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In contaminant plumes or in the case of ore bodies, a source current density is produced at
depth in response to the presence of a gradient of the redox potential. Two charge carriers can
exist in such a medium: electrons and ions. Two contributions to the source current density are
associated with these charge carriers (i) the gradient of the chemical potential of the ionic
species and (ii) the gradient of the chemical potential of the electrons (i.e., the gradient of the
redox potential). We ran a set of experiments in which a geobattery is generated using
electrolysis reactions of a pore water solution containing iron. A DC power supply is used to
impose a difference of electrical potential of 3 V between aworking platinum electrode (anode)
and an auxiliary platinum electrode (cathode). Both electrodes inserted into a tank filled with a
well-calibrated sand infiltrated by a (0.01 mol L−1 KCl+0.0035 mol L−1 FeSO4) solution. After
the direct current is turned off, we follow the pH, the redox potential, and the self-potential at
several time intervals. The self-potential anomalies amount to a few tens of millivolts after the
current is turned off and decreases over time. After several days, all the redox-active
compounds produced initially by the electrolysis reactions are consumed through chemical
reactions and the self-potential anomalies fall to zero. The resulting self-potential anomalies
are shown to be much weaker than the self-potential anomalies observed in the presence of an
electronic conductor in the laboratory or in the field. In the presence of a biotic or an abiotic
electronic conductor, the self-potential anomalies can amount to a few hundred millivolts.
These observations point out indirectly the potential role of bacteria forming biofilms in the
transfer of electrons through sharp redox potential gradient in contaminant plumes that are
rich in organic matter.

© 2009 Elsevier B.V. All rights reserved.
Keywords:
Self-potential
Redox potential
Contaminant plume
pH
Sandbox
1. Introduction

Characterization of redox zones is an important goal for
the evaluation of the natural attenuation and remediation
processes of contaminated areas in downstream landfills
(Tuccillo et al., 1999; Christensen et al., 2000; Personna et al.,
2008). However, in situmeasurements of the redox potential in
contaminant plumes are a difficult task (Christensen et al.,
2000). The existence of a non-intrusive redox sensor would be
Green Center, Dept of
3512.

ontinentale et Côtière,

All rights reserved.
therefore an important tool to characterize and image the redox
processes occurring in contaminant plumes and to determine
non-intrusively the activity of redox-active species. Does such
a non-intrusive geophysical method can be developed? We
know that contaminant plumes that are rich in organic matter
are the setting of electrical currents (Naudet et al., 2003, 2004;
Naudet and Revil, 2005; Arora et al., 2007; Linde and Revil,
2007). The occurrence of such a geobattery can be evidenced
through the passive measurement of the electrical potential
distribution at theground surface of theEarth, amethodknown
in geophysics as the self-potential method.

The self-potential method is one of the oldest geophysical
method (Fox, 1830; Bolève et al., 2007; Crespy et al., 2007). It
consists in mapping or monitoring the electrical potential
distribution occurring at the surface of the Earth (or possibly
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in boreholes) using a set of non-polarizing or capacitive elec-
trodes and a high-input impedance (N10MΩ) voltmeter with
generally a sensitivity of at least 0.1 mV. In self-potential
mapping, an electrode (called the reference electrode) is used
as a fixed reference in the field at a base station (generally
upstream) (Naudet et al., 2003, 2004; Arora et al., 2007). A
second electrode (called the roving electrode) is used to scan
the value of the electrical potential at various stations with
respect to the electrical potential of the base station.
Anomalous signals with respect to the base station are called
self-potential anomalies (Corwin and Hoover, 1979).

The existence of a geobattery generating self-potential
anomalies is well known in mineral exploration (e.g., Sivenas
and Beales, 1982; Stoll et al., 1995; Bigalke and Grabner,
1997; Mendonça, 2008). The concept of geobattery was
established by Sato and Mooney (1960) and a non-linear
mechanistic model was developed later by Stoll et al. (1995)
and Bigalke and Grabner (1997) based on the Butler–Volmer
equation developed in electrochemistry (Bockris and Reddy,
1970; Peiffer et al., 1992). The Butler–Volmer equation has
been used to account for the activation energy between
electron donors and the ore body (acting as a passive
electrode) and between the ore body and electron acceptors
(O2 is generally the terminal electron acceptor). Such a
geobattery model connects non-linearly the source current
density to the distribution of the activity of electron donors
and electron acceptors in the vicinity of the ore body.

