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Ability of High-Resolution Resistivity Tomography to Detect Fault and Fracture Zones:
Application to the Tournemire Experimental Platform, France
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Abstract—The Experimental Platform of Tournemire (Avey-
ron, France) developed by IRSN (French Institute for Radiological
Protection and Nuclear Safety) is composed of a tunnel excavated
in an argillite formation belonging to a limestone—argillite—lime-
stone subhorizontal sedimentary sequence. Subvertical secondary
fault zones were intercepted in argillite using drifts and boreholes
in the tunnel excavated at a depth of about 250 m located under the
Larzac Plateau. A 2D 2.5 km baseline large-scale electrical resis-
tivity survey conducted in 2007 allowed detecting in the upper
limestones several significantly low electrical resistivity subvertical
zones (GELs et al. Appl Geophys 167(11): 1405-1418, 2010). One
of these discontinuities is consistent with the extension towards the
surface of the secondary fault zones identified in the argillite for-
mation from the tunnel. In an attempt to better characterize this
zone, IRSN and MINES ParisTech conducted a high-resolution
electrical resistivity survey located transversally to the fault and
fracture zones. A 760-m-long profile was acquired using two array
geometries and take-outs of 2, 4 and 8 m, requiring several roll-
alongs. These data were first inverted independently for each take-
out and then using all take-outs together for a given array ge-
ometry. Different inverted 2D electrical resistivity models display
the same global features with high (higher than 5000 Qm) to low
(lower than 100 Qm) electrical resistivity zones. These electrical
resistivity models are finally compared with a geological cross-
section based on independent data. The subvertical conductive
zones are in agreement with the fault and fracture locations inferred
from the geological cross-section. Moreover, the top of a more
conductive zone, below a high electrical conductive zone and be-
tween two subvertical fault zones, is located in a more sandy and
argillaceous layer. This conductive zone is interpreted as the
presence of a more scattered fracture zone located at depth between
two fault zones. This zone could be correlated with the fractured
zones identified at 250-m depth in underground works. This study
highlights the interest of multi-scale approaches to image complex
heterogeneous near subsurface layers. Finally, this study shows that
the electrical resistivity tomography is a useful and powerful tool to
detect fault and fracture zones in upper limestones. Such a method
is complementary to other geophysical and geological data.
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1. Introduction

Deep argillaceous formations are considered in
many countries as potential host media for high-level
long-life radioactive waste due to their physical
properties, such as their very low intrinsic perme-
ability and their strong capacity for radionuclide
retention (LEROY et al. 2007; YVEN et al. 2007). The
sedimentary and structural characterization of such
potential host sites is a key point to determine their
ability as being safe for the long-term deep under-
ground disposal of radioactive waste in a geological
formation (BonIN 1998; Boisson et al. 2001). Exam-
ples include the Callovo-Oxfordian formation of the
Paris basin for instance (TroulLLER 2006). The pres-
ence of secondary faults in argillaceous formations
(or argillite) must be particularly well assessed since
they could change various argillite properties such as
permeability. Such faults are expected to be ex-
tremely scattered and may display small vertical
offsets due to the subhorizontal displacement during
the tectonic events. The site characterization and
fracture detection can be performed using comple-
mentary approaches. They include geological and
tectonic studies in analogue sites, in situ investiga-
tions with boreholes, and non-destructive geophysical
methods to image such argillaceous formations from
the ground surface.

IRSN (the French Institute for Radiological Pro-
tection and Nuclear Safety) is involved in the safety
analysis of reports of the French deep geological
disposal project in the Meuse/haute-Marne site. This
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site will be operated by ANDRA (the French Ra-
dioactive Waste Management Agency). With the goal
of understanding the various transport and mechanical
properties of argillite, IRSN has conducted a wide
range of experiments at the Tournemire Experimental
Platform (Aveyron in the south of France) (see e.g.,
Bonin 1998; BoissoN et al. 2001). In this site, sec-
ondary fault zones such as those previously mentioned
have been observed in an underground tunnel. They
have also been identified in boreholes and galleries
that were drilled from the tunnel. Field observations
are consistent with the hypothesis of an upward ex-
tension of these scattered faults to the surface.

