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[1] Experiments were completed in a laboratory-scale, porous media tank to study the
transport patterns of a saltwater wedge in a freshwater aquifer. Three types of experiments
were performed to develop: (1) steady state salt-wedge data observed under different
hydraulic gradient conditions; (2) transient salt-wedge data observed under
intruding-wedge conditions; and (3) transient salt-wedge data observed under
receding-wedge conditions. Furthermore, flux measurements were made to quantify the
flow characteristics of three distinct steady state experiments. The saltwater intrusion
model SEAWAT was used to simulate these data sets. The model results along with the
experimental data are presented as benchmark problems for testing density-coupled
groundwater flow models. A worthiness analysis was completed to test the sensitivity of
these experimental problems to density-coupling effects. The results of our analysis show
that the proposed benchmark is a more robust alternative to the traditional Henry problem.

These new experimental data sets can be used to assess the performance of saltwater
intrusion models under both steady state and transient conditions.

Citation:
Res., 43, W04418, doi:10.1029/2006WR005151.

1. Introduction

[2] The management of saltwater intrusion into coastal
aquifers is one of the most challenging environmental
management problems faced by water resource planners
worldwide. The intrusion of salt water into groundwater
aquifers is normally prevented by the ambient groundwater
flux discharging toward the ocean. However, overexploita-
tion of coastal aquifers has lowered groundwater levels and
reduced freshwater flux, and this has led to severe saltwater
intrusion problems in several metropolitan areas [U.S.
Geological Survey (USGS), 2000]. Furthermore, catastrophic
events such as tsunamis and hurricanes can inject salt water
into local aquifers and contaminate large volumes of fresh-
water reserves [//langasekare et al., 2006]. Therefore under-
standing the mixing dynamics of salt water within freshwater
aquifer systems is an important research problem.

[3] Modeling saltwater flow in freshwater systems requires
numerical codes that can solve density-coupled flow and
transport equations. The performance of these codes is often
validated by solving a set of benchmark problems. The most
commonly used benchmark problem for testing saltwater
intrusion codes is the Henry problem. This problem is based
on an analytical solution developed by Harold Henry in
his Ph.D. dissertation [Henry, 1960]. Henry considered a
salt-wedge transport problem in a rectangular, saturated,
two-dimensional, confined porous media domain. He
adapted a mathematical solution developed by Poots
[1958], which was originally used for modeling heat transfer
processes, to solve his steady state saltwater intrusion prob-
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lem. Over the years, the original Henry problem has under-
gone several revisions since numerical modelers were
unable to recreate the exact analytical solution for a
variety of reasons [Bues and Oltean, 2000; Croucher
and O’Sullivan, 1995]. Segol [1994] reinvestigated
Henry’s analytical expression and pointed out some errors
and proposed appropriate corrections. These corrections
finally allowed investigators to exactly match their numerical
results against the revised Henry solution [e.g., Bues and
Oltean, 2000; Simpson and Clement, 2004]. However, one of
the limitations of using the Henry problem to benchmark
density-coupled codes is that the original profiles presented
by Henry are relatively insensitive to density-coupling effects
[Simpson and Clement, 2003]. Simpson and Clement [2004]
formulated and solved a new Henry problem to address this
issue.

[4] The Henry problem is a steady state problem, hence it
cannot be used to test the performance of transient solu-
tions. Therefore analysts often use the Elder problem and/or
the Hydrologic Code Intercomparison (HYDROCOIN)
problem to further test their numerical codes. The standard
form of the Elder problem used in the groundwater literature
is a theoretical problem. It was formulated by Voss and
Souza [1987] by modifying the heat transport parameters
used by Elder [1967] to reflect variable density flow in a
porous media system. Over the years, researchers have
found that the Elder problem is an inherently unstable
problem due to its density configuration. The Elder problem
has also been criticized for the lack of reproducibility due to
its high level of sensitivity to numerical parameters such as
grid discretization level and time step size [Diersch and
Kolditz, 2002; Kolditz et al., 1998]. Other benchmark prob-
lems, such as the salt dome problem or the HYDROCOIN
problem, level 1, case 5 [Anderson et al., 1986], are essen-
tially intercomparison of numerical solutions.
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Figure 1. Conceptual diagram of the experimental setup.

