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Laboratory and Numerical Investigation of Flow
and Transport Near a Seepage-Face Boundary
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Abstract

Laboratory and numerical modeling investigations were completed to study the unconfined ground water flow
and transport processes near a seepage-face boundary. The laboratory observations were made in a radia sand tank
and included measurements of the height of the seepage face, flow velocity near the seepage face, travel time distri-
bution of multiple tracer slugs, and streamlines. All the observations were reliably reproduced with a three-dimen-
sional, axi-symmetric, variably saturated ground water flow model. Physical data presented in this work demonstrate
and quantify the importance of three-dimensional transport patterns within a seepage-face zone. Theresultsimply that
vertically averaged flow models that employ Dupuit approximations might introduce error in the analysis of local-
ized solute transport near a seepage-face boundary. The experimental dataset reported in this work will aso be of
interest for those who are attempting to validate a numerical a gorithm for solving ground water and contaminant dis-

charge patterns near a surface-water boundary.

Introduction

Seepage-face boundaries are common features of
unconfined ground water flow. These boundariesexist at the
intersection of an unconfined aquifer and a surface water
body such as a lake, river, or wetland. The existence of a
seepage-face boundary is necessary to provide a physical
transition between the internal water-table boundary and the
externa equipotential boundary when an unconfined aquifer
intersects a surface water body (Bear 1972). In the vicinity
of a seepage-face boundary, the phreatic surface normally
rises above the elevation of the external surface water level,
thereby creating an interface at atmospheric pressure where
the fluid exits the porous medium.

The impact of seepage-face boundaries on the ground
water flow and transport characteristics in an unconfined
aquifer can be significant as the ground water velocities
near the seepage face can be high (Vachaud and Vauclin
1975; Clement et al. 1996). This is because the seepage
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face isasharp interface that separates the internal saturated
zone where the fluid pressure is positive and the external
seepage zone where the pressure is zero. Despite itsimpor-
tance, traditional solutions of unconfined flow problems
routinely ignore the existence of seepage-face boundaries
because of the difficulty of incorporating the mathematical
description of the boundary in the analytical solution of the
problem. In addition, several commonly used ground water
models such as MODFLOW, MT3D, and RT3D do not
explicitly consider the presence of seepage-face boundaries
(Zheng and Bennett 2002; Clement 1997).

Seepage faces are formed due to the dominance of
three-dimensional flow patterns near an outflow boundary
(Clement et al. 1996). Therefore, if we are to gain a better
insight into the influence of seepage faces on the ground
water flow and solute transport processes, we need to bet-
ter understand the nature of the three-dimensional ground
water velocity field near the outflow boundary. Laboratory
sand tank models are useful research tools to visualize the
velocity field under various outflow conditions. Severa
investigators have used sand tank experiments to better
understand the processes of ground water flow and solute
transport in porous media systems. For example, radial
flow tanks have been used to demonstrate the ground water
flow characteristics about a pumping well (Wyckoff et al.
1932; Boulton 1951; Hall 1955). Sand tanks have also been
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used to study ground water flow in Cartesian systems; for
example, Luthin and Day (1955) studied the impact of
unsaturated flow in a sand tank equipped with tensiometers
to detect potential gradients within the unsaturated zone.
Their work concluded that unsaturated flow could con-
tribute to the total flow transmitted through unconfined sys-
tems. Laboratory models have also been used specifically
to characterize the flow near a seepage-face boundary; for
example, Chapman (1957) used a sand tank to generate
data concerning the height of seepage faces so that a
numerical method to determine the seepage-face height
could be evaluated. Vauclin et a. (1975) conducted a series
of tests in a Cartesian box to investigate the formation of
seepage faces under transient conditions; the laboratory
results were compared with results from a numerical model
that aimed to replicate the physical observations. Oostrom
et a. (1992) used a Cartesian sand tank model to investi-
gate density-dependent solute transport processesin uncon-
fined aguifers. Despite the widespread use of physical
models since the early 1930s, there is still much to be learnt
by observing ground water flow in laboratory scale models.
For example, Silliman et a. (2002) recently used a Carte-
sian sandbox to qualitatively assess the importance of
solute transport near the capillary fringe in unconfined flow
systems. This work was primarily concerned with making
a visual record of the movement of solutes through the
unsaturated capillary zone by observing the movement of
dye slugs within the laboratory model.

In addition to using laboratory scale models, investiga-
tors have often used mathematical models to develop a
guantitative understanding of fluid flow and solute trans-
port under unconfined conditions (Neuman 1973; Cooley
1983; Shamsai and Narasimhan 1991; Clement et al. 1994).
In the ground water literature, three types of mathematical
models are available for solving unconfined flow problems.
Listed in the order of increasing complexity they are: the
Dupuit-Forchheimer model (commonly known as the
Dupuit model), the fully saturated three-dimensional
model, and the variably saturated three-dimensional model
(Clement et al. 1996). Note in Clement et a. (1996) the last
two models were referred to as two-dimensional models
and they describe Cartesian flow in the x and z (horizontal
and vertical) directions while assuming a unit thickness in
they (lateral) direction.