Because of its sensitivity to water and argillite
content, electrical resistivity tomography (ERT) is
currently considered as an efficient tool to delineate
fractures and karstified zones characterized by low
electrical resistivity (ER) values. This method has
proven to be very useful in many studies such as en-
vironmental issues (e.g., FrRiD et al. 2008; HamzaH
et al. 2006; GUERIN et al. 2004), landslides and rock-
slides study and monitoring (e.g., MErIC et al. 2005;
GRANDIEAN et al. 2009), basin geological and struc-
tural characterization (e.g., Rizzo et al. 2004), fault
detection in subsurface layers (e.g., Suzuki et al. 2000;
DEMANET et al. 2001; NGUYEN et al. 2007; VANNESTE
et al. 2008; ImprOTA et al. 2010) and preferential flow
pathway in fractured and karstified limestones (e.g.,
RoBERT et al. 2011). ERT survey has been mainly used
for small-scale studies (even centimeter scale for ex-
cavation damaged zone monitoring, e.g., KRusCHWITZ
and Yaramanct 2004; GiBERT et al. 2006). This
method can also be applied at the scale of several
kilometers (STorz et al. 2000; RevIL et al. 2008). For a
review of the ERT method, the reader is invited to
refer to BINLEY and KeEmNa (2005).

NGUYEN et al. (2005, 2007) give a critical over-
view of the difficulties encountered when using the
ERT method to image complex structures. They
stress that ERT results provide an electrical resistivity
image that has to be carefully interpreted when using
inversion software such as the Res2DInv of LokE and
BARKER (1995). NGUYEN et al. (2005) pointed out that
the resulting image could be highly influenced by the
inversion scheme itself and by the very strong hy-
potheses that the inverse scheme is formulated as a
locally linear problem. They also highlight the
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difficulty of precisely delineating the position of
boundaries between different zones.

To assess the potential of ERT to image faults and
fracture zones in the Tournemire Experimental Plat-
form, Geus er al. (2010) applied the Res2DInv
software to electrical resistivity data acquired with a
large take-out (40 m). They were able to image the
argillaceous layer that appears as an almost homo-
geneous conductive layer. The authors found that in
the upper limestone layer overlaying the argillaceous
layer, electrical resistivity values are strongly
heterogeneous and range from 100 to 5000 Qm. In
particular, they identify a conductive zone that could
correspond to an upward continuation of fault zones
identified from underground works. However, the
large electrode spacing did not allow them to infer
precisely the geometry of this zone, especially near
the subsurface where the soil appeared to be highly
heterogeneous.

In an attempt to address this problem, IRSN and
MINES ParisTech conducted a high-resolution elec-
trical resistivity survey to evaluate the potential of
ERT to finely image fault and facture zones in upper
limestones. The term ‘“high resolution” was chosen
to emphasize the electrode spacing differences be-
tween this new acquisition and the first one.
Measurements were performed with several electrode
take-outs (2, 4 and 8-m) and two acquisition ge-
ometries to appraise their influence on ERT results
and to assess the benefit of a high-resolution multi-
scale approach. 1D vertical and horizontal profiles are
also extracted from ERT images obtained with the
different acquisitions geometries and surveys and are
compared quantitatively for different horizontal dis-
tances and at different depths. This allows to assess
the coherency between the large-scale and the high-
resolution surveys. Finally, ERT results are inter-
preted with the help of a geological cross-section.
This study highlights the interest of a multi-scale
approach to image the complex heterogeneous near
subsurface medium.

This paper is divided into four main sections.
After presenting the geological context of the
Tournemire Experimental Platform in Sect. 2, the
main results of the 2007 2.5 km baseline large-scale
Electrical Resistivity tomography (ERT) survey are
summarized in Sect. 3. Section 4 is dedicated to the
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new high-resolution ERT survey. This survey is a
760-m-long line where the data are acquired for two
distinct geometry arrays and three different take-outs.
2D ERT models obtained with individual or all take-
outs are compared for a given acquisition scheme
(Wenner or Schlumberger). These models are finally
interpreted and compared with a geological cross-
section built from independent data in Sect. 5.

2. The Tournemire Experimental Platform:
Geological Context

From a regional point of view, the Tournemire
experimental platform is located in a Mesozoic
marine basin on the southern border of the French
Massif Central. The sedimentary series are charac-
terized by three major subhorizontal units (BoNin
1998; BoissoN et al. 1996). From top to bottom, we
first find (1) a sequence of limestone and dolomite
layers (50- to 120-m-thick Bathonian, around 150-m-
thick Bajocian, and 15- to 20-m-thick Upper Aale-
nian) (see Fig. 1). It is worth mentioning that these
Bathonian and Bajocian formations are locally kars-
tified. They overlie a (2) 250-m-thick argillite layer of
Toarcian and Domerian age. Under this argillaceous
formation, we find a sequence of (3) limestone and
dolomite Carixian and Sinemurian layers.

