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1. INTRODUCTION

SUMMARY

The dam of Lampy (Black Mountain, Aude, France) is considered as one of the oldest dams
in France. A geophysical survey is performed to better understand the pattern of groundwater
flow downstream of this dam in the granitic substratum. Induced polarization is first used to
image both electrical conductivity and normalized chargeability. Eight core samples of granite
from this site are measured and analysed in the laboratory. Their electrical conductivity and
normalized chargeability are expressed as a function of the porosity and cation exchange
capacity (CEC). The field data and the petrophysical results are used to image the water
content, the CEC and the permeability distribution of the substratum. Then, self-potential is
used as a complementary passive geophysical technique, which, in absence of metallic bodies,
is directly sensitive to groundwater flow through the so-called streaming potential effect.
Indeed, the excess of electrical charges in the vicinity of the solid grains, in the so-called
double layer, is dragged by the ground water flow generating in turn an electrical (streaming)
current and therefore an electrical field. A map of the resulting self-potential signals is done
over the area covered by the induced polarization profiles. This map shows a large positive
anomaly with an amplitude of ~80 mV possibly associated with upwelling groundwater in an
area where the soil is water-saturated. A groundwater flow simulation is performed to model
this anomaly. This is done in two steps. A preliminary groundwater flow model is built using
the permeability and water content distributions obtained from the induced polarization data.
Then, this groundwater flow model is updated using the information contained in the self-
potential data including the electrical conductivity distribution obtained through resistivity
tomography. The algorithm for the inversion of the self-potential data is validated through
a 2-D numerical test. This analysis yields a groundwater flow model with the flow being
focused through a high permeability zone. This study shows how three geoelectrical methods
(self-potential, induced polarization and electrical resistivity) can be efficiently combined to
image groundwater flow in the vicinity of a dam.

Key words: Electrical properties; Permeability and porosity; Electrical resistivity tomogra-
phy (ERT); Induced polarization; Hydrogeophysics.

instance in order to characterize groundwater flow and leaks poten-
tially present in dams and embankments (e.g. Panthulu et al. 2001;

Geoelectrical methods are considered to be powerful and non-
intrusive methods to image subsurface properties in a variety of
environments (Karaoulis e al. 2011; Revil ef al. 2012; Binley et al.
2015). This is especially true in the realm of hydrogeology, for

© The Author(s) 2024. Published by Oxford University Press on behalf of The Royal Astronomical Society. This is an Open Access
article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which

Ling et al. 2019; Soueid Ahmed er al. 2019, 2020a, b).

The self-potential method (Rozycki et al. 2006; Soueid Ahmed
et al. 2019; Xie et al. 2021), the electrical conductivity/resistivity
method (Fransisco et al. 2018; Himi et al. 2018) and the induced
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Figure 1. Lampy dam in France. (a) Localization of the dam in the South of France (the position of the dam is shown by the open circle). (b) The dam is
located in the Black Mountains between the cities of Toulouse and Carcassonne (position of the dam: open circle). (c) Picture of the dam built in 1782. The
dam is made of granite blocks cemented with lime. The picture shows 6 of the 10 buttresses (labelled 1-10 through the paper). At the feet of buttress 8, we

observe the presence of a small spring.

Figure 2. Position of the Spring B at the toe of buttress 8. (a) Picture
showing the spring channelled here at its outlet through a pipe to monitor
and quantify the outflow rate. (b) Picture showing the spring in winter. This
observation raises the question to know if this spring can be considered as
a leak or a short-path ground water flow associated with one of the water
channel located a bit above the spring.

polarization method (Abdulsamad ef al. 2019) have independently
played a role in localizing leakages and flow patterns in dams and
embankments.

Induced polarization is an active galvanometric (geoelectrical)
method used to image the subsurface normalized chargeability (in
addition to electrical conductivity, see Titov ef al. 2002; Kemna et al.
2012, and references therein). The electrical conductivity describes
the ability of a rock/sediment to let the current flow through when
submitted to an imposed electrical field. The normalized chargeabil-
ity describes the ability of the material to store electrical charges
and to reversibly ‘discharge’ when the applied electrical field is re-
moved (e.g. Shuey & Johnson 1973; Soueid Ahmed ef al. 2018).
Developed initially by Schlumberger (1920) for the exploration of
ores, this prospecting method is now broadly used in environmental
geophysics (e.g. Borner et al. 1993; Johnson et al. 2010; Binley
et al. 2015). Its underlying physics can be understood thanks to
pore scale models (Rosen ef al. 1993; Revil 2013a, b).

The electrical conductivity and normalized chargeability are in-
fluenced by the electrical double layer coating the surface of the
grains and formed by the Stern and Gouy—Chapman diffuse layers
at the nanoscale (e.g. Waxman & Smits 1968; Vinegar & Wax-
man 1984; Hao et al. 2016; Niu et al. 2016). The Stern is associ-
ated with weakly sorbed counterions onto the surface of the grains
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Figure 3. Polarization of a granite. (a) The presence of clay minerals in the granite (because of its alteration) has a drastic effect in time-domain-induced
polarization since, because of their small sizes, they are the first grains to get fully polarized in an applied electrical field. (b) Equivalent electrical circuit
with a resistance R; (conduction in pore space and diffuse layer) in parallel with a resistance R, (conduction in the Stern layer) in series with a capacitance C
representing the capacitance of the grains. The presence of the electrical double layer coating the surface of the grains has an effect on both conduction and
polarization. It controls directly the occurrence of (induced) polarization. (c) Time-lapse response of the equivalent circuit. Time-domain-induced polarization
is based on this principle with a box current (strength /) characterized by a period generally comprised between 0.1 and 10 s. In this paper, we use a period
of 1's. Note that the apparent normalized chargeability determined from the first window of the decay curves for the secondary voltage depends on the period

used for the current injection.

(Stern 1924) while the diffuse layer contains counterions and co-ions
connected to the surface charge density through only the Coulombic
force (Gouy 1910). A petrophysical model based on the so-called
dynamic Stern layer model (e.g. Rosen et al. 1993; Leroy et al.
2008; Revil 2013a, b) can be used to obtain images of the water
content, cation exchange capacity (CEC) or specific surface area
of the porous material and permeability of the subsurface (Revil &
Gresse 2021).

