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This work presents a possible tool for inverse charac-
terization of NAPL (nonaqueous phase liquid) source zones
in terms of contaminant mass flux. A hybrid solution
technique was applied that considers contaminant transport
through a vertical flux plane. The hybrid solution technique
takes advantage of the robust solution capabilities of
simulated annealing (SA) and the uncertainty estimation
capabilities of minimum relative entropy (MRE). The coupled
technique (SA-MRE) provides probability density functions
and confidence intervals that would not be available
from an independent SA algorithm, and they are obtained
more efficiently than if provided by an independent
MRE algorithm. The SA-MRE method was used to characterize
a NAPL source zone that was emplaced in a three-
dimensional aquifer model. When dissolution experiments
were complete, the aquifer model was excavated, and
the distribution of NAPL zones was recorded using digital
images of excavation grids. The excavation images
were compiled into a three-dimensional representation of
the source zone for comparison with and validation of
modeling results.

Introduction
Contaminant source characterization represents solution of
an inverse problem and is usually considered within an
optimization framework (1). Various optimization method-
ologies have been applied for the purpose of source
characterization (2-12). When formulating the inverse
problem, one must consider how to represent or “character-
ize” the source. For this study the source zone is characterized
in terms of mass flux, where flux refers to the mass of water
and or contaminants flowing through a specified control
plane (cross-sectional area) during a given period of time.
The units associated with mass flux are M/(L2T) where the
terms M, L, and T represent the base units of mass, length,
and time, respectively. The benefits of flux-based charac-
terization are discussed by Rao et al. (13).

The purpose of the work presented here is to provide a
tool for characterizing NAPL source zones based upon
observed contaminant concentration data. Many previous
studies (1, 2, 5, 6, 8-10, 12) have considered source location

problems based upon a horizontal discretization of the system
and attempted to locate sources by choosing from a discrete
set of possible source locations of which the actual source
location was a subset. The primary difference in this work
is the application of SA-MRE, a hybrid solution technique
(21), to estimate NAPL flux through a vertical flux plane. The
SA-MRE method was developed to take advantage of the
random search capabilities of simulated annealing (SA) and
the uncertainty estimation capabilities of minimum relative
entropy (MRE) (21). The coupled technique is capable of
converging more efficiently than MRE and provides prob-
ability density functions and confidence intervals that are
not available from an independent SA algorithm. Another
unique aspect is that this work provides comparison of model-
simulated results with experimentally observed source zone
excavation data in order to verify the inverse model results.

It should be noted that multicomponent NAPL dissolution
is a complex process. Several studies have been performed
(4, 14-20) in order to investigate what actually occurs as
multicomponent NAPL sources dissolve. However, because
this work is the first application of the SA-MRE flux plane
model to a NAPL source problem, a simplified approach was
considered. The flux plane model used here is only applicable
for characterization of source zones and plumes exhibiting
apparent steady-state dissolution conditions. It is acknowl-
edged that for multicomponent NAPL dissolution the source
composition will change over time as the components of
higher solubility dissolve faster (15, 16) and that neglecting
the corresponding changes in nonaqueous phase activity
coefficients may introduce prediction errors. However, for
this study ideal steady-state dissolution is assumed. It is
acknowledged that ideal steady-state dissolution can only
occur for mixtures containing components of similar struc-
ture and solubility. The application envisioned for this study
represents cases in which a source zone is discovered long
after the contaminants were introduced into the subsurface.
Under such conditions, what is often observed is the tail end
of the dissolution process, and the dissolution process may
appear steady for extended periods of time.

Materials and Methods
Aquifer Model. NAPL dissolution experiments were per-
formed in a three-dimensional aquifer model constructed at
the Air Force Research Laboratory, Tyndall Air Force Base,
FL. The system was designed for use with chlorinated solvents;
all wetted surfaces were stainless steel or glass, minimizing
the partitioning of hydrophobic chemicals to system com-
ponents. All liquid effluent and vapor streams passed through
physical and/or chemical traps, eliminating exposure to
hazardous chemicals and allowing quantitative mass balance
determinations. In the experiment performed for this study,
the model was configured to simulate a homogeneous
unconfined aquifer. The physical, hydrodynamic, and trans-
port characteristics of the system are presented in Table 1
and are discussed in greater detail by Newman et al. (21, 22).