Tectonic evolution appears first characterized by
an extensional tectonic event. During Hettangian-
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Sinemurian times (Lower Lias), an east-west trend-
ing extension initially occurred, progressively
changed to NW-SE near the Sinemurian-Carixian
limit. This NW-trending extension continued until
Middle-Jurassic time when a north-trending exten-
sion occurred. Normal faults, east—west oriented,
were then created or reactivated. One of these faults
is the Cernon Fault, which is the main regional fault
located at the Tournemire Experimental Platform
(Figs. 1, 2). The north-trending extension lasted until
Late Jurassic. During the late Cretaceous and Eocene
times, the Pyrenean tectonics was responsible for a
general compressional stress field in the Eurasian
plate. Inherited structures, such as the Cernon fault,
were reactivated as reverse or strike—slip faults,
whereas other faults were created with reverse or
strike—slip kinematics. The Oligocene—early Miocene
extension occurring in the south-east of France did
not affect the studied area. No evidence of Plio-
Quaternary tectonic activity has been reported in the
region, but some relics of tiny local volcanoes (spread
on N-S trending direction) can be observed only few
kilometers westwards.

The Tournemire Experimental Platform was
chosen by IRSN because the thick Toarcian and
Domerian argillite layer was thought to be a good
analogue of the Calloxo-Oxfordian clay-rock found
in the Paris basin where is located the underground
laboratory of ANDRA. This site is also characterized
by a more than 100-year-old 2-km-long railway
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Figure 1
North—south oriented geological cross-section of the Tournemire plateau. The experimental platform is located in the central part of the tunnel
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Figure 2
Geological map of the Tournemire plateau showing the position of the tunnel and the position of the 2007 and 2011 electrical resistivity
profiles. The east-west regional Cernon fault (dark blue line) crosses the tunnel in its northern part. The red lines indicate the secondary fault
zone identified in the tunnel in the argillaceous formation. These faults are oriented along a north—south trend

tunnel, which allows an in situ access to the Toarcian
argillite layer (Fig. 1). IRSN drilled several drifts and
many boreholes from this tunnel.

In addition to the main Cernon fault, secondary
fault zones affect the argillaceous formation and are
directly observed from underground works (BonN
1998; CaBrera et al. 2001). These hectometer-long
subvertical faults or network of fractures display a
throw of several meters and a larger heave (around
10-15 m). They present also significant variations in
their aspect, from a fault gouge (approximately 1 m
wide) to a breccia associated with a wider fractured
zone (between 10 and 20 m) (CABRERA et al. 2001).
These strike—slip fractures are roughly N-S oriented
and were created or reactivated during the Pyrenean
tectonic phase. Their location is reported in Fig. 2.

These secondary faults just mentioned were in-
tercepted in the argillite from drifts and boreholes
drilled from the tunnel at a depth of about 250 m. In

the upper limestone, these fault zones are supposed to
widen as fractures become more scattered. Field ob-
servations tend to confirm this hypothesis and even
suggest that these scattered faults might even extend
right up to the surface.

In this geological context, the objective of this
study presented in this paper is to assess the potential
of ERT to detect such faults from surface measure-
ments. In the next section, we will summarize the
main results from a previous large-scale ERT survey
acquired in 2007 on this experimental platform (GELIs
et al., 2010).

3. Large-Scale 2007 ERT Acquisition

A large-scale electrical resistivity survey test
was conducted in 2007 at the Tournemire ex-
perimental platform from the surface by IRSN in
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collaboration with the CNRS. In this section, we
focus only on the main results of this experiment.
For further details, the reader is invited to refer to
GELIs et al. (2010).

During this survey several profiles were acquired,
only results for the south NNW-SSE line that is
roughly perpendicular to the secondary fault zones
described in the previous section is presented. The
geographical location of this line with respect to the
secondary fault zones that we expect to image is
shown in Fig. 2. A 2520-m-long cable was used with
a take-out of 40 m and 64 electrodes. Measurements
were performed with a Wenner-alpha array. The ap-
parent resistivity measurements were used as
observed data to perform an inversion with the
Res2DInv software (LokeE and BARKER 1995, 1996).
Several tests regarding the inversion type (data and
model norms choice) were performed. The Occam—
Marquardt inversion was finally chosen because it
seemed to better handle the presence of strong elec-
trical resistivity contrasts observed in the data.

The final interpretation of this south profile is
shown in Fig. 3. The distribution of low and high
electrical resistivity zones shows well-contrasted re-
sistivity bodies that can be interpreted as the
signature of geological layers of the site. The argillite
layer (labeled Toarcian in Fig. 3) is identified at the
bottom of the resistivity image, with electrical resis-
tivity values ranging from 90 to 150 Qm. These
values in terms of resistivity are in agreement with
measurements made in laboratory on argillite bore-
hole samples (CoseEnza et al. 2007).

The lateral electrical resistivity contrasts observed
essentially in the two upper layers (Bathonian and
Bajocian limestones and dolomites) are interpreted as
the signature of faults. It must be noted that due to the
low resolution resulting from the large electrode
spacing (40 m), location of these faults is not very
accurate. As a consequence, the approximate loca-
tions of faults are indicated on each profile with
dotted lines. Faults were plotted with a vertical dip to
avoid an over-interpretation of the shape of the lateral
resistivity contrasts.

