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ABSTRACT

The percolation of water in the ground is responsible for measurable electric po-
tentials called self-potentials. These potentials are influenced by the distribution of
the electrical conductivity of the ground. Because sinkholes are associated both with
self-potential and electrical conductivity anomalies, a joint inversion of EM-34 con-
ductivity and self-potential data is proposed as a way of delineating the location of
these features. Self-potential and EM conductivity data were obtained at a test site in
Normandy (France) where sinkholes and crypto-sinkholes are present over a karstic
area in a chalk substratum overlain by clay-with-flint and loess covers. The presence
of sinkholes and crypto-sinkholes is associated with negative self-potential anomalies
with respect to a reference electrode located outside the area where the sinkholes are
clustered. The sinkholes also have a conductivity signature identified by the EM-34
conductivity data. We used the simulated-annealing method, which is a global op-
timization technique, to invert jointly EM-34 conductivity and self-potential data.
Self-potential and electrical conductivity provide clear complementary information to
determine the interface between the loess and clay-with-flint formations. The sink-
holes and crypto-sinkholes are marked by depressions in this interface, focusing the

groundwater flow towards the aquifer contained in the chalk substratum.

1 INTRODUCTION

In Normandy (France), some of the sinkholes penetrating into
the chalk substratum are masked by a loess and clay-with-flint
sedimentary cover (Laignel et al. 2004). Hydrogeological data
indicate that the karst has a binary flow, consisting of a slow
recharge, associated with infiltration of water through the ma-
trix of the sedimentary cover, and rapid events, associated with
strong rains and the fast percolation of water through the net-
work of sinkholes. Locating sinkholes in the chalk substratum
is important for several reasons. The sinkholes are responsible
for the vulnerability of the chalk aquifer to agricultural water,
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which contains pesticides and nitrates. In addition, the devel-
opment of sinkholes over time is associated with the risk of
collapse of the ground (e.g. Nichol 1998).

Some of the sinkholes are clearly visible on the ground sur-
face. They appear as more or less pronounced circular de-
pressions. The sinkholes are clustered along fractures in the
chalk bedrock (e.g. Nichol 1998; Salvatia and Sasowskyb
2002), which channel shallow groundwater drainage path-
ways. However, some of the sinkholes are not visible on the
ground because they are not mature enough to create a de-
pression in the ground surface. Indeed, the sinkholes start as
microcaves formed by dissolution-enlargement of some initial
fractures in the chalk, which also correspond to depressions of
the clay-with-flint/loess interface. As the microcaves enlarge,

the overlying sediments are channelled down into the chalk,
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creating a void within the clay-with-flint formation. At this
stage, these sinkholes are called crypto-sinkholes, and non-
intrusive geophysical methods are required to map their posi-
tions. As time passes, more and more clay-with-flint and loess
are lost down the drains and the voids grow. This creates a
continuous subsidence of the ground or the collapse of the
voids, resulting in the formation of a sinkhole visible on the
ground surface.

Several geophysical methods have been tested in the past to
detect sinkholes. They include conductivity mapping with the
EM-31 and EM-34 methods (Ahmed and Carpenter 2003),
gravimetry (Closson et al. 2003), ground-penetrating radar,
and electrical resistivity tomography using multi-array elec-
trodes (van Schoor 2002; Zhou, Beck and Adams 2002). Sur-
face geophysical data can also be combined with downhole
measurements to locate sinkholes more accurately (Wedekind
et al. 2005). Ground-penetrating radar cannot be used if
the overburden is conductive (e.g. in the presence of a clay-
rich cover, as in the present study). DC-electrical resistiv-
ity and gravimetry cannot be used to survey a large re-
gion, due to the time required for the acquisition of the
data.

