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2

Abstract—Nearly water-saturated argillite samples (initial water content near 3.4 wt%) were cored

from an undisturbed area of an underground facility of the French Institute for Radioprotection and

Nuclear Safety (IRSN), located at Tournemire (Aveyron, France). These samples were subjected to the

following desiccation path: (a) A desaturation phase during which the samples were dried at ambient

temperature conditions, relative humidity equal to 43% in average and (b) a heating phase during which

the same samples were heated at four temperature levels from 70�C up to 105�C. During both phases, the

low-frequency complex resistivity (0.18Hz–12 kHz) was recorded by a four-electrode device.The amplitude

of the complex resistivity was extremely sensitive to water content change. At the end of the isotherm

desaturation phase, it was multiplied by a factor of 3 to 5. During the heating phase, the resistivity

increased by more than two orders of magnitude compared to the initial state. The percentage of

Frequency Effect shows a low sensitivity to water content changes during the desaturation stage while it

increased by two orders of magnitude during the heating phase. This result confirms that low-frequency

spectral signature is extremely sensitive to textural changes (i.e., thermal-induced microcracking in this

case) that occurred during heating. Moreover, the complex resistivity of the samples shows a strong

anisotropy (a ratio of 10 between both amplitudes measured in the perpendicular directions). The classical

Cole-Cole model cannot be used to fit the experimental data obtained in the heating phase. A generalized

formulation of this model is required and was successfully applied to represent the complex resistivity data.
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1. Introduction

In many industrial countries (such as Belgium, Germany, France, Japan, Spain,

Switzerland) deep argillaceous formations are considered as potential host media for

high level radioactive wastes. This is because clayey geomaterials have the ability to

adsorb a large amount of ions and they possess the low permeability required to slow

down the percolations of fluids (e.g., MITCHELL, 1973). In France, in order to
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1 Université Pierre et Marie Curie, UMR Sisyphe, Case 105 - Tour 46/56- 3ème étage 4, place Jussieu,
75252, Paris Cedex 05, France. E-mail: cosenza@ccr.jussieu.fr
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improve the knowledge of the containment properties of such formations, two

geological sites are currently under study: the Callovo-Oxfordian argillites of the

Paris Basin (e.g., ANDRA, 2005a) and the Toarcian argillites of Tournemire, in the

Southern France (e.g., CABRERA et al., 2001).

For the safety assessment of long-term radioactive waste disposals, a critical issue

is the impact of the thermo-hydro-mechanical loading induced by the excavation of

deep galleries and by the exothermic canisters (e.g., KALUZNY, 1990; ANDRA,

2005b). In this framework, it is desirable to have non-invasive tools in order to

determine in situ petrophysical parameters (like the porosity, the permeability, the

water content) and the textural changes that can be induced by thermal and

mechanically induced cracking during the construction and the life of the

underground repository.

Complex resistivity method also named Spectral Induced Polarization (SIP)

consists of measuring both the low-frequency resistivity and the phase shift between

the voltage and the applied current. This is a very promising geophysical method to

monitor both water content and fracturing of argillaceous rocks. Indeed, low-

frequency and DC resistivity are often used to determine the water content of porous

materials (e.g., DANNOWSKI and YARAMANCI, 1999), and electrical spectroscopy can

be used as an efficient tool to detect fractures (GLOVER et al., 1997, 2000; NOVER et

al., 2000; HEIKAMP and NOVER, 2003). Moreover, recent in situ investigations in the

Mont Terri underground laboratory (KRUSCHWITZ and YARAMANCI, 2004) showed

that SIP can be qualitatively used to characterize the so-called ‘‘excavation damaged

zone’’ (EDZ) located around the galleries. The EDZ is generated by the excavation

because of the stress and temperature changes and the desiccation of argillites.