The Dupuit model is based on a one-dimensional
approximation of the governing flow equation that
accounts only for saturated flow processes after ignoring
the resistance to vertical flow (Bear 1972; Haitjema 1995).
Because the governing equation is a depth-averaged one-
dimensional expression, the Dupuit model cannot predict
the existence of seepage faces. Despite this limitation, the
simplicity of this approach hasled to its widespread use for
solving unconfined flow problems. It should be acknowl-
edged that the Dupuit model performs adequately for many
field-scale applications where the horizontal length-scale
dominates.

The fully saturated three-dimensional model accounts
for the three-dimensional nature of fluid flow, but it ignores
the existence of the unsaturated zone. Application of this
model is usually restricted to employing numerical approx-
imations, such as the boundary integra method (Liggett

and Liu 1983; Lee and Leap 1997). The variably saturated
three-dimensional model incorporates both the three-
dimensional nature of flow and the unsaturated flow
processes. The variably saturated modeling approach aso
relies heavily on making numerical approximations to the
governing equations (Cooley 1983; Clement et a. 1994).
Clement et a. (1996) provided a detailed comparative
analysis of these three models and discussed their relative
merits.

Models are useful tools for identifying various hydro-
logic factors that affect ground water and solute discharge
fluxesinto sengitive surface water bodies, such as lakesand
wetlands. The analysis of solute migration near a ground
water/surface water interface, where seepage faces are usu-
ally formed, requires a detailed knowledge of the velocity
field at the interface. Understanding the velocity field near
a seepage-face interface is critical, because the seepage-
face dynamics control the vertical distribution of ground
water flow aong the interface. Under strong gradient con-
ditions, seepage faces control the spatial distribution of
ground water input and transport of pollutants/nutrients
into a surface water body, thereby determining the ecolog-
ica function of the receiving waters (Tobias et a. 2001,
Westbrook et a. 2000). In addition, the export of nutrients
from watersheds to surface water bodies can be strongly
controlled by the formation of large-scale seepage zones
known as theriparian zone (Hauxwell et al. 2001). Seepage
faces can aso affect contaminant transport towards a
pumping well; this can be particularly important when a
pumping well is used for capturing contaminant plumes
emanating from light non-agueous phase liquid sources
(Waddill and Parker 1997). Therefore, in many problems, it
is imperative to have an accurate understanding of the
ground water velocity field near the seepage-face boundary
before any investigation into the localized fate and trans-
port of dissolved chemical species near a seepage face can
be completed with some level of certainty.

The objective of this work was to study the ground
water flow and transport characteristics in an unconfined
aquifer near a seepage-face boundary. A physical sand tank
model was used to investigate unconfined flow dynamicsin
aradial system near apumping well. The datafrom the lab-
oratory experiments were modeled using a three-dimen-
sional, axi-symmetric numerical model. The overall aim
was to use the data coll ected from both physical and numer-
ica experiments to develop a better understanding of the
role that seepage faces play in controlling the transfer of
ground water and dissolved solutes from unconfined
aquifers into receiving water.

Laboratory Methods

A physical model of aradia flow system was used in
this investigation to observe ground water flow and solute
transport characteristics near a seepage face. The radial
geometry has several practical advantages; first, physical
modeling of ground water flow is made simpler in a radial
domain because radial flow is relatively insensitive to
unsaturated flow parameters (Clement et al. 1996). Radial
problems are characterized by large volumes of flow trans-
mitted through the saturated zone; consequently, the flow
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contribution through the unsaturated zone is relatively less
important when compared to an equivalent Cartesian flow
system. Hence the overall flow dynamics of aradia flow
system are relatively insensitive to the unsaturated flow
properties of the porous medium (Clement et al. 1996).
Second, the length of seepage faces are more pronounced in
radial systems due to the converging nature of flow (Sham-
sai and Narasimhan 1991; Clement et al. 1996). Finaly,
radial systems have direct application to field-scale prob-
lems that involve pumping from unconfined aquifers.

Details of the Aquifer Model

The physical model used in this study is a 15-degree
sector radial sand tank. The tank is 100 cm in height, with
a distance of 130 cm between the centers of the inlet and
outlet chambers. Figures 1 and 2 show photographs of the
side and top views of the sand tank, respectively. The
design of the radial tank was devel oped based on the details
of the physical models described by Wyckoff et a. (1932)
and Hall (1955).