NAPL Dissolution Experiment. The NAPL dissolution
experiment for this study was started by establishing steady
flow with an average saturated thickness (hs) of 0.922 m, and
an average pore water velocity of 0.34 m/day (corresponding
to an average effluent water flowrate (Qx) of 0.047 m3/day
and a specific discharge (qx) of 0.102 m/day). Once steady
flow was established, ten NAPL sources, each composed of
a mixture of 55% n-hexadecane and 45% perchloroethene
(PCE) by volume, were emplaced within the up-gradient
region of the flow system by slow injection of a known volume
(10 mL for each source). The corresponding mole fractions

* Corresponding author phone: (352)392-9537; fax (352)392-3394;
e-mail: markn@ce.ufl.edu.

† University of Florida.
‡ Air Force Research Laboratory, Tyndall AFB.
§ Purdue University.

Environ. Sci. Technol. 2006, 40, 6044-6050

6044 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 40, NO. 19, 2006 10.1021/es060437s CCC: $33.50  2006 American Chemical Society
Published on Web 08/29/2006



were 0.3 for n-hexadecane and 0.7 for PCE. The NAPL solution
also contained the hydrophobic dye oil red-O. Source
conditions are summarized in Table 2, and the source
locations are shown in Figure 1. It should be noted that
n-hexadecane is a light nonaqueous phase liquid (LNAPL)
with a density (Fn-hexa ) 0.7733 g/mL) less than that of water
(Fw ) 1.00 g/mL). In order to ensure that the NAPL mixture
behaved as a dense nonaqueous phase liquid (DNAPL) the
solution was prepared so that the multicomponent NAPL
was denser than water (FNAPL ) 1.16 g/mL).

The n-hexadecane was included in the NAPL solution for
two reasons: to prolong the dissolution time of the PCE
sources and, with the combination of oil red-O dye, to provide
a visual indicator of the source zone distribution to be
recorded during excavation of the aquifer model. n-Hexa-
decane is a hydrophobic compound with an extremely low
aqueous solubility (Sn-hexa ) 3.588 × 10-3 mg/L). Including
a hydrophobic compound in the NAPL mixture provides a
partitioning media for PCE which acts to reduce the effective
solubility of PCE and increases the lifetime of the PCE sources.
The dissolution of a multicomponent NAPL is described using
the aqueous analog of Raoult’s law for the vapor pressure of
a solution

where Xi(N) is the mole fraction of component i in the NAPL
mixture, Si(w) is the pure aqueous solubility of NAPL com-
ponent i, and Si(w)

e is the resulting effective aqueous solu-
bility of component i.

Pankow and Cherry (23) observed that there are a wide
range of aqueous solubility limits reported in the literature
for chlorinated solvents such as PCE and TCE. A review of
the literature found that the aqueous solubility of PCE is
reported to range between 149 mg/L (24) and 200 mg/L (25).
For a NAPL composition by volume of 45% PCE and 55%
n-hexadecane, the range of reported PCE solubility limits
can be used with eq 1 to estimate the expected experimental
range of effective solubility for PCE. The result is that the
maximum expected aqueous phase PCE concentration
should be within 105-140 mg/L.

