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elf-potential monitoring of a salt plume
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ABSTRACT

Nonintrusively monitoring the spread of contaminants in real
time with a geophysical method is an important task in hydrogeo-
physics. We have developed a sandbox experiment showing that
the self-potential method can locate both the source of leakage
and the front of a contaminant plume. We monitored the leakage
of a plume of salty water from a hole at the bottom of a small tank
located at the top of a main sandbox. Initially, the sand was satu-
rated by tap water. At a given time, a hole was opened at the bot-
tom of the tank, allowing the salty water to migrate by diffusion
and buoyancy-driven flow in the main sandbox. The bottom of
the sandbox contained a network of 32 nonpolarizing silver-sil-
ver chloride electrodes with amplifiers, connected to a multi-
channel voltmeter. The self-potential response associated with
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he migration of the salt plume in the sandbox was recorded over
ime. A self-potential anomaly was observed with amplitude
arying from a few millivolts at the start of the leak to a few tens
f millivolts after a few minutes. The self-potential data were in-
erted using a time-lapse tomographic algorithm to reconstruct
he position of the volumetric source current density over time.A
ositive volumetric source current density was associated with
he position of the leak at the bottom of the leaking tank, whereas
negative volumetric source current density was associated with

he salinity front moving down inside the sandbox. These poles
ere well reproduced by performing a finite-element simulation
f the problem. Using this information, we estimated the speed of
he salt plume sinking inside the sandbox. Therefore, the self-po-
ential method can be used to track, in real time, the position of
he front of a contaminant plume in a porous material.
INTRODUCTION

Ponds and lagoons lined with electrically resistive plastic liners
ften are used worldwide to store toxic and hazardous wastes or
arge quantities of solid and liquid wastes �Frangos, 1997; Darilek
nd Laine, 2007�. In recent years, an increasing amount of work has
hown the usefulness of electrical resistivity as a method to locate
eakages from plastic liners. Because many stored wastes have a
igh electrical conductivity contrast with soil water, resistivity
ethods have been used in many studies. Parra �1988� and Parra and
wen �1988� describe, for instance, the use of a pole-dipole array
aking voltage measurements inside the pond to detect a current be-

ng driven through the leak �mise-à-la masse method� �see also Fran-
os, 1997, and Darilek and Laine, 2007�. Binley et al. �1997� pro-
ose a tomographic electrical leak imaging system as a tomographic
ariant of traditional, permanently installed, electrical leak-location
ethods. Binley and Daily �2003� evaluate a model with 48 stainless
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rodes in boreholes around a storage tank.

In the present work, we investigate the usefulness of the self-po-
ential method to locate a leakage of highly conductive saline water
rom a tank. The self-potential method is a passive geophysical
ethod evidencing the existence of electrical currents in the ground.
he distribution of the electrical potential is passively recorded us-

ng a network of nonpolarizing electrodes. The in situ source of cur-
ent responsible for the self-potential anomalies can be due to redox
rocesses �Fox, 1830; Castermant et al., 2008; Revil et al., 2009�,
roundwater flow through an electrokinetic process �Fournier, 1989;
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004, 2005, 2006; Revil and Linde, 2006; Revil et al., 2009�. The
elf-potential has barely been used for monitoring the leakage from
aste lined ponds. Nevertheless, some works have successfully de-

ineated contaminant plumes from landfills �Weigel, 1989; Häm-
ann et al., 1997; Naudet et al., 2003; Naudet et al., 2004; Arora et

l., 2007� and hydrocarbon-contaminated areas �Perry et al., 1996;
uselli and Lu, 2001�.
We present a diffusion/infiltration �buoyancy-driven� experiment

hereby we evaluate the capabilities of the self-potential method to
ocate the front of a salt plume leaking from a small container in a
andbox experiment. We develop the fundamental equations to sim-
late the self-potential signals associated with the transport of a
lume of salty water. The resulting partial differential equations are
olved with the finite-element code COMSOL Multiphysics 3.5 to
erform a forward simulation of the problem that agrees with the ob-
ervations. In addition, we propose a time-lapse tomographic algo-
ithm to locate the front of the salt plume.

SELF-POTENTIAL MONITORING OF A SALT
PLUME

We first recall the transport equations for the migration of a salt
lume in a porous material. This problem requires the solution of the
ollowing set of equations �e.g., Oltean and Buès, 2002�:

u��v��
k

� f
��p�� fg�z�, �1�

��� f��
�t

� � · �� f�v��� fQs, �2�

��� f�Cm�
�t

� � · �� f�vCm�� � · �� f�D�Cm���QsCm
0

�3�

� f �� f
0�� Cm, �4�

� f �� f
0�1�� 1Cm�� 2Cm

2�� 3Cm
3�, �5�

here v is the mean velocity of the pore water in the pore space
m s�1�; k is the permeability tensor �in m2�; � is porosity; p is the
ore fluid pressure �pascal�; � f is the dynamic viscosity of the pore
uid �in pascal s�; � f is the solute bulk density; � f

0 is the bulk density
f water �in kg m�3�; g is the acceleration of the gravity �in m s�2�;
S is a source term �in s�1�; Cm is the solute mass fraction �dimen-

ionless�; Cm
0 is the solute mass fraction in the source term; � is a

onstant coefficient for the density law; and � 1, � 2, and � 3 are the em-
irical constants for the viscosity law. Equation 1 represents the con-
titutive equation for the flow of the pore water �Darcy’s law�. Equa-
ion 2 is a continuity equation for the mass of the pore water. Equa-
ion 3 is the field equation for the salt concentration. Equations 4 and

are empirical equations connecting the mass density and the dy-
amic viscosity of the pore water to the salinity.

