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[1] A 3D tomography algorithm of self-potential (SP)
signals is applied for the first time to the localization of
subsurface cavities. A specific application is made to a
marl-pit in Normandy (North-West of France). A SP map
with a total of 221 (5 m-spaced) measurements shows a
negative anomaly with an amplitude of —8 mV associated
with the position of the marl pit. To explain these data, we
solved the boundary-value problem for the coupled hydro-
electric problem associated with the presence of the cavity
using a finite-element code. The numerical simulations
point out the role of open conduits in electrical charge
accumulation near the roof of the cavity and the resistivity
contrast between the cavity and the surrounding formation.
We applied successfully a SP tomography algorithm
showing that the roof of the cavity was associated with
a monopole charge accumulation due to the entrance of the
ground water flow in a network of open cracks.
Citation: Jardani, A., A. Revil, and J. P. Dupont (2006),
Self-potential tomography applied to the determination of
cavities, Geophys. Res. Lett., 33, L13401, doi:10.1029/
2006GL026028.

1. Introduction

[2] Locating cavities in the ground is an important step
in drawing geohazard maps especially in populated areas.
In High-Normandy (North-West of France), anthropic
cavities have been dug in the chalk since the XVth century
until the 1950’s to extract chalk blocks used in agriculture
to improve the agricultural productivity of acidic soils.
Nowadays, these cavities have been abandoned and their
shafts plugged. H. Robin (unpublished results, 2003)
estimated that more than 100.000 marl-pits could exist in
this region. Most of the time, the position of these marl-
pits is unknown. One can therefore easily imagine the cost
induced by their collapse and the need for efficient and
cost-effective methods to locate them not only in this
region but also in other regions of the world where similar
problems exist.

[3] Various geophysical methods have been used to
detect caves. Microgravimetry, seismic, and electrical
resistivity surveys are expensive while georadar does not
perform well if the sediment cover is electrically conduc-
tive (e.g., in presence of clay-bearing sediments) like in
the case reported below. In this letter, SP tomography is
shown to be an efficient method to locate cavities in the
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ground. SP signals correspond to the passive measurement
at the ground surface of the electrical potential distribution
resulting from polarization processes at play in the
ground. The flow of groundwater is responsible for a
polarization mechanism known as the streaming potential
[Sill, 1983]. Previous works [Lange and Barner, 1995]
have shown that water-saturated caves are responsible for
positive SP signals at the ground surface while air-filled
caves are responsible for negative SP anomalies. Some
anomalies show sometimes an M- or W-shape signal
centered on the position of the cave in either case. While
Quarto and Schiavone [1996] and Lange [1999, 2000]
suggested that these SP anomalies are due to the stream-
ing potential resulting from the percolation of the ground
water, Green [2000] suggested they result of steady-state
telluric currents and the contrast of electrical resistivity
between the cave and the surrounding medium. In this
paper, we show how both the percolation of water and the
distribution of the electrical resistivity are responsible for
the SP anomalies observed at the ground surface of the
Earth.

2. Numerical Simulations

[4] We simulate below the SP response associated with
the presence of a cavity in the ground. Self-potential
signals are obtained by solving the Poisson equation V -
(oVy) = — V(LVh) where #h is the total hydraulic head, L
(in A m?) characterizes the electrical current density
produced in response to the unit hydraulic gradient, o is
the conductivity of the rock, and ¢ the electrical potential
(in V).

