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[1] Two self-potential (SP) surveys have been conducted at a test site located in
Normandy, in the northwest of France, in a chalk karst in spring and summer 2005. The
spring survey showed circular negative SP signals associated with the position of
sinkholes and crypto-sinkholes, while the survey conducted during the summer showed
fewer anomalies with lesser magnitudes. The negative SP anomalies observed in the
spring survey were several tens of millivolts less than a reference located outside the
ridge along which the sinkholes are located. In addition to the SP surveys, we also
performed a DC electrical resistivity survey. The electrical resistivity tomogram shows the
position of the interfaces between the chalk and the overlying clay with flint and loess
covers and the position of the sinkholes. A linear relationship is observed between the
SP signals and the thickness of the loess layer. In addition, large negative SP anomalies
are associated with the sinkholes themselves. These SP signals are explained by solving
the boundary value problem for the coupled hydroelectric problem. We fixed the
boundary condition at the ground surface in terms of hydraulic flux associated with the
infiltration of the meteoric water and a no-flow condition on the vertical boundaries. A
finite element numerical simulation of this coupling is performed, and a fairly good
agreement is obtained between the simulation and the observed SP signals. We show for
the first time how the SP signals reflect mainly the topography of the clay with flint/loess
interface and help to identify the location of sinkholes. Three-dimensional tomography
algorithms are proposed to locate the source of these self-potential signals in the ground.

Citation: Jardani, A., J. P. Dupont, and A. Revil (2006), Self-potential signals associated with preferential groundwater flow
pathways in sinkholes, J. Geophys. Res., 111, B09204, doi:10.1029/2005JB004231.

1. Introduction

[2] Leaching and runoff from agricultural areas are
responsible for the contamination of the groundwater by
nitrogen and pesticides. In chalk karstic areas, this is a real
problem as sinkholes represent preferential fluid flow path-
ways that allow fast contamination of shallow aquifers from
agricultural sources [Panno and Kelly, 2004]. In karstic
areas, sinkholes are clustered along characteristic structural
features such as structural lows and ridges that channel
groundwater flow. The sinkholes have usually surface
expression corresponding to more or less circular or elliptic
depressions of the ground surface. However, some sink-
holes are not mature enough to be visible at the ground
surface, and they are only characterized by a network of
fractures/conduits in the ground. These sinkholes are named
crypto-sinkholes in this paper.
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[3] Several geophysical methods have been used in the
past to detect sinkholes. They include high-resolution gra-
vimetry [Closson et al., 2003], ground-penetrating radar,
electromagnetic investigations, and DC resistivity tomogra-
phy [van Schoor, 2002; Ahmed and Carpenter, 2003].
Gravimetry requires a strong density contrast between the
chalk and the overburden. This method detects only large
sinkholes or those located close to the ground surface but
cannot be used to track the presence of crypto-sinkholes
because the presence of a network of open conduits does not
provide a strong perturbation of the gravity field. Ground-
penetrating radar cannot be used if the overburden is
conductive, e.g., in presence of a clay-rich cover like in
the present study where a clay with flint cover is observed.
DC electrical resistivity cannot be used to survey large
regions due to the time needed for the acquisition of the
data. In addition, electrical resistivity from DC or electro-
magnetic investigations is not sensitive to the direction of
groundwater flow or to the hydraulic head distribution.

[4] This paper investigates the possibility of mapping
sinkholes and crypto-sinkholes with the self-potential
method. The self-potential method consists in the passive
measurement of the electrical potential distribution at the
ground surface or possibly in boreholes resulting from
polarization phenomena in the ground. The self-potential
signals are mapped with nonpolarizable electrodes. ““Self-
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Figure 1. Position of the test site. (a) The test site is

located in Normandy, in the northwest of France, near the
city of Rouen. (b) Position of the self-potential (SP)
stations, Ref represents the reference station for the self-
potential measurements, and P1 corresponds to the trace of
the electrical resistivity survey. Note that the sinkholes are
organized along a north-south trend.

potential anomalies™ correspond to spatial variations of the
self-potential with respect to a baseline or a fixed reference
placed outside the perturbed area. Self-potentials are the
result of redox potential gradients (electroredox potential),
chemical potential gradients (diffusion potential), tempera-
ture gradients (thermoelectric potential) in the ground. They
can also be associated to the flow of the pore water in a
porous material (streaming potential) [Fournier, 1989;
Aubert et al., 1990, 1991; Aubert and Yéné Atangana,
1996]. For porous rocks, the underlying physics of this
process has been reviewed by Ishido and Mizutani [1981],
Revil et al. [1999], and Revil et al. [2004, and references
therein] (see also Finizola et al. [2002, 2003] for applica-
tions to the hydrogeology of volcanic edifices).