The self-potential method is a passive geoelectrical technique
sensitive to groundwater flow (Sill 1981, 1983; Soueid Ahmed et al.
2013; Revil et al. 2017). As pointed out above, the grains of a
porous material are surrounded by the electrical double layer. The
flow of the pore water drags part of the excess of electrical charge
of the diffuse layer located in the pore space generating a source
of electrical current. There is a so-called shear plane where the
relative difference of the velocity between the fluid phase relative
to the solid phase is null. The part of the diffuse layer located
beyond this shear plane inside the pore space is susceptible to be
dragged by the flow of the pore water. In turn, this source of current

generates electromagnetic disturbances through the porous material.
These electromagnetic disturbances can be remotely measured and
inverted to characterize groundwater flow (Revil & Jardani 2013;
Rittgers et al. 2015; Soueid Ahmed et al. 2016). A self-potential map
is amap of the electrical potential distribution obtained at the ground
surface with a voltmeter (input impedance > 10 M€; sensitivity
of 0.1 mV) with respect to a point called the reference (a fixed
electrode corresponding to a zero electrical potential from which
the self-potential anomalies are considered, see Revil & Jardani
2013).

The self-potential anomalies can be inverted using geophysical
methods developed in the realm of potential field techniques in
hydrogeophysics (Revil & Jardani 2013; Shamsipour et al. 2013),
volcanology (Kuwano et al. 2015) and ElectroEncephaloGraphy
(EEG) in medical imaging (Grech et al. 2008). Regarding EEG,
there is a lot knowledge to be gained from EEG imaging and to
be transferred in the inversion of self-potential data. Groundwater
flow pattern (Darcy-velocity distribution) can be recovered at any
scale as discussed by Revil & Jardani (2013), and references therein.
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Figure 4. Underlying physics of the streaming current. (a) A clay crystal is characterized by different crystalline planes that are charged through two different
mechanisms (acid/base reactions and isomorphic substitutions). (b) Sketch of the TOT structure of a clay mineral like smectite with T the tetrahedral layer based
on the chemistry of silicium Si (with possible isomorphic substitution with aluminium Al) and O the octahedral layer based on the chemistry of aluminium
(with possible isomorphic substitution with magnesium Mg and iron Fe). (c) The sites on the clay crystal edges are usually amphoteric sites (i.e. the charge is
pH-dependent) and charges associated with isomorphic substitutions on the basal planes (which are pH-independent). (d) The electrical double layer is formed
by the Stern layer of sorbed counterions and the diffuse layer. (¢) Flow of water in the pore space. (f) Streaming current density js produced by the drag of the
mobile excess of charge located in the pore space by the flow of the pore water.
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Figure 5. Plot of the effective charge density (in C m~3, see Appendix
A) versus permeability (in m?). The trend is obtained using a broad col-
lection of cores displaying various lithologies. This indicates the universal
character of the trend. The pore water are characterized by near neutral
pH values (5 < pH < 8). The data are from Ahmad (1969), Casagrande
(1983), Friborg (1996), Pendra et al. (1999), Revil et al. (2005b, 2007),
Jardani et al. (2007), Sheffer (2007), Boléve er al. (2007b) and Jougnot
et al. (2012). The variations cover 10 decades in excess charge density and
permeability.

Other mechanisms of subsurface source current densities are possi-
ble. For instance, the membrane polarization results from the pres-
ence of a salt concentration gradient (Maineult ef a/. 2006) and the
thermoelectric effect is associated with the presence of a temper-
ature gradient (e.g. Revil 1999). In addition, the (bio-)geobattery
mechanism has been observed in presence of a biotic or abiotic
electronic conductors crossing areas of different redox potentials
(Revil et al. 2023a). That said, in most cases, in absence of metal-
lic body, the electrokinetic conversion mechanism associated with
ground water flow is dominant (Revil & Jardani 2013).

Since induced polarization is sensitive to permeability and self-
potential is sensitive to the Darcy velocity, they can be naturally
combined to get more insights into groundwater flow. This is the
task of this paper to provide a road map in this direction with a spe-
cific application to the detection and quantification of groundwater
flow downstream from a dam in a granitic substratum. More pre-
cisely, the application made in the present paper is to characterize
groundwater flow below the dam of Lampy localized near the city of
Carcassonne in the Black Mountain (Aude) in south-central France
(Figs 1 and 2).

The Lampy reservoir was created in 1782 after four years of
work in building a dam closing the Lampy Valley (Black Mountain,
Aude, France). The resulting reservoir (~1 500000 m?) was built
to provide a water source for the Canal du Midi. The idea was
originally proposed in 1665 by the French Engineer Pierre-Paul
Riquet following the work by a commission created by Louis XIV,
King of France. After the completion of the dam and the infilling of

the reservoir, numerous leaks in the dam itself and in the granitic
substratum were evidenced. The dam and the underlying formation
were efficiently sealed by pouring a large quantity of quick lime into
the reservoir. Until nowadays, the dam is considered to be very safe
with little evidences for leaks. However, a spring is observed since
2022 at the downstream toe of the dam and an area downstream the
dam is characterized by a saturated soil. Our study investigates the
pattern of groundwater flow just downstream the dam.

2. TOWARD A NON-INTRUSIVE
GROUND FLOW SENSOR

2.1. Induced polarization

Induced polarization method is an active geophysical method look-
ing at imaging the electrical conductivity and the normalized charge-
ability of the subsurface (the normalized chargeability is defined as
the difference between the instantaneous conductivity and the DC,
direct current, conductivity of the rock, this difference reflecting
the phenomenon of low-frequency polarization). In principle, the
conductivity, the normalized chargeability, and the permeability of
a rock are interrelated second-order symmetric tensors. (see Revil
et al. 2023b). If permeability is anisotropic, the complex conductiv-
ity is also anisotropic, which may be the case in granite. That said,
in practice, it may be difficult to separate what is related to hetero-
geneity and what is related to anisotropy. To keep things simple, we
consider below that the rock is isotropic.

The presence of clay minerals in granite (especially kaolinite) is
responsible for surface conductivity (conductivity associated with
the double layer of the clay minerals) and polarization (Bremer et
al., 1992). This makes the rock behaving as an RC circuit as shown
in Fig. 3. The resistance R1 is essentially associated with conduction
in the bulk pore water occurring in parallel to the conduction in the
electrical double layer along the grains in contact with the bulk pore
space. The resistance R2 is associated with the excess conductivity
associated with conduction in the Stern layer at high frequencies.
The capacitance C is due to the polarization of the grains at low
frequencies. Indeed, the separation of the charges across the grain
scale at low frequencies implies that the grains are giant dipoles at
these frequencies. At high frequencies, the grains have no time to
polarize. In time-domain-induced polarization, the period used to
inject the primary current dictates what polarization length scales
will get polarized. For instance for a period of 1s (usually used
in field investigations), only the clay minerals are expected to get
polarized, not the large grains.