In the widely used Fickian model, the effective hydrodynamic
ispersion tensor D �m2 s�1� entering equation 4 is given by
D� �Dm��Tv�I�
�L��T

v
vv, �6�

here Dm is the molecular diffusion coefficient of the salt and cor-
ected for the effect of tortuosity �in m2 s�1� �see Revil et al., 2005�; I
s the unit tensor; and �L and �T are the longitudinal and transverse
ispersivity �in m�, respectively. Revil et al. �1996� and Revil �1999�
eveloped a rigorous analysis of this coefficient generalizing the
ernst-Hartley equation for the diffusion of a binary salt in water to
rine-saturated porous media. For a sodium chloride solution, the
olecular diffusion coefficient of the salt is typically comprised be-

ween 1.60�10�9 m2 s�1 at infinite dilution to 1.44�10�9 m2 s�1

t high salinities. The tortuosity of the pore space is given by the
roduct of the formation factor with the porosity and is equal to 1.6.

In the case of a salt plume moving in a porous material, there are
wo contributions of the source current density generating self-po-
ential signals. The first contribution is associated with the flow of
he pore water due to the gravity force and driven below by the dif-
erence of density between the salt plume and the surrounding fresh-
ater. This contribution corresponds to the so-called streaming cur-

ent density �e.g., Fournier, 1989; Birch, 1993; Aubert and Atan-
ana, 1996; Revil and Leroy, 2001�. The second contribution is relat-
d to the gradient of the salinity. It depends on the gradients of the ac-
ivity of the charge carriers �ions� that are present in the pore water
e.g., Maineult et al., 2004, 2005, 2006; Revil and Leroy, 2004; Revil
nd Linde, 2006�.

The total electrical current density j is given by �Sill, 1983�

j��E� jS, �7�

� · j�0, �8�

here E is the electrical field E���	 , 	 is the electrical potential
in V�, � is the electrical conductivity of the porous material �in
m�1�, and jS is the source current density �in A m�2�. Equation 7 is
generalized Ohm’s law, and equation 8 is the continuity equation

or the charge in the low-frequency limit of the Maxwell equations.
he total source current density is given by �Revil and Linde, 2006�

jS� Q̄Vu�kbT�
i�1

N
ti�

qi
� ln�i�, �9�

here T is the absolute temperature; kb is the Boltzmann constant;
¯

V is the effective charge per unit volume that can be dragged by the
ow of the pore water; u represents the Darcy velocity; qi is the
harge of species i dissolved in water; ti is the microscopic Hittorf
umber of the ionic species i in the pore water �that is, the fraction of
lectrical current carried by this species in the water phase�; and �i�
epresents the activity of the ionic species i �concentration times the
ctivity coefficient�. In the case reported below, the salt plume is
haracterized by two ionic species Na� and Cl�, resulting from the
otal dissociation of NaCl. The first term of the right-hand side of
quation 9 corresponds to the streaming current density, whereas the
econd term corresponds to the diffusion current density.

Revil �1999� showed that in a diffusion problem, one could re-
lace the gradient of the logarithm of the activity of the salt by the
radient of the logarithm of the activity of the conductivity of the
alt. Using this approach, we can rewrite the total source current as



w
s
�

t
p
2
t

w
m
�
w
c

t

w
r
c
v
s
t

r
s
w
i
a
t
s
c
t
n
c
t
s

F
i

Self-potential monitoring of a salt plume WA19

D
ow

nl
oa

de
d 

03
/2

9/
16

 to
 1

40
.1

15
.2

1.
14

1.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SE
G

 li
ce

ns
e 

or
 c

op
yr

ig
ht

; s
ee

 T
er

m
s 

of
 U

se
 a

t h
ttp

://
lib

ra
ry

.s
eg

.o
rg

/

jS� Q̄Vu�
kbT

e
� �2t����1�� ln � f, �10�

here e is the elementary charge of the electron; t��� is the micro-
copic Hittorf number of the cation �see values in Revil, 1999, t���

0.38 for a sodium chloride solution�; and � f is the conductivity of
he pore water, which is proportional to the salinity at a given tem-
erature. In clean sand at low Dukhin numbers �e.g., Bolève et al.,
007; Crespy et al., 2008�, the conductivity of the sand is given by
he following well-known relationship