[5] Sinkholes are associated with preferential groundwa-
ter flow in the ground, which, in turn, favors the dissolution
of the carbonate substratum. Therefore the presence of
sinkholes has an impact on the distributions of the hydraulic
heads and hence on the occurrence of the self-potential
signals. In limestones and chalks, past studies [e.g., Lange,
1999, and references therein] have shown correlations
between self-potential anomalies and the presence of cavi-
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ties. Gurk and Bosch [2001] suggested that the roof of
karstic caves can be located from self-potential measure-
ments at the ground surface using the method proposed by
Aubert et al. [1990, 1991]. However, as far as we know,
there are no published examples that use the self-potential
method to locate sinkholes and therefore no study or
numerical investigations of the potential of establishing a
relationship between sinkholes and their associated self-
potential anomalies.

[6] In most of the past studies, the self-potential method
has been considered as a qualitative method, and practi-
tioners did not attempt to quantify the geometry and density
of the causative source. In this paper, we propose a
quantitative interpretation of the self-potential signals to
locate sinkholes and crypto-sinkholes. To reach this goal,
we look for a physical explanation of the observed self-
potential signals combining laboratory measurements, an
electrical resistivity survey, and a finite element modeling of
the coupled hydroelectric problem.

2. Field Survey
2.1. Geology

[7] Our test site corresponds to an agricultural areca
located in Normandy, in the chalk karst of the western Paris
basin in an area of extensive agriculture practices (Figures 1
and 2). In this area, there is a thick chalk formation in which
sinkholes are frequent [Laignel et al., 2004, and references
therein]. The chalk substratum is overlain by clay with flint
and loess covers. The overburden is derived from the
alteration of the chalk layer itself (Figure 3). The thickness
of this cover is from few meters to 10 m outside of
sinkholes and as much as 15 m over some sinkholes. The
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Figure 2. Self-potential map, position of the measurement
stations, and position of the two boreholes (spring data).
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Figure 3. Geological cross section showing the presence of a sinkhole and a crypto-sinkhole (modified
from Laignel et al. [2004]). The sinkholes are associated with a depression of the ground surface while
there is no evidence, at the ground surface, of the existence of a crypto-sinkhole.

permeabilit]y of the cover is relatively low, typically ~5 x
10~* m s~ for the loess cover to 10~ ' m s~ for the clay
with flint [Brouyeres et al., 2004]. Sinkholes favor the fast
penetration of the water from the ground surface to the
aquifer and the contamination of the aquifers with nitrates
and harbicides. The main aquifer is located at a depth of 32 m,
inside the chalk formation, and is used as a source of drinkable
water.

[8] Several sinkholes are observable at the ground surface
(Figure 1). They correspond to circular or elliptic depres-
sions of the ground surface throughout the investigated area
(Figure 3). However, the geomorphology of this plain does
not always evidence the presence of sinkholes and the risk
of potential collapses associated with their presence. Every
year, houses and buildings are damaged because of the
deformation of the ground associated to the presence of
sinkholes in their vicinity. This points out the urge of
detection tools to draw geohazard maps. Electrical resistiv-
ity and self-potential could be combined for that purpose.

2.2. Acquisition of the Data

[v] Measurements of the self-potential were performed
with a high-input-impedance (10 M) voltmeter (Metrix
MX20) and two nonpolarizable electrodes. The resolution
of the voltmeter is 0.1 mV. The internal impedance of the
voltmeter has to be much higher than the impedance
between the electrodes to perform correct self-potential
measurements [Gex, 1977, Corwin and Hoover, 1979]
because of the small bias current used to measure the
desired potential. This is the case in the present survey.

[10] The electrodes used for the SP survey were nonpo-
larizable Cu/CuSOy electrodes also called porous pots by
practitioners. We used copper electrodes suspended in a
supersaturated solution of copper sulfate inside a porous
container. Large errors may develop from the use of steel
electrodes [Corwin and Hoover, 1979], and Petiau (Pb/
PbCl,) electrodes have been developed for long-term mon-

itoring because of their very small drift over period of
several years. One of the electrodes is used as a fixed
reference and is located outside the area along which the
visible sinkholes are located (Figures 1 and 2). The refer-
ence electrode was setup in a hole, which was filled with a
salted bentonite mud. Because the Cu/CuSOy electrodes are
sensitive to temperature changes (1.2 mV/°C), it is very
important to reach thermal equilibrium between the porous
pot and the surrounding soil before to start the measure-
ments. This takes usually less than 10 min. The traveling
electrode is used to scan the electrical potential at the
ground surface to map the self-potential anomalies. For
each measurement, a small hole (10 cm deep) was dug into
the ground and filled with the same salted bentonite than
used for the reference electrode. The use of salted bentonite
help (1) to reduce the effect of the moisture variations in the
soil during the measurements, (2) to average the measure-
ments over a larger volume than only the one corresponding
to the contact between the electrode and the ground, and
(3) to improve the electrical contact between the electrode
and the ground, that is, to decrease the contact impedance of
the electrode/soil interface. Some practitioners still believe
that the use of bentonite creates an additional spurious
potential to the measured self-potential. This is not correct
as the potential drop due to the salted bentonite cancels in
the circuit between the reference electrode and the traveling
electrode.

