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1UMR 7619 Sisyphe, Université de Pierre et Marie Curie, case courrier 105, Tour 56–46, 3ème étage, 4 Place Jussieu, 75252 Paris, France,
2French Institute of Radioprotection and Nuclear Safety, PO. Box 17, 92262 Fontenay-aux-Roses, France, 3Université de Poitiers,
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ABSTRACT
Induced polarization (IP) is a geophysical method that is potentially sensitive to the
presence of cracks in porous rocks and therefore to damage. We performed time-
domain and frequency domain IP measurements at the Tournemire Underground
Research Laboratory (URL, Aveyron, France) in areas where different types of cracks
are observed. These cracks correspond to both tectonic fractures and new cracks as-
sociated with stress release and desiccation resulting from the excavation of a gallery.
These measurements were performed both in eastern and northern galleries of the
test site. The eastern gallery was excavated in 1996 while the northern gallery was
excavated recently in 2008. This gives us the opportunity to study the electrical char-
acteristics of the excavation damaged zone surrounding the galleries with respect to
the age of the excavation. Longitudinal profiles were performed along the floor of the
galleries with 48 Cu/CuSO4 electrodes separated by a distance of 20 cm. Chargeabil-
ity and resistivity were inverted using a Gauss-Newton iterative approach assuming
an isotropic heterogeneous clay-rock material. The resulting IP tomograms show a
correlation between high values of chargeability and the presence of calcite-filled tec-
tonic fractures. X-ray analysis indicates that the presence of pyrite in these fractures is
a potential source of the observed IP signals. The cracks associated with the mechani-
cal damage of the formation exhibit low values of chargeability, on the same order of
magnitude than the chargeability of the clay-rock matrix and are therefore hardly ob-
servable. A smaller IP response associated with the presence of these cracks is observed
in the older gallery and this observation is qualitatively related to the desaturation
process associated with these cracks. In a specific area of one of the galleries, the
presence of calcareous nodules is observed to be an important source of anomalous
chargeability. This signature seems to be associated with the presence of pyrite.
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1 INTRODUCT I ON

Historically, the induced polarization (IP) method has been
used for the exploration of ore bodies and oil reservoirs
(Pelton et al. 1978; Nelson and Van Voorhis 1983, Seigel
et al. 2007). Ore bodies are usually associated with large val-
ues of the phase lag between the current and the voltage (>10
mrad, see Marshall and Madden 1959; Pelton et al. 1978).
More recently and thanks to the increase of the sensitivity of
field equipments (sensitivity less than 1 mrad for the phase),
the IP method has been used for environmental purposes. The
reasons for this interest are multiple: 1) IP shows a sensitiv-
ity to parameters (specific surface area, grain size, pore size)
that can be used to characterize the permeability of porous
rocks (Börner, Schopper and Weller 1996; Sturrock, Lesmes
and Morgan 1999; Revil and Florsch 2010), 2) IP is sensi-
tive to change in the chemistry of pore water (Vaudelet et al.
2011a,b), 3) IP is sensitive to different types of contaminants
(Olhoeft 1984, 1985, 1992; Vanhala, Soininen and Kukkonen
1992; Kemna, Binley and Slater 2004), 4) IP can be used to
characterize clay materials (Weller and Börner 1996; Lesmes
and Friedman 2005, Jougnot et al. 2010) and 5) IP is also
sensitive to the presence of heterogeneities like cracks in rocks
(Schwartz, Sen and Johnson 1989; Knight and Endres 1990;
Kruschwitz and Yaramanci 2004).

However, despite the development of new 4D tomogra-
phy algorithms (Karaoulis et al. 2011), the interpretation of
induced polarization is complicated by the fact that several
polarization mechanisms overlap in the frequency domain in-
cluding electrical double layer polarization mechanisms oc-
curring at the pore scale or at the grain scale plus Maxwell
Wagner polarization due to the discontinuity of the displace-
ment current at the boundary between the different phases of
a porous rock (Sen, Chew and Wilkinson 1984; Knight and
Endres 1990; Leroy et al. 2008; Leroy and Revil 2009; Joug-
not et al. 2010; Schmutz et al. 2010). In addition, the presence
of pyrite can be responsible for a strong IP response.

The recent interest in studying the transport properties of
clay materials and especially clay-rocks, is related to their use-
fulness to confine different types of wastes. Indeed, clay-rich
materials are indeed characterized by very low permeabili-
ties (usually smaller than 10−19 m2) and high specific surface
areas (from 5–40 m2/g for kaolinite up to 800 m2/g for smec-
tite). In Europe, research works have been performed to study
the confining properties of in situ clay-rocks in underground
laboratories. One open question remains – the characteriza-
tion of the damage due to the excavation of galleries of in

situ clay-rich formations upon their transport properties, es-

pecially permeability (Blümling et al. 2007) and the usefulness
of the geophysical method to monitor the evolution of damage
over time (cracking and healing processes). The creation and
extension of the so-called excavation damaged zone around
the galleries are controlled by 1) the initial stress field, 2) the
distribution of the mechanical properties of the material, 3)
the permeability distribution, 4) the geometry of the gallery,
5) the relative humidity of the air in the gallery and 6) the
presence of pre-existing natural fractures (Bossart et al. 2002;
Tsang, Bernier and Davies 2005; Matray, Savoye and Cabrera
2007; Blümling et al. 2007).