According to the dynamic Stern layer model and using harmonic
current excitations behaving as exp(—iwt) (¢ is time, in s, and @
denotes the angular frequency in rad s~!), Ohm’s law and the com-
plex conductivity o * (w) of such porous material are given by (e.g.
Revil 2013a, b; Revil ez al. 2017)

13

j(@) =0 * (0)E(w), (1
ok

o (0) =0, — M,,/ ﬁdr, ®))
0

respectively, where j (A m~2) and E (V m™!) denote the current
density and electrical field, respectively, 7 (s) is a time constant (also
called a relaxation time since corresponding to a diffusion process),
h(t) denotes the (normalized) probability density associated with
the distribution of the time constants of the material (in turn related
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Figure 6. Flowchart used to determine the groundwater flow model using a combination of electrical conductivity, normalized chargeability (obtained from
inversion from the product cell-by-cell of the chargeability by the conductivity) and self-potential data. FEM stands for finite-element method. The induced
polarization method is used to determine the permeability distribution, which with appropriate boundary conditions, is used to define a prior groundwater
flow model. Thanks to the electrical conductivity and self-potential data, this prior groundwater flow model is updated into a posterior groundwater

flow model.

to its distribution of polarization length scales), M, = oo, — 0 (S
m~") is the normalized chargeability, and o and o, (expressed in
S m™") denote the DC (direct current, w=0) and high-frequency
(instantaneous) electrical conductivities, respectively. The use of
the 2 exponent in the kernel of the complex conductivity (Warburg
distribution) is explained in details in Revil (2013a, b) and Revil
et al. (2017) and associated with the leaking character of the double
layer capacitance in the induced polarization of insulating grains
coated by an electrical double layer.

Using Archie’s (1942) law extended to the relationship between
the formation factor and the water content, the expressions of these
two conductivities are (Revil 2013a, b),

0y =0"0, + 6" pg(B — M)CEC, (3)

M, = 6" p,ACEC. 4)

In these equations, 6 (dimensionless) denotes the liquid pore wa-
ter content (vol. fraction), and CEC denotes the cation exchange
capacity of the material (expressed in C kg~' or alternatively in
meq per 100 g with 1 cmolkg™' = 1 meq per 100 g = 963.20
C kg~! in SI units), p,~ 2700 kgm~* is the mass density of the
grains, o,, (in Sm~") denotes the pore water conductivity, m > 1
(dimensionless) is called the porosity or first Archie’s exponent,
the mobility B (in m?*s~! V') denotes the apparent mobility of
the counterions for surface conduction, and A (in m?>s~' V=) de-
notes the apparent mobility of the counterions for the polarization.
A dimensionless number R is also introduced as R = 1/ B and with
B(Na*,25°C) =3.1 £ 0.3 x 107" m~2s~! V~! and A(Na*, 25°C)
=3.040.7 x 107" m2s7""V~!, we have R ~0.10 & 0.02 (inde-
pendent of saturation and temperature). In saturated conditions, the
exponent m can be considered to be the cementation exponent of

the old literature but with the warning that m has nothing to do with
a cementation process.

In field conditions, induced polarization tomography can be used
to obtain 3-D images/tomograms of the electrical conductivity and
normalized chargeability distributions thanks to an impedance me-
ter, cables and stainless steel electrodes. Then, we can obtain the
water content § and the CEC by solving eqs (3) and (4) (two ob-
servations and two equations for two unknowns) for each element
of the tomogram to obtain the distributions (tomograms) of 6 and
CEC. Since we have two equations with two unknowns, we obtain:

1 Mn 1/m
%) v

CEC = M, (6)
- Qm—lpg)L ’

and we consider at a very good approximation that the conductivity
at a given frequency is close to the instantaneous conductivity in
eq. (5). In eqs (5) and (6), we need to know the conductivity of
the ground water (from the TDS, total dissolved solid of the water
in a well or a spring) and the grain density of the solid grain pg,
(~2700 kgm™3 for silicates and aluminosilicates). Once we have
the water content 6 and the CEC, we can image the permeability
k (expressed in m?) of the subsurface using (Soueid Ahmed et al.
2020b)

koH°
(ngEC)2 ’

with ky = 10*3° in SI units (C2 m™), € is unitless and the CEC
is here expressed in C kg~!. Example of the quantitative evalua-
tions of the induced polarization for localizing leaks in dams and

(N
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Figure 8. Direct problem of the self-potential for a prior ground water flow model. (a) The 2-D heterogeneous permeability model contains two layers
permeable and relatively non-permeable. The boundary conditions for the lateral edges is no flow and un difference of 10 m in pressure head for two lower and
upper edges. (b) Pressure head (plain lines) and Darcy velocity (arrow lines). (¢) The z-component of the external current density. (d) Resulting self-potential
at the ground surface.
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recover both the location and the magnitude of the anomalous current density
associated with ground water flow. (b) Comparison between the true self-
potential distribution and the fit corresponding to the optimized solution of
the inverse problem.

embankments can be found in Abdulsamad et al. (2019), Soueid
Ahmed et al. (2020b), 2023) and Ghorbani et al. (2023).

2.2. The self-potential method

The self-potential method is a passive electrical method recording
the electrical field/potential at the ground surface of the Earth or at
the seafloor (Su et al. 2022). The resulting self-potential map (or its
fluctuations over time) can be related to the occurrence of source cur-
rent densities in the subsurface (Revil & Jardani 2013). The method
is similar in essence to EEG in medical imaging for which the
sources of current are generally located at the synapses between the
neurons (Merlet & Gotman 2001). While a variety of mechanisms
can be responsible for the causative current source of self-potential
signals in Earth sciences, in absence of ore deposits, the main mech-
anism is assumed to be the so-called electrokinetic mechanism as-
sociated with groundwater flow (Revil & Jardani 2013). The flow
of the pore water drags the excess of charge contained in the elec-
trical double layer coating the surface of the grains. Its results in
a source current called the streaming current density (Fig. 4). In
turn, this source current density generates low-frequency electro-
magnetic disturbances that can be remotely recorded (see Fig. 4;
Rittgers et al. 2015).

The underlying physics is pretty simple. In isotropic porous me-
dia and assuming that the fluctuations in the pore water flow are
slow enough, the total current density j (A m~2) is the sum of two
contributions one associated with conduction and one associated
with advection (see Sill 1981, 1983; Revil & Jardani 2013):

j=o00 E+js. (8)

In eq. (8), oo(Sm™") denotes the DC electrical conductivity of
the porous material, the first term o(E represents the conductive
current density originating from the electromigration of ions in the
porous material, E denotes the electrical field and js denotes the
streaming (source) current density (see Revil & Gresse 2021, and
references therein).