The geophysical methods listed above are not sensitive to
the direction of groundwater flow. Recently, several works
have focused on the use of the self-potential method to
survey sinkholes and karst (e.g. Erchul and Slifer 1987;
Wanfang, Beck and Stephenson 1999; Wedekind et al. 2005).
Self-potential signals are generated when water flows through
a porous material and drags the excess of electric charge con-
tained in the porewater into the so-called electrical double
layer (e.g. Leroy and Revil 2004). Previous authors (Zablocki
1978; Jackson and Kauahikaua 1987; Aubert and Atangana
1996) have shown that self-potential signals can be related
to the percolation of water into the vadose zone. Jardani,
Dupont and Revil (2006) used a finite-element code to demon-
strate that the self-potential method can be used qualitatively
to detect the position of crypto-sinkholes and sinkholes be-
cause they form vertical preferential pathways for the flow
of the groundwater, which are characterized by negative self-
potential anomalies. The self-potential method is the only geo-
physical method that is sensitive to groundwater flow. It is also
an inexpensive and efficient method for surveying large fields
quickly. However, the interpretation of self-potential is also
dependent on the conductivity distribution of the medium.
Self-potential is therefore not a stand-alone method. Elec-
tromagnetic methods can also be used to survey very large
areas quickly, and because electrical conductivity is sensi-

tive to the water and clay contents of the formation, it pro-

vides information, in addition to self-potential data, to detect
sinkholes.

The goal of the present study is to test the effectiveness of
combining self-potential and EM-34 conductivity data for lo-
cating sinkholes and crypto-sinkholes. In addition, we per-
formed surveys at two different periods of the hydrological
cycle to show how these methods are sensitive to hydrologi-
cal parameters (water content and groundwater flux). In Sec-
tion 2, we describe the test site located in Normandy (France),
where sinkholes are present in a chalk formation. In Sec-
tion 3, we interpret two self-potential surveys, performed in
spring and summer 2005, over a test site. We quantify the self-
potential survey made in spring to determine the thickness of
the loess layer, which corresponds to the unsaturated zone.
In Section 4, we invert the apparent electrical conductivity
data obtained with the EM-34 apparatus, and we discuss the
variations of the data in the spring and in the summer. In Sec-
tion 5, we present a joint inversion of EM-34 conductivity and
self-potential data to determine the geometry of the loess/clay-
with-flint interface, using a simulated-annealing algorithm.

2 DESCRIPTION OF THE TEST SITE

The test site investigated in this paper is located in Normandy
(France) in the Upper Cretaceous chalk karst of the Western
Paris basin (Fig. 1). In this region of extensive agricultural
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Figure 1 Location of the test site in Normandy (N'W France). At this
test site, the sinkholes are all aligned along a N=S trend. Four boreholes
were drilled over the test site.
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Figure 2 Picture of sinkhole Al. Its diameter is 10 m and the depth
of the depression is approximately of 2 m.

areas, sinkholes and crypto-sinkholes are frequently clustered
in a thick chalk substratum. The cover of this substratum is
composed of Pliocene clay-with-flint and loess materials re-
sulting from the alteration of the chalk substratum (Laignel
et al. 2004). The thickness of this cover ranges from a few me-
tres to 10 metres outside sinkholes. It can reach ~15 m over
some sinkholes. The permeability of the upper units is rela-
tively low (~10=° m s~! for the loess cover to 10~'° m s~! for
the clay-with-flint cover, see Jardani et al. 2006). Due to the
contrast in permeability between the loess and the clay-with-
flint covers, a shallow perched aquifer exists above the clay-
with-flint formation in spring. Water flow is predominantly
lateral in this upper flow system until a sinkhole is encoun-
tered. Sinkholes act as local vertical pathways through the
clay, connecting the shallow upper flow system to the main
aquifer located in the chalk formation at a depth of about
30 m. Five boreholes drilled at the test site demonstrate the ex-
istence of this shallow aquifer above the clay-with-flint cover
(Jardani et al. 2006). The sinkholes are marked by approx-
imately circular depressions in the ground (see Fig. 2). The
sinkholes that are not visible at the ground surface are called
crypto-sinkholes.