[5] Simmons et al. [1999] presented a salt lake experi-
mental problem for testing density-dependent groundwater
models. This problem involves evaporation of dense brine
overlying a less dense fluid; this is a hydrodynamically
unstable system and hence would naturally lead to down-
ward convection of salt fingers. Numerical solution to the
problem was compared against a Hele-Shaw experiment.
The authors were able to qualitatively match the experi-
mental plume patterns by introducing some artificial noise
in the concentration data that corresponded to 1% of the
total salinity difference between boundary and background
fluid concentrations.

[6] In the past, researchers have attempted to study
saltwater intrusion processes in Hele-Shaw cells [Bear
and Dagan, 1964; Mualem and Bear, 1974; Vappicha,
1975]. However, these viscous analog experiments failed
to capture the true transport patterns in the presence of a
porous medium. In the case of Bear and Dagan’s [1964]
work, the flow measurements were relatively crude and
there were some difficulties in controlling the freshwater
inflow. Furthermore, as pointed out by Segol [1994], it is
difficult to maintain a constant interspace width between
the walls of a Hele-Shaw model, and this could lead to
errors in obtaining a consistent set of permeability and
specific discharge values. Therefore these analog model
results have not been precisely matched against numerical
solutions.

[71 Zhang et al. [2001] conducted experimental and
numerical investigations to study the fate and transport of
a contaminant plume in the vicinity of a steady state,
saltwater boundary. Their goal was to investigate the
consequence of simplifying the seaward boundary condition
by neglecting the seawater density and tidal variations. They
concluded that neglecting the density effects would under-
estimate solute discharge rates and predict incorrect solute
migration pathways.

[8] Oswald and Kinzelbach [2004] presented the results
of a salt pool experiment as a three-dimensional bench-
mark problem. This work described a benchmarking case
study where one knows the exact experimental results
and hence can objectively evaluate the quality of the
numerical solution. However, in this study, the authors
reported that the numerical simulation of this problem
required a very fine grid. They also encountered some
difficulties in obtaining grid converged solution. Further-
more, these experiments simulated a hypothetical salt
upconing scenario that has very little similarity to the
classic saltwater intrusion problem. Therefore experimen-
tal work with a more realistic seaward boundary condi-
tion is needed to evaluate the performance of saltwater
intrusion models.

[0] The objective of this work was to complete a labora-
tory investigation to generate experimental data sets for
various saltwater intrusion scenarios. Our goal was to
generate quantitative data sets to describe the transport
patterns of intruding and receding salt wedges under diffe-
rent hydraulic gradient conditions, and compare the data
against numerical solutions.

2. Laboratory Methods
2.1.

[10] Experiments were conducted in a rectangular flow
tank. The tank was constructed using 6-mm thick
Plexiglas™. The internal dimensions of the porous media
region are 53 cm (length) x 2.7 cm (width) x 30.5 cm
(height). A conceptual diagram of the experimental setup
is shown in Figure 1. A digital photograph of the flow
tank used in this study is shown in Figure 2a. The flow
tank was divided into three distinct chambers: a central
flow chamber containing the porous medium and two
constant-head chambers containing salt water and freshwater.

Details of the Experimental Setup
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Figure 2. Details of data collection

The constant-head chambers are 5 cm long and are separat-
ed from the porous media chamber by two fine screens of
mesh size US # 16. Uniform silica beads of average
diameter 1.1 mm, obtained from Potter Industries Inc., were
used as the porous medium. Self-adhesive measurement
tapes were pasted on the sides and at the bottom of the tank
to allow direct measurements (see Figure 2). The experi-
ments were recorded using Nikon Coolpix digital camera in
a high-resolution mode. The digital data allowed us to zoom
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and wedge delineation procedures.

and observe small-scale variations occurring at the milli-
meter scale.

