of penetration with little
difference seen among the positively correlated, nega-
tively correlated, and completely organic-wet systems.
In systems with at least some portion of organic-wet
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solids present, the organic liquid resides in areas that are
more strongly organic-wetting. In order for the organic
liquid to penetrate into a deeper layer that is perhaps
less organic-wetting, high saturations are needed to
overcome the positive entry pressure of the lower layer.
Fig. 7 presents vertical spreading metrics for the twelve
systems. Analogous behavior is observed. Vertical
spreading is reduced in systems with higher In(k) vari-
ances and systems where some portion of organic-wet
solids are present.

Fig. 8 presents horizontal spreading metrics for these
simulations. Here, the radius of gyration, g,., is plotted
relative to the horizontal radius of gyration of the spill
zone (= w? /12, where w is the width of the spill area). In
other words, the radius of gyration is normalized to the
value that an organic liquid distribution would have had
it infiltrated uniformly from the spill zone without any
horizontal spreading. There does not appear to be any
discernable trend in horizontal spreading with In(k)
variance or organic-wetting characteristics. Kueper and
Gerhard [44] found that horizontal spreading metrics
often do not converge to an ensemble average. In
addition, the variability of horizontal spreading metrics
decreases with increasing spill width relative to the
horizontal correlation length [24]. In the present study,
the spill width is slightly more than one half the corre-
lation length (1.22 m vs. 2.33 m).

The three permeability realizations taken from
Lemke et al. [47] (RI-R3, a},,, = 0.246) were chosen to
reflect the variability of vertical spreading behavior ob-
served in that study. It was anticipated that the relative
magnitude of vertical spreading metrics (i.e.,
Raj, <®ay, <™}, ) would be preserved when the
permeability distributions were scaled to obtain In(k)
variances of 1.00 and 2.00. It was reasoned that al-
though the scaling process might change the relative
magnitude of In(k) values, it would not alter the overall
architecture of the aquifer thereby preserving flow
pathways. Spatial moment analyses revealed that this
was not the case at the high In(k) variance (2.00). In
these simulations, the realization that gave the maxi-
mum vertical spreading in the water-wet o ;) = 0.246
and o, = 1.00 systems (R3) actually gave the mini-
mum vertical spreading behavior when afn(k) = 2.00. For
this In(k) variance, the relative order of vertical
spreading magnitudes was o}, <*'a}, < o3, .

Analyses of simulation results do not reveal a sig-
nificant difference in maximum organic liquid satura-
tion, depth of penetration, or vertical spreading values
among the three In(k) variances for the organic-wet,
positively correlated, and negatively correlated systems.
When compared to the clear dependence on In(k) vari-
ance demonstrated by the water-wet sands, this suggests
that the presence of organic-wet solids may potentially
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reduce the impact of In(k) variance on DNAPL migra-
tion and entrapment.

It may be hypothesized that the permeability and
organic-wet mass fraction characteristics of the zones in
which the organic liquid resides will exert a controlling
influence over the rates and extent of interphase mass
transfer and DNAPL mass removal. Clearly perme-
ability will control accessibility and, since aqueous phase
velocity (a linear function of permeability) and organic-
wet mass fraction are the spatially variable parameters
incorporated into the Sherwood number mass transfer
correlation, these parameters will also control the local
interphase mass transfer rate (see Eq. (10)).

Fig. 9 presents a mass histogram for two of the water-
wet and organic-wet systems (o}, = 1.00, R1 and
iy = 2:00, R3). Here, the distribution of the en-
trapped organic liquid mass is depicted as a function of
the medium permeability with which it is associated. In
one case (a7}, = 2.00), the organic liquid is distributed
over a wide range of In(k) values for both the completely
water-wet and completely organic-wet systems. In the
other ((rlzn<k) = 1.00), the majority of the organic liquid is
located in higher permeability zones in the water-wet
systems and in the lower permeability zones in the or-
ganic-wet systems. Fig. 10 presents percent mass re-
moved over time (pore volumes) during the flushing
simulations and the evolution of the Darcy-flux aver-
aged concentration on the downstream boundary for

these four scenarios. Here it can be seen that in systems
where the organic liquid is distributed uniformly across
permeabilities there is little difference in the rate that
organic liquid is removed from the system or in the flux-
averaged concentrations at the downstream boundary.
In contrast, systems where the organic liquid is located
in higher permeability zones exhibit higher initial rates
of mass removal and correspondingly higher flux-aver-
aged concentration values, caused by both the high
interphase mass transfer rate (due to a higher Reynolds
number) and greater accessibility of the aqueous phase
to entrapped organic liquid. Concentrations in these
water-wet systems drop off rapidly and do not exhibit
the pronounced tailing behavior found in the organic-
wet systems. This tailing behavior is hypothesized to be
due to the slow dissolution of organic liquid from low-
permeability zones. Although sorption processes have
been neglected here, they would be expected to play a
larger role in increasingly organic-wet systems [17]
which would contribute further to the tailing behavior
observed in the organic-wet systems.