[11] The distance between measurement points was 10 m,
but in the places where anomalous negative signals are
recorded, we decrease the spacing between the measure-
ments stations to 5 m (Figure 2). A total of 225 measure-
ments were performed over a surface area of 15,400 m?.
The error on the data was assessed on the following way.
The reference was placed somewhere in the field and the
scanning electrode was used 50 m away. A total of
15 measurements were performed over 1 m”. The error of
these measurements was found to be 20 = 0.8 mV. The
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Figure 4. Repeatability of the self-potential measure-
ments. Over short period of times (3 hours here), the
reiteration of the same profile provides essentially the same
pattern of self-potential measurements (date of the measure-
ments 22 March 2006). The high values of the self-potential
data shown here are coming from the fact that these data
have not been corrected for the initial value of the static
potential between the reference electrode and the traveling
electrode.

repeatability was assessed by repeating twice a short SP
profile during the same day. The result is shown Figure 4. It
is clear that the self-potential data show a very good
repeatability at this site.

[12] A resistivity survey was performed along a profile
that is perpendicular to the small north-south valley along
which the sinkholes are observed (Figure 1). For this survey,
we used the Syscal Junior apparatus from IRIS instrument
with a total of 48 electrodes. We used the Wenner-o array
that consists of four aligned electrodes with intervals of
a =3 m in our case. In this case the geometric factor of the
array is equal to a, and the apparent resistivity is given by
Pa = 2mady/I, where dy is the measured potential difference
and / is the injected current. The Wenner-« array is used to
distinguish between the various geological units in order to
get a good idea of their respective resistivity and position.
The pseudosection of apparent resistivity was inverted using
the software RES2DINV developed by Loke and Barker
[1996] using the L2 norm to minimize the cost function. We
trust the quality of this resistivity survey because of (1) the
very low contact impedance between the electrode and the
ground (that allows to inject high currents), (2) the very low
standard deviations associated with the measurements (few
percent), and (3) the very low misfit error at the fourth
iteration in the inversion of the apparent resistivity data
(1.25%). In addition, we will show that the architecture of
the ground determined from this survey is in agreement with
drilling information.

3. Interpretation of Field Data
3.1. [Infiltration in the Vadose Zone

[13] Two self-potential surveys were performed at the test
site described above in spring 2005 and in summer 2005
(Figure 5). In Normandy, spring is a rainy season (the
rainfall will be discussed later in the modeling section).
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The second survey was performed after an usual period of
dryness in France. The map of the self-potential signals
constructed from the spring data exhibits clear negative self-
potential anomalies of few mV to approximately —30 mV.
The anomalies show two ridges along which more or less
circular and strong (few tens of mV) self-potential anoma-
lies are located. These anomalies cannot be associated here
to lateral changes in soil types as the soil remains the same
over the investigated area. However, the ridges are filled
with loess as shown by drilling. Buried stream channels,
richer in sand, provide a contrast to clay with flint deposits.
Most of these negative anomalies were located along the
trend where some sinkholes were identified from surface
features. Because these ridges channel high volumes of
groundwater flow, this is not surprising that the sinkholes
are organized along these ridges.

[14] The self-potential map made in spring seems to
reflect the topography of the substratum, but a quantitative
analysis of this relationship is needed. We will demonstrate
later that this map is actually the sum of two contributions:
(1) a contribution associated with the thickness of the loess
layer and (2) strong negative self-potential signals associ-
ated with the downward percolation of water in sinkholes
and crypto-sinkholes.

[15] The idea that slow percolation of water through the
vadose zone could be responsible for self-potential signals
at the ground surface of the Earth was first proposed by

Figure 5. Self-potential surveys conducted in (a) spring
(March) and (b) summer (August) 2005. In spring, the
negative anomalies in the self-potential map are organized
along two ridges. The topography of the ground surface is
very small (<2 m). It seems that the self-potential map
reflects mainly the topography of the interface between the
loess and the clay with flint cover.
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Figure 6. High-resolution self-potential profile along electrical resistivity profile P1 (electrode spacing
of 3 m, Wenner-a array). We show the electrical resistivity tomography at the fourth iteration (RMS error
1.25%). The well is used to validate the electrical resistivity tomogram and to choose the electrical
resistivity value used to draw the interface between the loess cover and the clay formation. This interface

is indicated by the dashed line.

Zablocki [1978] and Jackson and Kauahikaua [1987] for
volcanic areas. They assumed that self-potential data were
mainly related to the distance along which water percolates
vertically through the vadose zone before reaching the water
table. In our case, this assumption may seem questionable
but we will show in Appendix A that the Aubert’s model
can be derived from different assumptions. The empirical
model of Zablocki was further conceptualized by M. Aubert
and coworkers [Aubert et al., 1990, 1991; Aubert and Yéné
Atangana, 1996; Boubekraoui and Aubert, 1999; Zhang
and Aubert, 2003]. This is the so-called SPS model.