For contaminant plumes that are rich in organic matter,
very strong (N300 mV) self-potential anomalies have been
observed in the field (Naudet et al., 2003, 2004; Arora et al.,
2007; Linde and Revil, 2007). To explain these anomalies, a
geobattery model was suggested by Naudet et al. (2003,
2004) and later modeled by Arora et al. (2007) and Linde and
Revil (2007) using a phenomenological relationship between
the source current density and the redox potential. This
relationship was first developed empirically using field
observation (Naudet et al., 2003, 2004). A plausible mecha-
nism for the transfer of electrons between the reduced and
oxidized portions of the ground was proposed recently by
Ntarlagiannis et al. (2007). This proposed mechanism was
based on the formation of conductive pili (called nanowires)
between bacteria in a biofilm that may be able to transmit
electrons through a sharp redox front from electron donors to
electron acceptors. Such electron transfer may involve the
symbioses of different bacterial communities.

In this paper, we consider the case of a sharp redox
potential distribution generated in a water-saturated porous
medium with no electron conductor present to bridge
electron donors and acceptors in the system. These experi-
ments demonstrate that despite the absence of electron
conductors, self-potential anomalies can be observed. How-
ever, their magnitudes are much weaker than in the case of
the geobattery associated with an abiotic electronic conduc-
tor (Castermant et al., 2008) or with a biotic electronic
conductor associated with the conductive pili of some
bacteria (Ntarlagiannis et al., 2007).

2. Background

The existence of electrical potential anomalies is associ-
ated with natural source currents occurring in the ground
(e.g., Maineult et al., 2004, 2005, 2006; Crespy et al., 2008).
Various sources of self-potential signals exist in nature. For
example the streaming current is a source current density
associated with the flow of pore water and the thermoelectric
current is a source of current associated with the influence of
temperature upon the chemical potential of ionic species or
electrons (Revil, 1999). A unified model incorporating these
effects for the source current density jS (in A m−2) has been
proposed recently by Revil and Linde (2006). A general model
of self-potential signals in porousmaterials is given by solving
the following two equations for the total current density j,

j · j = 0; ð1Þ

j = σE + jS: ð2Þ

where E is the electrical field (in V m−1). Eq. (1) is the quasi-
static continuity equation for the charge. It implies that the
flux of charges is conservative (no storage of charges). Eq. (2)
is a generalized Ohm's law with a source current density jS. In
the quasi-static limit of the Maxwell equations, the electrical
field E=−∇ψ can be derived directly from an electrostatic
potential ψ (in V) to ensure that ∇×E=0.

According to the model developed by Revil and Linde
(2006, equation 182), the source current density associated
with gradients of the activity (or chemical potential) of the
charge carriers is,

jS = − kbT
XN + 1

i=1

tiσ
qi

jln if g; ð3Þ

where the sum is extended to N-ionic species plus the
electrons acting as an additional charge carrier, kb is the
Boltzmann constant (in J K−1), T is the absolute temperature
(in K), qi is the charge of species i (in C), ti is the microscopic
Hittorf number of the ionic species i in the pore water, σ is
the total electrical conductivity of the porous material, and {i}
represents the activity of the species i. The microscopic
Hittorf number of the electrons represents the fraction of the
total current transported by the electrons and can be defined
from a model of electronic conduction inside the pore space
of the porous material like the conductive pili of bacteria as
discussed further in Section 5 below. No free electrons exist in
water.

Eq. (3) implies that two contributions may exist to
compute self-potential signals associatedwith concentrations
of the charge carriers. The first contribution is related to the
gradient of the chemical potential of all the ionic species that
are present in the pore water. This contribution is called the
diffusion current (Cussler, 2008). This process is at the origin
of the well-known diffusion potential in electrochemistry
(Maineult et al., 2006; Revil and Linde, 2006 and reference
therein) and the self-potential signals in boreholes in
sedimentary basins (Doll, 1949). The second contribution is
related to the activity of the electrons and is called the
electro-redox current density (see recent abiotic experiments
by Castermant et al., 2008 and biotic experiments by
Ntarlagiannis et al., 2007). Because electrons do not freely
exist in water, this contribution requires a biotic or an abiotic
electronic conductor. This contribution will be discussed in
more details in Section 5.
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In the next sections, we are interested by the self-potential
signals associated with the gradient of the chemical potential of
the ionic species in the pore water and especially by their
magnitude.