[11] Constant rates of freshwater and saltwater flow
from two large constant-head controlled reservoirs were
injected into the saltwater and freshwater chambers,
respectively. The saltwater and freshwater heads in the
model were controlled by opening the appropriate over-
flow outlets, as shown in Figure 1. About 40 gallons of
salt water was prepared in a large tank by dissolving
commercial salt in deionized water. In the published
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literature, others have used various dyes including food
color [Kalejaiye and Cardoso, 2005], potassium perman-
ganate/fluorescein [Qostrom et al., 1992], and Rhodamine
WT [Schincariol and Schwartz, 1990] to track the move-
ment of dense saltwater plumes in laboratory-scale aquifer
models. In this study, we added about 100 ml of nonsorbing,
red food color to 40 gallons of salt solution. We performed
batch sorption experiments using dye solutions of various
concentrations under multiple solid-to-solution ratio condi-
tions to study the interaction of the dye with the porous
medium. A HP spectrophotometer was used to monitor the
concentration levels with time. The data indicated that the
concentrations remained at the initial value in all the batch
experiments. These sorption test results indicated that the dye
used in the experiment will not sorb or react with the porous
medium (glass beads) used in this study.

[12] The porosity of the uniform porous medium was
measured using both volumetric and gravimetric methods,
and the average value of the porosity was estimated as
0.385. The density of the salt solution was measured using
the ASTM 11H hydrometer and its value was 1.026 g/ml.
Multiple-density measurements were made throughout the
experiment to monitor variations in the saltwater density
level. The saltwater solution used in all the experiments was
taken from the initially prepared 40-gallon batch; this
helped to avoid any minor density or color variations
between the experiments.

2.2. Data Collection Methods

[13] Prior to the experiment, the tank was packed with
wet porous medium under fully saturated conditions; this
procedure helped us avoid air entrapment. The packing was
done in layers of about 5 cm. After distributing the porous
media in each layer, the tank and the porous medium were
tamped to achieve homogeneous packing conditions. The
hydraulic conductivity of the porous medium was estimated
by setting up a uniform flow field through the system and
measuring the hydraulic gradient and the corresponding
volumetric discharge. The flow through the system under
various gradient conditions was measured, and the average in
situ hydraulic conductivity value was subsequently calcu-
lated using Darcy’s law. The overall conductivity of
laboratory-scale aquifer models would depend on packing
conditions; hence an in situ method is the most appropriate
method for estimating the average hydraulic conductivity
value [Oostrom et al., 1992]. Using the in situ approach,
the average hydraulic conductivity value of the flow tank
was estimated to be 1050 (£25) m/day.

[14] A tracer test was conducted by instantaneously
injecting a slug of tracer into the freshwater chamber; this
allowed a long pulse of tracer to develop along the entire
height of the box. The pulse was allowed to transport across
the flow domain. The homogeneity of the packing was
ensured by visually verifying the uniformity of the pulse as
it migrated through the system. Laboratory observations
indicated very little spreading, and the tracer front was
relatively sharp. A transport model simulation with a longi-
tudinal dispersivity value of 1 mm, which is of the order of
the average grain diameter, was able to predict the average
spreading observed in the tracer experiment. Such small
dispersivity values (of about a millimeter) have been
previously reported for similar uniform porous media
systems [Oswald and Kinzelbach, 2004]. The transverse
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dispersivity value was assumed to be 1/10 of the longitudinal
dispersivity [Johannsen et al., 2002].

[15] Before starting the saltwater intrusion experiment,
the system was allowed to transmit freshwater from right to
left at a fixed gradient condition. Excess amount of fresh-
water was injected into the right-hand-side constant-
head chamber, and the overflow outlet was adjusted to
maintain a constant head /¢ = 26.70 cm. This allowed the
freshwater to transmit from the right chamber to the left
chamber. The transmitted water exited the system through
the overflow outlet in the left constant-head chamber; and the
outlet level was adjusted to maintain the head 4, =25.50 cm.
All these head values were measured from the bottom of the
tank. After establishing steady freshwater flow, the saltwater
intrusion process was initiated by inserting the saltwater
supply tube from the reservoir into the left chamber (as
shown in Figure 1). The dense salt water rapidly flushed
the freshwater in the left chamber, and then the dense water
started to invade the porous medium. Considerable mixing
of saltwater and freshwater flows was observed during this
initial invasion period. The system was allowed to evolve
for about an hour to reach the steady state condition. The
steady state condition was confirmed by ensuring that there
was no observable change in the location of the interface
and also no measurable change in the freshwater discharge
transmitted through the system.