The top layer (30—150 m thick) corresponds to the
karstified Bathonian limestone and dolomite. Its
relatively low electrical resistivity in some areas
(200-600 Qm) is interpreted as fracturing. Fracturing
has been observed on the side of the plateau and is
spatially heterogeneously distributed. Below, a gen-
erally more electrically resistive layer is identified on
the ERT image. The resistivity of this layer (Bajocian
limestone and dolomite) is not homogeneous along
the profile and is interpreted as degrees of fractura-
tion that varies in space. High electrical resistivity
values, around 4000 Qm, correspond to unfractured
limestone and smaller resistivity values, around
800-1500 Qm, are interpreted as fractured limestone.

Discussing more in detail the different signatures
of faults observed in the ERT image, we first observe
at 420 m distance from the origin point along the
profile (F3 in Fig. 3) a more electrically conductive
fractured zone that affects the Bajocian limestone
(roughly 800 Qm with respect to surrounding elec-
trical resistivity equal to 3000 Qm). This electrical

High resolution Electrical Resistivity Acquisition

Elevation (m)

WNW May 2011 ESE

Elevation (m)

900
800
700
600

500

400 Tunnel approximate positio

300
Resistivity (Ohm.m)

900

700
600

500

Toarcian Unit electrode spacing : 20 m 400

First electrode : -20 m
Last electrode : 2 520m 300

I [ 6 ) |, Tteration 6. Absolute error : 3.2

70 131 247 463 869 1630 3060 5744

Figure 3
Interpreted electrical resistivity tomography image of the 2007 large-scale acquisition, modified from GeLis et al. (2010). The blue line
indicates the position of the 2011 high-resolution survey
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resistivity contrast is interpreted by the authors as an
indication of the presence of a fault. A large electri-
cally conductive zone (around 600-1200 Qm) can be
observed from 860 to 1340 m from the beginning of
the profile. These zones are attributed to faulted
material (F1 and F2 in Fig. 3). The fault zone iden-
tified around at 1340 m (F1) may correspond to the
extension towards the surface of the almost N-S-
trending subvertical fault zones observed inside the
tunnel (CaBRERaA et al. 2001) (Fig. 2).

This profile acquired with a 40-m electrode
spacing did enable to image the subsurface down to a
depth of approximately 250-300 m. This same elec-
trode spacing prevented us from obtaining a high-
resolution image. In an attempt to characterize in
more detail the lower resistivity fractured zone in the
upper limestones and dolomites layer, we conducted
a high-resolution (HR) ER acquisition in May 2011.
This survey is described in the next section.

4. High-Resolution Electrical Resistivity
Tomography

In order to better understand the relation between
fault zones observed in the underground works and
fractured zone in the upper limestones and dolomites,
IRSN and MINES ParisTech performed a high-
resolution profile on the same area using a smaller
electrode spacing. This survey was centered on the
western part of the fractured zone in the Bajocian and
Bathonian limestones and dolomites above the tunnel
(Figs. 2, 3). We present in this section the data ac-
quisition and electrical resistivity tomography images
obtained from these data. We then compare these
high-resolution ERT images with the large-scale ones
obtained in 2007.

4.1. High-Resolution Electrical Resistivity Surveys

A 760-m-long profile was successively sampled
with 8 and 4 m electrode spacing. In addition two-
thirds of this profile (510 m in the central part) was
acquired with a 2-m electrode spacing. Measurements
were performed with a 64 electrode multi-channel
(12) Abem Terrameter acquisition system, requiring
for each profile several roll-alongs. For each
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electrode spacing, measurements were successively
performed along the profile with Wenner-alpha and
Schlumberger arrays. Wenner array was chosen in
order to compare high-resolution ERT results with
large-scale ones obtained with the Wenner array. This
array is mainly sensitive to horizontal structures.
However, as shown by DaHLIN and Loke (1998), this
array is able to image vertical structures provided that
the Gauss—Newton inversion is chosen as inversion
method. The Schlumberger array was tested because
it is sensitive to both horizontal and vertical struc-
tures. DAHLIN and ZHou (2004) show the capacity of
these two arrays to image a conductive dike embed-
ded in a resistive layer. Comparing ERT images
obtained with these two arrays allows to assess their
impact on electrical resistivity images.

On the whole, these data are of high quality. The
variation coefficient of the output voltage is lower
than 1 % for 99 % of the data for 4 m arrays, for 98
and 94 % for the 8 m Wenner and Schlumberger
arrays, respectively. For the 2-m arrays, the western
part of the profile presents a higher variation coef-
ficient due to a lower output voltage.