Nevertheless, to our knowledge, no extensive experimental SIP investigation has

been performed on argillaceous rocks with a high clay content (typically greater

than 30 wt%) in the low-frequency range, typically 10 mHz to 10 kHz. In our

opinion, this is mainly due to two reasons. On the one hand, for a long time the oil

and mineral companies were not interested in investigating the physical properties

of shale. On the other hand, SIP measurements in the low-frequency range

(typically less than 10 Hz), are difficult to conduct since they require the removal of

the spurious electrode polarizations occurring at the boundary between the sample

and the measuring electrodes (e.g., VINEGAR and WAXMAN, 1984; GARROUCH and

SHARMA, 1994; LEVITSKAYA and STENBERG, 1996; CARRIER and SOGA, 1999;

CHÉLIDZE et al., 1999). The substitution technique based on electrolytic cells

between the sample and the current electrodes (e.g., VINEGAR and WAXMAN, 1984;

OLHOEFT, 1985) cannot be used for argillaceous rock as their texture is extremely

sensitive to water content and salinity changes. Moreover, the use of rigid and

‘‘nonpolarizing’’ electrodes with a platinum coating requires an extremely good

sample to electrode contact in order to minimize the corresponding contact

resistance. This contact may be difficult to get and it is wellknown that black
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platinum electrodes are brittle and easily damaged when clamped against rock

samples (see LEVITSKAYA and STENBERG, 1996).

This is why the first goal of this study is to establish a simple and reliable

procedure in order to measure low-frequency complex electrical resistivity of an

argillaceous rock. The second goal of our study in relation to the monitoring of

underground facilities, is to assess the ability of SIP to measure both water content

changes and fracturing. In this purpose, the desiccation path is preferred, starting

with samples close to saturation, cored in the undisturbed zone of the site. The third

objective of our paper concerns the quantitative modelling of the experimental data.

We examine below the simplest models describing the effects of desiccation on the

measured low-frequency electrical properties of the argillites.

2. Geological Overview and Sampling Strategy

The site of Tournemire was chosen as a test site by the French Institute for

Radioprotection and Nuclear Safety (IRSN) to study the confining properties of

argillites for research purposes. This site is located in southern France, in the western

border of theCaussesBasin, aMesozoic sedimentary basin. The general stratigraphy of

the Tournemire massif is subhorizontal (Fig. 1A.). Three major formations are

identified. The lower formations (Hettangian, Sinemurian andCarixian) and the upper

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

dolomites. The intermediate formations (Domerian andToarcian) correspond tomarls

and argillaceous rocks. Themain geological target of the studies conducted by IRSN is

the upper Toarcian formation corresponding to a layer 160 m thick of argillites.

TheToarcian formation is intercepted by a set of boreholes and two galleries drilled

from an old railway tunnel crossing the Upper Toarcian (CABRERA et al., 2001)

(Fig. 1A.). Themineralogical composition of samples taken fromboreholes shows that

clay minerals (kaolonite, illite, and interstratified illite-smectite) represent about 40

wt.% of the bulk-rock composition (DE WINDT et al. 1998; CHARPENTIER et al., 2004).

The coarse fraction contains quartz (� 20 wt.%), K-feldspars, bioclasts, and pyrite

(� 2 wt.%). Carbonates (calcite with minor dolomite and siderite) constitute 15 wt.%

of the bulk-rock composition. Geochemical studies (e.g., BONIN, 1998; DEWINDT et al.

1998) and mechanical investigations (e.g., NIANDOU et al., 1997; COSENZA et al., 2002)

confirmed that Tournemire argillite consists of transverse isotropic material. Some

physico-chemical properties of Tournemireargillites are given in Table 1.

A set of four samples was taken from the boreholes TM90 and TM180 (Fig. 1B.),

which were drilled in 2005 perpendicular to the wall of the main tunnel. The TM90

borehole is subhorizontal and parallel to the bedding in the Toarcian formation and

TM180 was drilled vertically in the same formation perpendicular to the tunnel axis.

This configuration allows investigatation of the degree of anisotropy of this material.

The drilling was carried out with air to avoid contact of the formation with any kind
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of aqueous solutions. Samples were immediately taken after the completion of

drilling and put in Al-coated plastic bags under confined N2 atmosphere. The

samples were located between 12 and 14 meters from the gallery wall in a preserved

zone outside the so-called Excavation Disturbed Zone (EDZ) and outside the

influence of the ambient air. The samples have been cored far from the wall of the

Figure 1

(a) Geological cross section of the Tournemire tunnel (modified from CABRERA et al., 2001). The tunnel is

drawn in bold line; the transversal galleries and all the previous boreholes are not shown. (b) Locations of

the TM90 borehole and TM180 borehole (not to scale).