� �
� f

F
, �11�

here F is the electrical formation factor �dimensionless�. The for-
ation factor usually is related to porosity � by Archie’s law F
��m, where m is the cementation exponent �typically 1.3 for a

ell-sorted clean sand�. From equations 10 and 11, the total source
urrent density can be rewritten as

jS� Q̄Vu�
kbT

Fe
�2t����1��� f, �12�

jS� Q̄Vu�
kbT

Fe
�2t����1��� f .
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a)

Hole

Plastic container

Pond

b)

igure 1. Sketch of the experimental setup. �a� Side view. �b� Picture
s the reference for the self-potential network of electrodes. Note the
Combining equations 7 and 8, the self-potential field 	 is the solu-
ion of the following Poisson equation,

� · �� �	 �� � · jS, �13�

here the source term �the right-hand side of equation 13� can be di-
ectly related to the Darcy velocity field u and to the gradient of the
onductivity of the pore water through equation 12. Both the Darcy
elocity and the salinity are obtained by solving equations 1–6 �the
o-called primary flow problem� with appropriate boundary condi-
ions.

SANDBOX EXPERIMENT

We performed a sandbox experiment to analyze the self-potential
esponse resulting from the leakage of salty water from a tank into a
andbox. The experimental setup is shown in Figure 1. The sandbox
as open at the top and partially filled with a well-sorted silica sand

nfiltrated with tap water with an electrical resistivity of 650 ohm-m
t 20°C. The mean grain radius was 0.35 mm. Prior to introducing
he sand into the box, we set up a plastic sheet on the bottom of the
andbox with a network of nonpolarizing electrodes attached to it,
overing an area of 12.7�7.62 cm �Figure 1a and c�. The self-po-
ential signals were monitored with 32 sintered active Ag /AgCl con-
ected to a very sensitive voltmeter initially designed for electroen-
ephalography �Crespy et al., 2008�. The electrodes were connected
o a precision digital voltmeter having a capacity of as many as 256
ensor-signals digitized with 24-bit resolution. Each channel of the
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19 18 17

28 27 23 22
26 24
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35 34 33 32 31 30 29
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oltmeter consisted of a low-noise DC coupled postamplifier, with a
rst-order antialiasing filter, followed by a 24-bit Delta-Sigma mod-
lator-based analog-to-digital �AD� converter having an oversam-
ling rate of 64 and a final maximum sampling rate of 2048 Hz,
chieved with a postmodulator decimation filter.

The digital output of all the AD converters were digitally multi-
lexed into a serial data stream and sent to the PC via a single optical
ber through a fiber-to-USB interface without any compression or
ther form of data reduction. The data were acquired with software
hat received the serial data, demultiplexed them, and processed
hem. The software also controlled the voltmeter, displayed the data
n real time on a computer screen, and generated BDF formatted data
les. Depending on the final data rate selected, decimation might be
pplied to the received data stream; a fifth-order bidirectional deci-
ation filter might be applied to the data prior to decimation and
riting the data out to a file. This voltmeter had a resolution of about
.1 
V, a maximum frequency of acquisition of 2.048 kHz, and a
andwidth from DC to 400 Hz, with input impedance for the elec-
rodes of 300 Mohm at 50 Hz �see Crespy et al., 2008, and Haas and
evil, 2009, for additional details�. For this experiment, a data rate
f 128 Hz was chosen, and therefore a postacquisition decimation
lter was applied to the data through the data acquisition code. The
ata were further decimated to a final decimated sample rate of
2 Hz in the data reduction software. This decimation process used
he MATLAB internal decimate function using a thirteenth-order
hebyshev type I filter, applied to the data in forward and backward
irections to remove phase distortions introduced by the filter.

The sintered electrodes used in the experiment had very low-
oise, low-offset voltages, and very stable DC performance. The
lectrodes had very low output impedance, and therefore all prob-
ems with regard to capacitive coupling between the cable and sourc-
s of interference were minimized �Crespy et al., 2008�. These elec-
rodes also were waterproof and their size was close to 1 mm, so they
ere treated as point measurements.

#18

#25

#7

#16

0 100 200 300 400 500 600
Time (s)

20

15

10

5
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5–

–10

t = 193 s
Start of the leakage
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0 100 200 300 400

PHASE 2PHASE 1

S
el

f-
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te
nt

ia
l(

in
m

V
)

igure 2. Display of the electrical potentials versus time for some se-
ected electrodes �electrodes 7, 16, 18, and 25; see position Figure
c� located at the bottom of the sandbox.
Because the data acquisition system was designed to have a large
ynamic range, electronic circuits were designed into it to minimize
he effects of common-mode signals appearing at the electrode in-
uts. These circuits use two electrodes, the common-mode sense
CMS� and dynamic reference level �DRL� electrodes. These elec-
rodes are used together in a feedback loop to keep the potential of
he sand close to the reference level of the AD converters used in the
ystem. All electrode voltages measured are referenced to the CMS
lectrode. The DRLelectrode is the only driven electrode in the mea-
urement system and provides the signal return path for all of the
lectrodes with a current limit of 50 
A. These two electrodes form
dynamic reference level circuit that is used in the system to im-
rove common-mode voltage rejection �Figure 1a and c�.