In fractured and unsaturated clay materials, IP is sensitive to
the electrical properties of the background clay matrix, to the
saturation of the water phase and to the density and orienta-
tion of cracks (Nover, Heikamp and Freund 2000; Kruschwitz
and Yaramanci 2004; Schmutz et al. 2011). To the best of
our knowledge, no geophysical investigations have been per-
formed to date to recognize different types of cracks in these
types of environment (tectonic versus recent cracks associated
with damage) using both time-domain and frequency domain
IP measurements. We have already conducted some labora-
tory works (Cosenza et al. 2007; 2008; Ghorbani et al. 2009;
Jougnot et al. 2010) on this subject that are discussed below
in Section 5. These works have demonstrated that new cracks
can change the chargeability of clay-rocks. In the present pa-
per, we present a quantitative study in the field to test the abil-
ity of time-domain and frequency domain IP to detect cracks
around the galleries of the Underground Research Laboratory
(URL) test site of Tournemire (Aveyron, France), which is a
well-characterized underground laboratory.

2 D ESCRIPTION OF T HE TEST S ITE

2.1 Geological and mineralogical context

The Tournemire URL test site was chosen by the French Insti-
tute of Radioprotection and Nuclear Safety (IRSN) to perform
research regarding the confining properties of low-porosity
clay-rocks (Cabrera et al. 2001; Rejeb and Cabrera 2006;
Gélis et al. 2010). Such type of fundamental work is important
to characterize the ability of these rocks to confine radioactive
wastes during their life-time. This site is located in southern
France, in the western border of the Causses Basin. The gen-
eral stratigraphy of the Tournemire massif is sub-horizontal
(see Fig. 1) and comprises three major formations: i) the lower
formations correspond to Hettangian, Sinemurian and Carix-
ian age formations, ii) the intermediate formations (Domerian
and Toarcian) correspond to marls and clay-rocks and iii) the
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Figure 1 Geological cross section of the Tournemire experimental station. The tunnel is mainly drilled through the Toarcian clay-rock formation.

upper formations (Upper Aalenian, Bajocian and Bathonian)
consist of limestones and dolomites.

The main formation of interest at this site is the upper
Toarcian clay-rock formation (250 m thick). This clay-rock
is a good analogue of the Callovo-Oxfordian clay-rock in the
Paris Basin that is considered to be a potential host for the
long-term storage of nuclear wastes in France. Six galleries
plus an old railway tunnel are used to study the Toarcian for-
mation (see Cabrera et al. 2001 and Fig. 2). The clay fraction
of the upper Toarcian formation (shown in Fig. 3) ranges from
20–50% of the bulk rock in volume. It is mainly composed
of illite (5–15% weight fraction), illite/smectite mixed-layer
minerals (5–10% with a relative proportion of smectite of
about 10%), chlorite (1–5%) and kaolinite (15–20%). This
formation also contains 10–20% of quartz grains (weight frac-
tion), 10–40% of carbonates (mainly composed of calcite with

Figure 2 Position of the galleries at the experimental site. The
prospected areas correspond to the two bold areas (East-96 gallery
and North-08 Gallery).

traces of dolomite and siderite) and 2–9% (in weight) of pyrite
disseminated in the clay matrix spreading until 160 m deep
from the tunnel (Cabrera et al. 2001; Savoye et al. 2001,
2006).

Three campaigns of field measurements were performed
in June 2008, June 2009 and February 2010 in two distinct
galleries of the Tournemire URL test site: the East gallery and
the North gallery (Fig. 4a,b). The East gallery was excavated
in 1996 and the North gallery was excavated more recently in
2008 (Fig. 2). These are described in more detail in the next
two sub-sections.

2.2 East gallery

IP measurements were first performed in the East gallery,
which was excavated in 1996 (Fig. 3). Two reasons guided
this choice: 1) the excavation damaged zone is less developed
in this gallery with respect to the excavation damaged zone of
the old railway tunnel, itself excavated in 1882 (Cabrera et al.
2001; Contrucci et al. 2007) and 2) the clay-rock can directly
be reached from the gallery wall since no concrete lining exists
on the surface of the gallery. The cross-section of this gallery
has a horseshoe shape (Fig. 4a) with a height of 3.7 m and
a width along the floor of the gallery of 4 m. Its direction is
east-west with a length of 30 m (Fig. 2). Its mechanical stabil-
ity is ensured by steel supports regularly spaced every 2 metres
(Fig. 4a).

Two families of cracks can be observed by visual inspection
along the walls and the floor of this gallery. The first family
of cracks (millimetre-scale width and metre-scale extension)
corresponds to sub-vertical fractures, called ‘new fractures’
below (Fig. 3a). These fractures occurred after the drilling of
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Figure 3 Heterogeneities in the galleries. (a) Picture showing the recently formed new cracks in the East gallery. (b) Picture showing the calcite-
filled tectonic fractures in the Esat gallery (at around 6 m from the beginning of the electrical profile along the floor). (c) Picture showing the
calcareous nodules in the North gallery. (d) Picture showing the tectonic fracture on the floor in the North gallery.

the gallery. They result from the release of the mechanical
stress associated with the drilling of the gallery (Rejeb and
Cabrera 2006). The second family of cracks corresponds to
calcite-filled tectonic fractures. We will see later that these
calcite-filled fractures contain also some pyrite. They can be
observed along the floor of the gallery (see Fig. 3b). These
fractures have roughly the same dimensions as the new frac-
tures mentioned above (mm-scale width and m-scale exten-
sion). These fractures are of geological nature and associated
with the tectonic history of the clay-rock formation. They are
termed ‘tectonic fractures’ below.