[16] We denote z(x, y) the topography of the ground and
h(x, y) the topography of the clay-with-flint/loess interface
(x, v, z are Cartesian coordinates, z directed upward).
Because of its low intrinsic permeability, the clay-with-flint
cover is close to saturation in spring. The thickness of the
loess layer is noted e(x, y) = z(x, y) — h(x, y). According to
Aubert et al. [1990, 1991], the thickness of the vadose zone
is related to the self-potential signals recorded at the ground
surface @(x, ) by

e(x,y) = ¢(x.y)/ev + (20 = ho), (1)

where eg = zy — hg is the thickness of the vadose zone
below the reference electrode and ¢y is an apparent voltage
coupling coefficient expressed in mV/m. Equation (1) is the
fundamental equation of the SPS model, but we will show
in Appendix A that it can be derived from a more
fundamental model. Aubert and Yéné Atangana [1996]
named the interface determined from the self-potential
signals according to equation (1) the “SPS surface.” The
topography of this interface with reference to a fixed datum
(e.g., the sea level) is described by

hx,y) = 2(x,5) — 9(P) ey — (20 — ho). 2)
According to Aubert and Yéné Atangana [1996], the SPS
surface corresponds to the piezometric surface or to the
elevation of the first impermeable formation. Valley-like
depressions of the SPS surface correspond to preferential
groundwater flow pathways, whereas ridges of the SPS
surface correspond to watersheds. Various heuristic predic-
tions based on this simple model have been demonstrated
by M. Aubert and coworkers giving credit to this model
among hydrogeologists.
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Figure 7. Correlation between the self-potential signals
@(P) and the thickness of the loess layer e(x, y) (R = 0.83)
(data from profile P1). The apparent voltage coupling
coefficient ¢j determined from the slope of this linear trend
is equal to —5.7 mV m~".

[17] As mentioned in section 2, the hydraulic conductiv-
ity of the clay layer is low (~10~'° m s~ ") so this interface
would correspond to the SPS surface because it corresponds
to the elevation of the first impermeable formation. This
idea is confirmed by the fact that during spring, shallow
boreholes show the existence of superficial flow just above
the clay with flint cover and during summer, we found the
vadose zone in the loess cover as being very dry.

[18] To test this idea further, we performed several
electrical resistivity surveys to capture the geometry of the
system. One electrical tomogram is shown in Figure 6
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together with a high-resolution self-potential survey made
just after the resistivity survey. The position of this profile
(named P1) is reported on Figures 1 and 2.

[19] To determine the apparent voltage coupling coeffi-
cient entering equation (2), we proceed as follows. A
borehole was drilled on profile 1 (Figure 6). Using the
lithological information from this drill hole (observation of
the loess and clay with flint covers) and the resistivity
profile (Figure 6), we extrapolate the interface between the
loess and the clay layer using a resistivity value of 28 m
(dashed line in Figure 6). Then we plot the value of the self-
potential signals as a function of the thickness of the loess
layer for equally spaced points (Figure 7). We observed a
relatively good linear relationship between self-potential
values and the thickness of the loess layer. The apparent
voltage coupling coefficient ¢;; determined from the slope of
this trend, is equal to —5.7 mV m™' (Figure 7). Finally, we
reconstructed the shape of the interface between the loess and
the clay units using equation (2) and ¢, = —5.7 mV m™"
using the data from the spring 2005 survey. The final SPS
surface is reported on Figure 8. We can observe the ridge
along which the sinkholes are located. In addition, the
position of the sinkholes themselves is clearly seen.

[20] In summer, few self-potential anomalies remain
visible on the self-potential map (Figure 5b). The summer
2005 was very dry in France, and no superficial water flow
was observed above the clay with flint cover into the
boreholes. The variations of saturation and groundwater
flow in the vadose zone of the loess layer between spring
and summer explain the differences between the two self-
potential surveys. Indeed, Friedel et al. [2004] and Doussan
et al. [2002] have presented evidence that self-potential
signals are influenced by the direction of groundwater flow
in the vadose zone and total head and moisture distributions.

SPS-Surface(m)

= W
=
-6
S

- -7

~

o~ S
S

Figure 8. SPS map determined from the self-potential data for the spring data (Figure 5a) and the
correlation between the self-potential signals and the thickness of the overburden (Figure 4). Note that the

sinkholes are organized along a north-south trend.
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Figure 9. Determination of the streaming potential
coupling coefficient of a sample. (a) Experimental setup.
(b) Measurement of the self-potential signals as a function
of the variations of the imposed hydraulic head difference
through the core sample in steady state conditions. The
slope of this trend yields the intrinsic value of the streaming
potential coupling coefficient expressed in mV per meter of
hydraulic head.

[21] We believe that differences between the two self-
potential maps could be explained by evaporation differ-
ences between spring and summer and the smaller amount
of precipitation in summer compared to the situation in
spring. In summer, the moisture content in the loess layer is
very low compared to the situation during spring. This is
demonstrated by apparent resistivity surveys performed in
March and in August using electromagnetic tools (EM31 and
EM34). In addition, evaporation creates an additional source
of positive self-potential signals that can counterbalance the
contribution associated with the downward percolation of the
meteoric water through the loess layer. While the SP mea-
surements were found to be stable in spring, the self-potential
measurements performed during a day in summer exhibit
clear changes in the strength and sometimes polarity at
different times during the day (few mV). We believe that
daily variations of the self-potential data are related to
evaporation, but clearly additional observations have to be
made in this direction before reaching definite conclusions.
In sections 4 and 5, we will focus only on the self-potential
map made in spring 2005 in order to demonstrate the
underlying physics of this process.