Results indicate that mass removal efficiency in these
systems appears to be highly realization dependent.
Thus, it may not be possible to correlate the perme-
ability of the material containing DNAPL with its par-
ticular wettability characteristics, i.e., the organic liquid
may not always exist in the low permeability zones of an
organic-wet material or in the high permeability zones of
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Fig. 9. Spatial co-location of aquifer parameters and organic mass in completely water and organic-wet systems.

a water-wet material. Fig. 11 is a composite plot of the
organic liquid mass residence histograms for the geo-
statistical realizations depicted in Fig. 1. Here the his-
tograms for the completely water-wet and completely
organic-wet systems are presented. For each of the three
In(k) variances employed (shown on the vertical axis),
there is no consistent behavior among the three real-
izations that were examined (shown on the horizontal
axis). For example, consider the af, ) = 2.00 case (bot-
tom row of Fig. 11). In two of the realizations (R1 and
R3, on the left and right sides of the bottom row) the
DNAPL exists within a broad range of the permeability
values for both completely organic-wet and water-wet
systems. Contrast this behavior with the R2 realization
(center plot), where the DNAPL exists in low perme-
ability zones in the organic-wet system and in high
permeability zones in the water-wet system. Similar
conclusions may be drawn about the lower In(k) vari-
ance results shown in Fig. 11. As mass recovery appears
to be governed by the permeability of the DNAPL con-
taining zones, it may not be possible to draw conclusions
about organic liquid mass recovery based solely upon
aquifer geostatistics and wettability characteristics.
Several additional simulations were performed to
assess the sensitivity of model predictions to the inter-

phase mass transfer rates. The lumped liquid film mass
transfer coefficient, I}fo, was varied over an order of
magnitude. Model predictions (not presented here)
demonstrated little sensitivity of the aqueous phase
concentration or mass removal rates to the mass transfer
coefficient. This suggests that wettability does not exert
a controlling influence through the mass transfer coef-
ficient. It does, however, influence the distribution of
DNAPL and, consequently, mass recovery.

There has been debate in the literature regarding the
usefulness of source zone mass removal as a means of
remediating contaminated aquifers [58,67]. Fig. 12 pre-
sents a composite plot of effluent concentration reduc-
tion vs. mass removal for the simulations presented in
Fig. 11. Effluent concentration reduction is presented
relative to the maximum effluent concentration observed
on the downstream boundary (j,,,), which is noted on
each plot. Simulations that do not reach 100% on both
axes were not of long enough duration to realize full
contaminant removal. Results show that water-wet
systems exhibit higher maximum effluent concentration
values than the corresponding organic-wet systems. This
behavior can be attributed to the rapid initial dissolu-
tion of organic liquid entrapped in the high permeability
zones of a water-wet system. In addition, with the
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Fig. 10. Mass recovery behavior for systems depicted in Fig. 9.

exception of the one simulation (organic-wet, oj ) =
1.00, R3) maximum effluent concentrations appear to
decrease with increasing In(k) variance.

Fig. 12 also demonstrates that significant differences
in mass removal behavior are found among members of
this suite of simulations. There does not appear to be a
trend in mass removal with respect to /n(k) variance or
wettability characteristics. In the three alzn(k) = 0.246
realizations, the organic-wet systems exhibit rapid
effluent concentration reduction with modest amounts
of mass removal, but then show decreased rates of
effluent concentration reduction with additional mass
removal. Conversely, the water-wet systems exhibit slow
concentration reduction initially, followed by a rapid
decrease as the last portion of organic liquid mass is
removed. Realizations R1 and R3 of the oy, ) = 2.00
simulations, however, exhibit the opposite behavior and
realization R1 of the alzn(k) = 1.00 simulations reveals
very similar behavior for both the organic- and water-
wet systems.

