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ABSTRACT

The drag of the excess charge in an electrical double layer at the solid fluid interface due to water flow induces the
streaming current, i.e., the streaming potential (SP). Here we introduce a sandbox experiment to study this hydroelectric
coupling in case of a tracer test. An acrylic tank was filled up with homogeneous sand as a sand aquifer, and the upstream
and downstream reservoirs were connected to the sand aquifer to control the hydraulic gradient. Under a steady-state water
flow condition, a tracer test was performed in the sandbox with the help of peristaltic pump, and tracer samples were
collected from the same interval of five screened wells in the sandbox. During the tracer test, SP signals resulting from the
distribution of 20 nonpolarizable electrodes were measured at the top of the tank by a multichannel meter. The results
showed that there were changes in the observed SP after injection of tracer, which indicated that the SP was likely to be

related to the solute transport.
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1. Introduction

Generally, fluid flow in a porous medium and then the
drag of excess charge in an electrical double layer at solid-
fluid interface introduce a streaming current, and the asso-
ciated electrical potential is a streaming potential (SP)
(Lorne et al., 1999). The SP measurement is one of the old-
est methods in geophysical techniques. It consists of moni-
toring electrical field existing at the ground surface of the
earth where the SP signals provide the evidence of polariza-
tion mechanisms existing in the grounds. The use of the SP
in different aspect of geology has been developed for the
last two decades and these methods have been used for a
variety of geophysical applications to detect and monitor
water flow (e.g., Blake and Clarke, 1999) and leakage zones
of dam (e.g., Bogoslovsky and Ogilvy, 1970; Titov et al.,
2000). The SP was also used to detect the ore bodies and
contaminant plumes that are rich in organic matter associ-
ated with the electro redox effect (e.g., Arora et al., 2007;
Jardani et al., 2008). Because the SP is directly occurred by
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the hydraulic gradients in porous media and is very sensi-
tive to the actual water, however, the major contribution of
SP has been to characterize fully or partially saturated
media (e.g., Fournier, 1989; Mikhailov et al., 1997; Dous-
san et al., 2002; Suski et al., 2004; Revil et al., 2004; Saun-
ders et al., 2008).

During a hydraulic test, which is the classical method
used to obtain information about the distribution of hydrau-
lic properties of an aquifer, SP signals can be recorded at
the ground surface by measuring electric potential differ-
ences between the nonpolarized electrodes by voltmeter and
these electrodes are usually set up with the direction of
water flow. Groundwater flows through a porous medium,
and SP is changed due to excess charge of the pore water at
the nearby mineral-pore water interface. The change of SP
helps for detecting the fluid flow to characterize the hydrau-
lic properties of the medium. Rizzo et al. (2004) estimated
the hydraulic properties of an aquifer from hydraulic head
and SP signals through numerical modeling with associated
hydraulic tests. Malama et al. (2009a, 2009b) developed
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Fig. 1. Flow chart of this study.

semi-analytical solution for transient streaming potentials
associated with axial symmetric flow by pumping in the
confined and unconfined aquifers.

Here we present a sandbox experiment to check the feasi-
bility of SP to estimate solute transport characteristics of an
aquifer. We conducted tracer tests under steady-state ground-
water flow condition with recording SP signals. We used an
acrylic tank filled with medium to coarse grained sand and
infiltrated with water, and tried to detect the changes in SP

signals due to injection and transport of tracer.

2. Materials and Methods

Fig. 1 is the flow chart of this study. An acrylic tank was
prepared for the experiment, and filled with homogeneous
sand which was medium to coarse grained quartz sand with
clay particles. Two reservoirs were connected to the sand-
box, and they were upstream and downstream reservoirs
which were used to control the water flow condition in the
sandbox by overflowing water from the pipe connected to
the bottom of the two reservoirs. The total length of the
acrylic tank was 2.5 m with the sandbox of 1.5 m, the
upstream reservoir of 0.5 m and the downstream reservoir
of 0.5 m, and its height was 1.0 m as shown in Fig. 2. The
upstream and downstream reservoirs were separated from
the sandbox by 200 um stainless steel mesh. Here we used
five plastic screened wells which were around 1.5 cm in
diameter and 1.0 m long. These screened wells included
micro holes with the diameter of 0.2 cm to infiltrate water

and were covered by 200 um plastic mesh not to fill with
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sand during the experiments and to collect water sample
uninterruptedly (Fig. 2). The screened wells set parallel at
the middle of the sandbox about 25 cm distances each other.
The tops of the wells were open in the air, and bottoms
were sealed into the sandbox. 20 sintered Ag/AgCl non-
polarizing electrodes were installed at the top of the sand
aquifer, and they surrounded the screened wells with defi-
nite distance of 8 cm to collect SP signals in the sandbox
during the experiments (Crespy et al., 2008; Martinez-Pagan
et al., 2010). Fig. 3 shows the setting of the instrument for
the experiment.

The hydraulic conductivity of the sandbox was deter-
mined through groundwater flow tests. For the tests, the
steady-state condition of groundwater flow was established
by maintaining the hydraulic head difference between the
upstream and downstream reservoirs. After establishing the
steady-state condition, we measured the out-flow rate at the
downstream of the sandbox and calculated the hydraulic
conductivity using equation (1) which was from Darcy’s

law:
k=4 M

where ¢ is the out-flow rate [m>/sec], 4 is the cross sec-
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tional area of the sandbox [m?], L is the length of the sand-
box [m], H is the hydraulic head [m], and i is the hydraulic
gradient given by i = {1—1’—&”—_;{—"—“—'—1 In this study, we
estimated the hydraulic conductivity with several hydraulic
head differences. Using the estimated hydraulic conductiv-
ity, we simulated the tracer test for its design. From the sim-
ulation we determined the optimal injection rate and
sampling intervals. In the simulation, we assumed the effec-
tive porosity and longitudinal dispersivity to 0.15 and 0.1 m,
respectively, referring to Domenico and Schwartz (1990).