On the top of the saturated sand surface, we set up a plastic con-
ainer, hereafter called the tank. The tank acts as a little pond with an
mpervious and insulating �plastic� boundary �Figure 1b�. This con-
ainer was placed so that the salty water level inside the tank and the
ap water in the sandbox were maintained at the same level �Figure
b�. On the bottom of the tank, a hole was made with a diameter of
.25 cm �see position in Figure 1�. The hole initially was sealed with
sticky tape before starting the measurements. Consequently, the

ank did not have any leaks before the start of the measurements.
Prior to removing the tape and starting, the self-potential signals

ere recorded over 193 s �Figure 2�. The signals were stable inside
.1 mV. In this phase, termed Phase 1, all of the channels had values
anging from �200 
V to �200 
V with a constant mean. The
econd measurement phase �Phase 2 below� started with the opening
f the hole �quickly removing the sticky tape covering the hole�. This
esulted in the formation of a salty plume sinking in the tank. At the
tart of Phase 2, all the channels showed a significant and progres-
ive change in their self-potential values �Figure 2�. The highest
hanges were recorded approximately below the position of the hole
see Figure 3�. Figure 3 shows maps of the self-potential distribution
t times 211 s, 303 s, 382 s, and 421 s, respectively �the leakage
tarts at t�193 s�.

SELF-POTENTIAL TOMOGRAPHY

Recently, new self-potential inversion algorithms have emerged
sing Tikhonov regularization algorithms to reduce the nonunique-
ess of the self-potential inverse problem �Linde and Revil, 2007;
insley et al., 2007a, 2007b; Jardani et al., 2007, 2008; Castermant

t al., 2008; Mendonça, 2008; Jardani et al., 2009�. We use this type
f tomographic algorithm to invert the causative source of the self-
otential signals in terms of the source current density. The differ-
nce with previous works is that we perform below a time-lapse to-
ography of the self-potential causative sources to follow the salini-

y front over time.
We invert the self-potential distribution recorded at the bottom of

he sandbox to determine the 3D distribution of the volumetric
ource current density

I� � · jS, �14�

expressed in A m�3� inside the sandbox. The volumetric source
urrent density distribution corresponds to a vector m consisting of
he model parameters. This implies that at each time step t, we can
se as a prior volumetric current density model the model optimized
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t time �t�1�. Consequently, the cost function to minimize at time t
s given by

G�t�� �d�t��Km�t��TWd�d�t��Km�t��

���m�t��m�t�1��TWm�m�t��m�t�1��,

�15�

here K is the kernel of the Poisson operator �see Jardani et al.,
008, for a detailed description of its computation and how to incor-
orate resistivity information if available�;

Wd�diag�1/�1, . . . ,1/�N� �16�

s a square diagonal weighting N�N matrix �elements along the di-
gonal of this matrix are the reciprocal of the standard deviation � i

quared, �i�� i
2�; Wm is the differential Laplacian operator; m�t

1� represents the vector of the model parameters, that is, the distri-
ution of the volumetric source current density,
nverted at time �t�1�.

The bulk conductivity is required to compute
he correct Poisson kernel for each time-lapse in-
ersion �Jardani et al., 2008�. Indeed, the kernel
f the Poisson operator in equation 13 is depen-
ent on the bulk conductivity distribution, which
ust change dramatically with time in the plume

rea because of the change in the salinity. Errors
n the bulk conductivity distribution will lead to
rrors in source current inversion. However, in
he present case we do not know the distribution
f the resistivity in the tank. Therefore, to stay
onservative we used the resistivity as equal to
he background resistivity.

There are two ways to solve this problem. One
ould be to use a stochastic approach instead of

he approach considered here; with such an ap-
roach we could simulate the change in the distri-
ution of the resistivity from the change in the
istribution of the salinity. The second approach
ould be to perform a joint inversion of time-

apse electrical resistivity and self-potential data
ogether in the way done by Linde et al. �2006� for
eoradar and resistivity. However, this would
ork only for a relatively slow salt-migration
rocess. By this we mean that the characteristic
ime scale of the salt-migration process needs to be much longer than
he time needed to take a resistivity tomography snapshot. For this
xperiment, the salt migration process is relatively fast compared to
he time required to measure the resistivity, and therefore this meth-
d is not applicable here.