3 SELF POTENTIAL SURVEY
3.1 Background

The percolation of water through a porous material generates
an electric field of electrokinetic nature called the streaming
potential. In fact, the surfaces of all the minerals in contact
with water become charged. To compensate for this excess or

deficiency of electric charges, a net charge accumulation of
opposite sign develops in the porewater. This phenomenon is
called the electric double layer (e.g. Leroy and Revil 2004).
The drag of the charge density contained in the porewater
is therefore responsible for polarization of the medium (e.g.
Revil et al. 1999; Revil, Leroy and Titov 2005, and references
therein). Several methods have been described in the past to re-
late self-potential signals to the geometry of groundwater flow
pathways (e.g. Fournier 1989; Aubert and Atangana 1996;
Revil et al. 2003). The self-potential method is a passive geo-
physical method that measures the electric potential between
two non-polarizing electrodes placed on the ground surface of
the earth. One of these electrodes is placed at a fixed (reference)
position in the field (outside the area where it is suspected that
the sinkholes are located), while the other is used to scan the
electric potential at the ground surface at different locations
(see Fig. 3). In the present study, non-polarizing electrodes
consisted of a bare copper cylinder immersed in a supersatu-
rated copper-sulphate solution in a porous ceramic cup. The
self-potentials between the reference station and the scanning
electrode are measured with a calibrated Metrix MX-20 volt-
meter with a sensitivity of 0.1 mV and an internal impedance
of 100 M€ (calibration was checked with a set of resistances
with F. Perrier). The distance between two measurement sta-
tions was 10 m and 5 m in the outer and central parts of the
investigated areas, respectively. A total of 225 measurements
were performed over a surface area of 15 400 m?. Jardani et al.
(2006) showed that the standard deviation of the self-potential
measurements, at this specific site, was 1 mV. This means a
very high signal-to-noise ratio and a high reproducibility of the
measurements. Using finite-element modelling, Jardani et al.
(2006) showed that the sinkholes are associated with negative
self-potential anomalies of a few tens of millivolts.

3.2 Interpretation
Spring data

The self-potential map realized in spring 2005 shows negative
anomalies (Fig. 3a). Spring is the rainy season in Normandy.
During spring 20085, the total rainfall was 400 mm. As mod-
elled by Jardani et al. (2006), the percolation of water into the
sinkholes in spring is responsible for a negative self-potential
signature with anomalies of —30 mV (see the self-potential
anomalies A1 and A2 in Fig. 3a). The position of these self-
potential anomalies provides a footprint signature of their
location. The density of self-potential stations used in this
study is insufficient to allow the shape of the sinkholes to be
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Figure 3 Self-potential map of the test site. The small stars correspond to the stations where the self-potential was measured (Ref indicates the
position of the self-potential reference station). The self-potential data were obtained (a) in spring and (b) in summer. W1 and W2 are two
boreholes. AB is a multi-electrode resistivity profile P1. Anomalies A1 and A2 are two sinkholes visible on the ground surface. They are located
on the depression of the clay-with-flint/loess interface (see Fig. 5). Anomaly A3 is either a potential crypto-sinkhole that is located outside this

depression or a possible artefact as shown later (Fig. 11).

determined precisely. Wider anomalies (B1, B2 and B3) cor-
respond to topographic lows of the clay-with-flint/loess inter-
face. All these anomalies are clustered along a N-S trend at
the test site (Fig. 3a). This trend is also the trend along which
the visible sinkholes are clustered (see Fig. 1).

The anomaly A3 could be a crypto-sinkhole. The areas
near anomalies B2 and B3 (amplitude —20 mV) are topo-
graphic lows of the clay/loess interface (see Jardani et al.
2006). We interpret them also as potential crypto-sinkholes.
In our opinion, these interpretations are linked, i.e. the to-
pographic lows of the interface are related to zones of en-
hanced flow that would lead to enhanced dissolution of the
chalk.