The second benefit of including n-hexadecane is that it
is essentially insoluble in water and acts as a nonwetting
phase when injected into the porous medium. The non-
wetting n-hexadecane gets trapped as blobs or globules by
capillary forces within the pores (26), and because it is
insoluble in water it remains in place marking the extent of

TABLE 1. Physical, Hydraulic, and Transport Properties of the
Three-Dimensional Aquifer Model (Newman, 2001)

parameter value

porous media Flint Silica #14 (U.S. Silica,
Ottawa, IL)

porous media dimensions
(length × width × height; m)

2.0 × 0.5 × 1.0

median grain size (d50; m) 0.0012
porosity (n) 0.3
longitudinal dispersivity (RL; m) 0.002
transverse dispersivity (RT; m) 0.0002

TABLE 2. System Parameters for the Multiple Source NAPL
Experiment

source source location (x, y, z; m) volume (mL)

1 0.50, 0.15, 0.75 10.78
2 0.50, 0.20, 0.70 11.78
3 0.50, 0.25, 0.65 10.45
4 0.50, 0.30, 0.60 10.44
5 0.50, 0.25, 0.55 10.15
6 0.80, 0.25, 0.65 10.44
7 0.80, 0.30, 0.60 10.44
8 0.80, 0.25, 0.55 10.44
9 0.80, 0.15, 0.45 10.44
10 0.80, 0.10, 0.40 10.44

FIGURE 1. Steady-state three-dimensional PCE concentration distribution for day 44.

Si(w)
e ) Xi(N)Si(w)

o (1)
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the initial source zone distribution. The hydrophobic dye,
oil red-O, will partition preferentially into the n-hexadecane,
thus providing a visual indication of the NAPL source zone
spatial distribution.

Aqueous phase PCE concentrations were collected within
the aquifer model during the transient stage of plume
development and over an extended time period (approxi-
mately 1 month) in which the plume was essentially at steady
state. During the steady-state period, PCE concentrations
were collected as shown in Figure 1, which represents the
observed PCE concentration distribution for day 44 of the
dissolution experiment. Upon completion of the dissolution
experiment the porous media was excavated, and the source
zone distribution delineated by oil red-O dye was recorded
using excavation grids and digital images. The digital images
were compiled to develop a three-dimensional representation
of the NAPL source zone (Figure 2) for comparison with
modeling results.

Modeling
Flux Plane Model. The flux plane model as presented by
Newman et al. (21) was developed for uniform horizontal
flow with conservative, advective-dispersive transport in a
homogeneous aquifer. It is assumed that contaminant
concentrations are measured at multiple locations down-
gradient of a contaminant source zone and that a flux plane
is located between the contaminant source zone and the
downgradient observation locations. The flux plane is
represented numerically by dividing the plane into N
rectangular elements each having a flux component mn. The
total mass flux through the plane is the sum of the N elemental
fluxes, and the resulting concentration (Cj) at location j has
a component contributed from each of the elemental fluxes
mn.

The term gjn is a steady-state transfer function which was
derived from an analytical solution for advective-dispersive
transport developed by Domenico and Robbins (27)

where qx is the specific discharge [L/T]; erf represents the
error function; b and d represent the half-width and half-
height of a flux plane element; Rx, Ry, and Rz represent the
dispersivity components [L] along the x, y, and z-axes; and
x′n, y′n, and z′n are the relative coordinates as defined by
Newman et al. (21). It should be noted that due to the steady-
state assumption there is no retardation term in the transfer
function (eq 3) and that the lateral and vertical extents of the
plume are determined primarily by the transverse disper-
sivities Ry and Rz.

It is acknowledged that incorporating a numerical solution
rather than an analytical solution could expand the ap-
plicability of the flux plane model. But development and

FIGURE 2. Three-dimensional representation of DNAPL source zone
based upon digital excavation photographs. (The color shown
represents the observed red pixel intensity in the excavation
photographs.)

TABLE 3. Simulated Flux at the Intermediate Flux Planes for Days 44 and 58 of the Multiple-Source PCE Dissolution Experiment

observation coordinates day 44 SA-MRE day 58 SA-MRE

X Y Z
obsd PCE

concn (mg/L)
calcd flux

mg (cm2 day)
simulated flux
mg (cm2 day)

percent
difference

simulated flux
mg (cm2 day)