[16] Figure 2a shows the saltwater distribution observed
under the initial steady state condition, referred as steady
state 1 (also as SS-1). Figure 2b shows the close-up
details of the freshwater discharge zone, which is a sharp
transition boundary between the fresh uncolored water in
the porous media chamber and the dense colored water in
the saltwater chamber. Laboratory observations indicated
that there was very little mixing between these two
regions. As the uncolored freshwater flow approached
the saltwater boundary, the flow turned upward and
moved almost vertically along the mesh screen. This
freshwater flux eventually floated over the salt water in
the left chamber and was flushed out through the overflow
outlet. The saltwater injection rate into the left chamber
(which was supplied from the external saltwater supply
reservoir) was adjusted to rapidly flush the floating
freshwater (or any mixed, less dense water) from the
system. In our experiment, the rate of new salt water
injected into the chamber was maintained at 6.6 cm?/sec,
and the volume of saltwater chamber was 334 ml; this
yielded an average residence time of 52 s. This short
residence time allowed the system to maintain a constant
density fluid by refreshing the salt water in the left
chamber every 52 s. Also, the net rate of freshwater
discharged into the saltwater tank was relatively small,
and it ranged from 0.5 to 1.4 cm?®/sec; these values were
much less than the fresh saltwater supply rate of 6.6 cm®/sec.
This operational strategy along with our innovative outlet
design mitigated the effects of mixing and dilution at the
boundary and helped us establish a constant-head saltwater
boundary condition. Details shown in Figure 2b clearly
demonstrate that our experimental design was able to pre-
vent mixing between salt and freshwater flows along the
entire freshwater discharge zone.

[17] Figure 2c shows the saltwater wedge and illustrates
how the scale attached to the tank was utilized to establish a
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Figure 3. Observed salt-wedge profiles at various steady state and transient experimental conditions.

rectangular grid pattern. The grid was used to make quan-
titative estimates of the wedge locations. Note that the
bottom of the porous media tank is approximately 0.5 cm
below the visible region (which is behind the scale);
therefore the toe of the salt wedge extended slightly beyond
the visible region that could be observed in these digital
photographs. Figures 2d and 2e show the finer details of the
mixing zone (or the dispersion zone) at the inlet and at the
toe, respectively, of the salt wedge. The color variations in
these figures indicate that the dispersion zone is relatively
narrow and is estimated to be about 1 cm wide. Therefore
the wedge delineation line shown in these figures (which is
assumed to be the 0.5 isochlor) has an error in the range of
+0.5 cm.

2.3. Experimental Design

[18] The saltwater intrusion experiments completed in
this study included three phases involving distinct steady
state conditions. In the first phase, a sharp steady state
wedge (designated as SS-1) was established. Details of this
initial, steady state phase were discussed above (also shown
in Figure 2). This steady state condition was considered as
the initial condition of our experimental design. After
completing all necessary measurements, the freshwater head
in the right chamber was instantaneously lowered to force a
milder gradient which resulted in reduced freshwater flow.
This allowed the salt wedge to advance into the freshwater
system. This transient saltwater intrusion phase is referred in
this manuscript as the “advancing-front condition.” The

wedge was allowed to migrate until it reached the second
steady state condition, which is referred to as the “steady
state 2 condition (SS-2).” Flux measurements were made
under this second steady state condition. The head in the
freshwater tank was then instantaneously raised to push the
wedge back toward the saltwater boundary. This transient,
receding phase is referred in the manuscript as the “receding-
front condition.” The system finally reached the “steady
state 3 condition (SS-3).”

[19] Under each steady state condition, measurements
were made at several points to quantify the freshwater
supply rate from the external freshwater reservoir, saltwater
supply from the external saltwater reservoir, freshwater
overflow from the right chamber, and the combined salt-
water and freshwater overflow from the left chamber. The
net amount of freshwater flux transmitted through the
system was quantified by subtracting the freshwater over-
flow rate from the freshwater supply rate and also by
subtracting the saltwater overflow rate from the saltwater
supply rate. The steady state freshwater flux values esti-
mated from these two distinct flow balances were within 5%.