2.3 North gallery

Our goals in performing IP measurements in the North gallery
were the following: 1) studying the excavation damaged zone
characteristics in terms of heterogeneities of a more recently
drilled gallery (drilling occurred in May 2008) and 2) compar-
ing IP characteristics between this gallery and the East gallery,
which have different ages of excavation. The advantage of the
North gallery is that its geological context is similar to the East
gallery (1996) (both new fractures and calcite-filled tectonic
fractures are observed on the floor). In addition, calcareous
nodules are also observed in the North gallery (none in the
East gallery) pervasively into the clay-rock on the lower part

of the walls and on the floor (see Fig. 3c). These nodules will
have a non-negligible role on the IP tomograms.

The shape of the cross-section of the North gallery is a
horseshoe with a height of 3.7 m and a width along the floor
of 4 m (Fig. 4b). This corresponds to the same dimensions as
for the East gallery. This gallery is oriented north-south with
a length of 20 m (Fig. 2). There is no concrete layer on the
floor except for the first 7 m from the entry of the drift. The
East and North galleries have been excavated with the same
drilling method using a cutterhead dredge.

3 INDUCED POLARIZATION
MEASUREMENTS : M ETHODOLOGY

Both time-domain (TD) and frequency domain (also called
spectral induced polarization (SIP) in a number of publica-
tions) induced polarization measurements can be performed
in the field (e.g., Dahlin, Leroux and Nissen 2002; Ghorbani
et al. 2007).

3.1 Time-domain induced polarization measurements

Time-domain induced polarization (IP) measurements are per-
formed by applying a square electric current between two elec-
trodes (A and B) to the rock and measuring the voltage after
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Figure 4 Position of the time-domain (TDIP) and frequency-domain (FDIP) IP longitudinal profiles along the floor in (a) the East gallery and (b)
the North Gallery. (c) Sketch of the EDZ. at the laboratory of Mont Terri showing the new fractures associated with the stress release associated
with the gallery.

the current is turned off. The decay of the difference of the
electrical potential between a pair of potential electrodes (M
and N), Vs, is measured over time. The apparent chargeability
(expressed in mV/V) is given as,

Ma = 1
Vp�t

t2∫

t1

Vsdt, (1)

where the time-dependent residual voltage Vs (expressed in
mV) is integrated over a time window defined between the
times t1 and t2 after the applied current is turned off between
A and B. The voltage Vp is the measured voltage between M
and N just before the current is turned off (primary voltage,

expressed in V). The time �t = t2 – t1 defines the duration
of the time window. We use three different durations for the
current injection, 1, 2 and 4 s with Syscal Pro from Iris In-
strument. For the measurement of the voltage decay after the
current electrodes are shut down, we use a Cole-Cole dis-
cretization with 20 windows. For a 4 s current injection, the
time at which the decaying secondary voltage is measured cor-
responds to the following series: 20, 40, 50, 60, 70, 80, 90,
100, 110, 120, 140, 160, 180, 200, 220, 250, 280, 320, 380,
450 and 530 ms. Therefore in this case, we have �t = 510 ms
if all the decay window is used. For a 1 s current injection, we
have t1 = 10 ms, t2 = 90 ms and therefore �t = 80 ms. For
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a 2 s current injection, we have t1 = 20 ms, t2 = 200 ms and
therefore �t = 180 ms. Physically, the chargeability describes
the ability of a porous material to store reversibly electrical
charges.

Time-domain IP measurements were performed in both gal-
leries with the Syscal Pro impedance meter from Iris instru-
ments (http://www.iris-instruments.com). Longitudinal pro-
files were chosen along the axis of the galleries. Measurements
were performed along one profile in the East gallery and two
profiles in the North gallery. The length of these profiles is
9.40 m. They comprise 48 electrodes with a spacing of 20 cm.
This spacing has been chosen in order to ensure sufficient elec-
trical resolution to image the entire thickness of the damaged
zone. Using small drill-holes, this thickness was estimated to
be on the order of 0.7–1.1 m (Contrucci et al. 2007). To install
the electrodes on these profiles, drillings were first performed
with holes 12±1 mm in diameter and with a depth of 5.0±0.1
cm. Before putting the electrodes in these holes, wet bentonite
was injected to ensure a good electrical contact between the
clay-rock and the non-polarizing Cu/CuSO4 electrodes (6 mm
in diameter). These electrodes were used both as current and
potential electrodes. Some of these holes were also used for
the frequency domain IP measurements.

3.2 Frequency domain induced polarization measurements

Frequency domain IP measurements were performed at
different locations along the profiles where time-domain
IP data were collected. For the frequency domain mea-
surements, the same methodology as applied for time-
domain measurements was used including the use of
non-polarizing Cu/CuSO4 electrodes and wet bentonite.
In the East gallery, frequency domain IP measure-
ments were performed with the SIP FUCHS-II apparatus
from Radic Research (http://www.radic-research.homepage.t-
online.de/default.html). The SIP FUCHS-II can measure the
complex resistivity from 1.43 mhz up to 12 kHz. In the case
study reported below, we measure the complex resistivity over
7 decades in frequency from 4.5 mHz up to 12 kHz. It con-
sists in two remote units that record the current I∗(ω) (between
electrodes A and B) and the difference of voltage between the
two electrodes M and N, U∗(ω) and the phase lag between the
current and the voltage difference.