In the quasi-static limit of the Maxwell equations, V x E = 0 =
E = —Vg, where ¢ denotes the electrical potential (in V). Boleve
et al. (2007a) write the streaming current density as the product
of an effective excess of charge in the pore water and the Darcy
velocity (e.g. Revil & Jardani 2013): 14

is = Ov(su)W, ©)

where W denotes the filtration velocity (Darcy velocity in m s!,

i.e. the flux density of the pore water in saturated or unsaturated
conditions) and QV denotes the effective excess charge density
associated with the advection of the diffuse layer in Cm~3 with
loglOQV(sw =1)=-9.2 - 0.82log,,k (see Fig. 5 and Appendix
A) where k denotes the permeability in m?. The Darcy velocity
corresponds to time derivative of the volume-averaged filtration
displacement w = 0(u,, — u) where s,, denotes the water saturation
(s, = 1 at saturation), and u,, and u the water phase and solid dis-
placements, respectively (see Jardani e al. 2010, for further details).
In the quasi-static limit of the Mawxell equations, the conservation
equation for the total current density is given by,

V.j=0. (10)

Combining the conservation equation with the constitutive equa-
tion leads to a Poisson equation for the self-potential field ¢ (see
Sill 1981, 1983; Revil & Jardani 2013)

1 .
V2¢=—V1nao~V<p+—V~(va'v). (11)
[¢0]

Eq. (11) shows that the self-potential anomalies are modulated
by the distribution of the electrical conductivity (secondary sources,
first term of the right-hand side of eq. 11) in addition to the ground-
water flow itself (primary source, last term of the right-hand side
of eq. 11). It follows that to invert self-potential signals, the elec-
trical conductivity tomogram needs to be used to distinguish pri-
mary and secondary sources (see recently Su et al. 2022). As a
side note, the electrokinetic properties of granite are discussed in
Ishido & Mizutani (1981) and are similar to other silicate-based
rocks.

In identifying the causative sources of self-potential signals, care
should be taken since self-potential anomalies can be also associ-
ated with certain redox potential distribution and biotic or metal-
lic electronic conductors (see Revil ef al. 2001; Linde & Revil
2007; Castermant et al. 2008). Generally, the self-potential anoma-
lies associated with metallic bodies are negative and rather large
(=500 mV to —1 V in amplitude).

2.3. Combined approach

Recovering directly the Darcy velocity from a self-potential map is
a difficult task because of the non-unicity of the inverse problem,
which is notorious in the realm of potential-field inverse problems.
The idea underlying the present approach is that a prior model for the
Darcy velocity (hence the current density) can be generated using
the permeability distribution obtained from the induced polarization
data. In short, we generate a meaningful flow model that is converted
into a prior source current density distribution. This prior source
current density distribution is updated thanks to the self-potential
data into a posterior source current density distribution, which is
in turn converted into an updated groundwater flow model. The
inversion of the self-potential data is done with the Gauss Newton
approach as suggested by Revil & Jardani (2013). The flow chart we
follow in this paper in combining electrical conductivity, normalized
chargeability, self-potential and boundary conditions for the flow
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(a) IP Profiles
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5 10 15 20

Figure 10. Position of the geophysical survey. IP and SP stand for induced polarization and self-potential, respectively. (a) Position of the seven profiles used
to perform the 3-D reconstruction of the conductivity and normalized chargeability and crossing the valley downward the dam of Lampy. The profiles are
labelled P1-P7. The sketch shows the position of the tress as well as the position of the dam and the four channels downstream. (b) Self-potential map in mV
(337 SP stations are covered in the survey along the same seven profiles used for the resistivity/induced polarization survey). Ref denotes the reference point
(zero potential) for the self-potential map. This indicates where the reference electrodes has been placed during the survey. The area A corresponds to an area
where the ground is wet, while B characterizes a spring at the foot of buttress 8. The elements C1, C2, C3 and C4 denote four channels located downstream

and used to control the outflow of water from the dam. The scale is in metres.

of the ground water is summarized in Fig. 6. It is obvious that
the posterior flow model could be biased by the prior model. For
instance, in the present case study, we will not be interested by a
shallow ground water flow coming from the side of the test site in
order to focus on the ground water flow passing below the dam in
some fractured granite.

2.4. Synthetic test validation of the self-potential inversion
algorithm

We check now the algorithm used to invert the self-potential data
(see Appendix B) using a 2-D case (see Figs 7-9). We consider a
vertical 2-D cross-section with the dimensions 80 x 24 m?. We first
simulate Darcy flow with the hydraulic model shown in Fig. 7 using
Comsol multiPhysics. The flow equation is solved in the saturated
case in steady state. An impervious boundary condition on the
two vertical sides and a head gradient imposed on the lower and
upper layers are considered for this simulation. The pressure heads

(colour lines) and the Darcy velocity distribution (arrow lines) are
shown in Fig. 7(b). Then, we compute the source electrical current
density (js, in A m~2) using the relationship between the Darcy
velocity and the source current density, see eq. (9), as well as the
relationship between the effective charge density at saturation and
the permeability. Finally, we solve eq. (11) for the electrical potential
(insulating ground boundary condition and potential going to zero
at infinity). Fig. 7(c) shows the source current density in the z-
(vertical) direction and the self-potential (expressed inmV) is shown
in Fig. 7(d).

Now the goal of the inversion algorithm is to use the self-potential
data simulated at the ground surface and a prior source current den-
sity associated with a prior ground water flow problem. For the
inverse problem, we used the method developed by Soueid Ahmed
etal. (2013) and summarized in Appendix B. The prior model is pre-
sented in Fig. 8 and is determined from the following prior ground
water flow model shown in Fig. 8. The permeabilities and the geom-
etry of the subsurface layers are different (on purpose) from the true
model (compare Figs 7 and 8) and in order to use a prior model that
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Figure 11. Examples of time-induced polarization decay curves for the ap-
parent chargeability (expressed in mV V1) showing the high quality of the

induced polarization data. The fact that the potential difference between
the voltage electrodes M and N decays steadily to zero indicates that the

ground is polarized under the influence of the primary electrical field im-

posed through the current injected between the electrodes A and B. The

apparent chargeabilities are obtained by integrating over time the voltage

decay curve (first black dots in time). We use the first time window to obtain
the apparent chargeabilities used in the inversion model. We do not observed

electromagnetic coupling effects in the secondary voltage data.
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Figure 12. Pictures of the eight core samples used for the laboratory inves-
tigations. The samples have collected at outcrops downstream the Lampy
reservoir. Their petrophysical properties (electrical characteristics, porosity

and CEC) are reported in Table 1.
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Figure 13. Complex conductivity spectra for the eight core samples used for the laboratory investigations at 0.1 S m~!. IP stands for induced polarization
(i.e. related to electrical double layer polarization) and MW for Maxwell-Wagner polarization (i.e. related to the discontinuity of the displacement current at
the interface of the phases forming the porous composite). For the less altered core samples, the IP effect is dominant only below 100 Hz. The pore water

conductivity is 0.0312 S m~! (NaCl, 25 °C).
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Figure 14. Normalized chargeability versus low-salinity conductivity (0.03
Sm~!, NaCl, 10 Hz, close to the surface conductivity). The normalized
chargeability is determined form the domain in which the IP effect is domi-
nant (below 1 kHz). When surface conductivity dominates the conductivity
response, the normalized chargeability and the conductivity are expected to
be highly correlated with M, = R o’. The presence of pyrite would break
such trend (see discussion in Revil ef al. 2021). The granitic rocks are from
Lampy (kaolinite-rich), while the volcanic rocks (smectite-rich) are from
the La Soufriere stratovolcano (Guadeloupe island, see Zhang et al. 2023).

is physically meaningful but inaccurate in terms of ground water
flow model. Fig. 9 shows the retrieved current density in the vertical
direction and compare the ground surface self-potential distribution
of the true model (Fig. 7) and the self-potentials distribution asso-
ciated with the of source current density obtained from the inverse

model. The inverted current density anomaly (Fig. 9b) shows the
position and the strength of the source current density associated
with the ground water flow.