The physica model has three chambers. The inlet
chamber (which is used as the upstream constant-head
boundary), the porous medium chamber (the unconfined
aquifer), and the outlet chamber (downstream constant-
head boundary or the pumping well). The inlet chamber
was a cylindrical tank with an internal diameter of 40 cm.
The internal diameter of the downstream well was 20 cm.
Note that in this study the radial coordinate r was measured
from the center of the downstream well. The model was
constructed of plexiglass with a metal frame used to sup-
port the structure. Two thin plexiglass dividers were used to
separate the inlet and outlet chambers from the main porous
media chamber (or the aquifer). The dividers were perfo-
rated to allow the passage of fluid from the inflow chamber
into the porous medium chamber, and then from the porous
medium chamber into the downstream well. Standpipes
installed in both the inlet chamber and downstream well
were used to control the water level (hydraulic head). A
grid of manometerslocated in the back of the tank was used
to observe the pressure distribution within the laboratory
aquifer.

Figure 1. Sideview of the laboratory aquifer.
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Figure 2. Top view of the laboratory aquifer.

The porous medium used in the experiments was clean
sand, manufactured by Cook Industrial Minerals, Perth,
Australia. The sand was uniform with a mean grain size of
1 mm. The sand was packed into the tank using awet pack-
ing strategy to minimize packing heterogeneities and
entrapment of air within the porous medium (Oostrom et al.
1992; Oliveraet a. 1996).

Physical Measurements

The overall hydraulic conductivity of the tank was esti-
mated by using an in situ technique (Oostrom et al. 1992).
The length of the seepage face was directly estimated by
measuring the highest elevation on the downstream bound-
ary where the fluid exited the porous medium. The mea
surement of this elevation was obtained by injecting a slug
of brightly colored dye upstream of the outflow boundary
such that we could physically observe the maximum height
when the dye crossed the boundary.

The vertical distribution of the horizontal velocity near
the outflow boundary was measured to characterize the
influence of the seepage-face boundary upon the internal
velocity field. This was achieved by injecting dye slugs at
~5 cm upstream from the outflow boundary. The dye slugs
were injected into the porous media chamber using a fine-
tipped syringe (Figure 2). The time taken for the dye slugs
to travel toward the outflow boundary was recorded and
used to estimate the horizontal velocity profile.

A series of travel time measurements were also made
to allow the analysis of solute-transport characteristics near
the seepage face. These measurements were also made by
injecting a series of small slugs of dye into the porous
medium chamber using a syringe. Five dye slugs were
injected at different depths along the vertical section where
r = 105 cm, and the time taken for the slugs to traverse an
aquifer to afixed section, where r = 15 cm, was recorded.
These experiments al so allowed tracking of the streamlines.
The coordinates of the streamlines were determined by
simply recording the position of the center of mass of the
slugs as they were transported through the aquifer. The
streamline data were later used to characterize the spatial
distribution of solutes.



Numerical Modeling Methods

The following three-dimensional, axi-symmetric, vari-
ably saturated flow equation was used to describe the
steady-state flow in the physical model (Clement et al.
1994):
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where  [L] is the fluid pressure head, K [LT] is the
hydraulic conductivity of the porous medium, 6 isthe water
content of the porous medium, and r and z are the radial
coordinates.

Numerical Solution Scheme

Equation 1 is a nonlinear partial differential equation
and requires anumerical solution. The details of the numer-
ical solution scheme are described in Clement et a. (1994).
The numerical model can describe Dirichlet, Neumann and
seepage-face boundary conditions, all of which are required
to simulate the laboratory problem. The location of the
seepage face was computed using the iterative search pro-
cedure described by Cooley (1983). The key features of the
solution algorithm along with a description of how the orig-
inal algorithm of Clement et a. (1994) was modified to
solve the radial problem are summarized in Appendix A.

The results from the numerical solution to Equation 1
yield the pressure-head values at each point of the dis-
cretized domain. A uniform grid of Ar = 1.31 cm and Az=
1.25 cm was used in this study to model the sand tank. The
total number of nodes used in the radial direction was 77
and the number of nodes in the vertical direction was also
77. The nodal values of pressure head were used to calcu-
late the fluid fluxes using the following Darcy equations:
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where g, [LT™] and q, [LTY] are the fluid fluxes in the
radial and vertical directions.

Equation 2 was approximated using a central differ-
ence method for al the internal nodesin the numerical grid.
For boundary nodes, either a forward or backward differ-
ence approximation was used. Once the distribution of the
fluid flux was known, then the total inflow or outflow was
determined by integrating the normal component of the dis-
crete fluid flux over the area of the boundary.