3. Experimental Results

[20] The data sets collected from the saltwater intrusion
experiments completed in this study are summarized in
Figure 3. The data include (1) a steady state data set
(Figure 3a), (2) a transient data set under the advancing-
front condition (Figures 3b), and (3) a transient data set
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Figure 4. Computation domain and boundary conditions
used in the numerical model.

under the receding-front condition (Figures 3c). Note that
the time levels shown in Figure 3b are measured from SS-1
until the system reached SS-2 (took 80 min to reach SS-2
from SS-1), and the time levels shown in Figure 3c are
measured from SS-2 until the system reached SS-3 (took
60 min to reach SS-3 from SS-2).

[21] The first steady state condition SS-1, presented in
Figure 3a (also discussed in detail in Figure 2), was the
initial condition in our study. The freshwater and saltwater
heads used to simulate this condition were 26.70 and
25.50 cm, respectively. Analysis of the digital data indi-
cated that the toe of wedge was approximately located at
Xt =15 cm (see Figure 1 for the definition). Note that this
value was estimated at a height of 0.5 cm above the
aquifer bottom since the region below this level is not
visible in the photograph. At the steady state-1 condition,
the elevation of the saltwater interface (Z,,) at the saltwater
boundary (at X = 0) was 13 cm. The flow measurements
were made at both sides of the tank to estimate the
freshwater flux through the system. Using these data, the
net freshwater flow transmitted through the system was
estimated as 1.42 cm?/sec.

[22] To initiate transient salt-wedge intrusion conditions,
the freshwater head was instantaneously lowered from
26.70 to 26.20 cm. The transient data were recorded at
regular time intervals as the wedge advanced from SS-1 to
SS-2. Figure 3b shows the transient data after 5, 15, and
55 min of salt-wedge transport. Laboratory observations
indicated that when the head was lowered, the wedge
rapidly invaded the system; however, the rate of invasion
decreased with time. The system attained close to steady
state conditions after about 60 min, and the picture taken
after 80 min of transport is reported as the second steady
state data set SS-2. Detailed analysis of the SS-2 data
indicated that the toe of the second steady state salt wedge
(XT) was approximately located at 38 cm (which was
estimated at the height of 0.5 cm above the bottom) away
from the salt water boundary. The elevation of the
saltwater interface (Z,,) at the left boundary (at X = 0)
was 22 cm. Flow measurements were made under this
steady state condition and using these data the net fresh-
water flow transmitted through the system was estimated
to be 0.59 cm’/sec.

[23] To initiate the salt-wedge receding condition, the
freshwater head was instantaneously raised from 26.2 to
26.55 cm. The transient data were recorded at regular
intervals as the wedge receded from SS-2 (which was the
initial condition for this receding front experiment) to the
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final steady state condition SS-3. Figure 3c shows the
observed data after 10, 15, and 25 min of transport. The
system attained close to steady state conditions in about
35 min, and the picture taken after 60 min is presented as
the third steady state data set SS-3. Analysis of the steady
state data indicated that that the toe of the salt wedge (Xt)
was approximately located at 18 cm (measured at a height
of 0.5 cm above the bottom) away from the saltwater
boundary. The elevation of the saltwater interface (Z,,) at
the left boundary (at X = 0) was 15.5 cm. Using the mea-
sured flow data, the net freshwater flux transmitted through
the system was estimated to be 1.19 cm’/sec.

[24] The digital data and the flow measurements collected
in this study helped us assemble multiple data sets which
can be used for benchmarking the performance of saltwater
intrusion models. The data sets include (1) the locations of
three steady state saltwater wedges, (2) locations of three
transient salt wedges under intruding conditions, and (3)
locations of three transient salt wedges under receding
condition. These data sets are summarized in Tables
A1-A3 in Appendix A. In addition, freshwater fluxes
transmitted through the system were also measured under
the three steady state conditions. A detailed summary of
the physical problem along with the initial and boundary
conditions used to develop these experimental data sets
are presented in Figure 4.