3. FIELD AND LABORATORY
INVESTIGATIONS

3.1. The dam of Lampy

The dam of Lampy is located in the South of France, in the Aude de-
partment, between the cities of Toulouse and Carcassonne (Fig. 1).
The dam is managed by Voies Navigables de France (VNF) and it
constitutes an element of the Black Mountain hydraulic develop-
ment system. The structure has been built between 1778 and 1782
in order to supply the Canal du Midi in water over the year. It
is therefore an old dam, declared as an UNESCO world heritage
site.

The Lampy dam is a gravity (masonry) dam, reinforced with
10 buttresses (see Figs 1 and 2). It is composed of granite rubble
stones, bound with lime mortar. The dam stands ~18 m high above
its foundation. Its length is close to 140 m and its width is 5.5 m
at the crest. The reservoir contains ~1.5 million of cubic metres at
the normal operating level. The foundation is composed of sound
granite at the banks but the granite is much more altered at the
bottom of the valley, with the presence of granitic sands, resulting
from the desegregation of the granite substratum.

Initially, the dam did not include a drainage system. Renova-
tion and reinforcement works were carried out in 2016. To limit
the pore water pressures under the structure, 10 drains have been
drilled into the dam from the downstream face and a drainage
trench has been dug at the downstream toe of the dam, along with
7 relief wells. The overall stability was also enhanced by the in-
stallation of 13 active anchors on the crest of the dam. The dam
is monitored with 15 pore pressure cells placed within the ma-
sonry and at the contact between the dam and the foundation, 2
open piezometers, 20 seepage measurements at the downstream toe
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Figure 15. Normalized chargeability versus quadrature conductivity. (a) Granitic samples (0.03 Sm~', NaCl, 10 Hz). The normalized chargeability is
determined form the domain in which the IP effect is dominant as the difference between the in-phase conductivity between 0.1 Hz and 1 kHz. The quadrature
conductivity is taken at the geometric mean of the two frequencies (i.e. 10 Hz). Both the dispersion of the in-phase conductivity with frequency and the
quadrature conductivity represent the same IP polarization process. (b) Volcanic rocks from the study of Zhang et al. (2023). Core samples from La Soufriere

stratovolcano (Guadeloupe Island).

of the dam, two crack detectors and 6 measurements of anchors
strength.

In 2022 March, a small spring appeared on the buttress 8 level.
The flow rate has since been measured on a weekly basis with an
outflow comprised between 0.6 to 1.5 Imin~' when the spring is
active (Fig. 2). This spring seems however to originate from the
side of the valley, possibly associated with one of the channel used
to evaluate excess water from the reservoir and is therefore not of
crucial interest in the present study.

3.2. Geophysical survey

The geophysical survey was done in 2023 Spring. It con-
sisted of seven electrical conductivity/induced polarization profiles
(Fig. 10a) performed with the 20-channel TERRA impedance meter
from IRIS (http://www.iris-instruments.com/in-product.html) and
one cable of 48 electrodes (electrode spacing of 2 m, 360-365
measurements per profile with a total 2516 measurements for the
conductivity and the chargeability for the 3-D inversion). We use
the Wenner configuration and the time-domain measurements were
done using the following acquisition characteristics: 1 s for the pri-
mary current injection between the electrodes A and B, a dead time
of 20 ms and the apparent chargeabilities measured on 20 windows
(windows 1-10 have a duration of 20 ms, windows 11-15 have a
duration of 50 ms and finally windows 16-20 have a duration of
100 ms, see Fig. 11 for some examples of the decay of the apparent
chargeabilities). The decay curves in Fig. 11 show exponential-like
decays indicating a high degree of confidence into the data quality.
The Wenner configuration was chosen for its high signal-to-noise ra-
tio. Wenner array is generally sensitive to EM coupling for induced
polarization measurements, especially when multi-electrodes cable
is used. Fig. 11, however, does not exhibit any evidence of electro-
magnetic coupling effects, which is likely confined inside the dead

time used for the survey (see an extensive discussion in Mao et al.
2016).

In addition, we perform a self-potential survey using two non-
polarizing Pb/PbCl, electrodes. The voltage measurements are
taken with a high input resistance voltmeter (100 M2) and a sensi-
tivity of 0.1 mV. The survey comprises 336 stations in the area cov-
ered by the conductivity/induced polarization survey. A map of the
self-potential survey is shown in Fig. 10(b). This map corresponds
to the distribution of the measured electrical potential difference
with respect to a reference electrode (fixed, see ‘ref” in Fig. 10b).
Electrode drift was checked before and after the survey and was
found to be negligible (Petiau electrodes are known to be stable). It
exhibits a strong (80 mV) anomaly and negative anomalies (—20 to
—40 mV). The positions of an area with the ground being wet (Zone
A) and the spring (Zone B) are also identified on Fig. 10(b). Zone A
is consistent with the positive anomaly while Zone B is consistent
with the end of one of the negative self-potential anomalies.