Travel Time Analysis

The fluid velocity field within the domain was com-
puted by dividing the nodal flux values by the nodal water
content of the porous medium. Once the velocity field was
obtained, the advective transport within the domain was
simulated by the integration of the following ordinary dif-
ferential equations that describe the path of atracer particle
within the velocity field (Guven et al. 1992):

dr

o (ra) =
d
v (ra) = ®

where v, [LT-Y] isthe fluid velocity in the radial direction,
v, [LT-Y] isthefluid velocity in the vertical direction, and t
[T] isthetime. Because the output from the numerical solu-
tion of Equation 1 isdiscrete, it was possible to insert a par-
ticle at any location into the velocity field and then
determine the velocity by linearly interpolating the discrete
values (Glven et al. 1992). Integration of the differential
system Equation 3 enabled the particles to be tracked for-
ward in time, and this yielded the coordinates of various
streamlines. Using these coordinates one could directly
estimate the time taken for the particle to move from one
position to another along any given streamline. The inte-
gration of the velocity Equation 3 was accomplished using
the fourth-order Runge-Kutta algorithm with a constant
time step (Press et a. 1992).

The variably saturated flow modeling approach used in
this study has several numerical advantages over other
options. First, theinclusion of the variably saturated portion
of the flow domain avoids the need to deal with a moving
boundary. Second, the variably saturated discretization can
remain fixed over time and does not require remeshing as
the solution converges. Finaly, the inclusion of the vari-
ably saturated domain gives amore thorough description of
all the physical processes occurring within the aquifer.
Therefore, the numerical description adopted hereis a con-
venient and thorough approach for analyzing the physical
problem considered in this study.

Results and Discussion

Characterization of the Sand

The hydraulic conductivity of the sand tank was mea-
sured using an in situ technique described by Oostrom et al.
(1992). This method was adopted because the overall
hydraulic conductivity of the model depends on the pack-
ing conditions in the sand tank. Laboratory scale perme-
ameter tests showed that the hydraulic conductivity of the
sand used may vary from 86 m/day (in loosely packed
columns) to 46 m/day (in densely packed columns),
depending on the packing conditions. It was impossible to
replicate the exact packing conditions of the sand tank in a
small-scale soil column. Therefore, the column values were
used as approximate estimates only to verify the measured
in situ value. The generd principle behind Oostrom et al.’s
(1992) in situ measurement approach is that if the unsatu-
rated contribution to the total flow rate is negligible, then
the Dupuit discharge formula for unconfined flow can be
used to compute the flow rate. For aradial system:

o Uk )

Q=T g, (raira)

4)

where Q [L3TY] is the total extraction rate from the well,
hg [L] and hy, [L] are the hydraulic head at the radius of
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influence and the well casing respectively, and r [L] and
ry [L] are the radius of influence and the radius of the well
casing. Note that Equation 4 assumes that the entire aquifer
around the well is contributing to the flow. In this work,
only a 15-degree sector was contributing to the total out-
flow, therefore the observed flow rate was . of the Dupuit
discharge. It is well known that the Dupuit formula can
exactly predict the saturated flow through a porous medium
even when there is a large seepage face present at the exit
boundary (Polubarinova-K ochina 1962; Bear 1972; Keady
et al. 1988). Further, in radia problems the contribution
from the unsaturated flow is aso relatively small (Clement
et al. 1996).

Several flow measurements were made by varying the
hydraulic gradient conditions. The hydraulic gradient was
adjusted by holding the head in the upper reservoir at a
fixed level and varying the head in the lower reservoir. The
upstream reservoir head was set at 90 cm and the down-
stream head was varied between 70, 60, 40, and 20 cm.
Note, in this paper, we use a nomenclature that usesthe val-
ues of upstream and downstream fluid levelsto refer to var-
ious hydraulic gradient experiments. For example, a 90:40
gradient experiment means that the flow corresponds to
fluid levels of 90 cm in the inlet chamber and 40 cm in the
downstream well.

A tria-and-error method was used to calibrate the flow
predicted by the Dupuit discharge formulato the measured
flow rates. The calibration analysis yielded an in situ
hydraulic conductivity value of 67 m/day. In addition to the
Dupuit formula, the numerical model was also used to com-
pute the flow rate through the system for the estimated con-
ductivity value of 67 m/day. Table 1 provides a summary
of theflow rates predicted by the Dupuit discharge formula,
the variably saturated numerical model, and the actual mea-
sured flow rate. It can be inferred from the table that the
flow rates computed by the Dupuit formula are close to the
observed flow rates. Further, the table also shows a good
correspondence between the Dupuit flow and the flow pre-
dicted by the variably saturated numerical model. This
result implies that the flow contribution from the unsatu-
rated zone is relatively small, thereby justifying the use of
Equation 4 to estimate the average hydraulic conductivity
of the porous medium.