Table 1

Physico-chemical properties of Tournemire (from BONIN, 1998; CABRERA et

al., 2001)

Density 2.5–2.6 103kg.m�3

Grain density 2.7–2.8 103kg.m�3

Pore size centred around 2.5 nm

Porosity 6–9%

Gravimetric water content 3.5–4%

Specific surface area 23–29 m2/g

Cation exchange capacity 9.5–10.8 meq/100 g

Hydraulic permeability 10�14–10�15 m/s (laboratory)

10�11–10�14 m/s (in situ)
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tunnel wall in order to study near-saturated and undamaged argillite samples. This

state corresponds therefore to an initial reference state (IRS). In a first stage, in order

to understand separately the impact of water content changes and fracturing, it was

easier to work with this IRS and not to mix the effects of various (hydraulical and

mechanical) processes existing in a material located in the EDZ.

The geometrical features of the samples and their water content are given in

Table 2. The low values of water content (3.33 wt.% in average) are typical of this

argillite in a natural state (BONIN, 1998). From the variation ranges of the porosity

and the grain density given in Table 2, we checked that this average corresponds to a

near-saturated state, between 90% and 100% of saturation degree.

3. Methodology

3.1. Experimental Set-up

The SIP FUCHS-II measure the complex resistivity over seven decades of

frequency (1.4 mHz up to 12 kHz). It comprises in two remote units that record the

current I and voltage U signals (Fig. 2).

The complex impedance Z� is defined by (e.g., PELTON et al., 1983):

Z�ðxÞ ¼ U
I
¼ Z�ðxÞj jei/ðxÞ; ð1Þ

where ði2 ¼ �1Þ; Z�ðxÞj j and /ðxÞ are the impedance amplitude and the phase,

respectively. They are a priori functions of the angular frequency x. The existence of
the phase /ðxÞ results from polarization processes occurring in the sample, i.e., the

so-called Induced Polarization (IP) effect.

To measure the entire spectrum, the SIP FUCHS-II apparatus starts with the

highest frequency, 12 kHz, and the N other decreasing frequencies are obtained by

the following division: 12KHz=2N. Optical fibers are used in order to minimize

electromagnetic cross-couplings between the transmitter and the receiver. The

measured data are transferred to the base unit, where the apparent resistivity and the

phase shift are determined. The SIP FUCHS-II is connected to a computer, to record

the data and to display the results in real time.

Table 2

Geometrical features and water content of the samples

Sample Length (mm) Diameter (mm) Water content (wt. %) Geometrical factor (m)

TM90-1280 193 79.5 3.42 0.0848

TM90-1260 205 79.5 3.33 0.0848

TM180-1424 52.5 79.5 3.49 0.1751

TM180-1288 88 79.5 3.09 0.1731
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As mentioned, the main difficulty at low frequency is to avoid two spurious effects

that interact each other: (a) The disturbing impedance of the electrode-sample

contact and (b) the so called ‘‘electrode polarization’’ associated with electrochemical

reactions occurring at the electrode-sample boundary (e.g., VANHALA and SOININEN,

1995; LEVITSKAYA, and STENBERG, 1996; CHÉLIDZE et al., 1999).

To minimize these effects in simplistically, measurements have been performed

with a four-electrode device using low-cost medical electrodes. The potential (or

measuring) electrodes and the current (or source) electrodes are electrocardiogram

(ECG) Ag/AgCl electrodes (Asept Co.) and thin carbon films (Valutrode� electrodes

from Axelgaard Manufacturing Co.), respectively. Silver-silver chloride (Ag/AgCl)

electrodes which are known to be stable, almost nonpolarizable in comparison with

metal electrodes, are widely used in laboratory SIP measurements (e.g., VINEGAR and

WAXMAN, 1984; VANHALA and SOININEN, 1995). In our study, ECGAg/AgCl

electrodes consist of a small metal round piece (10 mm diameter) galvanized by silver

and covered with a soft sponge imbibed of a AgCl gel. The carbon films (50 mm

diameter, 1 mm thick) that are used in electrotherapy are circular and covered with a

conductive adhesive gel which provides a good electrical contact between the

electrodes and the rock sample (i.e., no air gaps in between).