3.2. Laboratory Measurements of the Coupling
Coefficient

[22] We believe that the mechanism responsible for the
hydroelectric coupling reported in this work is the so-called
streaming potential. The streaming potential is related to the
drag of the excess of electrical charge contained in the pore
water by the flow of the groundwater [Nourbehecht, 1963;
Ishido and Mizutani, 1981]. To investigate the streaming
potential polarization process, we performed laboratory
measurements of the streaming potential coupling coeffi-
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cient of various samples collected at different depths in the
loess and clay with flint covers. We determine the intrinsic
streaming potential coupling coefficient with the experi-
mental setup shown Figure 9. The intrinsic streaming
potential coupling coefficient is determined from the ratio
between the electrical potential difference measured at the
end faces of the cylindrical sample and the applied hydrau-
lic head difference. The resulting experimental estimation of
the streaming potential coupling coefficient is reported in
Table 1. Because the intrinsic streaming potential coupling
coefficient depends on the electrical conductivity of the
groundwater [e.g., Revil et al., 1999, 2004, and references
therein], it was necessary to sample the groundwater from
the test site. We found a substantial difference between the
mineralization and electrical conductivity of the groundwa-
ter sampled in the main aquifer located in the chalk
(0425°C) = 0.058 S m~' at a depth of ~32 m) and
superficial water located above the clay with flint cover
(07(25°C)=0.029 S m . Consequently, we performed our
measurements with water sampled just above the clay with
flint cover. In this work, we have assumed that the conduc-
tivity of the groundwater is homogeneous in the loess cover.
Additional work will be needed to address this point and
to determine the standard deviation associated with this
parameter.

[23] Experiments were performed for three soil samples
taken above the clay with flint layer. Results show
an unexpected large range of values for the streaming
potential coupling coefficient with an average value of
—5 £ 3 mV m . This average value is, however, very
close to the value of the apparent voltage coupling
coefficient reported in section 3.1 (¢y = —5.7 mV m™ ).
The apparent voltage coefficient at the field scale is probably
more accurate because it averages over a larger volume. The
similarity implies that the self-potential signals recorded at the
test site can be interpreted as a streaming potential. We further
develop this point in section 4 by modeling the coupled
hydroelectric problem in this type of environment using a
finite element code.

4. Numerical Modeling

[24] In this section, we look for a fundamental under-
standing of the coupled hydroelectric coupling problem to
explain the shape and strength of the self-potential anoma-
lies observed during the spring survey. In section 4.1, we
recall the equations for the head distribution in steady state
conditions and the resulting distribution for the electrical
potential owing to the streaming potential coupling.

4.1. Theoretical Framework

[25] In a water-saturated porous soil, there is always an
excess of electrical charge located in the vicinity of the pore

Table 1. Measurement of the Streaming Potential Coupling
Coefficient C and Electrical Resistivity p at a Frequency of a
Few Kilohertz

Samples Depth, m o,(25°C), S m!' CmVm!' pQm L Am?

S1-1 25 0.0283 —40+06 61 6.6 x107°
S1-2 5.5 0.0283 —21+06 73 27x107°
S1-3 11.7 0.0351 —10+2 23 43 x107*
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Table 2. Material Properties Used for the Numerical Model®

Material K,ms™! p, 2 m L, Am™
Loess 10°° 77 8.5 x 107°
Clay with flint 10710 10 9.8 x 107°
Chalk 10710 80 9.8 x 107°
Sinkhole 10°% 60 8.5 x 1077

“The resistivity values are taken from the resistivity survey at a frequency
of few hertz.

water mineral interface. The drag of this excess of charge,
by the flow of the groundwater, is responsible for a net
source of electrical current. The total electrical current
density j (A m™?) is related to the hydraulic head 4 (m)
by the following constitutive equation [e.g., Sill, 1983;
Fournier, 1989]:

j=—0Ve—LVh, (3)
where the current coupling coefficient L (expressed in A m ™~ ?)
characterizes the electrical current density produced in
response to the unit hydraulic gradient. The first term of the
right-hand side of equation (3) represents the conduction
current density (Ohm’s law), and the second term corresponds
to the streaming current density (source current). The
voltage coupling coefficient C = —L/o (in V m™') char-
acterizes the voltage drop in response to a unit hydraulic
head gradient and corresponds therefore to the true
streaming potential coupling coefficient reported in
section 3.2.

[26] The continuity equation for the electrical charge is
V - j =0, which means that j is conservative in the quasi-
static limit of the Maxwell equations. Combining equation
(3) and the continuity equation yields the classical Poisson
equation for the electrical potential,

V- (cVy) = =V (LVh), (4)
where the right-hand side corresponds to the source term
associated with the hydraulic head distribution and hetero-
geneity in the distribution of the current coupling co-
efficient L. The self-potential distribution is therefore
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the hydraulic head. The field equation is obtained by
combining the Darcy equation with the continuity equation
for the mass of the pore water. In steady state conditions, the
distribution of the hydraulic head is controlled by the
distribution of the hydraulic conductivity and the boundary
condition for the hydraulic head or the flux.