The measured saturated water content (porosity) of the
sand was 6, = 0.3. The van Genuchten parameters used to
related water content to the pressure head (see Appendix A)
area, = 2.0 mand n, = 2.0. These parameters represent
medium-grained sand with fairly uniform pores (Wise et al.
1994). Clement et a. (1996) found that steady-state solu-
tionsto Equation 1 arerelatively insensitive to the values of
these parameters.

Seepage-Face Length

Experiments were conducted to determine the length
of the seepage face formed at four different hydraulic gra-
dients. The measured seepage-face lengths are compared to
the lengths predicted by the numerical model in Table 2.
The table showsthat when the hydraulic gradient across the
porous medium was decreased, the length of the seepage
face also decreased. Thisis because higher hydraulic gradi-
ents forced a larger vertical gradient across the aquifer and
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Table 1l
Comparison of Observed and Predicted Flow Rates
Through the System
Head Gradient 90:20 90:40 90:60 90:70
Qiavoratory (M¥/dlay) 2.74 2.56 176 1.14
Qpupuit (MP/day) 2.82 2.38 165 117
Quumeica (M/day) 2.82 2.38 165 115
Table2
Comparison of Observed and Predicted
Seepage-Face Lengths
Head Gradient 90:20 90:40 90:60 90:70
Observed (cm) 41 26 8 2
Numerical (cm) 40 25 75 25

thereby induced vertical flow about the exit boundary lead-
ing to the formation of a larger seepage face. Comparison
of the seepage-face lengths predicted using the numerical
model and those observed in the laboratory indicates that
the numerical model can make accurate predictions of the

seepage-face length.

Ground Water Discharge Pattern at the Seepage-Face
Boundary

The vertical distribution of the horizontal fluid veloc-
ity measured in the sand tank ~5 cm upstream from the exit
boundary (i.e., r = 15 cm) is shown in Figure 3. Dueto the
experimental difficulties encountered in measuring the
exact fluid velocity, we normalized both the observed data
points and the numerical profiles in Figure 3 using their
respective maximum fluid velocities. The results, therefore,
describe the relative trend in the vertical distribution of the
horizontal transport velocity. Severa difficulties were
encountered in measuring the velocity of the injected lugs
closeto the outflow boundary; first, it was difficult to phys-
ically observe the tracer movement close to the boundary
because the steel frame of the model obscured the view.
Second, the converging nature of the flow and high fluid
velocities introduced large measurement errors. A mild
90:75 gradient was used to minimize some of these experi-
mental difficulties.

100

90 -
80
70
§ 601
& 501
8 4
K
o 30
20 - Numerical
L Observed
0 T

0 0.2 04 06 0.8 1 12
Relative Velocity

Figure 3. Vertical distribution of horizontal fluid velocity
toward the seepage-face boundary.




Results shown in Figure 3 indicate that the horizontal
flow velocity reached a maximum at the elevation corre-
sponding to the seepage face at the exit boundary; thistrend
was clearly observed in the laboratory data and in the pre-
dicted numerical profile. The numerical model was used to
further analyze the patterns of discharge near the exit
boundary. To model the seepage-face zone of the mild
90:75 gradient experiment, the numerical code was rerun
with a significantly refined computational grid with Az set
at 0.25 cm. Figure 4 shows the horizontal velocity profiles
computed at three interna mesh points located approxi-

100
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60 |
50
40 A
30
20
10
0 T T T T
0.05 0.1 0.15 0.2 0.25
Horizontal Velocity (cm/s)

10.0 cm 5.0 cm, 3.0cm

Figure 4. Comparison of horizontal velocity as function of
distance away from the seepage-face boundary.

mately at 3, 5, and 10 cm upstream from the exit boundary
(i.e., r =13, 15, and 20 cm). Although the seepage face for
the 90:75 gradient was <1 cm in length, the velocity pro-
files show adistinct peak near the seepage face. At outflow
boundary, the velocity through the seepage-face region is
~30% higher than the velocity at the base of the aquifer.

These experimental results highlight the importance of
the seepage face in controlling the vertical distribution of
fluid discharge near a ground water/surface water interface.
Additionally, these observations are important as they
physicaly confirm previous results that were based only
upon theoretical analysis. For example, Muskat (1937)
used the Hodograph method to demonstrate that the hori-
zontal velocity along the outflow boundary of the regular
dam problem is amaximum at the base of the seepage face.
Numerical evidence to show that the outward flux is amax-
imum at the base of the seepage-face boundary has aso
been presented (Neuman and Witherspoon 1971; Vauclin
and Vauchad 1975; Clement 1993). In our laboratory
experiments, however, we have made an attempt to physi-
caly verify this velocity variation near a seepage-face
boundary.