[s] The presence of a cavity in the ground is responsible
for stress concentrations and the formation of a network of
cracks [Lange, 2000]. In turn this network of cracks
influences the percolation of the ground water. The geom-
etry of our model is shown Figure 1. The geology is similar
to the field case reported in section 4 in the karstic chalk of
Normandy. The first layer corresponds to a loess cover
(from the ground surface to a depth of 2.5 m), the second
layer to the clay-with-flint formation (between 2.5 m and
7 m), and the third layer (in which is located the cavity) to
the chalk formation. The cavity is surrounded by vertical
conduits. The material properties of each layer (plus the
cave) are reported in Table 1. A flux of efficient meteoric
water is imposed at the ground surface. Following Sil/
[1983], we first solved the steady-state equation for the
hydraulic head /(x, z) with the appropriate boundary con-
ditions (given below) and the distribution of the hydraulic
conductivity K(x, z). Then, the right-hand side of the
Poisson equation for the electrical potential is computed
with a given distribution of the current coupling coefficient
L(x, z). Finally, the Poisson equation is solved for the
electrical potential ¢ (x, z) with a given distribution of the
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Figure 1. Distribution of the SP determined numerically
by the finite element method (FEMLAB). The cave is
surrounded by vertical conduits corresponding to a network
of open cracks.

electrical conductivity o(x, z). We use the finite-element
code FEMLAB to solve this coupled hydro-electric bound-
ary-value problem.

[6] The distribution of the electrical conductivity and the
values of the current coupling coefficient and hydraulic
conductivity for each of the three lithological units (loess,
clay, chalk and cavity) are reported in Table 1. The values of
these parameters were determined by electrical resistivity
tomography and core measurements. In addition, the
hydraulic conductivity of the conduits is taken equal to
10~ m/s, a high value by comparison with the hydraulic
conductivity of the background in order to impact on the
distribution of groundwater flow. The side-boundaries lo-
cated far from the conduits as seen from the cavity are
assumed to be impermeable to force the flow to be vertical.
In steady state conditions, the flux at the bottom boundary is
equal to the flux of water at the ground surface. For the
electrical potential, we assume that the normal component
of the current density vanishes at all the boundaries (insu-
lating boundary condition).

[7] We considered three synthetic cases. The first model
(case C1) corresponds to a cavity filled with air (very high
electrical resistivity). In the second case (case C2), there is
no cavity (its resistivity is that of chalk) but we keep the
conduits. In the third case (case C3), the cavity is filled with
clay or water and is therefore very conductive. The com-
parison between case 2 and cases 1 and 3 shows the
influence of the resistivity distribution upon the resulting
self-potential signals.

[8] Lange [1999, 2000] showed that cavities in the
ground are characterized by M- or W-shapes and can take
positive or negative values with respect to a reference
electrode placed far away. Our numerical simulations

Table 1. Material Properties Used in the Numerical Simulations

Material K,ms' p, 2m L, Am™
Loess 10°¢ 70 9 x 107°
Clay-with-flint 1078 10 9x107°
Chalk 10710 100 9 x 107°
Conduits 1073 60 9 x 107°
Cave, Cl 10712 10000 0
Cave, C2 10710 100 9 x 107°
Cave, C3 102 10 107°
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(Figure 2) show that the flow of the ground water polarizes
the ground. The shapes of the SP signals associated with the
three synthetic cases discussed above are shown in Figure 2.
When the cavity is air-filled, the SP anomaly is negative
while it is positive when the cavity is filled by a conductive
material (clay or water). These results point out the role of
the distribution of the electrical resistivity of the ground on
the shape of the observed SP anomalies. The roof of the
cavity is characterized by negative charge accumulations
that correspond to the entrance of the ground water in the
conduits and percolating in the vicinity of the roof of the
cavity. An algorithm designed to detect negative charge
accumulations is therefore discussed in section 3 to locate
the roof of a cavity from SP signals.

3. SP Tomography (SPT)

[v] We note P(r) a SP measurement station located at the
ground surface (or possibly in a borehole). The electrical
potential measured at this station is ¢(r). The occurrence of
SP signals in the ground is governed by:

V() 1

AR " V() E(r)
o(r) T on / o(r) |r—r| dV + -~
)

2% ) o) fr—r]
Q

)

(1)

where |r — r'| is the distance between P and the volume
element of the ground and js (r') = — LV is the source
current density in the ground, dV is the source element, and
Q) the volume of integration. The first term of equation (1) is
the primary source corresponding to the occurrence of a
current density inside the system while the second term
corresponds to secondary sources associated with hetero-
geneities in the distribution of the electrical resistivity p =
1/o. In the case of a cavity, there is a divergence of the
source current density and there is also is a strong contrast
in the resistivity distribution between the cavity and the
surrounding medium.