The initial model is inverted for the location of the volumetric
ource current density distribution using the result from an extension
f the dipolar crosscorrelation algorithm proposed by Revil et al.
2001� and Crespy et al. �2008� while accounting for the boundary
onditions of the problem �insulating on all external boundaries�. We
id not use any other constraints or prior knowledge regarding the
osition of the hole acting as an initial source of current once opened.
he algorithm was written as a MATLAB routine. The solution of

he previous problem is given by the minimization of the cost func-
ion G with respect to the model parameters. This yields
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The results of the time-lapse inversion of the self-potential data
re displayed in Figures 4 and 5. Figure 4 shows the full result of the
nversion, and Figure 5 shows threshold values in the volumetric
urrent density. At each time step, the fit of the self-potential data
as characterized by R2  0.98. Figure 5 shows the results of the 3D

nversion on two planes that are normal to each other and passing
hrough the position of the hole �see profiles 1 and 2 in Figure 1d�.
he result of the inversion shows, at each time step, two poles in the
olumetric current density. One pole is negative, with values typical-
y between �4 and �7 mA m�3. The contribution of this pole is lo-
ated along the bottom surface of the tank, and its position agrees
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ith the position of the hole in the tank. The second pole is positive.
t has a magnitude that is smaller than the negative pole �typically
.5 to 3 mA m�3�, but its spatial extension is more important. This
ositive pole is moving downward with time, as shown by Figure 6.
he mean velocity is typically 2.5�10�4 m s�1. It is tempting to be-

ieve that this positive pole is associated with the front of the saline
lume and the negative pole with the leak from the tank. This will be
iscussed in the following section.
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S
DISCUSSION

In this section, we want to determine why the inversion algorithm
an retrieve the position of the saline front. Therefore, we performed
2D numerical model of the self-potential response associated with

he transport of a salt plume. We solved equations 1–6 with no source
erm in equations 2 and 3 �QS�0� and using the finite-element

ethod. The initial concentration at the top surface of the system is

–4 mA/m3 > 2 mA/m3
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85.7 kg m�3 in the area of leakage. The initial concentration of the
alt in the sandbox outside the leaking area is 10 kg m�3. The poros-
ty of the sand in the sandbox is 0.40. The permeability tensor is k

kI with k�5�10�13 m2. The dispersivity is 3.56�10�6 m2 s�1.
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igure 6. Evolution of the depth of the positive volumetric current
ensity versus elapsed time since the beginning of the leakage. The
ositive pole of the volumetric source current density is determined
rom the self-potential tomograms �see Figure 4�, and the straight
ine is determined from the three first tomograms of Figure 4. The
epth is considered below the plastic tank containing the saline wa-
er. We observe that the positive pole of the volumetric source cur-
ent density sinks nearly linearly with time. The abbreviation SPT
tands for self-potential tomography.
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igure 7. Finite-element simulation of the self-potential signals assoc
oth the Darcy’s velocity distribution and the diffusion current densi
er. The arrows on the right-hand-side plots represent the Darcy veloc
he initial hydrostatic pore pressure is p�1010�9.81� �0.8�z�
reference pressure�, and the side boundaries are considered to be
mpervious to the flow of the pore water and to the solute.

For the electrical modeling, we used insulating boundary condi-
ions on all boundaries in agreement with the sandbox experiment
escribed in the “Sandbox Experiment” section above. The conduc-
ivity of the sand � was computed from the salinity according to
quation 11, where � f, the conductivity of the pore water, is known
o be directly proportional to the salinity �see, for instance, Revil,
999�. We used a porosity � �0.38 �random packing of spherical
rains�, and m�1.3 �cementation exponent for a sand�. The compu-
ations were performed with the finite-element code COMSOL Mul-
iphysics 3.5.

Figure 7 shows a plot of the self-potential distribution associated
ith the plume sinking inside the modeled porous sandbox. The self-
otential anomaly is positive in agreement with our experimental re-
ult and of the same magnitude. Another result of the numerical
odeling consistent with our observations is that the self-potential

ignals decrease very quickly outside the position of the boundary of
he plume. This is consistent with the steady increase of the self-po-
ential response over time observed after the opening of the hole
Figure 2�. The numerical simulation was used to compute the volu-
etric source current density in the sandbox.
The distribution of the source current density is shown in Figure 8.
e found that the area of leakage �the source of the salty water

lume� is marked by a strong, well-localized, negative pole in the
olumetric source current density. The front of the saline plume is
haracterized by a weak, diffuse, positive pole in the volumetric
ource current density. This is consistent with the experimental data
eported above and analyzed with the time-lapse self-potential to-
ographic algorithm described above �Figure 5�. The slight differ-
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nce in the shape of the volumetric current density might be due to
wo possibilities: �1� the anisotropy of the permeability and disper-
ion tensors of the sand in the sandbox, and �2� the fact that we used a
onstant resistivity for the inversion of the self-potential data.

Figure 9 shows the result of the inversion of the self-potential data
omputed at the bottom of the sandbox for the synthetic case dis-
ussed above. Only threshold values in the volumetric current
ource density are shown. We took a constant resistivity model for
he inversion so that the inverted volumetric source current density
gnores the true resistivity distribution of the model. Comparing Fig-
re 8 and Figure 9, we can say that our algorithm works very well in
etrieving the position of the leak and the position of the front of the
lume. The reason is that the drop in the resistivity distribution is
olocated with the position of the boundary of the plume where the
urrent is generated. Thus the true resistivity distribution, in this
ase, is not of prime importance to locate correctly the source of the
elf-potential signals.