Jardani et al. (2006) used the finite-element code Com-
sol Multiphysics 3.2 to show that the percolation of water
through the vadose zone is responsible for its electrical polar-
ization. In our case, the vadose (unsaturated) zone corresponds
to the loess layer because drill-holes show that the clay-with-
flint formation always remains water-saturated throughout
the year. Based on the assumption first proposed by Jackson
and Kauahkana (1987), i.e. self-potential negative anomalies
are proportional to the thickness of the vadose zone, Aubert
and Atangana (1996) proposed using the following fomula
to determine the bottom of the vadose zone (Aubert and
Atangana 1996; Aubert, Dana and Gourgaud 2000):

H(x, y) = h(x,y) — e0o — p(x. y)/c, (1)

where H(x, y) is the altitude (with respect to a datum) of the
bottom of the vadose zone below the measurement station P(x,
y), h(x, y) is the altitude of the ground surface at station P(x,
y), e is the thickness of the vadose zone below the reference
self-potential station (where, by definition, the self-potential
signal is equal to zero), ¢ is the measured self-potential signal
at station P(x, y), and ¢ is an apparent voltage coupling co-
efficient usually expressed in mV/m. As explained above, the
vadose zone corresponds to the loess layer. It follows that the
bottom of the vadose zone also corresponds to the interface
between the clay-with-flint cover and the loess formation. We
know the position of this interface from two boreholes. It is
also very well marked on the two DC resistivity surveys shown
in Figs 4 and 5. Jardani et al. (2006), showed that by taking
¢=—5.7mV/m and ey = 2 m, we can reconstruct the position
of the bottom of the vadose zone (called the SPS surface in the
terminology of Aubert and co-workers). The result is shown
in Figs 6 and 7.

Summer data

Summer 2005 was a very dry period in France. In summer,
the self-potential map indicates fewer anomalies in compari-
son with the map made with the spring data (see Fig. 3a, b).
However, the summer self-potential map shows the position
of the main sinkholes at the test site (such as sinkhole A1).
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Figure 4 Comparison between the self-potential map and the inverted electrical resistivity section. Electrical resistivity tomography along profile
P1 (electrode spacing 3 m, Wenner-« array). The electrical resistivity tomography is shown at the fourth iteration (RMS error: 1.39%). The
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Figure 5 Electrical resistivity tomography along profile P2 (electrode

spacing 4 m, dipole—dipole array).The electrical resistivity tomography is

shown at the 4th iteration (RMS error: 4.1%). Note the conductive root in the chalk formation below the sinkhole. There is also a sinkhole at

the beginning of the profile, just outside the investigated area.

Consequently, water still percolates through this sinkhole but
this infiltration comes from the slow percolation of water from
the clay-with-flint formation and not from the percolation of
water from the shallow aquifer lying just above the clay-with-

flint/loess interface. The lower permeability of the clay-with-
flint layer is compensated by the greater surface of discharge
offered for the infiltration. Indeed, in summer, the boreholes
installed over the studied area show no free water above the

© 2007 European Association of Geoscientists & Engineers, Geophysical Prospecting, 55, 1-12
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Figure 7 Determination of the depth of the SPS surface (expressed
in m) using the self-potential data measured in spring. This interface
corresponds to the interface between the clay-with-flint cover and the
loess formation. The apparent coupling coefficient used to derive the
depth of this interface is determined from the correlation between the
self-potential anomalies and the thickness of the loess layer determined
from the electrical resistivity tomographies.

clay-with-flint formation. In addition, the monitoring of the
self-potential signals in summer shows positive signals during
the day (not shown here) that are probably due to evaporation
of water in the vadose zone.