The impedance Z∗ is defined as (Pelton, Sill and Smith
1983):

Z∗ (ω) = U∗ (ω)
I∗ (ω)

= |Z∗ (ω)| eiϕ(ω), (2)

where i2 = -1 (i is the pure imaginary number) and | Z∗(ω)|
and ϕ(ω) are the amplitude of the impedance and the phase lag
between the current and the voltage, respectively. To measure
the whole spectrum of frequencies, the SIP FUCHS-II appara-
tus starts with the highest frequency, 12 kHz and N = 18 in
our case (N = 24 in the general case), other decreasing fre-
quencies are obtained by the following division: 12 kHz/2N.
Optic fibres were used to minimize the electromagnetic cou-
pling between the ground and the cables of the apparatus. The
error on the phase lag was about +/- 1 mrad on the measure-
ments above 6 kHz. For lower frequencies, the accuracy on
the phase lag was better than ±0.5 mrad. This is a typical er-
ror level for the SIP FUCHS-II apparatus operating in normal
field conditions (Weller, Seichter and Kampke 1996; Binley
et al. 2005).

To limit the acquisition time (2 hours for the whole spec-
trum for one data point), we considered two solutions: i) in-
stead of performing frequency domain IP measurements on
the entire profile investigated by time-domain IP data (9.40
m in length), the sections characterized by anomalous charge-
ability were prioritized. The selected profile started at x = 2.6
m from the beginning of the time-domain IP profile and was
∼5 m long (Fig. 4a) and ii) the frequency range used in the
acquisition was limited from f = 366 mHz to 12 kHz. Only
for the anomalous areas observed in the time-domain IP to-
mograms was the lower bound of the investigated frequencies
lowered to 46 mHz. The frequency domain IP acquisitions
were performed with the Wenner array only. Five different
spacing a were used during the acquisition (a = 20 cm, 40
cm, 60 cm, 80 cm and 100 cm). These distances were used to
define the geometrical factors used to convert the impedances
to resistivities.

In the North gallery, frequency domain IP measurements
were performed with a prototype developed at the UMR 7619
Sisyphe Research Laboratory of Pierre Marie Curie Univer-
sity. Our goal was to test the capacity of such a prototype for
in situ characterization. This device can work in the frequency
range f ∈ [1.86 mHz, 31.25 kHz] (therefore overlapping and
extending the frequency range investigated by the SIP FUCHS-
II apparatus). The transmitter and receiver of the prototype
were separated by a distance of 1 m. This system allows a
higher control of the output voltage (up to 200 V) by com-
parison with the SIP FUCHS-II apparatus (limited to 10 V).
The measurements were performed on two different profiles
used for the time-domain IP acquisition. The first one started
from the beginning of the time-domain IP acquisition pro-
file and ends in 4 m. This zone was relatively less affected
by the presence of the calcareous nodules (according to visual
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observations and time-domain IP data). The second frequency
domain IP profile (length of 6 m) was chosen at the end of
the time-domain profile (Fig. 4b). The frequency domain IP
acquisitions were performed with the Wenner-Schlumberger
array only. Three different inter-electrode separations were
used during the acquisition (n = 1, a = 20 cm; n = 2, a =
20 cm; n = 3, a = 20 cm; where a is the distance between
potential electrodes M and N and n is multiplying coefficient
of the distance between a current and potential electrode).
The frequency range was limited from f = 0.2 Hz to 7 kHz
for an optimum acquisition time per measure (∼2 minutes).
Frequency domain sampling was logarithmic. From repeata-
bility tests, the error on the measurements was on the order
of 1 mrad for the higher frequencies (>1 kHz) and 0.4 mrad
for the intermediate and low frequencies. We will see later
in Section 5.3 that the pyrite present in the calcite-filled tec-
tonic fractures should have a signature at few tens of Hertz
to few hundreds of Hertz. Therefore the frequency domain IP
tomograms are given at relatively high frequency.

4 R E S U L T S

To display the results obtained in the two galleries, two kinds
of representations may be used: 1) the raw data can be inverted
to obtain tomograms assuming that the material is heteroge-
neous but isotropic and 2) spectra of IP parameters obtained
through the analysis of the frequency domain IP data can be
displayed. Regarding the first representation, both the resis-
tivity and the chargeability can be displayed as tomograms.
The spectral induced polarization data can be displayed as
tomograms for the resistivity and the phase.

The inversion of the time and frequency domain IP data was
performed with the software Res2DINV from GEOTOMO
(Loke and Barker 1996) using a Gauss-Newton approach and
the finite element approach to solve the forward problem. In
addition to the inversion of the resistivity in both time and fre-
quency domains, this software supports also the introduction
of various types of IP data including i) (time-domain) charge-
ability and ii) the phase lag. IP values that are given in other
units in the frequency domain are converted into chargeabil-
ity values. The relevant conversion equations can be found
in Kemna (2000), Nelson and Van Voorhis (1973) and Van
Voorhis, Nelson and Drake (1973) and will not be repeated
here. It is also important to understand the limitations of the
present approach. The preferential orientation of the fractures
and cracks implies that the clay-rock is not isotropic. In this
situation, the complex resistivity should be described by a
second-order symmetric tensor. While few recent works have

developed an inversion approach accounting for the tenso-
rial nature of the resistivity (Kenkel, Hördt and Kemna 2011;
Andreas Hördt, pers. comm. 2011) no code was accessible
to us to perform the inversion of the full resistivity tensor.
Therefore we considered that the material was isotropic as
a first-order approximation. The inversion of the IP data is
carried out as a perturbation of the resistivity model using
a Tikhonov-type smoothness-constrained least square prob-
lem solved with the Gauss-Newton approach (see details in
Tikhonov and Arsenin 1977; de Groot Hedlin 1990; Vauhko-
nen et al. 1998).