Our four-electrode device was validated using porous and electrically inert

samples. We chose ‘‘clean’’ limestone samples. Indeed, ‘‘clean’’ (i.e., with no clay

fraction) limestone saturated with a highly-conductive brine will not generate

Figure 2

Experimental setup. RU-0: Remote Unit 0 (or Transmitter); RU-1: Remote Unit 1 (or Receiver). Note that

both remote units are mobile since SIP-Fuchs II equipment is used for field measurements. ECG P1 and

ECG P2: electrocardiogram Ag/AgCl electrodes as potential electrodes; CF C1 and CF C2: Carbon films

as current electrodes.
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spurious polarization (e.g., VAN VOORHIS et al., 1973; VINEGAR and WAXMAN, 1984).

Figure 3 shows the resistivity and the phase spectrum in the range 0.18 Hz–12 kHz

of two limestone samples from Lavoux and Vilhonneur. They were characterized by

low clay fractions typically less than 1 wt.%, (BEMER et al., 2004) saturated with a

0:1X.m brine (NaCl) conductivity. No significant polarization has been measured in

the frequency range 0.18 Hz to 12 kHz except for the highest frequency value of

12 kHz for which a small but significant phase shift is observed and likely associated

with an electromagnetic coupling/noise effect. The existence of this phase shift

implies a small error of about �1 mrad on the measurements for frequencies greater

than 6 kHz. For lower frequencies, the phase shift is less than �0:5 mrad that is a

typical error value for the SIP-Fuchs (e.g., WELLER et al., 1996; BINLEY et al., 2005).

In fact, following the experimental configuration given in Figure 2, and in order

to compare the data from the different samples (with different geometries), a

geometrical factor K (expressed in meters) has to be calculated in order to convert the

measured complex impedance Z� as complex resistivity q�:

q�ðxÞ ¼ KZ�ðxÞ: ð2Þ

The parameter K has been calculated numerically by solving the Laplace equation

with a finite-difference scheme. Its value for each sample is given in Table 1. It should

be noted that q�ðxÞj j will be called hereafter the amplitude of the complex resistivity.

3.2. Experimental Procedure

The samples were monitored during two phases. In the first phase, called below

the ‘‘desaturation phase’’; the samples were dried at ambient temperature conditions.

Figure 3

(a) Amplitude spectra of limestone samples. (b) Phase spectra of limestone samples.
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In the second phase, called below the ‘‘heating phase’’, the same samples were heated

at four temperature levels (70, 80, 90 and 105�C).
The desaturation phase provides a desiccation path with samples that are initially

nearly water-saturated. It can also mimic the effect of ventilation in an underground

gallery. During this phase, different parameters were recorded over time (up to one

hour to four days) as a function of the dehydration rate. These parameters are the

loss of weight induced by desiccation, the complex resistivity spectrum (phase and

amplitude) in the frequency range 0.18 Hz–12 kHz, the relative humidity (RH%),

the room temperature and the temperature of the surface of the sample by a

noncontact thermometer. The desaturation phase was considered as finished when

the sample weights no longer evolved; This phase lasted from 19 to 22 days.

The heating phase was started immediately after the end of the desaturation

phase. The same set of samples was subjected to four background temperature levels

by an oven: 70�C, 80�C, 90�C, and 105�C. At each level temperature was maintained

constant during 24 hours. The last temperature level (105�C) allowed measurement

of the initial water content on the basis of the loss of weight of the samples. Before

and after each temperature level, the loss of weight and the complex resistivity

spectrum were measured. It should be noted that the dielectric spectrum was not

recorded immediately after removal from the oven but at least 5 hours afterwards, in

order to obtain a thermal equilibrium, i.e., to equilibrate sample temperature and

room temperature.