4 ELECTROMAGNETIC RESISTIVITY
SURVEYS

4.1 EM conductivity data

Electromagnetic (EM) methods (e.g. with the EM-31 and the
EM-34 tools) are useful and simple methods for determining
the electrical conductivity distribution of shallow sedimentary
formations. These methods have already been used success-
fully in karstic areas (see Ahmed and Carpenter 2003). How-
ever, the drawback of these methods is that they do not always
possess a strong vertical resolution. The EM-34 equipment
was described by McNeill (1980). The basic instrument con-
sists of two coils. The first one is the transmitter, which is en-
ergized with an alternating current at a specific frequency; the
second one, located at a short distance from the former, is the
receiver. The variable magnetic field created by the transmit-
ter (the primary field) induces electric currents in the ground.
These currents generate a secondary magnetic field, which is
detected, together with the primary field, by the receiver coil.
The investigation depth depends on the frequency of the ener-
gizing field, on the electrical resistivity of the ground, and also
on the intercoil spacing and the coil configuration (vertical
dipole or horizontal dipole modes).

We performed two EM-34 resistivity surveys in 2005. In
spring 2005, we used the vertical-loop mode to collect the
data with two different depths of investigation and an inter-
coil separation distance of 10 m and 20 m, respectively. The
conductivity map obtained with the spacing of 10 m is shown
in Fig. 8(a). Another survey was performed during summer
2005 using a vertical spacing of 10 m (Fig. 8c). In Fig. 8(a, b),
we compare the conductivity data obtained in spring with the

coil spacings of 10 and 20 m, respectively.

4.2 Interpretation
Spring data

In the spring, there was a high water content in the shal-
low formations in comparison with the situation in the sum-
mer. To check the values of the water content in the vicin-
ity of a sinkhole and far from it, we drilled two boreholes,
W3 and W4 (see location in Fig. 1) to obtain gravimetric
water content versus depth curves at these boreholes. The
gravimetric water content was measured by weighting the
extracted samples before and after oven drying. These data
show that the water content of the vadose zone seems to be
higher above a sinkhole than at a far distance from it. We have

no explanation for this observation, which is, at first glance,
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Figure 8 (a) Conductivity map in spring (EM-34, intercoil spacing 10 m, vertical dipole mode). (b) Electrical conductivity map in spring (EM-34,
intercoil spacing 20 m, vertical dipole mode). At this depth, conductive areas show alteration of the chalk formation. (c) Conductivity map in
summer (EM-34, intercoil spacing 10 m, vertical dipole mode). The closed lines represent the boundaries of the self-potential negative anomalies

measured in spring (see Fig. 4a). In spring, there is a very high conductivity structure with a N=S trend. This area corresponds to a depression

in the interface between the clay-with-flint and loess formations. High conductivity is consistent with high water content inside this formation,

which channels groundwater. Note that the conductivity of the shallow formations is much lower in summer by comparison with spring. This

is consistent with the fact that the water content is lower is summer than in spring.

surprising. Indeed, the sinkholes are responsible for drainage
of the perched loess aquifer during the spring. The gradient
needed to produce this flow toward the sinkhole would cause
an increasing hydraulic head (i.e. increasing water-table eleva-
tion) moving away from the sinkhole. As the level of the water
table rises, so would the capillary fringe and, therefore, the av-
erage water content would increase. This is in contrast to the
observation made at wells W3 and W4. Could the difference
in water content between well W3 and well W4 simply be the
result of local heterogeneity? We cannot provide an answer to
this question. However, the conductivity map obtained in the
spring (Fig. 8a) indicates a conductive area with a N-S trend.
This area could correspond to an area of high water content