3.3. Petrophysical measurements

In water-saturated conditions with acidic pore waters, the alteration
of granites involves the transformation of primary minerals (mica
and alkali feldspars) into secondary clay minerals especially kaoli-
nite Al4(OH)g[Si404¢]. For instance, the alteration of orthoclase
(K[AISi304], a potassium feldspar) and albite (Na[AlSi3Og], a pla-
gioclase) yield (see Stoch & Sikora 1976; Yatsu 1988; Wilson 2004;
Nguetnkam et al. 2008)

4Me [AlSi;0g] + 4H,0 4 2CO; < Aly(OH)sg [Si4O10] + 2MeCOs
+ 8Si0,, (12)

where Me = K and Na. Usually, the alteration path involves the slow

dissolution of alkali feldspars and plagioclase (with a typical time-

scale of ~100 000 yr) and the precipitation of kaolinite (see Blum
1994). Schiavon (2007) demonstrated that granite weathering and
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Figure 16. Petrophysical analysis of the electrical properties of the core samples. (a) Relationship between the conductivity of the rock versus the conductivity
of the pore water (NaCl, 25 °C). The data are fitted for each core sample to get the formation factor and the surface conductivity. (b) Formation factor versus
porosity and fit with Archie’s law. The fit is used to get the value of the porosity exponent m. (c) Relationship between the surface conductivity and the CEC
divided by the bulk tortuosity of the pore space. (d) Relationship between the normalized chargeability and the CEC divided by the bulk tortuosity of the pore

space.

the formation of authigenic kaolinite can take place in urban envi-
ronments at a much faster rates (decades), especially in presence of
SO; in acidic conditions. Kaolinization takes place in hydrothermal
conditions such as for the quartz monzonite of Mount Princeton
(Colorado, see Richards et al. 2010). A weathering classification
standard for granite has been developed by Woo et al. (2006) and
weathering and alteration can be connected to seismic velocities
(Woo et al. 2006; Lin et al. 2014, 2021).

In order to test the effect of porosity and alteration (through CEC,
measurements) on the complex conductivity of granite, we collected
eight samples from the test site. The samples were collected down-
stream the Lampy dam from outcrops. There are weathered and
altered core samples. The core samples are shown in Fig. 12. They
were first washed, dried and then saturated under vacuum with a

NaCl solution at 0.032 S m~! (25 °C) for the first set of complex
conductivity measurements. Two other high salinities (conductivi-
ties at 0.56 and 5.0 Sm~" at 5°C) were used to obtain a complete
data set to get in turn the formation factor and the surface conduc-
tivity. The change of salinity was done by diffusion in the brine of
higher salinity.

The porosity was obtained from weight and volume measure-
ments, while the CEC was measured using the cobalthexamine
method (see Table 1). The in-phase and quadrature conductivity
spectra are shown in Fig. 13. As expected, the in-phase conduc-
tivity increases slightly with the frequency, while the quadrature
conductivity shown a plateau at low frequencies corresponding to
the induced polarization effect and an increase of its amplitude with
frequency at higher frequencies. The second mechanism (dominant
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Figure 17. 3-D electrical resistivity/electrical conductivity tomogram of
the ground downstream the dam. The black dots correspond to the position
of the electrodes. The forward modelling is done with 34 992 tetrahedral
elements. The element sizes within the model space range from a maximum
of 4 m to a minimum of 2 m with a curvature factor of 0.3 m. In the vicinity
of the electrodes, the mesh is refined with element sizes varying between
0.8 and 0.03 m and a curvature factor of 0.2 m.
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Figure 18. 3-D normalized chargeability tomogram of the ground down-
stream the dam. The black dots correspond to the position of the electrodes.
The normalized chargeability varies over three orders of magnitude. The nor-
malized chargeability is controlled by both the water content and the CEC
of the granite. The same finite-element approach with 34 992 tetrahedral
elements is used.

at high frequencies) is known as the Maxwell-Wagner polarization
mechanism.

Fig. 14 shows the normalized chargeability versus the low salinity
conductivity, which corresponds here to the surface conductivity
(which can be independently obtained when the conductivity of the
rock samples is plotted versus the pore water). The slope is predicted
to be equal to R = 0.10, which is the case. Fig. 15 shows that
the polarization can be either characterized by the low-frequency
quadrature conductivity or the normalized chargeability obtained
from the dispersion of the in-phase conductivity with the frequency.
The results are consistent with the work done by Zhang et al. (2023)
for volcanic rocks (compare Figs 15a and b).

Fig. 16(a) shows the results the in-phase conductivity data of the
rock samples versus the pore water conductivity. The data are fitted
with a linear conductivity model and the slope used to determine
the formation factor. The data are also used to determine the value
of the surface conductivity. In Fig. 16(b), the formation factors are
reported versus the corresponding porosities and the data are fitted
with Archie’s law with a porosity exponent m = 1.82. In Figs 16(c)
and (d), the surface conductivity and normalized chargeability are
reported as a function of the CEC divided by the bulk tortuosity of
the pore space (corresponding to the product of the formation factor
and connected porosity). The data for the granite core samples are
consistent with the petrophysical model described above.

4. TOMOGRAMS AND
INTERPRETATIONS

4.1. Induced polarization

The resistivity and normalized chargeability tomograms are shown
in Figs 17 and 18. The conductivity is in the range 107! to 1073
S m~!, while the normalized chargeability is in the range 1073 to
107% S m~!. The convergence in the inversion of the observed data
is good as shown in Fig. 19 with low data RMS (root mean square)
errors in both cases.

The conductivity and normalized chargeability tomograms are
jointly interpreted with the petrophysical model described in Sec-
tion 2 (eqs 5 and 6) in terms of water content and CEC tomo-
grams (Figs 20 and 21). The alteration of granite produced kaolinite
(Nguetnkam et al. 2008) and the CEC of kaolinite is typically in the
range 3—15 meq per 100 g (Ma & Eggleton 1999) consistent with
the upper bound found in the tomogram shown in Fig. 21. Then
the water content and CEC tomograms are combined to provide an
image of the permeability distribution using eq. (7).

The permeability tomogram is shown in Fig. 22. The values are
comprised between 1078 m? for the high-permeability conduit to
107" m? for what should be called an aquitard. The area charac-
terized by high permeability values and high water contents in the
form of a conduit is consistent with an area where the soil is charac-
terized by a high degree of moisture (see Zone A in Fig. 10b). The
area just above the low-permeability horizontal structure is known
to channel shallow groundwater flow in a perched aquifer toward
the spring (Zone B in Fig. 10b).

In Fig. 23, we plot the normalized chargeability versus the con-
ductivity. When the data points are close to the line corresponding to
a slope with R = 0.10, this means that surface conductivity (due to
clay minerals) dominates the conductivity response of the material.
This is the case for the data corresponding to the high normalized
chargeability and conductivity values, which corresponds to altered
granites likely associated with the process of kaolinization of pris-
tine granites. The other domain characterized by low normalized
chargeability and conductivity values corresponds to fresh (unal-
tered granites). For granite with open cracks, the conductivity is
expected to be dominated by the bulk conductivity component and
the water content rather than by the CEC.