3. Experimental setup

The equipment we used consists of a generator of direct
current, a working platinum (Pt) electrode (labeled WE
below and corresponding to the anode, Radiometer analyt-
Fig. 1. Sketch of the experimental setups. a. Experiment 1. In Phase 1, a current g
electrons released at the anode is the same as those introduced at the cathode. b. In P
performed at different time intervals. Metallic particles of fougerite are observed to
ical®, XM-140 type), an auxiliary platinum electrode (labeled
AE below and corresponding to the cathode, Radiometer
analytical®, XM-140 type), one or two Plexiglas™ sandboxes,
an electrolyte of known composition (Fig. 1a), a potentiostat/
galvanostat generator (Tacussel®, PTJ 16-0.6 type), one refer-
ence electrode Ag/AgCl (denoted “Ref”) (Radiometer analyti-
cal®, REF321/XR300 type.

Two experiments were performed and in both, the water
table was maintained constant. In the first experiment, the
WE and AE electrodes were located inside the same
enerator is used to favor electrolysis reaction during 6 days. The amount of
hase 2, themeasurement of self-potential (SP), pH, and redox potential (EH) is
be formed at the working electrode. c. Experiment 2, Phase 1.
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Plexiglas™ sandbox (Fig. 1a and b). In the second experiment,
they were located in two distinct sandboxes connected
together with a saline (agar) bridge (Fig. 1c). Their dimen-
sions were 56 cm in length, 36 cm width, and 17 cm depth.
The sand had a lognormal grain size distribution with a grain
size comprised between 100 and 160 µm and a mean grain
size of 132 µm. The porosity of the sand is 0.34±0.01. X-ray
diffraction (XRD) analysis showed that it contained 95% silica,
4% orthoclase feldspar, and less than 1% albite. The sand was
saturated by an electrolyte solution composed of ultra pure
water (18 MΩ, ultra violet treatment) plus 0.01 mol L−1 KCl
(Labosi®), 0.0035 mol L−1 FeSO4 (Labosi®), and 135 µL L−1 of
formaldehyde (Sigma®). Formaldehyde was added to the
electrolyte to prevent the growth of bacteria. Possible adverse
effects of the presence of 135 µL L−1 of formaldehyde in the
pore water were evaluated, and showed no change in the pH
and redox potential of the solution. Additionally, the electrical
Fig. 2. Distribution of the self-potential at the top surface of the tank for Experimen
current was turned off. Their location is marked by the small filled circles on the map
working and auxiliary electrodes. The stars (labeled P1 to P5) represent the loc
corresponds to the position of the reference electrode.
conductivity and pH of the solution were measured in several
places and were determined to be uniform with the
conductivity equal to 0.110 S m−1 at 25 °C and with the
initial pH in the tank equal to 5.5.

To optimize the parameters of the electrolysis, prelimi-
nary tests were made to induce redox reactions in well-
defined regions of the sandbox. The goal was to create strong
redox fronts with known physico-chemical characteristics at
known locations. The tension between the two platinum
electrodes was tested in the range 1 to 4 V. The amount of
electrons produced at the anode is the same as those released
at the cathode. Chemical redox reactions were found to occur
for a voltage of at least 3 V for a reasonable time frame
(5 days). The depth of the Pt electrodes was selected to be at
3 cm after different tests.

The pH was measured with a pH-meter (WTW®, pH 330/
SET-1 type) and a combined electrode pH (WTW®, pH/T
t 1 (Phase 2). The measurements are taken (a) 3 h and (c) 48 h after direc
s. The two filled circles in the middle of the tank represent the position of the
ations where the self-potential was measured over a depth interval. “Ref”
t



Fig. 4. Distribution of the corrected redox potential across a profile in the
tank (along y at x=25 cm, see Fig. 3). The measurements are taken at a
depth of 3 cm, 3 h after the DC power supply was shut down at the end of
Phase 1. The two arrows show the position of the working (anode) and
auxiliary (cathode) electrodes.
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SENTIX 41 type). The redox potential was measured with
redox combination electrodes (InLab501 from Mettler Tole-
do®); the data (EAg/AgCl) can be converted to the normal
hydrogen electrode value (ENHE) using ENHE=EAg/AgCl+
208.56 mV (Macaskill and Bates, 1978). Values of the redox
potential were corrected using this formula.