4.2. Finite Element Modeling

[27] To determine the distribution of the electrical poten-
tial resulting from the percolation of the groundwater, we
follow the methodology proposed by Sill [1983] more than
20 years ago. We first solve the hydraulic equation for the
hydraulic head /(x, z) with appropriate boundary conditions,
which are discussed below. Then, the right-hand part of
equation (4) is computed with a given distribution of the
current coupling coefficient L(x, z). Finally, equation (4) is
solved for (x, z) with a given distribution of the electrical
conductivity o(x, z). The distribution of the electrical
conductivity is approximated by the electrical resistivity
tomogram of Figure 6. The values of the current coupling
coefficient and hydraulic conductivity for each of the three
lithological units (loess, clay, and chalk) are reported in
Table 2. The geometry used for the computations is shown
Figure 10. The interface between the loess and the clay
layers is determined from the electrical resistivity tomogram
of Figure 6, and the interface between the clay with flint
cover and the chalk formation is assumed to be flat (we
show below that the real geometry of this interface has no
influence upon the distribution of the electrical potential at
the ground surface).

[28] We use the finite element code FEMLAB to solve the
hydroelectric boundary value problem. Meteoric water
percolates uniformly downward in the loess layer. The
boundary conditions are as follows. At the upper boundary
09, we fixed the flux for the groundwater equal to
the infiltration capacity of the sinkhole (1077 m? s~ ', that
is 3 m yr ') because of the observed runoff of water in
sinkholes in this area. At the upper boundary 0€2;, the
hydraulic flux is set equal to the rain rate (0.6 m yr ),
which is the mean rain rate measured in this area. The two
opposite vertical sides of the system are characterized by
impermeable boundary conditions,

obtained by solving first the boundary value problem for n-u=0 (5)
- 0Q; > <0 — P> 0Q; >
Distance (in meters)
-10 0 10 20 30 40 50 60 70 80 90 100 110
>0 | | | | | | | | | | | I/
8
‘g 4 Sinkhole
£ g Clay-with-flint
k=
5127 Chalk \
A
- 9Q; — 50, -« 2Q; >

Figure 10. Geometrical model used for the finite

element calculation. The geometry of the interface

between the loess and the clay with flint formation is determined from the resistivity tomogram. The
material properties used for the calculations are reported in Table 2, and the boundary conditions are

discussed in the main text.
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Distance (m)

+3.742 +3.058 +2.375

+1.691

+1.008 0.324  -0.358 -1.042 -1.725

Pressure (in KPa)

+20 +10 0

-10 -20 30 -34

Self-potential (in mV)

Figure 11.

Self-potential distribution (in mV) calculated using the finite element numerical model

FEMLAB. The contour lines show the pressure field (in kPa), while the arrows indicate the direction (not
the strength) of the groundwater flow. The sinkhole is characterized by a dipolar anomaly, while the other
self-potential anomalies indicate the thickness of the loess cover.

where n is the outward unit vector normal to the boundary
and u is the Darcy flux. At the lower boundary 024, we
fixed the flux for the groundwater equal to the exfiltration
capacity of the sinkhole. The lower boundary 0€); is
considered to be impermeable. For the electrical potential,
we use the insulating boundary condition

Il'j:(), (6)

everywhere. An alternative choice would be to consider
v — 0 at infinity (except at the ground surface where
n - j=0).

[29] The computed Darcy velocity is in the range (6—8) X
10 ° m s~ " in the loess and below 10" m s~ in the clay
with flint cover and in the chalk. The distribution of the
electrical potential resulting from the distribution of the
hydraulic heads is shown in Figure 11. There is a good
agreement between the modeled and the measured SP data.
There is a sharp variation in the hydraulic head gradient
between the loess and the clay with flint covers because of
the permeability distribution. As shown in Appendix A, this
gradient is likely responsible for the shape of the self-
potential anomalies observed at the ground surface. In the
loess, the distribution of the equipotentials follows the shape
of the interface between the loess and the clay formations. A
comparison between the self-potential profile measured at
the ground surface and the self-potential profile determined
from the numerical model along the same profile is shown
Figure 12. We observe a fairly good agreement between the
model and the data without any optimization of the material
properties and the geometry of the interface between the
loess and the clay layers. Only the flux of the water
percolating through the sinkhole was adjusted. This indi-
cates clearly that outside the areas where the sinkholes are

located, the self-potential signals measured at the ground
surface indicate the thickness of the loess cover and
therefore the presence of ridges that can channel shallow
groundwater flow into sinkholes. An explanation of this
behavior, based on potential field theory, is given in
Appendix A. The sinkholes themselves are characterized
by dipolar self-potential signals (positive pole located at