CONCLUSIONS

A leakage experiment resulting in the formation of a salty water
lume was monitored using the self-potential method. From this ex-
eriment, the following conclusions have been reached:

� Clear self-potential signals were measured and shown to result
from the plume sinking in the sandbox over time. The ampli-
tude of these anomalies amounted to a few millivolts at the start
of the leakage to a few tens of millivolts after a few minutes.
Two mechanisms for the generation of these anomalies are the
combined streaming potential and the diffusion potential relat-
ed to the flow of the pore water, and the gradient in the chemical
potential of ionic species, respectively.

� Aself-potential tomography algorithm was developed based on
Tikhonov regularization and applied to the time-lapse self-po-
tential data to localize the source of current density in the tank.

� We found that this inversion algorithm produces two types of
detections. One is consistent with the position of the leak, and
the second can be used to determine the position of the front of
the saline plume over time. This result is confirmed by the for-
ward modeling of the whole problem using a finite-element
code that simulates the hydrodynamic dispersion of the salt
driven by the buoyancy force with the resulting volumetric
source current density.

The next step will be to use a more sophisticated stochastic algo-
ithm to invert the transport properties of the porous material using,
or instance, a Markov chain Monte-Carlo algorithm. Because resis-
ivity and self-potential data are complementary methods, we expect
hat the joint time-lapse inversion of self-potential and resistivity
ata could improve our ability to monitor contaminant plumes in the
round and to predict their future evolutions. In addition, the equa-
ions developed in the present paper could be used in a reverse mode
o use electro-osmosis for remediation purposes.

ACKNOWLEDGMENTS

We thank Terry Young for his support at the Colorado School of
ines. P. Martínez-Pagán thanks Consejeria de Educacion de la Re-

ion de Murcia for funding during his stay at the Colorado School of
ines. This research was supported by the Office of Science �BER�,
. S. Department of Energy, Grant No. DE-FG02-08ER646559
80

60

40

20

0
0 40 80 120 160 200 240 280 300

V
er

tic
al

po
si

tio
n,

z
in

cm

Width, x (cm)

Volumetric source current density at t = 300 s

3< –4 mA/m

> 0.5 mA/m

> 1.0 mA/m

3

3

80

60

40

20

0
0 40 80 120 160 200 240 280 300

V
er

tic
al

po
si

tio
n,

z
in

cm

Width, x (cm)

Volumetric source current density at t = 600 s

3< –4 mA/m

> 0.5 mA/m

> 1.0 mA/m

3

3

a)

b)

igure 8. Threshold of the volumetric current density I� � · jS de-
ermined from the 2D forward numerical modeling of a sinking
lume of saline water. The sandbox is filled with a sand character-
zed by isotropic permeability and dispersion tensors and constant
80

60

40

20

0
0 40 80 120 160 200 240 280 300

V
er

tic
al

po
si

tio
n,

z
in

cm

Width, x (cm)

Volumetric source current density at t = 300 s

80

60

40

20

0
0 40 80 120 160 200 240 280 300

V
er

tic
al

po
si

tio
n,

z
in

cm

Width, x (cm)

Volumetric source current density at t = 600 s

a)

b)

3< –4 mA/m

3> 0.8 mA/m

3< –4 mA/m

3> 1.0 mA/m

igure 9. Result of the inversion of the synthetic data. The figure
hows the positive and negative thresholds in the value of the volu-
etric source current density I� � · jS inverted using the electrical

otential information at the bottom of the tank and the time-lapse al-
orithm described in the main text in the “Self-Potential Tomogra-
hy” section.



“
t
t

A

A

B

B

B

B

B

C

C

C

D

D

F

F

F

H

H

H

J

J

J

L

L

M

—

—

M

M

M

M

—

N

N

O

P

P

P

R

R

R

R

—

R

R

R

S

S

W

Self-potential monitoring of a salt plume WA25

D
ow

nl
oa

de
d 

03
/2

9/
16

 to
 1

40
.1

15
.2

1.
14

1.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

SE
G

 li
ce

ns
e 

or
 c

op
yr

ig
ht

; s
ee

 T
er

m
s 

of
 U

se
 a

t h
ttp

://
lib

ra
ry

.s
eg

.o
rg

/

Advanced self-potential tomography.” We thank the associate edi-
or Evert Slob, Milenko Burazer, and two anonymous referees for
heir very useful comments.