because of the high apparent electrical conductivity (37 to
40 mS/m) of this anomaly. Figure 9 shows that the water con-
tent, aznd hence the electrical conductivity, is higher above
sinkholes than outside their area. Indeed, various authors (e.g.
Kachanoski, Gregorjch and Van Wesenbeeck 1988) have es-
tablished a quantitative relationship between the variation of
the electrical conductivity and the variation of the water con-
tent for various types of sediments. For loess, Rhoades, Raats
and Prather (1976) showed that a volumetric change of 2 to
5% of the water content can be responsible for a variation
of 1 to 2 mS/m of the electrical conductivity. Therefore, we
interpret this conductive anomaly as associated with a set of
sinkholes and crypto-sinkholes in this area.
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Figure 9 Water content versus depth for samples taken into boreholes W3 and W4 (see their location on Fig. 1, data obtained in May, 2005).
(a) Data in borehole W3. (b) Data in borehole W4. Note that in borehole W3, located in the vicinity of a sinkhole, the water content in the
vadose zone is higher than that in borehole W4, located further from the sinkhole. In borehole W4, we observe a greater difference in the water
content between the loess and the clay-with-flint formations in comparison with the data of borehole W3, where the water content is roughly

the same for the two formations.
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Summer data

Summer 2005 was very dry in Normandy and therefore the
water content in the shallow formations was very low in com-
parison with the situation in the spring. This is confirmed
by the low electrical conductivity values (10 to 20 mS/m)
(Fig. 8c). During the summer, the boreholes show that there
are no shallow aquifers above the clay-with-flint forma-
tion, confirming the dryness of the loess cover during this
period.

4.3 Inversion of the EM data

To invert the EM-34 conductivity data, we use a smooth inver-
sion technique (Constable, Parker and Constable 1987; Sasaki
1989). A 1D laterally constrained approach was described in
detail by Monteiro Santos, Matias and Gongalves (2001) and
Monteiro Santos (2004). This approach yields the distribution
of the electrical conductivity of the ground at depths of 2.5 m,
10 m and 15 m (see Fig. 10a, b, ¢). At 2.5 m, the water content
of the loess formation is high, probably because of the high
value of the electrical conductivity. This is confirmed by the ob-
servations made in two wells. The depth of 10 m corresponds
to the position of the interface between the clay-with-flint and
chalk formations. The conductivity map indicates two types
of highly conductive anomaly. One of them is associated with
the roots of the sinkholes and the crypto-sinkholes. Because of
the presence of clay particles in this area of high drainage (that
originates from the collapse of the clay formation), the forma-
tion appears more conductive. An alternative explanation for
the increased electrical conductivity (and permeability) could
be the presence of secondary porosity generated during the
disorderly collapse of the sediments into the sinkhole.

Figure 10(c) shows the electrical conductivity distribution
at a depth of 15 m. We observe the conductive root of sinkhole
A1. The resistive substratum is associated with the unaltered
chalk formation while the more conductive areas correspond
to the altered chalk formation.

5 SP-EM JOINT INVERSION

Inversion of electromagnetic data is a non-linear problem
that can be solved by applying local optimization algorithms
like constrained linearization techniques (e.g. Tikhonov and
Arsenin 1977; Constable et al. 1987). It is widely recognized
that the solutions produced by these methods depend on the
initial values of the model parameters and the value of the
regularization parameter. In recent years, the interest in the
application of global optimization techniques (e.g. genetic al-
gorithm, controlled random search, simulated annealing, etc.)
to geophysical problems has gained in popularity. This is be-
cause (i) with these methods, there is no need to determine the
Jacobian matrix (i.e. calculate derivatives) and (ii) it is more
likely to reach a global minimum of the objective function
rather than a local minimum (Kirkpatrick, Gelatt and Vecchi
1983; Pessel and Gibert 2003).