A tracer test was also conducted using the sandbox. NaCl
solution with the concentration of 1000 ppm was used as a
tracer. We injected the tracer into the second screened well
for five minutes. Before and after tracer injection, water
was injected to the injection well with the same injection
rate to maintain the water flow condition during the whole
experiment. We collected water samples from each of the

five screened wells using disposable syringes, and analyzed

their concentration with the chloride analyzer (Model-926,
Cole-Palmer Inc.). The tracer test results were analyzed as
follows. The linear velocity was calculated from the peak
arrival time of the obtained breakthrough curves, and the
longitudinal dispersion coefficient was introduced from the
variance of the breakthrough curves using equation (2) (Fet-
ter, 1992):

D= @

R

where D; is the longitudinal dispersion coefficient [m*/sec],
t is the peak arrival time of the tracer [sec] and &~ is the
variance of the breakthrough curve [m?]. During the exper-
iments, the change of SP signals were recorded using 20
sintered Ag/AgCl electrodes connected with a multimeter
(Model-M2700, Keithly Inc.). The multimeter was connected
with the computer to collect electrical signals automati-

cally. Fig. 4 shows the channel numbers of each electrode
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(b) Simulated tracer plume with the injection rate of 0.005 L/sec

Fig. 5. Numerical simulation results of the tracer test design.

installed in the sandbox. Note that we considered another
electrode as a reference which was located beside the sand-

box.

3. Results and Discussion

The hydraulic conductivity of the sandbox was estimated
from the groundwater flow tests with various hydraulic
head differences between upstream and downstream reser-
voirs. From equation (1), the hydraulic conductivity was
calculated to 2.50 x 10~ + 2.09 x 10~ m/sec. Fig. 5 is the
numerical simulation results of the tracer test for test
design. The results show that the injection rate of 0.005 L/
sec into the second screened well and the head difference
less than 5 cm were sufficient conditions for the dimension
of our sandbox. They also indicated that sampling intervals
of five minutes at first 2 hours and ten minutes for the rest
of the test were enough to detect the breakthrough curves at
each well.

The tracer test was conducted in two phases. In the first

J. Soil Groundw. Environ. Vol. 20(2), p. 41~46, 2015

phase, a steady-state groundwater flow condition was estab-
lished by maintaining the hydraulic heads at the upstream
and downstream reservoirs and by injecting water into the
injection well with the designed rate. In the second phase,
we injected tracer instead of water for 5 minutes, and then
injected water again to maintain water flow condition. The
chloride concentrations of collected water samples during
the experiment were plotted in Fig. 6. It shows that the
tracer moved slowly from the injection well to other wells.
The obtained breakthrough curves were similar to the nor-
mal distribution curve although the break-through curve
from the third screened well (SW-3) showed double peaks.
At the fourth (SW-4) and fifth (SW-5) screened wells, it
was difficult to identify the breakthrough curve. Table 1
shows the analysis results of the tracer test. For SW-3, the
first peak of the chloride concentration was analyzed to esti-
mate the linear velocity and dispersion coefficient. Tracer
analysis results show the variation of linear velocity and
dispersion coefficient in different screened wells. From the

injected well to the last screened well it shows natural
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Fig. 6. Measured SP signals and CI” concentrations during the experiment where black dotted boxes in the graph indicates timing of tracer

injection.

Table 1. Analysis results of the tracer test

Screened well Average linear velocity, vi

Hydrodynamic dispersion coefficient parallel

Variance of the parallel spreading

(m/sec) to the direction of flow, D; (m%sec) of plume, o> (m%)
SW-1 33x107° 2.8x107 6.46
SW-3 55x107° 14x107™* 4.07
SW-4 NA* NA NA
SW-5 NA NA NA

*Not Available

plume was created by the tracer solution. Here, the highest
linear velocity was 5.5 x 10°m/sec at SW-3 and the largest
dispersion coefficient was 2.8 x 10~ m?¥/sec at SW-1. How-
ever, the estimated linear velocities and dispersion coeffi-
cients were similar in the order of magnitude, respectively.

Fig. 6 also shows the distributions of SP signals data set
measuring during the experiment. The black dotted boxes in
the graphs indicate the duration of tracer injection. We did
not found any significant change of SP signal dataset before
the injection of tracer but we found signals responding to
solute transport at SW-1, SW-2 and SW-3. At SW-1, the
chloride concentration showed one peak at 180 to 200 min-
utes, and during that time SP signals also showed the
reverse effect. Similarly, at other screened wells, the SP sig-
nals also changed when the chloride concentration changed.
These results indicate that the SP signals are likely to be

related to the solute transport.

4. Conclusions

To evaluate the feasibility of SP signals on estimation of
solute transport properties of an aquifer, we conducted a
tracer test with measuring SP signals. The results con-
firmed that the measured SP signals were produced during
our experiment, and it showed significant trend or relation-
ship between the SP and solute transport property of the
sandbox during the whole period of experiment. However,
we could not confirm this conclusion because there are few
previous researches which provide the theoretical back-
grounds of the observed phenomena in our experiments.
Thus, further study to quantify the behavior of SP respond-
ing to solute transport is necessary.

Our results indicate a clue that there is a relation between
SP and solute transport in an aquifer, which provides a step-

ping-stone for the expansion of our understanding of trans-
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port in an aquifer and reduction of the uncertainty in a

tracer test.
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