4. Modeling Methods

[25] The finite difference model SEAWAT [Langevin et
al., 2003] was used to simulate the steady state and transient
experiments completed in this study. In addition, we also
used the finite element model saturated-unsaturated trans-
port (SUTRA) [Voss and Souza, 1987] and a modified
version of the MODFLOW model with the sharp interface
package Sea Water Intrusion (SWI) [Bakker and Schaars,
2003] to simulate the experiment results. The goal of the
modeling exercise was to test whether the experimental data
are consistent with the predictions made by these widely
used numerical models. In the section below, however, we
discuss only the details of SEAWAT results. Simulation
results from other numerical models were almost identical
to the SEAWAT results.

[26] The numerical description of the experimental setup
involves a rectangular domain of 53 x 26 cm, as shown in
Figure 4. Constant-head boundary conditions were forced
at both freshwater and saltwater sides. No flow boundary
conditions were forced at the top and bottom of the
computational domain. The location of the salt wedge
was delineated by interpolating the 50% saltwater concen-
tration points (0.5 isochlor) predicted by the numerical
model. All the simulations reported in this paper were
completed using the SEAWAT code. A uniform grid of
dimensions Ax = Az = 0.5 cm was used in these simu-
lations. Convergence tests were performed using 1- and
0.25-cm grids. The results of our convergence study
indicated that the 0.5 isochlor predicted on various grids
were almost identical. However, the width of the dispersion
zone was sensitive to grid resolution. The average width of
the dispersion zone predicted using the 0.5-cm grid was
about a centimeter, which was close to the width observed
in our experiment.
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Figure 5. Comparison of steady state model results against
experimental data.

[27] The initial condition used was a quiescent aquifer.
The freshwater and saltwater boundary conditions were
forced upon this system, and the system was allowed to
reach the first steady state condition. The SEAWAT simu-
lations employed the fully implicit finite difference package
along with the highly accurate TVD advection package. The
hydraulic head tolerance level was set at 10~ * cm,
concentration tolerance level was set at 10°° g/l, the
density-concentration slope parameter was set at 700, salt
concentration was set at 0.0371 g/ml, and the value of time
step At was set at 1 s. All other numerical parameters were
at the default values set within the SEAWAT code.

5. Discussion of Modeling Results

[28] In this section, we compare our experimental data
against model predictions and use the results to establish
three distinct tests for evaluating the performance of
saltwater intrusion models. In the first test, identified as
the steady state test, we compare the saltwater interface
locations predicted by the numerical model against three
steady state data sets. In the second test, identified as the
flux test, we compare the steady state fluxes estimated by
the numerical model against the measured steady state
fluxes. In the third test, identified as the transient test, we

30
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——0.90 Isochlor
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Figure 6. Comparison of model-predicted 0.10, 0.50, and
0.90 isochlors for the steady state 2 experiment.
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Table 1. Comparison of Measured and Model-Predicted Freshwater
Flows Under Steady State Conditions®

SS-1 SS-2 SS-3
Experimental Data 1.42 0.59 1.19
SEAWAT 1.46 0.59 1.13
Or (No Salt Wedge) 1.94 1.12 1.69

“Flow rates are reported in cubic centimeters per second.

compare the transient numerical model results against
two sets of experimental data collected under transient
conditions.

5.1. Steady State Test

[20] To test the code performance under steady state con-
ditions, we compare the salt-wedge locations (0.5 isochlors)
predicted by SEAWAT against the experimental observations
in Figure 5. The results show an excellent match between the
model results and the experimental data. The SEAWAT
simulations exhibited some minor differences at the exit
boundary, where there was a sharp transition between the
freshwater and saltwater regions. Figure 6 compares the
steady state 2 data along with the 0.1, 0.5, and 0.9 isochlors
predicted by the numerical model. This figure shows that the
width of the dispersion zone predicted by the numerical
model was about 1 ¢cm, which was similar to the level of
dispersion observed in our experiments (see Figure 2). All the
experimental data points for 0.5 isochlor are distributed close
to this narrow 1-cm dispersion zone.

5.2. Flux Test

[30] In Table 1, we compare the model-predicted fresh-
water flows against the measured flux data. For reference
purposes, we have also provided the flow rate transmitted
in an equivalent freshwater system (Qy) at different gradient
conditions. These values were computed using Darcy’s
law after ignoring the density effects. The results shown
in Table 1 demonstrate that the numerical model closely
predicted the measured flux values. As expected, the net
freshwater flow transmitted in the presence of a salt wedge
is less than the flow values computed for an equivalent
freshwater flow system.