We use here the simulated-annealing algorithm to jointly
invert self-potential and conductivity data. A detailed descrip-
tion of the simulated-annealing algorithm can be found in
Kirkpatrick et al. (1983). The method was developed by anal-
ogy with the process of physical annealing in thermodynam-
ics: the undetermined parameters of the geophysical model
are analogous to the particles of the physical system and the
objective function of the inverse problem is analogous to its
global energy. Similarly to the thermodynamic annealing pro-
cess, which is controlled by the initial temperature and cooling

Figure 10 Results of the inversion of the EM-34 data. We show the distribution of the electrical conductivity at different depths: (a) 2.5 m;

(b) 10 m; (c) 15 m.
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process, the solution of the inverse problem is also controlled
by a positive parameter T called the temperature. The model
parameters are changed (randomly) during the inversion
process. The acceptability of a change is based on the
Metropolis algorithm (Metropolis et al. 1953). According to
this algorithm, perturbations of the parameters that lead to
a decrease in the objective function are unconditionally ac-
cepted. When an increase in the objective function is checked,
the acceptance of the change in the parameters depends on the
value of the function ¥ (which represents an acceptance prob-
ability) that is compared with a randomly generated number
x between 0 and 1. The changes in the model are accepted if
¥ > x, and are rejected otherwise. The function v is defined
as

¥ =exp(—AE/T), (2)

where AE represents the objective function variation. For high
T values, virtually all changes are accepted. The Metropolis
algorithm is iterated over a sequence of models at a constant
T value. This renders the solution independent of the initial
model and allows the algorithm to escape from local minima.
It is expected that the accepted models will concentrate in
the vicinity of the absolute minimum while T decreases. It is
important to decrease the value of the parameter T slowly for
convergence efficiency of the simulated-annealing algorithm,
allowing a representative sampling of the full parameter space
(Monteiro Santos et al. 2006).

In order to apply the simulated-annealing algorithm to the
joint inversion of SP and EM conductivity data, the subsurface
is divided into two domains separated by an irregular bound-
ary. The medium of each layer is subdivided into hexahedral
cells. Each cell is characterized by its electrical conductivity,
top and bottom interface depths and an apparent voltage cou-
pling coefficient ¢ defined in mV/m.

Self-potential forward calculations were performed based
on equation (1), while cumulative functions were used in EM
forward calculations (McNeil 1980; Monteiro Santos et al.
2001). At low induction numbers, the magnetic coupling be-
tween ground current loops induced by the primary field is
negligible. In this case, it is possible to construct a function
of depth S(z), that describes the relative contribution to the
secondary magnetic field, measured at the receiver, of the ho-
mogeneous material within a thin horizontal layer at a depth z
(McNeill 1980). In a layered-earth model, the relative contri-
bution to the secondary magnetic field from all material below
a depth z can be expressed by the cumulative function Ry y

(for horizontal or vertical coplanar transmitter/receiver dipole

configurations) as defined by McNeill (1980):
R:/ S(z) dz. (3)
z

The expressions for the functions Ry y(Z) are (McNeill
1980)

Ry(Z) = ———, (4a)

Ru(Z) =422 +1-22Z, (4b)

where Z is the depth of the ith layer divided by the intercoil
spacing. Taking into account these definitions, the response of
an N-layered earth is calculated adding the contribution from
each layer independently, weighted accordingly to its conduc-
tivity and depth.

In the scope of this work, the use of the cumulative response
to calculate the model response at each measuring point means
that we do not consider the electromagnetic interaction be-
tween constituent blocks of the model. However, the inversion
algorithm constrains each block parameter to be dependent on
its neighbours to a certain degree. According to equations (1)
and (4), the self-potential and the EM data are both deter-
mined by the vadose zone thickness. Therefore, the depth of
the SPS surface will be the common parameter for the SP and
EM joint inversion.

We need to define a global objective function Q, based on
the L-norm, and involving a weighted sum of four objective
functions. These objective functions are the objective function
of the self-potential data (Egp), the objective function of the
electromagnetic data (Egy), as well as the objective functions
corresponding to the depth of the SPS surface (Esps), and the
cells conductivity roughness (Ec,,). The global objective func-
tion Q is defined as