The self-potential signals were measured with a couple of
Ag/AgCl non-polarizing electrodes (REF321/XR300 from
Radiometer Analytical®) and a calibrated voltmeter (MX-20
from Metrix with a sensitivity of 0.1 mV). One electrode (the
reference electrode) was kept fixed at the edge of each
sandbox. This electrode was labeled “Ref” on the self-
potential maps. The electrode used to scan the electrical
potential with respect to the reference electrode (called the
roving electrode below) was moved at each self-potential
station following a regular lattice pattern at the surface of the
tank. All the self-potential data displayed below were
corrected from the static difference of electrical potential
between the electrodes, which was checked at the beginning
and at the end of each set of measurements.

3.1. Experiment 1

In this experiment, the anode and the cathodewere placed
in the same sandbox (Fig. 1a and b). Once the box was filled
with sand saturated with electrolyte solution described
above, the system was kept quiet during 12 h for self-
compaction of the sand. Then the applied voltage (3 V) was
maintained during 6 days (Phase 1). A dark precipitate was
observed around and below the working electrode (anode).
Thermodynamic calculations and the analysis of XRD data
indicate that this precipitate was GR-SO4 where GR stands for
green rust (see Appendix A). The pH, the redox potential, and
the self-potential distribution were mapped at different time
Fig. 3. Distribution of the corrected redox potential inside the tank, at a depth of 3 cm,
agree with the position of the anode and the cathode. The shape of this anomaly is quite
the same time (see Fig. 2a). Because we used Ag/AgCl electrodes, the correction is ENH
intervals (30 min, 3 h, and 48 h) after the direct current of the
DC power supply was turned off (Phase 2). The distribution of
the self-potential data at the top surface of the tank is shown
in Fig. 2 and the distribution of the redox potential is shown in
Figs. 3 and 4. A decrease of the self-potential anomaly over
time was observed. The roving electrode was also used to
scan the self-potential signals at a set of depths (2, 4, 6, and
8 cm) at 5 distinct locations labeled P1 to P5 (Fig. 5). The (x, y)
coordinates of these points (in cm) were P1(7,22), P4(25,8),
3 h after the DC power supplywas shut down. The peaks of the dipolar anomaly
similar to the self-potential anomalymeasured at the top surface of the tank at

E=EAg/AgCl+208.56 mV where T is the temperature in °C.



Fig. 5. Variation of the self-potential signals with depth and time with
respect to the reference electrode. a. Self-potential signals versus depth 3 h
after the DC power supply was shut down. These profiles are shown at 5
distinct locations in the tank (see x and y coordinates on Fig. 2b and c). b.
Self-potential signals versus time at 1 cm from the working and auxiliary
electrodes.

Fig. 6. Distribution of the redox potential, self-potential, and pH along two
profiles in Experiment 2. Profile 1 passed through the position of the anode
(y=16 cm) and the second profile passed through the position of the
cathode in the second tank (y=46 cm).
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P5(28, 10), P2(25,18), and P3(28,16). The self-potential sig-
nals do not vary significantly with depth. This experiment
was repeated several times and found to be repeatable to
within 10%.

3.2. Experiment 2

To avoid having the two self-potential anomalies partly
superimposed, the experiment as previously discussed was
repeated, but with the cathode and the anode into two
identical and separate sandboxes connected by a salt bridge.
The salt bridge was built up with a flexible capillary contain-
ing a gel obtained by mixing 100 mL of hot water, 30 g KCl,
and 3 g of agar-agar and its electrical conductivity was 0.060 S
m−1 at 25 °C. Additional combined redox electrodes
connected to a data logger (Lascar EL2-2-12 bit, Easy-log
data logger) were placed at 4 cm from each electrode of
electrolysis continuously monitoring and recording the redox
potential. As in Experiment 1, the system was kept quiet
during 12 h; then the electrolysis reaction was conducted
during 6 days with regular stops of the application of direct
current each time after 22 h of operation (each stop was 2 h
long) permitting the acquisition of the kinetic self-potential
distributions at the surface of each box and with pH
measurements near the electrolysis electrodes. After 6 days,
the pH and both the redox and self-potential distributions
were measured 30 min, 3 h, and 48 h after the shut down of
the DC power supply. Two horizontal profiles of the pH, the
redox potential, and the self-potential are shown in Fig. 6. The
results of the experiment for Phase 1 are shown in Figs. 7 and
8. The self-potential anomaly in the vicinity of the cathode
grows nearly linearly with time. Its minimum is shown to be
~−7 to −9 mV (Fig. 7). The surface area of the self-potential
positive anomaly is several times smaller at the anode by
comparison with the cathode. Its maximum is between 7 and
13 mV (Fig. 7). Phase 2 shows similar results as the first
experiment and are not shown here.