The apparent resistivity measurements are used as
observed data to perform an inversion with the
Res2DInv software (LokeE and BARKER 1995, 1996).
The surface topography along the profile does exhibit
relatively strong variations and was carefully mea-
sured on the field and taken into account in the
inversion. We perform several tests using different
kinds of inversion norms (for the data misfit and
model constraints). The distributions of low and high
electrical resistivity zones remain similar, but max-
imum inverted electrical resistivity values were
different. Since high electrical resistivity contrasts
are present in this area and in order to be consistent
with the large-scale electrical resistivity data pro-
cessing, observed data were inverted with the
Marquardt—Occam inversion method following GELIs
et al. (2010). The maximum number of iterations was
set to 5 in order to get main electrical resistivity zones
and to avoid over-interpreting data in such complex
zones. Further iterations did not globally improve the
images.

Figure 4 shows the ERT profiles for the three
electrode spacings (8, 4 and 2 m) and the two
acquisition arrays (Wenner and Schlumberger). To
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compare the different electrical resistivity models, the
vertical scale is equal to twice the horizontal scale
and the color scale is the same for each ERT model.

Figure 5 shows observed and calculated apparent
electrical resistivities for the two arrays and the three
different electrode spacings. The match between the
observed and the calculated data is generally good
and for all inversions, the final RMS values are lower
than 8 %.

The Schlumberger 8-m electrode spacing profile
penetrates down to a depth of approximately 100 m.
The section shows highly contrasted areas with
resistivity values ranging from 200 Qm (and even
lower) to 5000 Qm. On the whole, the 8-m electrode
spacing Wenner array displays the same low-to-high
electrical resistivity zones and the values are compa-
rable to the Schlumberger 8-m array. This is fairly
logical in the sense that Schlumberger and Wenner
electrode geometries are similar.

When the electrode spacing decreases, the max-
imum investigated depth also decreases as the
number of electrodes used for the measurements is
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constant, but lateral and vertical resolution increases.
Electrical resistivity sections generally display the
same low-to-high electrical resistivity zones whatever
the electrode spacing and acquisition array (Fig. 4).
This indicates that electrical resistivity images are
stable. Superimposed 1D vertical and horizontal
profiles for different arrays and electrode spacings
show quantitatively the stability of the results
(Figs. 6, 7). Caputo et al. (2003) also observed
similar stability when trying to image across a fault
with varying electrode spacing. The resolution and
accuracy of electrical resistivity images are expected
to decrease with depth. Since electrical resistivity
images obtained with all electrode spacings are
globally comparable, this suggests that we can trust
images obtained with 2 and 4 m electrode spacings
until their maximum depths (Figs. 4, 6, 7). This is
confirmed by the relative sensitivity matrix values.
Following RoBERT et al. (2011), we use a cut-off
value of 0.1 (10 %) to assess the reliability of ERT
images. Apart from isolated points, one main zone
with relative sensitivity values lower than 0.1 appears
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Figure 4
Electrical resistivity tomography images of the 2011 high-resolutgion acquisition. The results are displayed in the left column for the
Schlumberger array and in the right column for the Wenner array. From top to bottom, the images corresponds to the 8, 4 and 2 m electrode
spacing. All sections are displayed with the same color scale; Fig. 3 is also displayed with the same scale. Vertical scale is equal to twice the
horizontal scale. White vertical lines indicate the position of 1D profiles displayed in Fig. 6
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Figure 8
Electrical resistivity tomography images of the 2011 high-resolution acquisition combining together all electrode spacing data (2, 4 and 8 m).
Top corresponds to the Schlumberger array, and bottom to the Wenner array. These sections are displayed with the same color scale as Figs. 3
and 4. Vertical scale is equal to horizontal scale. White vertical lines indicate the position of 1D profiles displayed in Fig. 6
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with the Schlumberger arrays and is located between
200 and 300 m lateral distance under the conductive
superficial area. We could also have 2D/3D artifacts
consistent between the different arrays. However, the
large-scale ERT images interpretation was consistent
with geological data, showing that this survey was
able to capture the main features of the investigated
area, even at depth. Moreover, 2D surveys are
perpendicular to the fault zones at depth. These
zones have a certain length (in N-S direction, see
Fig. 2), which means that their possible upward
continuation should also have a certain length, and
therefore should appear in HR ERT images.