There were several goals that we pursue by doing the measurements during the

heating phase. They are (a) to provide physical insights concerning the effect of

temperature induced by exothermic nuclear wastes on the dielectric behavior of

argillite, (b) to remove a significant part of the ‘‘bound’’ water in the microporosity,

(c) to generate microcracks in the samples. These microcracks are formed in response

to two processes. First, heating is responsible for local thermal stresses in the

different components (the different minerals and the interstitial liquid). In turns,

these thermal stresses induce local thermal strain incompatibilities and hence

microcracks. In addition, the cooling of the samples after their removal from the

oven generates a high tensile stress (e.g., BÉREST and WEBER, 1988), which may go

beyond the low tensile strength of the argillaceous rock, typically in the range of

2–10 MPa (e.g., ROUSSET, 1988).

4. Results and Qualitative Interpretation

4.1. Loss of Weight under Desiccation

Figures 4a and 4b show the evolution of the water content during both phases

(desaturation and heating) for each sample. As mentioned, the duration of the

desaturation phase ranged from 19 days (TM90-1260) to 27 days (TM180-1288). The
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samples with the same size and from the same borehole (i.e., TM90-1260 and TM90-

1280) show similar dehydration rates during the desaturation phase (Fig. 4a). During

this phase, the relative humidity was equal to 43% in average. This corresponds to a

rather dry atmosphere. Despite this low value of relative humidity, the desaturation

induced a limited loss of weight for the whole set of samples. Indeed, they kept half of

their initial water content (between 48% and 54%, see Figs. 4a and 4b) at the end of

this phase. Consequently, it is suspected that this desaturation phase involved mainly

the water removal from the macro and mesoporosity (typically for pore sizes the

range 0.8 nm up )50 nm, see for instance ROUQUEROL et al., 1994) and hence

moderate textural changes. Indeed, if an adsorbed water layer of thickness dw
surrounding platy particles is considered, the corresponding water content w is

proportional to the specific surface Sa, as follows (e.g., MITCHELL, 1993):

w ¼ Sa dw qw; ð3Þ

where qw is water density. By using the approximate equation (3), a mean value of Sa
equal to 26 m2/g, measured by the BET/N2 method on Tournemire argillite (BONIN,

1998; DEVIVIER et al., 2004) and a value of dw equal to 0.8 nm (about two diameters

of H2O molecules) give a value of water content associated with microporosity equal

to 2.1%. This order of magnitude is confirmed by the results of others experimental

studies performed on the same material (VALÈS et al., 2004). Furthermore, it should

be emphasized that the water content calculated on the basis of a drying oven at

105�C leads to an underestimate of the real water content in argillite. Indeed, a

drying at 105�C during 24 h does not remove all the water, especially ‘‘bound’’ water,

in smectite clays (e.g., TESSIER, 1978).

Figure 4

(a) Loss of weight of samples TM90-1260 and TM90-1280 as a function of time. (b) Loss of weight of

samples TM180-1424 and TM180-1288 as a function of time.
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During the heating phase, the small ‘‘rebounds’’ observed in Figures 4a and 4b

are related to the removal of the samples from the oven in order to return to a

thermal equilibrium with the room.

4.2. Effect of Drying on Amplitude Spectra

Amplitudes obtained during both experimental stages (desaturation and heating

phase) at two extreme frequencies (0.18 Hz and 12 kHz) are presented in Figures 5a

and 5b as a function of water content.

Considering the desaturation phase, comparatively to the initial near-saturated

state, amplitudes of samples TM 90 and TM 180 boreholes were multiplied by a

factor of 3 and 5, respectively. This result demonstrates that DC or low-frequency

electrical methods are very promising to monitor the evolution of water content. In

addition, the anisotropic texture of argillite influences significantly the electrical

properties. Indeed, Figures 5a and 5b show that there exists about one order of

magnitude between the amplitude parallel to the stratification and that perpendicular

to the stratification. Nevertheless, we are aware that this strong contrast may be

lower in the field since electrical properties, as for many other physical properties, are

stress dependent (e.g., GLOVER et al., 1997). Indeed, the core decompression during

the drilling may have induced a small but significant opening of some natural

bedding planes in the samples (e.g., NIANDOU et al., 1997).