4. Nature of the self-potential signals

4.1. Description of Phase 1

During Phase 1, a fixed potential was applied during
6 days of operation causing cations and anions to accumulate
at the cathode and anode, respectively. Electrolysis of water
also causes large changes in the pH, speciation of the aqueous
components, and precipitation of Fe-hydroxides (green rust)



Fig. 7.Map of the self-potential (SP) at different time intervals during Phase 1 (Experiment 2, total duration of Phase 1: 6 days). To measure the self-potential, the
DC power supply was shut down for 2 h. The two reservoirs are connected by a salt bridge (see Fig. 1c). The black dots indicate the stations where the self-potential
was measured.
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Fig. 8. Evolution of the pH and the redox potential at the cathode and at the
anode as a function of time (Experiment 2, Phase 1, total duration of Phase 1:
6 days).
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at the anode. The ionic species that were in solution are Fe2+,
Cl−, SO4

2−, K+, H+, and OH−. The cation Fe3+ was not present
because it is used to form the green rust at the anode. There
were three transport processes of transport at work in Phase
1: electromigration, electroosmosis, and diffusion. Their
relative efficiency can be compared by comparing their
respective characteristic time scales. Figs. 9a and b shows
the possible electrochemistry during Phases 1 and 2,
respectively.

Electromigration is the transport of ions under the
influence of an electrical field. The velocity of an ion is
given by the product of its mobility and the magnitude of the
electrical field. The characteristic time scale for electromigra-
tion is therefore given by,

τe =
L
βE

=
L2

βδψ
; ð4Þ

where β is the value of the mobility of a given ion, E the norm
of the electrical field, δψ is the applied electrical potential, and
L is the distance between the two electrodes. Taking for
example β(OH−)=20.6×10−8 m2 s−1 V−1, L=6 cm (see
Experiment 1), and δψ=3 V, we obtain τe≈1.6 h. This is a
very short term by comparison with the total duration of
Phase 1 (6 days) so it was concluded that electromigration
was a very effective transport mechanism during Phase 1.
This mechanism drives the accumulation of H+ at the cathode
(resulting in a low pH at the cathode). It drives also the
accumulation of OH− at the anode explaining the high pH at
the anode. The source of H+ and OH− is provided directly by
the decomposition of the water molecules and this source is
therefore present everywhere in the sandbox.

In general, an electrical field applied to a water-saturated
porous material is responsible for the flow of the pore water.
This flow is explained, at the microscopic level, by the viscous
drag of the pore water by the excess of electrical charge
existing into the diffuse layer coating the surface of the grains,
and is called electroosmosis. This occurs in the direction of the
electrical field for pH greater than the point of zero charge
(pzc) of the mineral surface (typically pH(pzc)=3 for silica).
The flow is in the opposite direction of the electrical field for
pH below pH(pzc). Using the model developed by Revil and
Leroy (2004) and Revil et al. (2005), the characteristic time
scale of electroosmosis is given by,

τh =
L2ηf/
kQVδψ

; ð5Þ

where the value of the porosity is given byϕ=0.34,ηf=10−3 Pa
s, the value of the permeability is k=7.3×10–12m2 (determined
by a constant head method), and the excess of charge (of the
diffuse layer) per unit pore volume is Q̄̄V̄=0.77 C m−3 (see
Crespy et al., 2008 who used the same sand than in our
experiment). This yields a characteristic time constant equal to
20.6 h. This value is smaller than the duration of Phase 1, so
electroosmosis is an effective transportmechanism during Phase
1, but it is much less effective than electromigration. Because the
pH in the vicinity of the cathode is close to 3, this process in not
effective in the vicinity of the cathode.

A third mechanism of transport is diffusion of the ions
resulting from the existence of a gradient in their chemical
potential. The characteristic time scale for diffusion is,

τd =
L2

D
; ð6Þ

where D is the diffusion coefficient (in m2 s−1). Taking
L=6 cm and D=2×10−9 m2 s−1, a characteristic time
constant of 21 days is calculated. This is a very long
characteristic time by comparison with the two previous
processes, and was determined to be the least significant
process.