percent
difference

1.10 0.25 0.85 0.39 0.00 0.00 0.00
1.10 0.25 0.75 0.38 0.00 0.00 0.00
1.10 0.25 0.65 102.04 1.04 0.93 11% 0.93 11%
1.10 0.25 0.55 81.33 0.83 0.84 -1% 0.84 -1%
1.10 0.25 0.45 1.52 0.02 0.01 0 0.01
1.10 0.25 0.35 0.45 0.00 0.00 0.00
1.00 0.25 0.85 0.37 0.090 0.00 0.00
1.00 0.25 0.75 0.30 0.00 0.00 0.01
1.00 0.25 0.65 106.07 1.08 1.06 2% 1.05 3%
1.00 0.25 0.55 112.76 1.15 1.13 2% 1.00 13%
1.00 0.25 0.45 1.86 0.02 0.01 0.01
1.00 0.25 0.35 0.51 0.01 0.00 0.00
0.90 0.25 0.85 0.35 0.00 0.00 0.00
0.90 0.25 0.75 0.33 0.00 0.00 0.00
0.90 0.25 0.65 111.01 1.13 1.18 -4% 1.10 3%
0.90 0.25 0.55 117.46 1.20 1.17 2% 1.17 2%
0.90 0.25 0.45 1.75 0.02 0.01 0.00
0.90 0.25 0.35 0.49 0.01 0.00 0.00

mean absolute error 0.017 0.023
average run time (min) 10 10

Cj ) ∑
n)1

N

gjnmn (2)

gjn ) 1
4qx{erf[ y′n + b

2(Ryx′n)1/2] -

erf[ y′n - b

2(Ryx′n)1/2]}{erf[ z′n + d

2(Rzx′n)1/2] - erf[ z′n - d

2(Rzx′n)1/2]} (3)
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implementation of a numerical model requires a greater
amount of prior information, and such information is not
always readily available. By reducing the amount of requisite
information the flux plane method provides a simple tool
that can be used for preliminary assessment of a contaminant
site when very little information is typically known about the
flow field and source characteristics.

Hybrid SA-MRE Model. The hybrid SA-MRE method
combines two optimization techniques: simulated annealing
(SA) and minimum relative entropy (MRE) (21). Random
search techniques such as SA have two advantages: they
require only objective function information to determine
convergence, so derivative calculations are not required; and
they implement probabilistic transition rules, which allow
them to avoid local minima in order to move toward a global
minimum (28-31). However, a typical drawback of random
search techniques is that although theoretically they should
locate a “global” optimum provided an adequate number of
perturbations, the reliability of the final estimates are not
always readily verified.

MRE is a gradient-based optimization technique capable
of using observation data to infer probability density functions

and expected values for unknown model variables (32-35).
As the term implies, gradient-based optimization methods
are dependent upon calculating objective function derivatives
(gradients). Gradient-based methods are very efficient at
finding a local minimum when the gradient is steep and are
usually most efficient once in the general neighborhood of
the global optimum. But, for cases where the minimum exists
in an area with a shallow gradient or where there are
numerous local minima, gradient-based methods often have
problems converging. The hybrid (SA-MRE) solution tech-
nique was developed in order to take advantage of the robust
solution capabilities of SA and the uncertainty estimation
capabilities of MRE.

Model Application. The flux plane inverse model was
used to estimate the magnitude and distribution of PCE mass
flux from the system of NAPL sources emplaced in the
laboratory aquifer model. The aqueous-phase PCE concen-
trations measured downgradient of the DNAPL source zones
at location x ) 1.7 m and x ) 1.2 m were used as the observed
contaminant concentrations. The goal was to estimate the
PCE mass flux at three intermediate flux planes (x ) 1.10 m,
x ) 1.00 m, and x ) 0.90 m) and at the downgradient edge
of the source zone (x ) 0.8 m) (Figure 1). The simulated flux
values at the intermediate flux planes were verified using
experimentally calculated flux values based upon observed
concentrations. The simulated flux values at the source plane
were verified by comparison of the model simulated values
to values estimated by assuming a constant specific discharge
and aqueous NAPL saturation at the flux plane. It is
acknowledged that the assumption of NAPL saturation is an
overestimation, as NAPL saturation levels are actually only
expected to occur at the NAPL-water interfaces. The spatial
distribution of PCE mass flux at the source plane was verified
by comparison to the three-dimensional source zone dis-
tribution recorded during excavation of the aquifer model.