4.2. Self-potential

Using the permeability distribution (Fig. 22) and the boundary con-
ditions for the investigated block (Fig. 24), we built a preliminary
groundwater flow model shown in Fig. 25. The partial differen-
tial equations are solved with Comsol Multiphysics. The boundary
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Figure 19. Convergence of the inversion algorithm. (a) Convergence of the data misfit during the iteration of the inversion process of the apparent resistivity
data. RMSE denotes the root mean square error for the apparent resistivity data. (b) Comparison between the observed apparent resistivity and the calculated
apparent resistivity at the last iteration. from the resistivity tomogram obtained. (c) Convergence of the data misfit during the iteration of the inversion process
of the apparent chargeability data. RMSE denotes the root mean square error for the apparent chargeability data. (d) Comparison between the observed apparent
chargeabilities and the calculated apparent chargeabilities from the chargeability tomogram obtained at the last iteration.

conditions are (i) pressure condition at the bottom boundary, (ii) no
flow on the sides (we do not attempt to model the leakage and flow
in the unconfined aquifer above the aquitard) and (iii) open flow
boundary at the ground surface (atmospheric boundary condition at
the ground surface).

Then, we used this groundwater flow model to build a prior source
current density model for the self-potential problem using the Darcy
velocity and the relationship between the excess charge density and
the permeability (see Appendix B). We update this source current
density model into a posterior source current density model that
is consistent with the self-potential data using also in the inverse
problem the electrical conductivity distribution obtained thanks to
the induced polarization survey (see Appendix B for details and

Fig. 26 for the optimization of the regularization parameter A).
Finally, this source current density is converted into a groundwater
flow model using the permeability distribution for the effective
charge density u = js/ Q[/(k). The optimization of the regulation
parameter is done with the L-curve approach (Fig. 26). The prior
and posterior current density distributions are shown in Fig. 27. The
final groundwater flow model is shown in Fig. 28(a). To achieve this
result, we use the the flow chart shown in Fig. 6.

We can finally discuss the updated groundwater flow model in
terms of the two flow anomalies discussed in Section 3 of the paper
(Zones A and B in Fig. 10b). The wet area (Zone A) is explained
by a focused groundwater flow likely passing below the dam into
the granite. This anomaly is similar to the anomalies observed in
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Figure 20. Tomogram of the (volumetric fraction) water content 6 obtained
by combining the electrical conductivity and normalized chargeability to-
mograms. The area of high water content is probably fractured.
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Figure 21. Tomogram of the CEC obtained by combining the electrical
conductivity and normalized chargeability tomograms. Low values of the
CEC < 1 meq per 100 g would correspond to poorly altered granite, while
values comprised between 1 to 30 meq per 100 g would corresponds to
altered granites (generally with a high content of kaolinite).

geothermal areas and associated with the upwelling of hot ground
water in fault zones (see for instance Revil & Pezard 1998; Jardani
& Revil 2009).

The occurrence of the spring (Zone B) is explained by water
coming from the side of the dam in the formed of a perched aquifer
with water flowing above the kaolinite-rich aquitard that is imaged
in the permeability tomogram. The source of this flow may originate
from the channel C4 shown in Fig. 28(b). This type of anomaly is
similar in essence to the negative self-potential anomaly associated
with groundwater flow in a palacochannel of the Rhone River by
Revil et al. (2005a). This confirms the analysis of the monitoring
system data, which did not show any singular behaviour since the
spring (Zone B) appeared. This result is comforting about the dam’s

log(Permeability (m))
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Figure 22. Tomogram of the permeability obtained by combining the elec-
trical conductivity and normalized chargeability tomograms. We can see
on the right-hand side of the tomogram a low permeability domain (10~
to 107!8 m?) corresponding to an aquitard probably underlying a perched
aquifer. We can also observe a high permeability conduit with permeability
higher than 1 Darcy (~10~'2 m?) corresponding likely to a fractured area.
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Figure 23. Normalized chargeability versus electrical conductivity. Com-
parison between laboratory data and field data for granites. High normalized
chargeability values characterized altered granites, while low normalized
chargeability values correspond to granites. The core data set 1 is from Bri-
tany (France) and contains pyrite, while the Core data set 2 is from the field
site (M, determined between 0.1 Hz and 1 kHz and in phase conductivity
evaluated at 33 Hz, pore water conductivity of 0.1 Sm~" at 25 °C). The plain
line is obtained when surface conductivity dominates the bulk conductivity
in the in-phase conductivity equation.

safety because it shows that there is no direct flow between the
reservoir and the toe of the dam.

This works illustrates a powerful combination of the self-potential
and induced polarization geophysical methods used in concert to
produce a groundwater flow distribution that is hydro-geologically
meaningful.
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Figure 24. Ground water flow conditions for the simulations. The flow
model is very simple. We assume no flow boundaries on the side of the block
and a difference of pressure between the lower and the upper boundary con-
ditions (atmospheric pressure). The porosity and permeability distributions
are those determined from the geoelectrical methods. The ground water
flow is modelled with the finite-element technique using 40 744 tetrahedral
elements.

Velocityx107*(m/s)
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Figure 25. Prior groundwater flow model determined from the permeability
model and the boundary conditions for the groundwater flow. The figure
shows the distribution of the Darcy velocity greater than 4 x 1073 m s~
It shows an area of focused flow consistent with the localization of the
moisture anomaly A in Fig. 10(b).

5. CONCLUSIONS

We have proposed a new scheme to combine a 3-D induced po-
larization survey with a self-potential map to get a 3-D image of
groundwater flow that is physically meaningful in terms of pattern
and boundary conditions. The proposed methodology is applied to
the dam of Lampy, one of the oldest dams in France, to investigate
groundwater pattern downstream of this dam. The substratum is
made of granite with different degrees of alteration. Two areas are
observed in the permeability tomogram resulting from the induced
polarization survey. First, a vertical permeability conduit below an
area where the soil is observed to be wet can be observed/inferred
from the geophysical survey. In addition, a shallow aquitard is ob-
served in the granite below the position of the Spring B. Shallow
groundwater flow above this perched aquifer is able to explain the
presence of the spring at the bottom of the dam. The approach de-
veloped in the present paper is very general and could represent a
welcome step in hydrogeophysics to image non-intrusively ground-
water flow in the critical zone of the Earth. Further works will be
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Figure 26. L-curve for the inversion of the self-potential data. The trade-off
(regularization) parameter A is determined at the corner of the L-curve with
an optimized value of 7.7 (the values provided in the figure are different
values of the trade-off parameters A). The standard deviation used for the
measurement is equal to 5 mV.
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Figure 27. Streaming current density source distribution. (a) Prior source
current density distribution determined from the permeability distribution
and groundwater flow boundary conditions. (b) Posterior source current den-
sity distribution determined from the prior source current distribution and
the information contained in the self-potential map distribution measured
at the ground surface. The forward modelling is based on the finite-element

approach. It uses 33 627 tetrahedral elements.
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Figure 28. Flow directions. (a) Groundwater flow model in terms of streamlines in the investigated area (threshold of the Darcy velocity 2 x 1073 m s™!).
The area of upwelling of the ground water is in agreement with the wet soil area (Zone A in Fig. 7b). (b) Reconstructed self-potential map from the updated
groundwater flow model shown in Fig. 19(a). The self-potential map is completely reconstructed with a correlation coefficient R* = 0.999 (root mean square