Regarding the East gallery, the tomograms based on the
time-domain IP data are plotted in terms of inverted resistiv-
ity and chargeability distributions. For the spectral induced
polarization data, the tomograms are plotted at the following
frequencies f = 366 mHz and 732 mHz. As shown below,
these frequencies are close to the low-frequency polarization
peak typically observed at 0.1–0.3 Hz. The distributions of the
phase are shown on the tomograms. All the tomograms for the
East gallery are based on the data performed with the Wenner
and Wenner-Schlumberger arrays. Concerning the North
gallery, we performed the same work. However, for the fre-
quency domain IP data, the tomograms are plotted only at two
distinct frequencies f = 7 Hz and f = 61 Hz. These frequencies
are used to avoid electromagnetic coupling effects occurring
usually above 1 kHz.

We will also display the IP parameters obtained from the
spectral induced polarization data. We plot the magnitude of
the resistivity | ρ∗| (in � m) and the phase lag ϕ (in mrad)
versus the frequency. We can also plot the in-phase (real) con-
ductivity σ ′ and the out-of-phase (imaginary or quadrature)
conductivity σ ′ ′ (in S/m), both as a function of the frequency.
Among these parameters, the phase lag ϕ defines the ratio of
polarization to conduction, σ ′ ′ / σ ′ (Lesmes and Frye 2001;
Slater and Lesmes 2002). In the following, we will present the
spectra of the phase shift, ϕ and quadrature conductivity σ ′ ′ .

4.1 Detection of the calcite-filled fractures

The resistivity tomograms (Fig. 5) show clearly the presence
of the extension of the excavation damaged zone. This zone
corresponds to the high resistivity values (∼ 400 � m) on
the longitudinal profile of the Eastern gallery. Nevertheless,
the resistivity tomograms do not allow distinguishing be-
tween the calcite-filled tectonic fractures and the newly opened
cracks. However, time-domain and frequency domain IP to-
mograms (chargeability and phase) show clearly the positions
of the calcite-filled fractures in Fig. 6 in agreement with the
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Figure 5 Inverted resistivity sections obtained from time and frequency-domain IP measurements (at f =366 mHz and f =732 mHz, respectively,
Wenner and Wenner-Schlumberger arrays, iteration number: 4, East gallery). The acquisitions were performed in June 2008.

observations made along the floor of the galleries. Conse-
quently, the observed polarization is associated with these
fractures. The mechanism of polarization will be discussed
below. The spectra of the phase lag and the quadrature con-
ductivity indicate also the presence of anomalies that are con-
sistent with the positions of the observed calcite-filled tectonic
fractures. These fractures have a spectral signature showing
a broad polarization peak (dispersion) in the low-frequency
range (10 mHz to 1 Hz, see for instance Fig. 7).

The difficulty in interpreting IP measurements is to connect
such a polarization peak to a specific mechanism. We will see
that the underlying mechanism of the observed polarization
may be related to the mineralogical content of the material
filling the tectonic fractures. Indeed, pyrite is known to have a
strong effect upon spectral induced polarization (e.g., Pelton
et al. 1978; Wong 1979). Campbell, Horton and Beanlang

(2000) performed laboratory measurements on samples con-
taining 2% of pyrite and they observed a phase peak at f =
1 Hz. Bonin (1998), Boisson, Cabrera and De Windt (1996,
1997), De Windt, Cabrera and Boisson (1999) and Mathieu
et al. (2000) showed that the calcite-filled fractures of the
Tournemire test site also have some pyrite. Our analysis is
showing that the size of the pyrite grain is typically in the
range 0.1–1 mm. Peyaud et al. (2006) mentioned that the fill-
ing of most of the large-scale fractures consists of calcite veins
with the presence of pyrite and sometimes barite. Because of
the lack of prior knowledge about the amount of pyrite in the
material filling these fractures, we performed also a mineralog-
ical analysis of the filling material using the X-ray diffraction
method. For this purpose, we use a sample of material fill-
ing the tectonic fracture characterized by high values of the
chargeability at x = 6 m on the electrical profile (Fig. 6). The
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Figure 6 Inverted time-domain chargeability tomogram, phase from frequency-domain IP data ( f =366 mHz, 732 mHz). We used the Wenner
and Wenner-Schlumberger arrays in the East gallery for the time-domain induced polarization (error RMS is smaller than 1%, iteration number:
4) and the Wenner array for the frequency-domain induced polarization. The acquisitions were performed in June 2008.