Consequently, electromigration was the main transport
mechanism in Phase 1 and explains why the value of the pH
and the redox potential reaches steady-state values very quickly
(Fig. 8) at the anodeand the cathode. The analysis of thepHat the
anode and at the cathode (2.8 at the cathode and 10.8−11.2 at
the anode) indicates that approximately 10−2.8 mol L−1 of H+

and OH− were generated in Phase 1 of the second experiment.

4.2. Description of Phase 2

At the end of Phase 1, the DC power supply was shut down
and all of the species that had accumulated at the anode and
cathode (Fe2+, Cl−, SO4

2−, K+, H+, and OH−) diffuse freely in
their concentration fields. Additionally, the oxidation of the
fougerite at the anode yielded goethite and released sulfate.
In Phase 2, noticeable self-potential anomalies can be
associated with the redox front observed in Fig. 3. The
redox potential gradient resulting from electromigration



Fig. 9. Transfer of charge and electrochemical reactions in the two phases of the experiment. Note that in Phase 2, there is a source term for the diffusion of sulfate
and iron III at the anode corresponding to the oxidation of the fougerite formed in Phase 1.
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during Phase 1 was over 20 V/m. This is a very strong value.
However, the observed self-potential anomalies amounted
only to few tens of millivolts. These anomalies are therefore
much smaller than the anomalies expected in the presence of
an electronic conductor bridging a sharp redox front (see Sato
and Mooney, 1960, for ore bodies, Castermant et al., 2008 for
the corrosion of an iron bar in a sandbox, Arora et al., 2007, for
contaminant plumes, and Ntarlagiannis et al., 2007, for a
biotic column experiment). In the presence of an electronic
conductor, the expected self-potential anomalies can amount
several hundreds of millivolts. The diagram of stability of
fougerite is shown in Fig. 10. It is built using the reactions
displayed in Table 1.

The self-potential tomographic algorithm developed by
Jardani et al. (2007, 2008) was used to determine the position
of the source current density jS responsible for the self-
potential signals. As expected, the tomography revealed two
sources of the self-potential signals corresponding to two
elongated source volumes located at the position of the
platinum electrodes with maxima just below the electrodes
(Fig. 11). The fact that the maxima of the source current
densities were located below the two electrodes was not
surprising, because the concentrations of the identified
species in the pore water increased over time in the vicinity
of the electrodes. This created a pore solution that was denser
than the surrounding pore fluid. The fact that the source of
the observed self-potential anomalies were shown to be
elongated vertical source volumes also explains the approx-
imate depth invariance of the electrical potentials (see
Fig. 5a). At the anode, the precipitation of fougerite that



Fig. 10. Stability diagram for SO4-GR (fougerite). The initial activities of the
species in the experimental conditions: log[Fe2+]=−2.76, log[FeOH+]=
−5.260, and log[SO4

2−]=−2.783.
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occurred in Phase 1 was observed mostly a little below the
anode (see Section 3).

5. Discussion

The previous analysis implies that the potential contribu-
tion of the ions in generating self-potential anomalies is
relatively small with only few tens ofmillivolts of self-potential
anomalies. Clearly, this cannot explain the giant (N300 mV)
self-potential anomaly observed above contaminant plumes
like the one associated with the landfill of Entressen, in the
south of France (Naudet et al., 2003). Naudet et al. (2003) also
observed a very strong correlation between the self-potential
signals (corrected for the streaming potential contribution
associated with the flow of the ground water) and the in situ
measurements of the redox potential in the contaminated
aquifer. We can explain this observation as follows.
Table 1
Redox reaction for the stability domain of SO4-fougerite.

Chemical reactions

H2⇆2H
þ þ 2e− ð1Þa

Fe
2þ þ H2O⇆FeOH

þ þ H
þ ð2Þb

FeOH
þ þ H2O⇆FeðOHÞ2 þ H

þ ð3Þb

Fe
2þ þ 2H2O⇆γFeOOH þ 3H

þ þ e− ð4Þb

FeðOHÞ2⇆γFeOOH þ H
þ þ e− ð5Þb

6Fe
2þ þ SO

2−
4 þ 12H2O þ⇆ þ Fe6ðOHÞ12SO4 þ 12H

þ þ 2e− ð6Þc

Fe6ðOHÞ12SO4⇆6γFeOOH þ SO
2−
4 þ 6H

þ þ 4e− ð7Þc

6FeðOHÞ2 þ SO
2−
4 ⇆Fe6ðOHÞ12SO4 þ 2e− ð8Þc

a Water stability domain.
b Iron species.
c Sulfate containing media.
The Hittorf number ti of species i (dimensionless)
represents the fraction of electrical current carried by species
. It is defined by,