Tracer Transport Experiments

A time series of photographs from tracer experiments
are first used to illustrate severa key features of the trans-
port patterns in the vicinity of a seepage face. Figure 5

)

d)
Figure5. Tracer slug transport after (a) 5 minutes, (b) 15 minutes, (c) 20 minutes, and (d) 25 minutes.
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shows a quadlitative illustration of the transport patterns
observed in the laboratory tank for the 90:20 gradient exper-
iment. Three dye slugswere injected at elevations of 20, 45,
and 75 cm and four photographswere taken at 5, 15, 20, and
25 minutes after the injection. As shown in the figures, after
15 minutes of transport, the slug released closest to the base
of the aquifer had moved significantly farther than the other
two. After 20 minutes, the bottom slug had reached the out-
flow boundary, and after 25 minutes the bottom slug has
completely exited the outflow boundary while the middle
slug had just arrived at the outflow boundary. These results
are in agreement with those results reported in the previous
section, where we observed that the outflow velocity was a
maximum at the elevation corresponding to the base of the
seepage face. For the 90:20 gradient experiment, the maxi-
mum outflow velocity is therefore expected to occur at an
elevation of 20 cm. This is consistent with the observations
in Figure 5, where the dye dug released at an €l evation of 20
cm moved relatively faster than the other two dugs.

These experimental observations have several impor-
tant implications. The tracer-transport data show that the
solute-transport patterns near a seepage-face boundary are
strongly influenced by the three-dimensiona flow charac-
teristics of the system. Therefore, vertically averaged flow
models that employ Dupuit approximations may introduce
considerable error in a locaized solute transport analysis.
These errors could further be magnified if bio/geochemical
reactive transport processes control the fate of solutes
through this transition zone. The consideration of solute res-
idence times near seepage faces are important as these
fringes of surface water bodies are known to be critical
buffer zones which generally support important microbial
processes such as denitrification (Tobias et . 2001). There-
fore, models that ignore seepage faces may incorrectly pre-
dict the residence time distribution of the nutrients through
this buffer zone, and hence may predict erroneous nutrient
concentration levels. In light of these results, it appears that
a detailed three-dimensional flow model, which accounts
for vertica flow and seepage-face formation processes,
might be required to accurately predict solute transport near
a ground water/surface water interface.

In the following discussion, we report several sets of
tracer transport experiments that are used to quantitatively
verify the capability of the three-dimensional, axi-symmet-
ric, numerical flow model to describe the transport patterns
near a seepage-face boundary. Experiments were con-
ducted to quantify the solute transport travel time distribu-
tion under three different hydraulic gradient conditions. For
each of the imposed hydraulic gradients, the time required
for several slugs of dyeto traverse a 90 cm horizontal flow-
path was measured. Five slugs were injected at the eleva-
tions of 90, 75, 60, 45, and 15 cm aong a vertical plane
where r = 105 cm. The time required for the slug to cross
the vertical plane wherer = 15 cm was then recorded. Only
the middle portion of the tank, fromr =105 cmtor = 15
cm with a total horizontal travel distance of 90 cm, was
used to conduct these travel time experiments. The total
measured travel time along with the numerically predicted
travel time required for several dye slugs to traverse the
aquifer in a 90:40 gradient experiment is presented in Fig-
ure 6. Several interesting observations can be made from

696  M.J. Simpson et al. GROUND WATER 41, no. 5: 690-700

the figure. First, the measured travel times depend on the
depth at which the dye slug was released. This dependence
stems from the fact that the dye particles released at higher
elevations required alonger timeto traverse the tank, partly
because they were transported along curved flowpaths and
partly because of the variation in fluid velocities along
those paths. Note that the maximum fluid vel ocity along the
outflow face is expected to occur at an elevation of 40 cm,
corresponding to the base of the seepage face. Second, it is
clear that the three-dimensional, axi-symmetric, numerical
flow model is capable of predicting the travel time distrib-
ution within the aquifer with some degree of certainty.

It can be observed from Figure 6 that the numerical
model results compare well with most of the observed data
points, except for the 90 cm release point. The discrepancy
inthetravel timefor this point is, to some extent, caused by
experimental errors. Note that this point is adjacent to the
unsaturated zone in the physica model; as the slug dis-
persed, a portion of the slug interacted with the unsaturated
zone and was affected by the reduced fluid flux within the
unsaturated zone. Therefore, it became increasingly diffi-
cult to identify the center of mass of this slug and this
resulted in large experimental errors.