REFERENCES

rora, T., N. Linde, A. Revil, and J. Castermant, 2007, Non-intrusive charac-
terization of the redox potential of landfill leachate plumes from self-po-
tential data: Journal of Contaminant Hydrology, 92, 274–292.

ubert, A., and Q. Y. Atangana, 1996, Self-potential method in hydrogeo-
logical exploration of volcanic areas: Ground Water, 34, 1010–1016.

inley, A., and W. Daily, 2003, The performance of electrical methods for
assessing the integrity of geomembrane liners in landfill caps and waste
storage ponds: Journal of Environmental and Engineering Geophysics, 8,
227–237.

inley, A., W. Daily, and A. Ramirez, 1997, Detecting leaks from environ-
mental barriers using electrical current imaging: Journal of Environmental
and Engineering Geophysics, 2, 11–19.

irch, F. S., 1993, Testing Fournier’s method for finding water table from
self-potential: Ground Water, 31, 50–56.

olève, A., A. Crespy, A. Revil, F. Janod, and J. L. Mattiuzzo, 2007, Stream-
ing potentials of granular media: Influence of the Dukhin and Reynolds
numbers: Journal of Geophysical Research, 112, B08204, doi: 10.1029/
2006JB004673.

uselli, G., and K. Lu, 2001, Groundwater contamination monitoring with
multichannel electrical and electromagnetic methods: Journal of Applied
Geophysics, 48, 11–23.

astermant, J., C. A. Mendonça, A. Revil, F. Trolard, G. Bourrié, and N.
Linde, 2008, Redox potential distribution inferred from self-potential
measurements associated with the corrosion of a burden metallic body:
Geophysical Prospecting, 56, 269–282, doi: 10.1111/j.1365-
2478.2007.00675.x.

respy, A., A. Bolève, and A. Revil, 2007, Influence of the Dukhin and Rey-
nolds numbers on the apparent zeta potential of granular porous media:
Journal of Colloid and Interface Science, 305, 188–194.

respy, A., A. Revil, N. Linde, S. Byrdina, A. Jardani, A. Bolève, and P. Hen-
ry, 2008, Detection and localization of hydromechanical disturbances in a
sandbox using the self-potential method: Journal of Geophysical Re-
search, 113, B01205, doi: 10.1029/2007JB005042.

aily, W., A. Ramirez, and A. Binley, 2004, Remote monitoring of leaks in
storage tanks using electrical resistance tomography: Application at the
Hanford site: Journal of Environmental and Engineering Geophysics, 9,
11–24.

arilek, G., and D. Laine, 2007, Experience with GCLs used as a conductive
layer in geomembrane leak-location surveys: Geosynthetics, 25, 30–35,
accessed 28 June 2010, http://geosyntheticsmagazine.com/repository/2/
2675/0607gs_digitaledition.pdf.

ournier, C., 1989, Spontaneous potentials and resistivity surveys applied to
hydrogeology in a volcanic area: Case history of the Chaîne des Puys
�Puy-de-Dôme, France�: Geophysical Prospecting, 37, 647–668.

ox, R. W., 1830, On the electro-magnetic properties of metalliferous veins
in the mines of Cornwall: Philosophical Transaction of the Royal Society,
120, 399–414.

rangos, W., 1997, Electrical detection of leaks in lined waste disposal
ponds: Geophysics, 62, 1737–1744.

aas, A., and A. Revil, 2009, Electrical burst signature of pore-scale dis-
placements: Water Resources Research, 45, W10202, doi: 10.1029/
2009WR008160.

ämmann, M., H. R. Maurer, A. G. Green, and H. Horstmeyer, 1997, Self-
potential image reconstruction: Capabilities and limitations: Journal of
Environmental and Engineering Geophysics, 2, 21–35.

ansen, P. C., 1998, Rank-deficient and discrete ill-posed problems: Numer-
ical aspects of linear inversion: Society for Industrial and Applied Mathe-
matics.

ardani, A., A. Revil, W. Barrash, A. Crespy, E. Rizzo, S. Straface, M.
Cardiff, B. Malama, C. Miller, and T. Johnson, 2009, Reconstruction of the
water table from self-potential data: A Bayesian approach: Ground Water,
47, 213–227.

ardani, A., A. Revil, A. Bolève, and J. P. Dupont, 2008, Three-dimensional
inversion of self-potential data used to constrain the pattern of groundwa-
ter flow in geothermal fields: Journal of Geophysical Research, 113,
B09204, doi: 10.1029/2007JB005302.

ardani, A., A. Revil, A. Bolève, J. P. Dupont, W. Barrash, and B. Malama,
2007, Tomography of groundwater flow from self-potential �SP� data:
Geophysical Research Letters, 34, L24403, doi: 10.1029/2007GL031907.

inde, N., A. Binley, A. Tryggvason, L. B. Pedersen, and A. Revil, 2006, Im-
proved hydrogeophysical characterization using joint inversion of cross-
hole electrical resistance and ground-penetrating radar traveltime data:
Water Resources Research, 42, W12404, doi: 10.1029/2006WR005131.