Figure 7 Phase and quadrature conductivity spectra of the longitudinal profile performed at the floor of the gallery at two distinct locations:
(i) at the position of an observed calcite-filled fracture (∼ xc = 4.4 m) and (ii) far from this calcite-filled fracture (at position xc = 7.8 m) (see
Figure 6) in the East gallery (Wenner-α array, electrode separation: 80 cm, apparatus: SIP FUCHS-II). An open question is related to the physical
mechanism of the low-frequency relaxation in the case of the calcite-filled tectonic fractures and its possible relationship to the presence of pyrite
in these fractures (see Table 1).
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Table 1 Mineralogical composition of the material filling the tectonic fractures according to the X-ray
analysis (% in weight and volume)

Mineral Carbonate Crystallized Mass density Carbonate Crystallized
matrix (weight%) veins (weight%) (kg m−3) Matrix (vol.%) veins (vol.%)

Calcite 40 73 2710 44 80
Quartz 24 10 2650 27 10
Pyrite 16 11 5010 8 6
Mica 13 3 2883 14 2
Kaolinite 7 Trace 2700 7 Trace
Chlorite 0 3 2900 0 2
Gypsum Trace Not detected - Not detected Not detected

result of the X-ray diffraction analysis allows distinguishing
three major minerals from the studied sample. First a carbon-
ate matrix is detected with mainly calcite, silica and a signifi-
cant amount of pyrite (16% in weight) (Table 1). This matrix
is partially intersected by millimetre-scale veins made of crys-
tallized minerals (0.1–1 mm in size) including pyrite. Table 1
represents the mineralogical composition of the material fill-
ing the tectonic fractures. Pyrite forms 11% (in weight) of the
materials forming the crystallized veins. The presence of this
pyrite both in the carbonate matrix filling the fractures and
in the form of veins could therefore explain the polarization
associated with the tectonic fractures in a clay-rich rock.

4.2 New fractures

On the longitudinal profile of the East gallery, a visual in-
spection of the floor of the gallery shows the presence of new
fractures with no filling and mineralization. However, con-
trary to the tectonic fractures existing on the same profile, the
chargeability tomogram shows no or few evidences of these
new fractures. Despite the fact that these fractures are only
partially saturated, they do not have a clear IP signature be-
low 1 kHz. To investigate in more detail the electrical response
of these fractures, a small profile, far from the other hetero-
geneities, was performed in the East gallery in February 2010.
This profile passes over a dense zone of new fractures (see
details in Fig. 8a).

On this (longitudinal) profile located on the floor, time-
domain IP measurements were performed with the Syscal Pro
apparatus. We use 18 steel electrodes (3 × 55 mm) with a spac-
ing of 10 cm. The resistivity and chargeability tomograms (for
1 s and 4 s injection times) are shown in Fig. 8(b). We observed

Figure 8 (a) Picture of the profile showing the presence of the new
cracks. (b) Inverted resistivity and chargeability sections (1 s and 4 s)
using the Wenner and Wenner-Schlumberger arrays in the East gallery
(iteration number: 4). The rectangles correspond to areas character-
ized by high resistivity and low chargeability and the numbers corre-
spond to the electrodes. Acquisition performed on February 2010.
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Figure 9 Inverted resistivity sections obtained from time- and frequency-domain IP measurements (f = 7 Hz and 61 Hz, Wenner-Schlumberger
array, iteration number: 4) in the North gallery. The letter C indicates the concrete layer. The acquisition was performed in June 2009. The
choice of the two frequencies represent a trade-off between the duration of the acquisition and the need to show low-frequency data for which
there is a distinct polarization associated with the presence of the fractures.

two areas characterized by very low values of chargeability
(<4 mV/V) (areas in blue underlined by rectangles in Fig. 8b).
These areas correspond also to high resistivity anomalies on
the resistivity tomograms (in red underlined by rectangles in
Fig. 8b). These resistivity and IP anomalies are correlated with
areas of high density of new fractures. We believe that the rea-
son for the high resistivity values is related to the drying of
the clay-rock through these cracks. Indeed, desaturation oc-
curs faster in areas where the pores are large and the capillary
pressure is smaller. Moreover, the desaturation process is re-
inforced by the natural ventilation of the tunnel. Desaturation
of the damaged zone leads to higher resistivities and higher
phases because the phase is proportional to the resistivity (see
Jougnot et al. 2010). For the remaining part of the profile,
there are less favourable conditions preventing the material
to desaturate. This explains the slightly higher chargeabilities
for these sections. In conclusion, we suggest that chargeability
associated with the new fractures is dependent on the satura-
tion state of the material as modelled by Jougnot et al. (2010)

and discussed below in Section 5. Higher damages (expressed
by macroscopic cracks) correspond therefore to lower charge-
abilities through the effect of desaturation. This is also a new
finding.

4.3 Induced polarization signature of the calcareous nodules

The chargeability tomogram resulting from the acquisition
performed in June 2009, in the North gallery, shows changes
in the values of the chargeability from 1–15 mV/V for the first
acquisition profile N◦1 to 0–24 mV/V for the second acquisi-
tion profile N◦2 (Fig. 10). These tomograms were plotted with
chargeability values comprised between 0–20 mV/V only to
better evidence the small anomalies. To interpret these results,
the anomalous chargeability zones are indicated by letters in
Fig. 10. The obtained chargeability anomalies are divided into
three types from direct observations through microdrilling: A
stands for the tectonic fracture, B for the calcareous nodules
and C for the concrete layer (Fig. 10).
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Figure 10 Inverted time-domain chargeability and phase lag tomograms (f = 7 Hz, 61 Hz, Wenner-Schlumberger array) in the North gallery.
The area A corresponds to calcite-filled tectonic fractures, the area B corresponds to the calcareous nodule level, and the area C corresponds to
the area where there is a concrete layer. The acquisition was performed in June 2009. The errors are smaller than 1%. Inversion of the phase
tomography for SIP Profile 1 (see Figure 4b) has been carried with 40 data points while we used 69 data points concerning the SIP Profile 2 (see
Figure 4b). (Iteration number: 4). The choice of the two frequencies represent a trade-off between the duration of the acquisition and the need
to show low-frequency data for which there is a distinct polarization associated with the presence of the fractures. The phase section at 61 Hz
shows an anomaly between 8 and 9 m that is not visible in the chargeability section. The origin of this anomaly is unclear and could be due to
a local spurious electromagnetic coupling effect.