5.3. Transient Test

[31] As part of the transient test, we first compare the
experimental data from our advancing salt-wedge expe-
riment against numerical predictions. These results are
presented in Figure 7. The advancing salt-wedge simula-
tion employed the output of steady state-1 (SS-1) as the
initial condition, and the wedge was allowed to intrude
until the second steady state condition was reached after
80 min of simulation. The figure shows that SEAWAT
was able to closely predict the location of the invading
front.

[32] In Figure 8, we compare the model results against
the laboratory data set collected for the receding salt
wedge. The numerical study employed the steady state 2
(SS-2) profile as initial condition, and the wedge was
forced to move back until the steady state 3 (SS-3)
condition was reached after 60 min of simulation. The
results shown in the figure indicate a reasonable match
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Figure 7. Comparison of model-predicted intruding salt-
wedge locations against experimental data.

between model predications and the experimental data.
However, SEAWAT predictions for early time periods tend
to lag behind the data. While conducting the receding salt-
wedge experiment, we did encounter some difficulties in
maintaining a constant freshwater head level during the
initial phase. This resulted in minor head variations during
the first 5 min of this particular experiment. Some of the
observed initial lags could perhaps be related to this
experimental problem. The model predictions, however,
did reproduce the observed trends, and furthermore, the
predictions matched the data very well at later times. To the
best of our knowledge, this is the first time experimental
data obtained from a laboratory-scale aquifer model are
presented for a Henry-type problem, and the data are
successfully compared against model-predicted salt-wedge
profiles and flux values.

5.4. Worthiness Analysis of the New Benchmark
Data Sets

[33] Simpson and Clement [2003] proposed a coupled
versus uncoupled strategy to evaluate the worthiness of
benchmark problems used for testing density-coupled flow
models. They pointed out that in a typical density-coupled
flow problem, a dense front will be transported into a less
dense region due to the forced convection generated from
boundary forcing and due to the free convection generated
from internal density variations. A standard numerical
solution to the density-coupled flow problem (identified
as the “coupled solution”) will account for both of these
transport processes. Simpson and Clement [2003] devised
an “uncoupled solution” by disabling the density-coupling
step between the flow and transport solutions. This
uncoupled solution can be conceptually viewed as a
method to isolate the transport due to internal free convec-
tion caused by density-dependent flow processes from the
transport due to forced convection caused by external
forcings (boundary conditions). By directly comparing the
coupled and uncoupled solutions, one could quantify the
sensitivity of a benchmark problem to density-coupling
effects. Simpson and Clement [2003] used this analysis to
evaluate the worthiness of Henry and Elder problems and
concluded that the original Henry problem is a relatively
less worthy benchmark for testing the performance of
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Figure 8. Comparison of model-predicted receding salt-
wedge locations against experimental data.

density-coupled flow simulators. Simpson and Clement
[2004] later used this approach to test and develop a more
worthy Henry problem. More recently, Abarca et al. [2006]
compared coupled and uncoupled solutions to analyze
diffusive and dispersive versions of Henry problems and
concluded that solutions to the dispersive problem are
better benchmarks. Dentz et al. [2006] completed a detailed
analytical analysis of Simpson and Clement’s [2003]
uncoupled approach (identified in their study as the pseu-
docoupled model). They examined its accuracy and validity
for modeling a range of variable density flow and transport
conditions.

[34] Here we employed Simpson and Clement’s [2003]
coupled/uncoupled strategy to analyze the worthiness of
the benchmark problems developed in this study. The
numerical code SEAWAT was used in this analysis. The
coupled solution results presented in this section are iden-
tical to the standard SEAWAT simulation results presented
in the previous section. Generation of the uncoupled solu-
tion results, however, required some modifications to SEA-
WAT input files. The modifications were as follows: (1) we
set the density slope parameter in the model to zero to
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Figure 9. Comparison of the steady state numerical

solutions obtained from coupled and uncoupled SEAWAT
simulations.
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