Some local differences appear near the surface in
the higher resolution 4 and 2 m electrode spacing
images in comparison with the 8 m ones. The small
electrode spacing enables to better delineate thin
layers (Figs. 4, 6, 7). As an example, a superficial
400-800 Qm 5-m-thick layer appears in the 2-m
electrode spacing image between 290 and 430 m in
lateral distance. This thin layer with electrical
resistivity about 800 Qm is located between two
layers with electrical resistivity higher than
1600 Qm. The match between calculated and ob-
served data for this area is very good (Fig. 5), so that
the existence of this thin layer is very likely.
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Moreover, the 2-m tomography section shows a
lateral continuity of this thin layer, that deteriorates
on its western part as electrode spacings increases and
is characterized by a low-resistivity zone dipping
eastward between 300 and 380 m for 4- and 8-m
electrode spacing images (Fig. 4). Even if this low-
resistivity zone appears in the 2-m section, it is less
spatially extended in the 2-m section and is probably
related to superficial electrical resistivity low values.

In an attempt to take advantage of both high
resolution provided by the 4- and 2-m electrode
spacing measurements and greater depth investiga-
tion provided by the 8-m electrode spacing data, we
combined all data together for each array. Figure 8
shows the results of this multi-scale inversion.
Electrical resistivity images obtained with the differ-
ent acquisition arrays (Wenner and Schlumberger)
are very similar, again indicating the stability of the
results. The comparison between Figs. 4 and 8, as
well as Figs. 6 and 7, shows that the multi-scale
inversion allows to capture the same main low (lower
than 200 Qm) to high (higher than 5000 Qm) elec-
trical resistivity values. In the deeper part, electrical
resistivity values correspond to the 8-m spacing
whereas close to the surface, the 2-m spacing
electrode acquisition provides high-resolution, allow-
ing for example to properly detect the superficial
5-m-thick layer that appears between 290 and 430 m
in lateral distance. We note that the low-resistivity
zone dipping eastward between 300 and 380 m for 4-
and 8-m electrode spacing images is still present.

In this section, we have compared and combined
data from different arrays and electrode spacings.
Before discussing the ERT images and interpreting
them as soil properties, we compare in the next
section high-resolution ERT results with large-scale
ones.

4.2. Comparison with the 2007 Large-Scale
Electrical Resistivity Profile

Figure 9 shows the comparison between the large-
scale and the high-resolution ERT models plotted
with the same color scale. The black-dotted rectangle
on top of the large-scale ERT model roughly
delineates the investigated area common to both
surveys. On the whole, the same sharp-contrasted
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low-to-high electrical resistivity values are detected
and, as expected, the high-resolution ERT images
provide more details close to the surface. In par-
ticular, in both images, an electrically resistive (more
than 3000 Qm) zone between 1060 and 1260 m
lateral distance on the large-scale profile overlies a
conductive zone (less than 300 Qm). Similarly, a
highly resistive zone (more than 5000 Qm) located
between 1500 and 1660 m lateral distance on the
large-scale profile is present on both images. Fig-
ures 10 and 11 show a quantitative comparison
between large-scale and high-resolution ER values
at different points along the profile. At 124, 408 and
516 m, the global trend between high-resolution and
40-m electrode spacing results is the same (Fig. 10).
As expected, Fig. 11 shows that the low-resolution
40-m electrode profile is not able to quantitatively
provide local small variation.

One major difference between large-scale and
high-resolution ERT images can be pointed out. At
the western edge of the fractured zone located at
depth in Bajocian limestones and denoted as F1 on
Fig. 9, electrical resistivity values are lower with the
large-scale than with the high-resolution ERT im-
ages. Figure 10 shows quantitatively the difference
between electrical resistivity values at 220 m. In the
deeper part, electrical resistivity is lower in the low-
resolution profile than in high-resolution ones. Fig-
ure 11 shows that this zone is located between 200
and 300 m.

Several reasons may explain the differences
observed between large-scale and high-resolution
surveys. First, the low-resolution profile may average
strongly contrasted electrical resistivity values, what
could explain why locally different features appear in
both images. The non-uniqueness of the inversion
results is likely to emphasize this. Secondly, since
large-scale and high-resolution data were not ac-
quired at the same time, the soil properties, such as
water content or soil moisture, could be locally
different. To limit this phenomenon, we chose to
perform the high-resolution measurements in the
same month (May) in order to get close weather
conditions. Thirdly, the two profiles were not ac-
quired exactly along the same line (Fig. 2). Even if
the geological layers are known to be almost
horizontal (5° dipping towards the north), the upper
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limestones are expected to be heterogeneous, frac-
tured and karstified. Spatial variations in this layer
could be very strong in the first tens of meters.
Therefore, for the last two reasons just mentioned, we
could not combine together the 2007 large-scale data
with the 2011 higher resolution ones to get a
combined image.

In the next section, we try to assess the potential
and limitations of our electrical resistivity images
through a comparison with field observations.

5. Interpretation of Electrical Resistivity Images
and Comparison with Geological Data

We compare in this section the Schlumberger
inversion results combining all electrode spacings
with a geological cross-section. We only concentrate
on one of the combined inversion result as both ar-
rays Wenner and Schlumberger give similar results
(Fig. 8).