10
J”""Q‘Q% SPRING DATA ]
ok o b
L > Sinkhole i
g N ....oo &% o ]
E quetSng 0 @ » '0..-
= -10F 3 () o)
= B % # .
=) B o4 ) T
=] - J
2 - ° E
2 20 c}o o .
= C [3 ]
2 v o !
30F © o Ll
ML ‘ : @ Calculated SP (mV) |
C S o Observed SP (mV) |1
40 Lo by v v v by v v v L T T T
0 20 40 60 80 100

Distance (in meters)

Figure 12. Comparison between the self-potential signals
determined at the ground surface using the finite element
model (see Figure 11) and the self-potential measurements
performed along profile P1 (see position on Figures 1 and 2).
We note a fairly good agreement between both profiles except
at the beginning of the profile. The reference for the two
profiles is taken at x = —10 m (see Figure 11). Some of the
variation between the observed and predicted curves could
come from lateral heterogeneity in the loess cover.
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Figure 13. Interpretation of the self-potential changes between spring and summer. (a) In spring, large

negative self-potential anomalies are associated with percolation of the groundwater in sinkholes. Smaller
negative self-potential anomalies are associated with the existence of sinkholes. (b) In summer,
small negative anomalies are still associated with the percolation of water in the main sinkholes, but no
clear anomalies can be associated with the crypto-sinkholes. Evaporation is responsible for some positive

self-potential signals at the ground surface.

depth when the reference is taken at infinite). It follows that
the self-potential fingerprint of the sinkholes and crypto-
sinkholes is a negative anomaly (the negative pole is located
close to the ground surface and the positive pole is
likely located close to the top of the chalk formation).
The self-potential signatures of the sinkholes are related to
the flux of water passing through them. This also explains
why there is a change in SP data between spring and
summer (Figure 13).

5. Tomography

[30] In this section, we provide algorithms to analyze
quantitatively the self-potential signals in terms of source
location and geometry of the source body. As discussed
above, the recorded self-potential map evidences the super-
position of two signals. The first one is associated with the
loess/clay with flint interface and is characterized by a
dipolar distribution of charge located along this interface.
The second distribution is associated with the percolation of
water in the sinkholes. In this case, each sinkhole can be
seen as a single dipole, and the depth of this dipole is
approximately half the distance between the ground surface
and the chalk formation. We first apply a tomography
algorithm to locate the depth of the sinkholes.

5.1. Tomography of the Sinkholes

[31] Self-potential tomography was introduced by Patella
[1997a, 1997b]. However, his algorithm was restricted to
monopole charge accumulations. To locate the position of a
distribution of individual dipoles that would correspond to
the SP signature of the percolation of water through the
sinkholes, we rely here on a generalization of the 2-D
dipolar occurrence probability (DOP) algorithm developed
by Revil et al. [2003b]. Iuliano et al. [2002] proposed a 3-D

version of the DOP. We consider a Cartesian coordinate
system (x, y, z) with the z axis positive downward. We
assume that the electrical field E(r) is due to P dipoles with
moment d, (p € {1, 2, ..., P}) and is therefore given by

E(r) = Z (d,V,)s(r, — 1), (7)
p=1
s(r, —r) :7%71‘3. (8)
L

We note E the modulus of the electrical field E(r). The
power associated with the electrical field is

mm:/ﬁmw, 9)

N

o(E) = EP: S d. / E(r) 708(3;_ Y gs. (10)
p=1 v S P

We assume that the projection of S onto the (x, y) horizontal
plane can be adapted to a rectangle with side X and Y along
the x and y axis, respectively. We note g(z) the topography
regularization factor, which is defined by

1/2

o= (43"
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Depth (in meters)
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Figure 14. Dipole occurrence probability (DOP) respon-
sible for the self-potential anomaly associated with
percolation of water in the sinkholes. The maximum of
the DOP is found at a depth of 6 meters. This depth
corresponds to half the depth of the chalk formation.

and in absence of topography, g(z) = 1. Applying Schwarz’s
inequality, [uliano et al. [2002] defined a source dipole
occurrence probability (SDOP),

Mo (rp) = €4 ;r)g(Z)dxd% (12)

N—

where v =X, ), z, v, = X,,, ), z, and where the normalization
constant % is defined by

X Y X Y
o = [ / / B (r)g(=)dxdy / /

-X =Y

5 ~1/2
ds(r, —r)
T)p‘ g(z)dxdy .

(13)

The DOP function represents therefore the probability of
finding in a point of the subspace €2 a dipole responsible for
the self-potential anomaly observed at the ground surface.
Note that in our case, the dipolar momentum will be
generally directed downward because of the percolation of
the groundwater. The position of the dipole would be half of
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the distance between the ground surface and the chalk
substratum. A tomography of the self-potential signals is
shown in Figure 14. According to the tomography
algorithm, the position of the dipole responsible for the
observed SP anomaly is located at a depth of 6 £ 2 m.
The position of the chalk substratum, determined from the
electrical resistivity tomogram, is at a depth of 11 + 1 m.
This is consistent with our model.