RMS, error: 2 x 1072 mV).

dedicated to a better evaluation of the limits if the methods using
synthetic cases as well as looking at the uncertainty analysis as well
as extending the approach to anisotropic formations.
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THE EXCESS CHARGE DENSITY
VERSUS PERMEABILITY

We assume that the porous material is partially saturated with water
(wetting fluid) and air (insulating non-wetting fluid). The volume
averaging approach is considered below to obtain the macroscopic
streaming current density. The effective macroscopic charge den-
sities (in C m~?) dragged by the flow of the two fluid phases is
obtained as,

() — i)

O = T i) D
1

<.>=prf(.>cw, (A2)

where the brackets denote a pore volume averaging, i(x) corre-
sponds to the instantaneous local velocity of the solid phase (usually
considered to be negligible except during strong deformation), p(x)
(in C m™3) denotes the local charge density in the water phase
associated with the electrical diffuse layer at the mineral water in-
terface (Delville 1991; Leroy & Revil 2004) and at the air/water
interface (Leroy et al. 2012; Zhang et al. 2024), i1,,(x) — @(x) de-
scribes therefore the local instantaneous velocity of the water phase
with respect to the solid phase (in m s~!) and is called the filtration
velocity, x a local position in the pore space of the material, and
dV an elementary volume around point M(x). According to this
definition of the excess charge density, this is a dynamic properties
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associated with the texture of the material and not a static property
of the electrical double layer (such as the total charge density of the
diffuse layer integrated over its thickness, see Leroy & Revil 2004).

The streaming current density used in eq. (9) of the main text is
related to the local current density in the water phase and defined
as the product of the excess of charge associated with the diffuse
layers and the local velocity. This corresponds to the strict definition
of the source current density. Therefore, we have,

Js =0 {p(it, — 1)), (A3)

Js = Q(su)0 (i, —it) (A4)

where ¢ denotes the water content (at saturation 0 = 05 = ¢ the
connected porosity). The filtration displacement (in m) associated
with the flow of the water phase is defined as,

w ZQ(uw —M>, (AS)
and the total current density of electrokinetic nature is given as,

s = Op(su)w. (A6)

where w is related to the permeability (including the effect of sat-
uration through a relative permeability function) thanks to Darcy’s
law (which is itself an average of the local momentum conservation
equation for the pore water).

We want now to determine the effects of the permeability and
saturation upon the dynamic or effective charge density. For the
saturation, Revil ef al. (2007) obtained:

Ovs) = 2 (A7)
where QV denote the value of the effective charge density at satu-
ration. If we perform a classical streaming potential experiment to
determine the so-called streaming potential coupling coefficient, we
can determine the dependence of QV with the permeability. This
represents a flow through experiment during which we can also
measure the permeability by looking at the flux of water passing
through the core sample under a prescribe head gradient. The total
current density is defined as

J =00E + Js, (AB)

when the total current density is zero (as in a flow through exper-
iment where the sample is between two reservoirs at two different
pressures), we obtain,

ooVe = Op(s,)w, (A9)

and using the Darcy’s equation, the streaming potential coupling
coefficient is given by (here in V Pa™!),

C = dﬁ) - _ QV(Sw)kr(Sw)k’
Jj=0

= (A10)
dp ]7!1}

where p is the fluid pressure (in Pa), &, (s,,) and & are the relative per-
meability (dimensionless) and the permeability at saturation (in m?),
and n,, denotes the dynamic viscosity (in Pa-s). Having measured
the permeability and the coupling coefficient, we can determine the
value of QV(SW) and we can report the determined value as a func-
tion of the permeability itself. We observe in Fig. 5 that Q,/(s“,) is
strongly related to the permeability as discussed in the main text.
Other models have been recently developed and based for instance
on the pore size distribution (Soldi et al. 2020: Thanh et al. 2023),
while classical electrokinetic models are based on the zeta potential
(e.g. Leroy & Revil 2004).
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INVERSION OF THE SELF-POTENTIAL
DATA

The inversion process uses the distribution of the measured (self-)
potential values at the ground surface to obtain the distribution of
the causative source current density below the ground surface. The
problem in itself can be seen as a problem similar to the inverse
problem in EEG (see Grech et al. 2008) except than in EEG, the
source is generally localized and not distributed over a broad support
volume. The integral form of the Poisson equation is (e.g. Grech
et al. 2008; Jardani et al. 2008),

p(d) = éK(d, m) j; (m)dV, (B

where dVis a volume element around the position of the current den-
sity, K(d, m) denotes the kernel function formed by a collection of
Green functions connecting the self-potential data at measurement
points d (vector column, [1,2,3,...,N]") and the sources of current
density at a set of source points, m (vector column, [1,2,3,... ,M]"),
located in the conducting ground 2. N denotes the number of self-
potential stations while M is the discretized elements composing
the ground. K =(K,, K,,, K;) (K, K,, and K are the components
of the kernel components on the Cartesian Coordinate System), has
three component for each source point m = (jy, j,, j-). Then, Kiis a
N x 3 M matrix.

In the field work at Lampy, we have N = 336 measurements and
M = 11902 discretized elements describing the subsurface volume
of interest located below the investigated area Since M << N, the
problem is underdetermined. The misfit (cost) function, v, using
Tikhonov regularization can be defined as (e.g. Jardani et al. 2008)

W = [[Wa(Km — ¢q)|[> + A[[W,,(m —mo)[ |2, (B2)

where A denotes a regularization parameter, Wy = diag {1/ o1,. . .,
1/ oy} is a square diagonal weighting N x N matrix (function of
the standard deviation o;), Wy, is a (3M-1) x3 M flatness matrix, m
is the vector of 3 M model parameters (the source current density)
and m, is a reference model (prior source current density), and @4
is column vector of N elements corresponding to the measured self-
potential data. The first term of eq. (A2) corresponds to the data
misfit while the second term corresponds to the regularization term

used to make the function convex (so we have dy/dm = 0). The
matrix W, can be determined as a first-order differential operator
as (Jardani et al. 2008),

rn-10 0 -.--- 07
01 —-10---0

wo=| (B3)

0---0 1 -10
L0--- 0 0 1 -1

The solution of the problem corresponding to the minimum of
the cost function  is given by (Hansen 1998),

m = [KT (WIW,) K+ 2 (WIW,)]
(K" (WiWa)) @s + 4 (W) W,,) mg]. (B4)
It is important to note that in order to avoid source localization
close to the ground surface, the vector m should be balanced thanks

to the sensitivity matrix. In this paper, we used the depth weighting
function described and justified by Jardani ez al. (2008).
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