inde, N., and A. Revil, 2007, Inverting self-potential data for redox poten-
tials of contaminant plumes: Geophysical Research Letters, 34, L14302,
doi: 10.1029/2007GL030084.
aineult, A., Y. Bernabé, and P. Ackerer, 2004, Electrical response of flow,
diffusion, and advection in a laboratory sand box: Vadose Zone Journal, 3,
1180–1192.
—–, 2005, Detection of advected concentration and pH fronts from self-
potential measurements: Journal of Geophysical Research, 110, B11205,
doi: 10.1029/2005JB003824.
—–, 2006, Detection of advected, reacting redox fronts from self-potential
measurements: Journal of Contaminant Hydrology, 86, 32–52.
alama, B., K. L. Kuhlman, and A. Revil, 2009a, Theory of transient stream-
ing potentials associated with axial-symmetric flow in unconfined aqui-
fers: Geophysical Journal International, 179, 990–1003, doi: 10.1111/
j.1365-246X.2009.04336.x.
alama, B., A. Revil, and K. L. Kulhman, 2009b, Asemi-analytical solution
for transient streaming potentials associated with confined aquifer pump-
ing tests: Geophysical Journal International, 176, 1007–1016, doi:
10.1111/j.1365-246X.2008.04014.x.
endonça, C. A., 2008, Forward and inverse self-potential modeling in min-
eral exploration: Geophysics, 73, no. 1, F33–F43.
insley, B. J., J. Sogade, and F. D. Morgan, 2007a, Three-dimensional self-
potential inversion for subsurface DNAPL contaminant detection at the
Savannah River site, South Carolina: Water Resources Research, 43,
W04429, doi: 10.1029/2005WR003996.
—–, 2007b, Three-dimensional source inversion of self-potential data:
Journal of Geophysical Research, 112, B02202, doi: 10.1029/
2006JB004262.

audet, V., A. Revil, J.-Y. Bottero, and P. Bégassat, 2003, Relationship be-
tween self-potential �SP� signals and redox conditions in contaminated
groundwater: Geophysical Research Letters, 30�21�, 2091, doi: 10.1029/
2003GL018096.

audet, V., A. Revil, E. Rizzo, J.-Y. Bottero, and P. Bégassat, 2004, Ground-
water redox conditions and conductivity in a contaminant plume from geo-
electrical investigations: Hydrology and Earth System Sciences, 8, 8–22.

ltean, C., and M. A. Buès, 2002, Infiltration of salt solute in homogeneous
and saturated porous media — An analytical solution evaluated by numer-
ical simulations: Transport in Porous Media, 48, 61–78.

arra, J. O., 1988, Electrical response of a leak in a geomembrane liner: Geo-
physics, 53, 1445–1452.

arra, J. O., and T. E. Owen, 1988, Model studies of electrical leak detection
surveys in geomembrane-lined impoundments: Geophysics, 53,
1453–1458.

erry, J. W., C. E. Corry, and T. Madden, 1996, Monitoring leakage from un-
derground storage tanks using spontaneous polarization �SP� method:
66thAnnual International Meeting, SEG, ExpandedAbstracts, 932–935.

evil, A., 1999, Ionic diffusivity, electrical conductivity, membrane and
thermoelectric potentials in colloids and granular porous media: A unified
model: Journal of Colloid and Interface Science, 212, 503–522.

evil, A., M. Darot, and P. A. Pezard, 1996, Influence of the electrical diffuse
layer and microgeometry on the effective ionic diffusion coefficient in po-
rous media: Geophysical Research Letters, 23, 1989–1992.

evil, A., L. Ehouarne, and E. Thyreault, 2001, Tomography of self-potential
anomalies of electrochemical nature: Geophysical Research Letters, 28,
4363–4366.

evil, A., and P. Leroy, 2001, Hydroelectric coupling in a clayey material:
Geophysical Research Letters, 28, 1643–1646.
—–, 2004, Constitutive equations for ionic transport in porous shales:
Journal of Geophysical Research, 109, B03208, doi: 10.1029/
2003JB002755.

evil, A., P. Leroy, and K. Titov, 2005, Characterization of transport proper-
ties of argillaceous sediments: Application to the Callovo-Oxfordian
Argillite: Journal of Geophysical Research, 110, B06202, doi: 10.1029/
2004JB003442.

evil, A., and N. Linde, 2006, Chemico-electromechanical coupling in mi-
croporous media: Journal of Colloid and Interface Science, 302, 682–694.

evil, A., F. Trolard, G. Bourrié, J. Castermant, A. Jardani, and C. A. Men-
donça, 2009, Ionic contribution to the self-potential signals associated
with a redox front: Journal of Contaminant Hydrology, 109, 27–39.

ill, W. R., 1983, Self-potential modeling from primary flows: Geophysics,
48, 76–86.

uski, B., E. Rizzo, and A. Revil, 2004, A sandbox experiment of self-poten-
tial signals associated with a pumping test: Vadose Zone Journal, 3,
1193–1199.
eigel, M., 1989, Self-potential surveys on waste dumps: Theory and prac-
tice, in G.-P. Merkler, H. Militzer, H. Hötzl, H. Armbruster, and J. Brauns,
eds., Detection of subsurface flow phenomena: Lecture Notes in Earth Sci-
ence, 27, 109–120, doi: 10.1007/BFb0011626.