5.2. Tomography of the Loess/Clay Interface

[32] We look first to recover the loess/clay interface using
the self-potential measurements made at the ground surface
along profile P1. Equation (AS) of Appendix A indicates
that the loess/clay interface behaves as a sum of dipoles,
each dipole with a strength proportional to the elevation of
the interface above a datum. Therefore it should be possible,
in principle, to deconvolve the self-potential signals
recorded at the ground surface to find the location of these
dipoles in the ground and therefore to image the interface
between the loess cover and the clay with flint cover. For a
3-D profile, the electrical potential at the point P located at
the ground surface is given by

oC x-n
P)=— ki
P(P) =5 /hx3dS7

o0

(14)

where x = r — r’ and x = |x|, x = MP, n is the outward
normal to the clay/loess interface at the source point M, dS
is a surface element of the clay/loess interface around M, /
is the hydraulic head at source point M, and 6C = C, — Cj is
the difference of the streaming potential coupling coefficient
through the loess/clay interface. To invert equation (14), we
generalize the cross-correlation algorithm developed by
Revil et al. [2003a]. Isovalues of the final a-normalized
distribution defined by Revil et al. [2003a] are contoured to
provide a tomographic image of all the possible locations of
the loess/clay interface. The solution is therefore nonunique,
and there is an infinity of interfaces that would be
responsible for the same self-potential distribution. To

-1.5
//\\\ 2
D _— 2| 5
- e = 35
N £ a
\ \\ 3| [
\ < b ~. 0 -5
1:0 e . 5.5
) \ AW Bl
‘ 7
’lﬁ\x : o 7.5
9\ o //,// N s
’_aj’wé \ _ e S A "o 9
0
3 s\ . ~ /W/A{ ®
2 T T AW
10 g ®
/\/

Figure 15. Determination of the topography of the loess/
clay with flint interface (the colors code the depth of this
interface, expressed in meters). Note that the maximum of
the depth of this interface coincides with the depth of the
chalk formation (8 to 12 m).
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reduce the nonuniqueness of the problem, the position of the
loess/clay with flint interface is known at a given location
(in a borehole) and then can be extrapolated everywhere
assuming that the electrokinetic conversion factor 8C is the
same in the investigated area at the scale of the measure-
ments. We applied such a tomographic algorithm to the self-
potential data of spring 2005. Using the data of wells W1
and W2 (Figures 1 and 2), the inverted position of the clay/
loess interface is shown Figure 15.

6. Concluding Statements

[33] The self-potential method indicates the position of
sinkholes and crypto-sinkholes in a chalk formation in
Normandy demonstrating the usefulness of this method in
delineating a series of sinkholes located along two ridges
and the position of the clay with flint/loess interface. The
negative self-potential signals are associated with down-
ward percolation of the meteoritic water between the ground
surface and the clay-with-flint formation. Outside the sink-
holes, the self-potential signals show a fairly good linear
correlation to the thickness of the permeable loess layer.
This is explained by the distribution of the head in the loess
and clay with flint covers. A finite element model is used to
compute the self-potential signals resulting from ground-
water flow. A fairly good agreement is obtained between the
computed and the measured self-potential signals. Finally,
we proposed two three-dimensional tomography algorithms
(1) to reconstruct the interface between the loess and the
clay with flint covers and the position of the sinkholes and
(2) to locate the extension of the sinkholes at depth.

Appendix A: A Physical Model of the SPS
Method

[34] We look here for a physical link between the forward
numerical model developed in section 4 and the SPS
method discussed in section 3.1. Introducing an effective
potential, yw = ¢ — C'h, the boundary value problem
described in section 4 is [Fournier, 1989; Santos et al.,
2002]

Viy =0,r € Q,, (A1)
on-Vy, = oon-Vy,,r € 09, (A2)
Vo =V, :_(CZ_Cl)h7r€89> (A3)

as p and /4 are continuous across the interface between the
clay with flint and loess covers and where 0f2 represents the
interface between the loess (compartment €2;) and the clay
with flint (compartment €2,). The effective potential
follows the Laplace equations in the volume €2, while
there is a drop in the effective potential across 0f2. In
addition, the normal component of the current density
vanishes at the ground surface because the atmosphere is
insulating (n.V = 0 at the ground surface).

[35] Using the image technique for finding the solution of
the previous boundary value problem for a half-conducting
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space, the effective potential at the observation P at the

ground surface is
1
/ v (7) P dS,
X

0

y(P) = (A4)

where P = [06Ch/2w]n is the density of current dipole
moment confined to the interface 02 at the observation
station P, x =r — r’ and x = |x|, and dS is a surface element
of the interface OS2, n is the outward normal to the clay/
loess interface at the source point M, x = MP, dS is a surface
element of the clay/loess interface around M, and % is the
hydraulic head at source point M, and 6C = C, — Cj is the
difference of the streaming potential coupling coefficient
through the loess/clay interface. The electrical potential at
observation point P is given by

oC X-n

P)=— =_ds.

P(P) =5 /hx3 ds
N

(AS)

Equation (A5) can be simplified as the interface 02 is seen
from the observation point P with a solid angle equal to 2,
then a first-order solution of equation (A5) is p(P) — ¢y ~
O0C(h — hg), and therefore we recover equation (1) of the
main text.
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