[10] fuliano et al. [2002] proposed a 3-D source element
occurrence probability (SEOP). This algorithm is based on

Self-Potential (in mV)

0 10 20 30 40 50
Distance(in metres)

Figure 2. SP curves for different models: the bottom curve
indicates the cave is filled with air, the middle curve
indicates no cave, and the upper curve indicates the cave is
filled with a conductive material.
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Figure 3. SP tomography (SEOP) applied to the synthetic
SP signals in the case of a cave filled with air. The open
circle corresponds to the maximum of the SEOP
distribution and coincides with the roof of the cavity
(see Figure 1).

an intercorrelation between the measured SP signals and that
resulting from an elementary monopole or dipole [e.g., Revil
et al., 2001] placed at the scanned position. If we assume
that the source is the sum of monopoles, the result is a
charge occurrence probability density that can be contoured
to provide a tomographic image of the areas where charges
accumulate. Note that this algorithm does not distinguish
between SP sources associated with primary signals (the
existence of a source of current in the ground) or secondary
sources associated with the existence of resistivity contrasts.
In the field case reported below, the cavity is filled with air
and therefore very resistive. This implies a strong contrast a
resistivity between with cavity and the host rock (chalk).
The application of the SP tomography algorithm to the
synthetic cases reported above indicates that the maximum
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of the SEOP is associated with the roof of the cavity
(Figure 3).

4. Field Results

[11] The test site we used to test the usefulness of the
SPT method is located in Normandy, in the North-West
of France. A high-resolution SP map (Figure 4)
was realized in the Spring of 2005 using non-polarizing
Cu/CuSO,4 electrodes and a high internal impedance
(100 MQ) Metrix MX20 voltmeter (sensitivity of 0.1 mV).
The SP map of Figure 4 shows a negative SP anomaly
centered around the shaft of the cavity (note the position of
the cavity was unknown when the field survey was per-
formed and the shaft was plugged and therefore not visible
from the ground surface). The density of the measurements
has to be high enough to avoid aliasing of the data. The
repeability of the measurements is 1 mV and the determina-
tion of the standard deviation of the measurement is equal
to 0.8 mV because of the excellent contact between the
electrodes and the ground.

[12] Application of the SEOP algorithm is shown on
Figure 5. The algorithm provides a clear SP source local-
ization at a depth of 9 m below the ground surface. Once the
shaft was localized and the map of the cavity established,
we found that 9 m was effectively the depth of the roof of
the air-filled cavity (see Figure 6). To our knowledge, this is
the first time that SPT is applied to the localization of a
cavity in the ground.

5. Conclusions

[13] This study demonstrates that SPT can successfully
locate the position of the roof of an air-filled cavity in the
ground. In this case, a negative SP anomaly is observed at
the ground surface while a cavity filled with a conductive
material generates a positive SP anomaly. This is due to the
distribution of the electrical resistivity that influences
the distribution of the measured self-potential signals. The
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Figure 4. SP map of the investigated area. The spacing between the measurements is 5 m and the x and y
coordinates are Cartesian coordinates in meters. The mine shaft corresponds to the small open circle (x = 618 m, y =
795 m) located near the center of the negative SP anomaly. The lines indicate the shape of the cavity including the

presence of 5 pillars.
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Figure 5. 3D-SP tomography (the SEOP density is
comprised between (—1) for negative charge accumulations
to (+1) for positive charge accumulations). The negative
charge accumulation (in red) indicates the correct position
of the roof of the cavity, 9 m below the ground surface (see
Figure 6).
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Figure 6. Real shape of the cavity.

advantages of the SP method are (a) its low cost and
(b) the fact that a high density of measurements can be
performed during a day. It follows that this method is very
suitable to draw geohazard map in areas where cavities are
suspected to exist. Since the present study, two other
cavities have been located in the same region using the
SPT methodology.
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