In the North gallery, a tectonic fracture intersects the be-
ginning of the profile at 1.5 m (Fig. 3d). The signature of
this tectonic fracture is hardly visible because of the higher
dominant chargeability anomalies starting from 5 m from the
beginning of the profile. According to the observations made
during the excavation of the gallery, calcareous nodules were
observed in this area (around x = 5 m in Fig. 10). The size
of these calcareous nodules is ∼10 cm long and ∼20 cm wide
(Fig. 3c). We cannot see these nodules on the resistivity tomo-
gram because the contrast in resistivity between these nodules
and the matrix in which they are embedded is too low (Fig. 9).

Figure 11 shows the spectra of frequency data concerning
the measurement along the floor, at the calcareous nodule
level and at the clay-concrete interface, respectively. We do

not observe an IP signature similar to what was observed
with the tectonic fractures in the East gallery (see above).
In order to understand the origin of the strong chargeability
associated with the calcareous nodule, we performed again a
mineralogical analyse using a sample of the nodule from the
floor of this gallery. The X-ray diffraction analysis indicates a
weight fraction of 5–6% of pyrite.

5 D I S C U S S I O N

5.1 Influence of water saturation

The influence of water saturation was discussed in detail
in some of our previous publications (Cosenza et al. 2007;
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Figure 11 Phase lag and quadrature conductivity spectra along the longitudinal profile on the floor of the North gallery on clay rock and on
concrete layer (FDIP Profile N◦2, Wenner-Schlumberger array, distance between potential electrodes: 20 cm and distance between potential-
current electrodes: 40 cm, 60 cm prototype from the Sisyphe Laboratory, Paris, France).

Ghorbani et al. 2009; Jougnot et al. 2010). Figure 12 shows
the effect of water saturation upon both the magnitude of the
resistivity and the phase from laboratory experiments using a
clay-rock sample from the Callovo-Oxfordian clay-rock from
the Paris Basin (France). As expected the resistivity increases
with the decrease of the water saturation and therefore this
explains why the resistivity tomograms are good indicators of
the extension of the damaged zone (Fig. 16). The magnitude
of the phase also increases with the decrease of the water sat-
uration because it is proportional to the resistivity. This data
set was fairly well-reproduced from the model developed by
Jougnot et al. (2010) based on combining the Stern layer and
Maxwell-Wagner polarization models.

5.2 Influence of fractures

The influence of the freshly formed cracks filled with air upon
the polarization is sketched in Fig. 14. The presence of these

air-filled fractures increases drastically the time constant in
the so-called heating phase (see Fig. 13a) and therefore the
peak of the low-frequency polarization is happening at lower
frequencies. However this laboratory observation is hardly
observed in the field as the open cracks are not associated
with high chargeability. This may be because the increase of
the chargeability associated with the decrease of the water
saturation is partly counterbalanced by the decrease of the
chargeability associated with the air-filled cracks.

The physical origin of the decrease of chargeability asso-
ciated with a high density of air-filled cracks is still unclear
at this stage. A simple explanation could be proposed with
regard to the isolating nature of these fractures. Indeed, these
air-filled fractures would act as effective barriers to the flow
of the electrical current leading to some build-up of charges
at their vertical surfaces. When the exiting current is stopped,
some small and slow back-diffusion currents would occur in
the opposite direction leading macroscopically to decrease the
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Figure 12 Experimental spectral induced polarization data (sample
871 EST29300 from the Callovo-Oxfordian formation of the Paris
Basin) at seven different saturations of the water phase sw and for
the frequency range 1 mHz – 45 kHz. a) Amplitude of the resistivity
versus the frequency. Note the strong increase of the resistivity with
the decrease of the water saturation. b) Phase versus frequency. The
black open circles represent the data obtained during the desaturation
phase by drying the sample at ambient temperature (values of the
water saturations: sw = 0.70, 0.37, 0.24, and 0.16). The grey open
squares correspond to the heating phase where the water saturation
was further decreased by heating the sample and then cooling it down
to ambient temperature to perform the frequency-domain induced
polarization measurements (sw = 0.11, 0.04, and 0.01). The lines
are just guides for the eyes (modified from Jougnot et al., 2010).
The low-frequency dispersion may be associated with the presence
of pyrite while the high frequency behaviour in iωε∞ (ε∞ being the
high frequency dielectric constant) is expected from the theory (see
Vinegar and Waxman, 1984).

apparent polarizability of the clay-rock. This geometric effect
could be checked by numerical modelling, which should also
account explicitly for the IP effect related to the desaturation
of the clay matrix. Indeed, in order to provide some physical
insights, a phenomenological approach based on experimental
investigations in the laboratory seems unrealistic in this con-
text because of the dimensions and the spatial organization of
these air-filled cracks.

5.3 Influence of pyrite

Pelton et al. (1978) used the experimental data obtained by
Chr. Grissemann for his PhD thesis at Innsbruck University
(Austria) using artificial mixtures of sulphides, quartz and ce-

ment to investigate the role of pyrite on the frequency domain
IP response. The spectra were acquired in a frequency range of
4 Hz to 10 kHz, above the frequency for which we observed
a polarization effect. As discussed by Pelton et al. (1978), the
presence of pyrite affects the induced polarization properties
of a porous material. Both the grain size of the pyrite crystals
(more precisely the square of their grain size) and the concen-
tration of pyrite have a strong influence on the apparent time
constant observed in induced polarization (Fig. 15).