Fig. 12 suggests that it is possible to correlate aque-
ous phase concentrations to source zone architecture,
but it may not be possible to correlate mass removal
performance (concentration reduction as a function of
mass removal) to permeability and wettability charac-
teristics of the organic liquid bearing materials. For
example, realization R1 of the aj ) = 1.00 simulations
shows that the organic liquid is distributed in very dif-

ferent permeability media (cf. Fig. 11) and this is re-
flected in the magnitude of the effluent concentrations.
The mass removal behavior of these systems (cf. Fig.
12), however, are remarkably similar.

The observation that mass removal behavior is not
correlated to aquifer geostatistics and wettability char-
acteristics may be a function of the Gaussian model used
to generate the permeability fields used in this investi-
gation. A recognized limitation of sequential Gaussian
simulation is its inability to preserve the occurrence of
continuous stratigraphic units because of its tendency to
maximize the entropy associated with a given realization
[34,35,40]. Further investigations are necessary to
determine if alternative geostatistical conceptualizations
of subsurface variability demonstrate different mass re-
moval behavior.

5. Conclusions

A comprehensive mathematical model is presented
that incorporates the effects of fractional wettability on
organic liquid infiltration, retention, and dissolution in
the saturated zone. The model is based on previous
investigations that examined the effect of fractional
wettability on these processes individually.

Geostatistical realizations of spatial distributions of
intrinsic permeability were generated using sequential
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Fig. 11. Spatial co-location of aquifer parameters and organic mass for water-wet and organic-wet treatments of geostatistical realizations presented
in Fig. 1. Increased vertical spreading is reproduced on the figure’s horizontal axis (R1 - R2 — R3); increased In(k) variance is reproduced on the

figure’s vertical axis (0.246 — 1.00 — 2.00).

Gaussian simulation conditioned to data collected from
a surficial glacial aquifer in the Lower Peninsula of
Michigan. Chemical heterogeneity, in the form of frac-
tional wettability, was correlated to physical heteroge-
neity through an exponential correlation. Organic liquid
saturation distributions were developed using a modified
form of the finite-difference multiphase flow code M-
VALOR. A spatial moment analysis was performed on
these results to discern the potential effect of coupled
physical and chemical heterogeneity on predictions of
organic liquid migration and entrapment. These results
were also used in a compositional flow and transport
simulator to examine the effect of fractional wettability
on predictions of organic liquid mass dissolution and
recovery.

Results suggest that fractional wettability can have a
significant impact on the migration and entrapment of
PCE in aquifers. The occurrence of organic-wet solids in
heterogeneous systems tends to reduce depths of pene-
tration, increase the magnitude of entrapped organic
liquid saturations, and decrease the extent of vertical
spreading. This behavior is consistent with an organic
liquid’s preferential tendency to reside in systems that
are thermodynamically favorable, i.e., organic-wet sys-

tems. The presence of organic-wet solids also appears to
reduce the impact of In(k) variance.

Spatial moment analysis results indicated that hori-
zontal spreading was not affected by this coupled
physical and chemical heterogeneity, although this is in
disagreement with previous studies. It is hypothesized
that this conclusion is attributed to the size of the release
area with respect to the horizontal correlation length.

Simulations of mass recovery revealed that the per-
meability and wettability of the zones containing the
organic liquid mass exert a controlling effect on mass
recovery efficiency and aqueous phase effluent concen-
trations. In systems where organic liquids are entrapped
in higher permeability zones, mass transfer is higher
yielding fast mass recovery, higher initial aqueous phase
effluent concentrations, and limited concentration tail-
ing behavior. The opposite behavior is seen in systems
where organic liquids are entrapped in lower perme-
ability zones. In heterogeneous systems, wettability does
not exert a controlling influence through variations in
the mass transfer coefficient but rather through controls
on infiltration behavior.

Results suggest that subsurface distributions of or-
ganic liquids in aquifers with correlated permeability
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(fmax/ Yeq)-

and wettability characteristics may be highly realization
dependent. Thus it is difficult to draw conclusions about
organic liquid mass removal efficiency based solely on
geostatistical and wettability characteristics. Further
work is necessary to explore the effects of alternative
geostatistical conceptualizations of aquifer heterogene-
ity and alternative permeability/wettability correlations
on predictions of DNAPL infiltration and mass recov-
ery.
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