Moreover, considering the desaturation phase, results show that the relationship

between amplitude q�j j and the water content w is slightly frequency-dependent. This

result is also illustrated in Figure 6 where the amplitude spectrum of sample TM 90-

Figure 5

(a) Amplitude at 12 kHz as a function of water content (b) Amplitude at 0.18 Hz as a function of the water

content. The direction of the current flow I comparative to the stratification is also shown.
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1280 is plotted at different values of water content. On the basis of the discussion

given in the previous section, this suggests that the loss of free water from

macroporosity does not generate significant distortion of the low-frequency

amplitude spectrum. Furthermore, an amplitude spectrum measurement will provide

no significant additional insights in regard to in situ monitoring of water content.

During the heating phase, the amplitude increases drastically by 2 to 3 orders of

magnitude when the background temperature increases. Consequently, the thermal-

induced microcracking and the loss of a significant part of ‘‘bound’’ water in the

microporosity affect significantly the amplitude spectrum of the complex resistivity

(Fig. 6). This can be shown by using the percentage of frequency effect, pFE, (e.g.,

VAN VOOHRIS et al., 1973)

pFEð%Þ ¼ q�ð0:18HzÞj j � q�ð12 kHzÞj j
q�ð12 kHzÞj j ; ð4Þ

where q�ð0:18HzÞj j and q�ð12 kHzÞj j are the amplitudes measured at the two extreme

frequencies (0.18 Hz and 12 kHz). The parameter pFE is plotted in Figure 7 as a

function of water content. The results illustrate clearly the previous observations

given in Figures 5a, 5b, and 6, the pFE remains low and almost constant during the

desaturation phase (i.e., no change in amplitude spectrum) while it increases

drastically during the heating phase. Consequently, this parameter could be used to

discriminate the evolution associated with free water and that with microcracking.

At this stage it is difficult to identify clearly the polarization processes related to

the values of pFE measured during the desaturation phase. When clay minerals are

Figure 6

Amplitude spectra of sample TM90-1280 during the desaturation and the heating phase.
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present in a sedimentary rock, several researchers have considered that SIP is

explained by the ‘‘membrane polarization’’ model, for which the sediment is

described by two zones: selective and non-selective domains, which are connected in

series (MARSHALL and MADDEN, 1959; KLEIN and SILL, 1982; VINEGAR and

WAXMAN, 1984; TITOV et al., 2002). Following this model, the zones are associated

with different effective mobilities (or Hittorf transport numbers) of cations and

anions which, under the applied external electrical field, produce local charge

accumulations and charge density gradients that are responsible for the frequency

dependence of the resistivity. However, others polarization processes can be also

invoked: the Maxwell-Wagner effect related to the heterogeneity of the material and

macroscopic space charge distributions (OLHOEFT, 1985) and the polarization of the

electrical double layer (see DUKHIN and SHILOV, 1974; GARROUCH and SHARMA,

1994; VANHALA, 1997; REVIL et al., 1998).

Nevertheless, considering the heating phase associated with much higher values

of pFE, the most appealing explanation is to consider the role of the thermal-induced

microcracks as micro-capacitors contributing to create displacement currents and

hence to induce macroscopically frequency-dependent resistivity measurements. This

aspect will be discussed further.

4.3. Effect of Drying on Phase Spectrum

The phase measured during both experimental stages (desaturation and heating

phase) at two extreme frequencies (0.18 Hz and 12 kHz) is presented in Figures 8a

and 8b as a function of the water content.

Figure 7

Percentage of Frequency Effect (pFE) as a function of the water content.
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Contrasting to amplitude measurements, a significant difference in the measured

phases between both samples extracted from the same borehole TM180 (called

hereafter TM180 samples) can be observed. Since this is not the case for both samples

taken from borehole TM90 (horizontally drilled), this difference may be attributed to

a slight vertical variation in the mineralogy and/or in the texture. Note that both

TM180 samples have different initial water content (Table 1) and are located at

1424 mm and 1288 mm from the gallery wall, respectively.