Figure 12 (top) shows the geological cross-sec-
tion obtained from a field observations, from the
known stratigraphic sequence, from the interpretation
of aerial pictures and from the prolongation of known
fault zones recognized on the cliffs located south of
the ERT profiles (see Figs. 1, 2). This geological
cross-section is therefore based on data independent
from the ERT results. For reference and comparison
the Schlumberger section combining all electrode
spacing data is displayed below and finally both
sections are superimposed in Fig. 13.

The geological cross-section shows that subsur-
face layers are subhorizontal. They are mainly
composed of limestones and dolomites. Some sandy
or argillaceous layers are present as well. ERT im-
ages show strong lateral resistivity variations
(Figs. 4,5,6,7, 8,9, 10, 11), located inside the same
geological layer. These variations are probably due to
faults and fractured zones that could lead to prefer-
ential erosion and to water circulation along these
discontinuities. Based on similar ER values and
structure, we divide the ERT image into different
parts (Fig. 13). In the following we interpret these
parts with the help of the geological cross-section
(Fig. 13).
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At the western part, between 0 and 200 m lateral
distance (part a in Fig. 13), alternative superficial low
and high ER values are associated to the presence of
weathered and locally fractured limestones. At depth,
a more conductive zone (ER values lower than
800 Qm under ER values higher than 4000 Qm) is
present. However, the top of this zone is not sub-
horizontal in ERT images (although it is more
horizontal with the Wenner acquisition geometry,
more sensitive to horizontal layering), whereas the
geological cross-section indicates that layers are
subhorizontal. As already mentioned, this is mainly
interpreted as the presence of fractures in a chaotic
dolomitic zone. This may be as well due to some
artifacts in the ER data inversion due to the topog-
raphy (Penz et al. 2013). At 50 and 88 m lateral
distance, local ER lower values correspond to faults
visible in the field. At around 190 m lateral distance,
a sharp contrast (ER values from 800 to 4000 Qm) is
present at depth. It is correlated to the presence of a
fault in this area that may cross the whole geological
series.

At the eastern part of the profile (lateral distance
higher than 580 m, part g in Fig. 13), limestone is
characterized by heterogeneous ER values and low
values correspond to the presence of faults and
fractures.

Then, between 200 and 300 m lateral distance
(part b in Fig. 13), a zone dominated by two super-
ficial strongly conductive layers (ER lower than
400 Qm at around 220 and 284 m) is located above a
highly resistive layer (higher than 3000 Qm). The
resistive layer corresponds to Bathonian limestones
and the conductive zone may be interpreted as an area
of superficial water runoff. Zones with the lowest ER
values are roughly consistent with the presence of
identified faults at the surface. The overall electrical
resistivity values of this zone are different from the
ones obtained with the low-resolution profile (Figs. 2,
9, 10). As already discussed, this may be related to
the different resolutions of both images. The low-
resolution profile may average strongly contrasted
electrical resistivity values.

Another zone (300430 m lateral distance, part ¢
in Fig. 13) is characterized by a shallow low ER layer
(400-800 Qm) imbedded between two more resistive
layers (higher than 1600 Qm). The resistive layers
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are interpreted as limestones while the more con-
ductive zone is associated to a thin layer (few meters
thick) composed of an intercalation of limestone,
sandy and argillaceous layers. At depth, a low-resis-
tivity zone (ER values lower than 800 Qm) dipping
eastward between 300 and 380 m ER zone appears. It
is very likely to be an artifact produced by the in-
version due to a very shallow strong contrast at
284 m. NGUYEN et al. (2007) studied and showed
similar inversion artifacts due to this kind of near

subsurface heterogeneities. However, it might

correspond to the presence of a fault zone at depth
(dotted line in the geological cross-section) whose
presence was inferred from the prolongation towards
the northwest direction of a fault zone identified in
the cliffs under the surface of the plateau.

The zone between 440 and 540 m lateral distance
(part e in Fig. 13) is composed of two main layers: in
the shallow one, ER values are above 3000 Qm,
whereas in the deep layer ER values are below
350 Qm. The shallow layer corresponds to a lime-
stone layer; its nearly horizontal basis can be
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associated to the top of an argillaceous and sandy
sedimentary subhorizontal layer as shown in the
geological cross-section.

The two subvertical conductive corridors that
reach the surface (430-440 m and 540-580 m in
lateral distance, parts d and f in Fig. 13) correspond
to fractured zones inferred from geological data and
can be correlated with similar observations in the
underground works (Fig. 4). These two corridors also
correspond to the lateral limit of the conductive zone
located in depth between 440 and 540 m on the same
line. This is interpreted as the presence of fractured
zones reaching the sandy and argillaceous layer. This
may correspond to the presence of water in this
argillaceous and sandy layer, guided and restricted
between two fault zones.