In our case, both the concentration (in the range 6–8% in
volume) and the grain size (between 0.1–1 mm) can be used to
predict the range of time constants of the Cole-Cole response.
From Fig. 15(c), we obtain a time constant in the range 0.03
s to 3.2 × 10−3 s and an intrinsic chargeability of 0.4. In
the Cole-Cole model the peak frequency is related to the time
constant τ by,

fc = 1
2πτ (1 − m)1/2c

, (3)

where m is the intrinsic chargeability and c the Cole-Cole
exponent. It follows that the peak frequency is comprised
between 12–120 Hz with m = 0.4 (see Fig. 15) and c =
0.3 (Fig. 13a), so above the observed low-frequency relax-
ation, which is always below 1 Hz (see Fig. 7). The low-
frequency behaviour (<1 Hz) was not investigated by Chr.
Grissemann. Other investigations of natural ore samples (e.g.,
Marshall and Madden 1959) show that ore particles with
a diameter of less than 1 mm can be responsible for phase
peaks at frequencies below 1 Hz (see Fig. 7). In the case of
natural ores, the whole ore aggregate (e.g., the presence of
veins) has to be considered and not the size of a single ore
grain. So it is likely that the observed relaxation is associ-
ated with the presence of pyrite. In turn, this implies how-
ever that frequency domain induced polarization performed
at few tens to few hundred Hertz is suited to observe these
calcite-filled fractures because of the presence of pyrite (see
Table 1).

6 C ONCLUSION

We studied the relationship between the presence of macro-
scopic heterogeneities in the Toarcian clay-rock formation of
the Tournemire test site (Aveyron, France) using both time-
domain and frequency domain induced polarization measure-
ments. Three types of heterogeneities are observed: tectonic
fractures, new cracks (associated with the excavation of the
galleries) and calcareous nodules.
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Figure 13 Effect of the saturation upon the Cole-Cole exponent and the apparent time constant determined from frequency-domain induced
polarization data. Modified from Cosenza et al. (2007) and Jougnot et al. (2010). Note the consistent increase by one order of magnitude of
the time constant in the desaturation phase (no microcracks present). In the heating phase, the presence of microcracks has a strong influence
on the Cole-Cole exponent and the time constant.

The IP signature of the calcite-filled tectonic fractures is
potentially associated to their mineralization because of the
presence of pyrite in the filling material. A relaxation is ob-
served below 1 Hz in the phase and imaginary conductivity
spectra of the calcite-filled tectonic fracture levels. This obser-
vation is consistently made using different types of arrays and
electrode spacing. The pyrite itself seems however to produce
some polarization at few tens to few hundreds of Hz.

The new cracks (observed by visual inspection along the
gallery floors) control the change in the water content (de-
saturation) of the clay-rock in the damaged zone surround-
ing the galleries. They are associated with low chargeabilities
(≤4 mV/V). This response is almost in the same order of mag-
nitude as the intrinsic IP response of the clay-rock matrix

itself. This implies that these features may be difficult to see
on the tomograms. We observed that a gallery like the East
gallery excavated a long time ago (in 1996) presents however
lower chargeability values than the more recently excavated
gallery (North gallery, excavated in 2008). This observation
may be associated to the much longer exposition time of the
older gallery (excavated in 1996) to the desaturation from the
new fractures (smaller water contents due to the desaturation
are associated with lower chargeabilities).

With the resistivity tomograms alone, it is difficult to dis-
tinguish between the tectonic fractures and the new cracks
associated with the excavation of the galleries. However, the
extension of the damaged zone is clearly visible because of the
overall change in water saturation with respect to the fully,
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Figure 14 Possible influence of the new fractures on the polarization
response. The new fractures filled with air are responsible for an
increasing of the blocking of the ions during their electromigration.
The effect is substantial in the direction normal to the position of the
cracks. Modified from Cosenza et al. (2007).

undamaged, clay-rock. The resistivity tomogram shows that
the damaged zone thickness of the North gallery, excavated in
2008, is less important (<50 cm) compared to the excavation
damaged zone thickness of the East gallery excavated in 1996
(50–80 cm).

Finally, the calcareous nodules embedded in some areas in
the clay-rock matrix are associated with high chargeabilities.
According to our X-ray analysis, the mineralization of these
nodules has 5–6% pyrite in weight. This pyrite may explain
the observed IP response. The Maxwell-Wagner may also play
a role. The contrast in the resistivity is not high enough to
detect the presence of these calcareous nodules showing once
more the complementarity between resistivity and induced
polarization.

Future directions will be to monitor jointly seismic and com-
plex conductivity of the damaged zone to see through time-
lapse joint inversion how the properties of the excavation
damaged zone may change with time. It will also be necessary
to account for the full tensorial nature of the material proper-
ties (complex resistivity and stiffness tensors) associated with

(a) (b)

(c)

Figure 15 Possible influence of the pyrite grains located in the calcite-
filled tectonic fractures. a) b) Determination of the time constant by
Pelton et al. (1978). Note that the time constant depends on the square
of the diameter of the pyrite grains. c) Chargeability and time constant
as a function of the grain size of pyrite and its volumetric fraction
(modified from Pelton et al., 1978). Veins of pyrite can produce a
polarization at lower frequencies.

the anisotropic behaviour of the material associated with the
presence of the fractures.
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