To further investigate the travel time trends, two
extreme variations on the original 90:40 gradient experi-
ment were made. First, a 90:20 gradient experiment was
completed to observe the transport under an extremely high
gradient condition; and second, a 90:60 gradient experiment
was completed to observe the transport under a relatively
mild gradient condition. Similar to the 90:40 experimental
results, the measurements from the 90:20 and 90:60 gradi-
ent experiment show that the numerical model was able to
capture the travel time trends quite well (Figures 7 and 8).
The dye dlug released at 90 cm was once again affected by
unsaturated flow conditions and encountered problems sim-
ilar to those explained in the previous experiment. There are
also some interesting observations to be made between the
data shown in Figures 6, 7, and 8. First, the average travel
time is longer for the milder gradient case. Thisis an intu-
itive result because weaker hydraulic gradients are expected
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to induce smaller fluid velocities. Second, the travel time
results for the 90:20 gradient exhibit a stronger dependence
on the depth at which the slug was released when compared
to the 90:40 and 90:60 case. For example, the numerical
results indicate that the maximum difference in the resi-
dence time of a particle released at the top of the aquifer
compared to that for a particle released at the base of the
aquifer for the 90:20 gradient is ~14 minutes. In compari-
son, the numerical results show that for the 90:60 gradient
there is only a 10-minute difference between the residence
times at the top and base of the aquifer. Thisimpliesthat the
three-dimensional transport effects are greater for the 90:20
gradient experiment.

Another point of interest is in the relative difference
between the predicted travel-time profiles and measured
travel-time data under different gradient conditions. For
example, with the exception of the 90 cm data point, both
the 90:40 and 90:20 profiles show a good correspondence
between the numerical and observed data points. However,
the 90:60 gradient observed travel times are consistently
higher than the numerical results. This was because the
average travel time for the weaker 90:60 gradient experi-
ment was much longer than other experiments and there-
fore the dye slugs were subjected to greater spreading by
dispersion. This increase in spreading made the measure-
ment of the center of mass of the slugs to be progressively
more difficult. Hence, the experimental data collected
under the weaker gradient condition have a larger uncer-
tainly. Thisexplainsin part, the divergence of the observed
travel times from the predicted numerical profiles as the
hydraulic gradient across the system was decreased.

Analysis of Observed Streamline Data

The hydraulic gradient for these experiments was fixed
at the 90:20 level. A dug of dye wasreleased at an upstream
point and the location of the center of mass of the sug was
recorded at each 5 cm horizontal increment as the slug was
transported through the aquifer. The experiment was
repeated five times by changing the elevation of the
upstream release point. A similar transport experiment was
also smulated using the numerical model. A comparison of
the observed and predicted streamlinesis shown in Figure 9.

An important transport feature that could be observed
in the 90:20 experiment is that the bulk of the outflow
occurred through the 40 cm long seepage-face boundary.
Although the exit water level is fixed at 20 cm, the tracer
discharge into the well is distributed over a 60 cm long exit
face. The observed streamlines imply that seepage faces
could play adominant role in transmitting water and associ-
ated dissolved solutes across the ground water/suface water
boundary. Thisexercise aso showsthat under the 90:20 gra-
dient condition, the spatial distribution of the solutes within
the aquifer is dominated by the seepage-face dynamics. It
can be inferred from the data that any particle released
above an elevation of 25 cm at the upstream boundary exits
through the seepage face; therefore, the seepage-face zoneis
a maor capture zone in this problem. These results show
that under such strong gradient conditionsit isimpossible to
meaningfully predict the spatial distribution of solutes with-
out appropriate consideration of the seepage-face boundary.
These types of seepage-face controlled flow regimes can
occur when bank storage processes dominate the water bal-
ance of ariparian zone. The phenomenon of bank storage
happens when alarge surface water runoff event occursin a
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stream channel. As the runoff migrates through the channel,
the water levels rise causing a subsurface flow into the sur-
rounding bank sediments. The water istemporarily stored in
the bank sediments and will be released back into the chan-
nel as the surface water elevation drops to its equilibrium
position. This transfer occurs through a large seepage-face
boundary formed under strong hydraulic gradient conditions
(Whiting and Pomeranets 1997). Therefore, theimplications
of the laboratory observations could be useful for develop-
ing a fundamental understanding of the local ground water
and solute transport processes through a ground water/
stream interface.

Conclusions

The dynamics of ground water flow and solute trans-
port near a seepage face were analyzed through the use of
aradia soil tank model and a three-dimensional, axi-sym-
metric, numerical model. The physical model was used to
observe the fluid flow and transport characteristics for a
range of hydraulic gradients. The flow analysis was char-
acterized in terms of total discharge, exit-face discharge
distribution, and seepage-face length; and the solute trans-
port analysis was characterized by recording travel times
and streamlines. Several physical observations have been
made to directly quantify the transport patterns close to a
seepage-face boundary.