O = &1Esp + &2 Epm + €3 Esps + £4 Econ, (3)

where €1, €3, €3 and &4 are weights. The values of these weights
depend on the relative importance of the self-potential data
and the electromagnetic data, the roughness of the SPS sur-
face and the conductivity of the cells, respectively. They also
depend on the data error and a priori variance of the model

parameters. The objective functions Esp and Egy; are defined

by

2305 8™ — o ,
YL e =y 4+ N [t + ye|

The observed and calculated data values are denoted by su-

E =

(6)

perscripts obs and calc, respectively and y denotes SP potential
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or EM apparent conductivity. N is the number of SP or EM
measured values. Ec,, and Esps roughness are defined as

1
E= NZE,-,-, (7)

Ej=E 11+ E_1jp1+Eij1+ Eq 01 —4E;,  (8)

where E;; represents the conductivity of the (i,j)th cell or the
depth of the SPS surface that limits the (i,j)th cell.

We now investigate the sensitivity and equivalence prob-
lems in our formulation. From equation (1), the SP signal is
proportional to the product of the thickness of the first layer
(corresponding to the vadose zone) and the apparent coupling
coefficient. This means that possible equivalent models can be
obtained as long as this product is kept constant. On the other
hand, the derivative of equation (1),

de ]
3 = 9)

~5
(where e is the thickness of the vadose zone) shows that the
sensitivity of the model to the thickness of the vadose layer
decreases when the coupling coefficient has high values (¢ >
4.5 mV/m). An investigation of the dependence of the EM
apparent conductivity on the depth of the interface between
the two media, through the derivatives (30,/8Z)y u, shows
that the data loses sensitivity to the depth when it increases.
From these results and from the fact that our models are a
rough approximation of the reality, some variability in the
model parameters is expected. The best model of the joint in-
versions of the depth of the clay-with-flint/loess interface is
shown in Fig. 11. This result was obtained with &; = ¢, =
€3 = &4 = 1, which means that we give the same confidence to
all four objective functions. The global misfit between the field
data and the model response is 25 %. Several other models, us-
ing different weighting values, have been obtained. However,
they showed greater misfit and more variability in the SPS
results.

The two main sinkholes, A2 and A1, are clearly visible in
Fig. 11, plus an additional crypto-sinkhole that we name A4
and two diffuse depressions, B2 and B3. The sinkhole A3 was
probably an artefact and is not visible on the joint inversion of
the EM-34 and self-potential data. The roots of the sinkholes
are visible to a depth of approximately 7 m. The present results
encourage us to investigate more cases in hydrogeophysics and
to explore new combinations of geophysical techniques for
quantitatively treating the geometry of the percolation path-

ways of water in such environments.
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Figure 11 Determination of the depth of the interface between the
loess (partially saturated) and clay-with-flint (water-saturated) forma-
tions using the joint inversion of the self-potential and EM-34 data.
In spring, a shallow aquifer is located above the clay-with-flint cover.
The water of the aquifer above the clay-with-flint cover is channelled
to the karstic conduits that connect the shallow aquifer to the deep
aquifer located at a depth of roughly 30 m in the chalk substratum.
The anomaly A3 has disappeared.

6 CONCLUSIONS

The self-potential and electromagnetic (EM-34) methods pro-
vide complementary information to reconstruct the geometry
of the subsurface and to locate sinkholes and crypto-sinkholes
in the chalk substratum of Normandy (France). The self-
potential method is the only geophysical method that is sensi-
tive to the flow of groundwater while the inversion of the EM-
data provides the distribution of electrical conductivity, which
is sensitive to the water and clay contents of the shallow cover.
We have proposed a joint inversion of self-potential and elec-
tromagnetic EM to reconstruct the 2D shape of the clay-with-
flint/loess interface. We used the simulated-annealing method
as a global optimization technique to solve this problem. Sink-
holes and crypto-sinkholes correspond to marked depressions
of this interface. The groundwater is channelled above the
clay-with-flint formation until it percolates through the sink-
holes and the crypto-sinkholes to a deeper aquifer located
in the chalk formation. Future work will include induced
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polarization as a source of additional information to deter-
mine the permeability structure of these formations.
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