The vertical flux plane for this application was established
as a grid consisting of 720 flux cells each of which was a 2-cm
square plane source with a possible source intensity ranging
from a lower value of 0 mg/L to a specified upper limit. For
this case, the pure phase upper solubility limit for PCE (200
mg/L) was used to determine the simulated flux upper limit
(2.04 mg/(cm2day)) for the flux plane model.

With the flux plane and parameter limits established the
search area was segregated following the same procedure as
Newman et al. (21). The flux grid was superimposed on the
observed PCE concentration distribution from the furthest
observation plane (x ) 1.7 m). The 25-mg/L contour was

TABLE 4. Simulated Flux at the Source Planes for Days 44 and
58 of the Multiple-Source PCE Dissolution Experiment

effective PCE solubility

upper limit
(mg/L)

lower limit
(mg/L)

140 105

calculated effective flux

upper limit
mg/(cm2 day)

lower limit
mg/(cm2 day)

1.43 1.07

observation coordinates

X Y Z

day 44 SA-MRE
simulated flux mg

(cm2 day)

day 58 SA-MRE
simulated flux mg

(cm2 day)

0.80 0.25 0.65 1.40 1.36
0.80 0.30 0.60 1.44 1.40
0.80 0.25 0.55 1.30 1.25
0.80 0.15 0.45 0.01 0.01
0.80 0.10 0.40 0.74 0.75

av run time (min) 10 11

FIGURE 3. (A) SA-MRE simulated flux at the PCE source plane (day 44) and (B) DNAPL source zone distribution recorded during excavation.
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then used as the segregation contour, and the initial model
input values were established. All flux cells that were outside
of the segregated area were given an initial value of 0.1 mg/
(cm2 day).

Using a convergence criteria of 1e-6, a maximum number
of iterations of 90,000, and 44 downgradient concentration
observations (22 each at observation planes x ) 1.2 m and
x ) 1.7 m) the SA-MRE model was applied to estimate the
PCE mass flux at three intermediate flux planes (x ) 0.9 m,
x ) 1.0 m, x ) 1.1 m) and at the downgradient edge of the
source zone (x ) 0.8 m). The results are discussed in the
following section.

Results and Discussion
Model Verification. For the intermediate flux planes, the
model simulated flux values were tabulated and compared
to the experimentally calculated values in Table 3. Recall
that steady-state conditions are assumed, but because the
study is based upon actual measured concentrations within

a three-dimensional aquifer model contaminant concentra-
tions (and the corresponding flux values) may differ slightly
from day to day simply due to minor variations in system
conditions. For this reason data from two separate days (days
44 and 58) were used to demonstrate that the steady-state
assumption was justified. All of the model-simulated results
compared well with the experimentally calculated values.
The largest percent difference was 11% at location x ) 1.1
m, y ) 0.25 m, and z ) 0.65 m for both days 44 and 58. The
mean absolute error was 0.017 mg/(cm2day). It should be
noted that the coupled SA-MRE algorithm provided results
similar to an independent MRE algorithm while converging
5 times faster. All simulations were performed using a
standard PC with a 2.8 MHz processor.

For the flux plane located at the downgradient edge of
the source zone (x ) 0.8 m) the model simulated flux values
are listed in Table 4. The simulated flux values were verified
by comparison to the effective PCE solubility range deter-
mined using Raoult’s law (eq 1) and a pure phase PCE

FIGURE 4. Simulated mean (expected) flux values and 95% confidence intervals for the intermediate flux plane (x ) 1.1 m) and
(x ) 0.8 m).
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solubility range of 150-200 mg/L. As discussed previously,
the resulting effective PCE solubility range is 105-140 mg/L,
which corresponds to an expected experimental range for
the PCE flux of 1.07-1.43 mg/(cm2day). It can be seen in
Table 4 that each of the model simulated flux intensities
compares well with the calculated effective flux range, with
only location x ) 0.8 m, y ) 0.3 m, and z ) 0.60 m barely
exceeding the expected range (1.44 mg/(cm2day)).