6. Discussion and Conclusion

In this study, we assessed the potential of Elec-
trical Resistivity tomography surveys to image fault
and fractured zones in the Experimental Platform of
Tournemire. We first compare ERT images acquired
with the Wenner configuration and electrode spacing
ranging from 2 to 40-m. High-resolution acquisitions
allow to investigate the first hundred meters in depth
in more detail than the large-scale survey does. We
find an overall good agreement between results, in
particular for results acquired at the same period
(electrode spacing 2, 4 and 8 m). This leads us to
invert simultaneously data acquired with these dif-
ferent spacings. This multi-resolution approach
allows a greater investigation in depth (with the 8-m
electrode spacing) and the higher resolution in the
near subsurface (with the 2-m electrode spacing).
Images obtained with both arrays (Wenner and Sch-
lumberger) are in good agreement.

To quantitatively assess the level of similarity of
results obtained with different configurations and
electrode spacing, we compare 1D profiles (vertical
and horizontal) for the 2, 4, 8 m and the multi-scale
inversion extract from the ERT images. Similar
comparison is shown for the 8, 40 m and multi-scale
results. The interpretation of the 2D color ERT im-
ages alone can be fairly difficult, the 1D profiles
allow a better delineation between the different

Ability of High-Resolution Resistivity Tomography to Detect Fault and Fracture Zones 587

reconstructed resistivity parts; NGUYEN et al. (2005)
with a different data set came to the same conclusion
and showed similar figures.

To evaluate the quality of the ERT images beyond
the unique RMS value, we superimpose observed and
computed apparent resistivity data, that allows to
potentially identify poorly resolved areas in the sec-
tions. In our case, computed data fit observations very
well, this only means that the ERT sections we ob-
tained can explain the recorded data. As pointed out
by NGUYEN ef al. (2005) and many other authors, this
does not guarantee that the results we obtained cor-
respond to reality and many different models can
equivalently explain the data. Therefore, we only
focused on the electrical resistivity contrasts in the
images for their interpretation.

To interpret electrical resistivity contrasts, we
compare them with a geological cross-section build
from independent data. As noticed by NGUYEN et al.
(2007), this is of first importance to interpreting ERT
profiles. On the whole, subvertical conductive zones
in ERT images are in agreement with fault zones
identified in the geological cross-section. The top of a
more conductive zone, below a high electrical con-
ductive zone and between two subvertical fault zones,
is interpreted as the presence of a more scattered
fracture zone located at depth between two fault
zones. These zones location could be correlated with
the fractured zones identified at 250-m depth in un-
derground works.

Interpretation of ERT results is more delicate
when differences appear between results obtained
with different configurations or scales. As an exam-
ple, in our study, the main difference between large-
scale (40-m) and high-resolution (8-m and less) re-
sults concerns a zone located at the bottom of the
small hill in the west part of the profile. This area
appears to be more conductive in the large-scale
image than in the high-resolution profile and is con-
stant from top to bottom in the large-scale image,
whereas it is composed of one highly conductive
superficial zone overlaying a resistive zone in the
high-resolution images. This may be related to the
different resolutions of both images. The low-
resolution profile may average strongly contrasted
electrical resistivity values. Another interpretation
could be to consider a conductive zone dipping from
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this area in some images. It might correspond to the
presence of a fault zone at depth, indicated on the
geological cross-section, whose presence was in-
ferred from the prolongation towards the northwest
direction of a fault zone identified in the cliffs under
the surface of the plateau. We consider as most likely
the interpretation of this dipping conductive zone as
an inversion artifact. This is supported by lower
relative sensitivity values at depth below conductive
superficial zone between 200 and 300 lateral distance
with Schlumberger arrays, suggesting that ERT im-
ages are less reliable in this part. However, in this
case, the geological cross-section does not allow us to
unambiguously choose between the two possible
interpretations.

This study shows the potential of ERT surveys to
detect fault and fractured zones in near subsurface
layers. This clearly highlights the interest of using
multi-scale acquisitions, that takes benefit from small
take-outs, allowing to finely image the soil electrical
resistivity properties, and larger take-outs, allowing
to image deeper soil structures.

We plan to perform such a feasibility study with
some high-resolution seismic data acquired in the
Experimental Station of Tournemire (e.g., VI NHU
Baetal.2013), allowing to assess the ability of seismic
data to detect fault and fracture zones. Should the re-
sults be convincing, we could combine together high-
resolution electrical resistivity and seismic data. Such
studies could help in particular to choose between the
interpretations proposed by large-scale and high-
resolution electrical resistivity images at the bottom of
the small hill in the western part of the profile.
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