ti =
βiCi jqi j

PN + 1

i=1
βiCi jqi j

; ð7Þ

for i=1,…N+1 (N-ionic species, the notation “+1” corre-
sponds to electrons as an additional species) andwhere βi the
mobility of species i. If an electronic conductor is present in
the system, the mobility of electrons in this electronic
conductor is much higher than the mobility of the ions in
the pore space of the porous material (Bockris and Reddy,
1970). This means that the Hittorf numbers for the dissolved
species 1, N are zero and that for the electron is ~1. Using
Eq. (3) with qe−=−e where e is the elementary charge, the
source current density can be written as,

jS =
kbT
e

σjln e−f g; ð8Þ

where {e−} represents the effective activity of the electrons.
The relative electron activity, as an intensity parameter for
the pore water, is defined as pε=− log{e−} (e.g., Christensen
et al., 2000). The redox potential (in V) is defined through the
Nernst equation by (e.g., Christensen et al., 2000),

EH = 2:3
kbT
e

pe; ð9Þ

where T is the absolute temperature in K, and kb is the
Boltzmann constant. With these definitions, we obtain,

jS = − σjEH; ð10Þ

which provides a theoretical foundation to the works made
by Linde and Revil (2007) who used Eq. (10) to establish a
relationship between the self-potential and redox potential
over the contaminant plume of Entressen (see Arora et al.,
2007). Linde and Revil (2007) used Eq. (10) to invert the self-
potential signals recorded at the ground surface downstream
Equilibrium relationships

EH=0.000−0.0591 pH

8.98=log[Fe2+]− log[FeOH+]+pH

4.35=log[FeOH+]+pH

EH=0.99−0.0591 log[Fe2+]−0.1773 pH

EH=0.197−0.0591 pH

EH=1.78−0.1773 log[Fe2+]−0.0296 log[SO4
2−]−0.3546 pH

EH=0.59+0.0148 log[SO4
2−]−0.0887 pH

EH=−0.57−0.0296 log[SO4
2−]



Fig. 11. Tomography of the self-potential signals 3 h after the DC power supply was shut down. The tomography shows that the positions of the two sources of
electrical current are vertical sources with the maximum in the source current density located below both the cathode and the anode.
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the landfill of Entressen in the South of France in the purpose
of determining the distribution of the redox potential in the
contaminated unconfined aquifer. They also used electrical
resistivity tomography for the distribution of the electrical
conductivity of the ground. They were successful in retrieving
the in situ distribution of the redox potential in the
unconfined aquifer of Entressen assuming that the source
current density was located in the capillary fringe where a
sharp transition in the redox potential is often noticed
(Wadey et al., 2001; Ashworth and Shaw, 2006). This implies
that a possibly biotic electronic conductor should be present
at the capillary fringe of the unconfined contaminated
aquifer.

Because there are no free electrons in the pore water, if an
electronic conductor is required to bridge electron donors
and electron acceptors in the capillary fringe, one may
wonder about the nature of this electronic conductor. While
the answer to this question deserves a paper in itself, a brief
explanation for a potential mechanism can be envisioned in a
contaminant plume that is rich in organicmatter and a porous
material characterized by a small capillary fringe. Reguera
et al. (2005), Gorby et al. (2006), and Ntarlagiannis et al.
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(2007) showed that both Geobacter sulfurreducens and She-
wanella oneidensi have, under specific conditions, conductive
pili that can serve as electronic conductors between electron
donors and electrons acceptors. While geobacter works only
in anerobic conditions, S. oneidensi is a facultative adaptive
bacteria that can use oxygen as terminal electron acceptor.
The pili of G. sulfurreducens have an electrical conductivity in
the range 100 to 1000 S m−1 (Reguera et al., 2005). Bacterial
cells of S. oneidensi containing deletion mutations in the pilD
gene and that do not produce conductive pili do not produce
strong self-potential signals (Gorby et al., 2006; Ntarlagiannis
et al., 2007). Networks of pili have also been observed by E.
Atekwana at the fringe of a contaminant plume (E. Atekwana,
personal communication, 2008).

Because bacteria are very effective catalysts, they also
lower the activation energy between electron donors and
electron acceptors. All these observations suggest that
bacteria may have a strong role in the type of geobattery
existing in contaminant plumes. This potential role of bacteria
needs however to be further investigated before definitive
conclusions can be reached but this finding has very strong
potential applications including for bioremediation of con-
taminant plumes because the process can be inverted
(providing electrical energy to increase the metabolism of
the bacterial communities).