The SA-MRE simulated flux distribution for day 44 is
shown in Figure 3a. For comparison, the observed source
zone distribution recorded during excavation is displayed in
Figure 3b. The excavation data are represented as a scatter
plot, where each point represents an element within the
source zone as determined from digital excavation images.
The color of each element corresponds to the recorded red
pixel intensity in the digital images.

The simulated flux distribution at the source plane (Figure
3a) compares well with the excavation source distribution
(Figure 3b). It should be noted that the source located at y
) 0.15 m, z ) 0.45 m is not detected. This draws attention
to a critical relationship between the transverse dispersivity
and the downgradient sampling strategy. It is known that
NAPL solution was injected at location y ) 0.15 m, z ) 0.45
m, and yet the model did not predict any significant mass
flux at this location. The cause for this error is two-fold: there
were no concentration observations within the direct down-
gradient path of the source zone in this region, and the
transverse dispersivity of the system (RT ) 0.0002 m) is
relatively low. This indicates that even with the extensive
data collected within the aquifer model, a known source was
not detected due to the order of magnitude of the transverse
dispersivity and the downgradient sampling strategy. How-
ever, results at all other locations demonstrate that the model
performs well if the sampling strategy is established to take
into account the scale of dispersion within the system.

As discussed previously, one of the benefits of applying
the coupled SA-MRE model is that it provides estimates of
the reliability associated with each of the model simulated
flux values. Figure 4 shows the estimated 95% confidence
limits for the intermediate flux plane located at x ) 1.1 m,
and the source plane x ) 0.8 m. For both planes, all simulated
mean flux values greater than 0.01 mg/(cm2 day) are shown
sorted in descending order with their corresponding 95%
confidence interval. The flux values not shown in the figure
(below 0.01 (mg/cm2 day)) represent PCE flux in the region
outside of the observed PCE plume. Each of the model
simulated flux values below 0.01 mg/(cm2 day) had a 95%
confidence interval of 0.0-0.03 mg/(cm2 day) which indicates
a high confidence that the PCE flux at these locations is
essentially zero. These values were not shown in the figure
in order to focus attention on the model-simulated values
displaying greater uncertainty (larger confidence intervals).

The simulated flux values greater than 1.0 mg/(cm2 day)
represent locations that were at or near the center of the PCE
plume, while values below 0.5 mg/(cm2 day) represent
locations that were at the lateral extents of the plume. Figure
4 demonstrates that as we move from the farthest interme-
diate flux plane (x ) 1.1 m) toward the source plane (x ) 0.8
m) the reliability typically increases (the 95% confidence
intervals decrease) for the flux estimates located at the center
of the plume and that the lateral extent of PCE flux (width
of the plume) decreases. These results follow the trend that
we would expect to see as we move upgradient toward the
source zone.

NAPL Source Zone Characterization. The hybrid SA-MRE
method was applied in conjunction with a flux plane model
to develop a tool for characterizing NAPL source zones in
terms of mass flux. The coupled SA-MRE algorithm utilizes
the robust search capabilities of SA while providing the ability
to estimate the uncertainty associated with each of the

simulated flux values more readily than an independent MRE
algorithm. In its current form, the flux plane model is
admittedly a simplification of a more complex problem and
is only applicable under the conditions assumed for this study
(uniform horizontal flow with advective-dispersive transport
in a homogeneous aquifer and steady-state dissolution). The
model provides a simple method for estimating the mag-
nitude and spatial distribution of NAPL mass flux based upon
observed aqueous phase concentrations. One possible ap-
plication is that the flux plane model could be used to estimate
the integrated mass flux or total mass crossing a specified
boundary, such as a regulatory boundary or the intersection
of adjoining properties. The method can be modified to
incorporate different transfer functions and would be
especially applicable if utilized with directly measured
contaminant flux values obtained using a method such as
that presented by Hatfield et al. (36).
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