The transport experiments conducted near the exit
boundary demonstrated the existence of three-dimensional
flow characteristics near the seepage face. These results
imply that verticaly averaged flow models that employ
Dupuit approximations might introduce error in the local-
ized analysis of solute transport near a seepage-face zone.
Numerical models that ignore seepage faces could aso
incorrectly predict the residence time distribution. These
errors can be further magnified if the transition zone is
dominated by biologically mediated reactions.

Comparison of laboratory and numerica modeling
results showed that the three-dimensional axi-symmetric
numerical model presented in this work can predict the
observed flow and transport patterns. Both the physical
observations and the modeling results demonstrate that
seepage-face boundaries can play an important role in
influencing the localized flow-and-solute transport
processes of unconfined systems that are dominated by
strong hydraulic gradients. Therefore, careful consideration
should be given to this boundary condition, particularly
when the temporal and spatial distribution of solutes near a
ground water/surface water boundary is of interest. The
experimental dataset produced in this study will aso be of
interest for those who are attempting to validate a numeri-
cal agorithm for solving ground water flow and solute
transport near a seepage-face boundary.
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Appendix A: Variably Saturated Flow Model

The agorithm described by Clement et al. (1994) was
used to solve the mixed form of the transient, two-dimen-
sional (vertical) variably saturated flow equation:

s 2,
0, ot
N a[K(e)‘”’} + a[K(B)aﬂ ISORNT
ot dx 0x 9z 0z 9z

where S, [L~Y] isthe specific storage of the medium, 8 isthe
water content, 6, is the saturated water content (porosity),
y[L] isthe pressure head, K [LT1] isthe hydraulic conduc-
tivity, x[L] and z[L] are the Cartesian coordinatesand t [ T]
isthetime.

The numerical solution of Equation A1 by the method
of finite-differences was partially described by Clement et
al. (1994). The agorithm used for this work was modified
from that presented by Clement et al. (1994) in two ways.
First, the algorithm was used in aradia coordinate system;
second, the algorithm was used to obtain a steady-state
solution. Re-expressing Equation Al in terms of a radial
coordinate system yields

6oy a0 10 E)
NI YT
0,0t ot ror ar

9 ab]  aK(6)
+az[K(6)az]+ 3z

(A2)

wherer [L] isthe radia coordinate and all other terms are
previously defined.

The application of the finite-difference approximation
to the spatial terms of Equation A2 follows that of the
Cartesian system originally described by Clement et al.
(1994). The main difference isin how the steady solution is
obtained while till using the modified Picard approach
(Celiaet al. 1990). Typicaly for the solution of a transient
problem, the temporal change in the moisture content term
is approximated using the modified Picard approach:

@ _ {67“’”’ _ 6:1:| N C(;+1,m|: ;‘l+1,m+1 _ l{z+l,m
ot At ! At
(A3)

where n+1 refers to the current time iteration level, m+1
refersto the current modified Picard iteration level, C; [L]
refers to the specific water capacity (gradient of the soil-
water-retention curve) at the ith node and At [T] isthetime
step.

The first term on the right side of Equation A3 is an
explicit estimate of the partial time derivative of the water
content, based on the mth Picard level estimates of the pres-
sure head. In the second term of the right side of Equation
A3, the numerator of the bracketed fraction is an estimate
of the error in the pressure head at the ith node between two
successive Picard iterations. The problem with making the
simulation steady-state is that while the temporal derivative
of the water content isidentically zero under steady condi-
tions, there must be some method of updating the pressure
estimates using the modified Picard scheme so that the
steady-state pressure profile converges. Thisis achieved by
setting the first term of the right side of Equation A3 to zero
and leaving the second term as for the usua unsteady
scheme. This means that as the Picard iteration proceeds,
the numerator of the second term shall tend to zero as the
solution converges, even if the algorithm is supplied with a
value for the time step. Therefore, by simply removing the
time loop, setting S, = 0.0, and making the first term on the
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right of Equation A3 zero, the original transient scheme
outlined by Clement et al. (1994) is conveniently converted
into a steady-state algorithm.

The numerical solution of Equation 1 requires the soil
water retention function and the unsaturated hydraulic con-
ductivity function of the porous medium. The following
van Genuchten (1980) relationship was used to simulate the
soil water retention function:

1 m,
o=l
L T (a7,|¢|)"v} (A%
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where a, [LY, n, and m, = 1-(1/n,) are the van
Genuchten parameters, and © is the effective saturation
given by the relationship

0 — 0,
0, — 6,

0 = (A5)
where 6, is the saturated water content and 6, is the residual
water content of the soil. Mualem’s (1976) model was used
to simulate the unsaturated hydraulic conductivity function.
Further details of these models and the methods for imple-
menting these modelswithin avariably saturated flow code
are summarized in Clement et al. (1994).