6. Conclusion

There are two main conclusions that can be drawn from
the experiments discussed in the work described here. The
former is related to the fact that only modest self-potential
signals are generated in a porousmaterial in the absence of an
electronic conductor but in the presence of a sharp redox
potential gradient. While the model described by Arora et al.
(2007), Linde and Revil (2007), and Castermant et al. (2008)
predicts self-potential signals of the same order of magnitude
as the redox potential in the presence of an electronic
conductor (in agreement with field and laboratory observa-
tions), the experiments described above show that only a few
tens of millivolts are produced through a 20 V/m sharp redox
potential front. This implies in turn that an electronic
conductor should be present in the field to explain the very
strong self-potential anomalies observed by Arora et al.
(2007) and Linde and Revil (2007).

The second conclusion is that despite their small
magnitudes, the diffusion potentials observed in our
experiments were measurable and can be easily observed
in the field in cases where there is no contribution from the
transfer of electrons through a biotic or an abiotic electronic
conductor. New devices have been developed recently from
electroencephalography and applied to geophysical self-
potential problems (Crespy et al., 2008). They allow to
measure self-potential signals with a very high accuracy
(submicrovolts).

The coupling of the modeling of self-potential signals
(Maineult et al., 2005, 2006; Linde and Revil, 2007) and DC-
resistivity signals (Shevnin et al., 2005) to reactive/transport
codes (including the important role of biochemistry, see
Hunter et al., 1998) is a very important step to predict the
value of the self-potential signals and resistivity data over
contaminant plumes. In turn, this implies that the inversion
of these (geophysical) signals would be possible, inside a
stochastic framework, to constrain the electro(bio)chemistry
at play in certain types of contaminant plumes, like those
associated with landfills.
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Appendix A

X-ray measurements (XRD) were performed with a
sample of sand collected in the tank at a position where the
sand colored in a blue–green color just below the position of
the anode. Once taken, this samplewas immediately placed in
the X-ray diffraction apparatus (PANalytical, Co-Kalpha1,
theta/theta) before it gets oxidized by air. The characteristic
peaks observed for the sand used in this study were observed
plus an additional small peak at 11.0–11.6 Å. This peak is
consistent with the main 001 peak of the GR-SO4 where GR
stands for green rust (Trolard and Bourrié, 2008). This peak
cannot be misled with the peak associated with mixed-layer
clays because no such clays were present in the sand.

We show now that the SO4-green rust is stable accounting
for the conditions of pH, EH, and Fe. Because of the presence of
both chloride and sulfate, two possible forms of fougerite are
GR-Cl (corresponding to Fe3(II)Fe1(III)(OH)8·Cl) and GR-SO4

(corresponding to Fe4(II)Fe2(III)(OH)12·SO4). The two reac-
tions for the formation of these two green rusts are,

Fe4ðIIÞFe2ðIIIÞðOHÞ12·SO4 þ 12Hþ þ 2e−⇔6Fe2þ

þSO2−
4 þ 12H2O;

Fe3ðIIÞFeðIIIÞðOHÞ8·Cl þ 8Hþ þ e−⇔4Fe2þ þ Cl− þ 8H2O:

ðA2Þ
There is a competition between the two reactions,

which can be combined to give,

2GR � SO4 þ 3Cl− þ e−⇔3GR � Cl þ 2SO2−
4 ; ðA3Þ

logQ ¼ 2log½SO2−
4 �−3log½Cl−�−log½e−�: ðA4Þ

In the pore water solution, the concentration in KCl is 0.01M
and the concentration in FeSO4 is 0.0035. The corrected redox
potential is −469 mV. This yields a pε=−7.95. We used
PHREEQC (Parkhurst and Appelo, 1999) to compute the specia-
tion in theporewater solution. This yields logQ=−7.32.Wecan
compute now the equilibrium constant of reaction (A3). Using
the Gibbs free energy of formation of the various components
implied in reaction (A3), we obtain log K=−8.69. Because log
QN logK,wecanconclude that the sulfate formof thegreen rust is
stable. The ideal setting for the precipitation of SO4-green rust is
a pH comprised between 8 and 11 and a redox potential com-
prised between−540mV and−469mV. This represents a non-
negligible volume in the tank in the vicinity of the anode.

(A1)
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