In comparison with amplitude spectra (Figs. 5a and 5b), Figures 8a and 8b

indicate an evolution of the phase over two decades in the whole range of water

content values. The phase is less sensitive than amplitude to change in the

water content. It should be mentioned that the erratic phase variations for high water

content for TM90 samples at 0.18 Hz (Fig. 8b) are due to the measurements of low

phase values: these values have the same order of magnitude as the instrumental

error.

However, the comparison between the amplitude and phase spectra also evidences

similar features. Indeed, both parameters show a continuous evolution with water

content for both experimental stages (desaturation and heating) for TM180 samples.

Opposite of the TM90 samples, no significant discontinuity in the amplitude and

phase can be observed at the desaturation-heating transition. We suggest that this

remarkable feature is associated with the anisotropy of the Tournemire argillite.

Indeed, the texture of an argillite is characterized by two components (e.g.,

SAMMARTINO et al., 2003) (Fig. 9A): a coarse and nonconducting phase consisting

of grains (mainly tectosilicates and carbonates, in the range of a few dozens up to a

Figure 8

(a) Phase at 12 kHz as a function of water content. (b) Phase at 0.18 Hz as a function of water content. The

direction of the current flow I comparative to the stratification is also given.
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few hundreds of micrometers), often aligned subhorizontally, i.e., perpendicular to the

compaction and on the other hand, a fine and electrical-conducting fraction, i.e., the

clay matrix in which clay particles (individual and/or aggregates of 2:1 illite, smectite

or 1:1 kaolinite units) are also oriented perpendicularly to the compaction (e.g.,

Figure 9

(a) Simplified texture of argillite in the saturated case (modified from SAMMARTINO et al., 2003). (b)

Textural evolution during the desaturation phase. In a first step, microcracks are generated from

macropores mainly located at the clay-grain contacts, due to the shrinkage of the clay fraction. In a second

step, these microcracks propagated subhorizontally into the anisotropic clay matrix. (c) Textural evolution

during the heating phase (adapted from SAMMARTINO et al., 2003).
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DJÉRAN-MAIGRE et al., 1998). Moreover, scanning electron microscope (SEM)

images reveal that a major fraction of the macroporosity in argillite is located between

the coarse phase and the clay matrix (SAMMARTINO et al., 2003). This explains why

voids and microcracks appear primarily around carbonates and quartz grains when a

saturated argillite begins to dry (e.g., GASC-BARBIER et al., 2000). As the desaturation

process evolves, subhorizontal fractures parallel to the stratification are generated as a

result of the coalescence of the initial voids and microcracks in the anisotropic clay

matrix (Fig. 9B). Finally, the heating favours the occurrence of additional cracks

mainly associated with the clay matrix (Fig. 9C).

Consequently, following these simple ideas, the complex resistivity measured

perpendicular to the stratification (TM180 samples) and thus perpendicular to the

desiccation-induced fractures is mainly affected by the nonconductive barriers

constituting these microcracks. The current flow has to face the fractures directly. As

a result, the microfractures which appear in the clay matrix during the heating phase

have slightly more influence. Conversely, the complex resistivity measured parallel to

the stratification (TM90 samples) is less influenced by the desiccation-induced

microfractures generated during the desaturation phase since the latter are

subparallel to the direction of the current flow. Measurements for TM90 samples

will be more sensitive to microcracks in the clay matrix. This explains why a clear

discontinuity in the evolution of SIP parameters is observed in Figures 5a, 5b, 8a,

and 8b at the desaturation/heating transition.

5. Representation of Polarization Spectra

5.1. Conventional Empirical Models

In this section, the conventional empirical models widely used in IP studies are

presented. Our objective is twofold: (1) To invert the data with these conventional

models and (2) to provide a practical model (i.e., with the smallest number of

independent parameters) to characterize the SIP spectra of clayey rocks undergoing

drying.

The most popular empirical model is probably the Cole-Cole (CC) model (e.g.,

COLE and COLE, 1941; PELTON et al., 1983; VANHALA, 1997):

q�ðxÞ ¼ q0 1 � m 1� 1

1þ ðixsÞc
� �� �

; ð5Þ

where q0 is the direct-current resistivity (X � m) (i.e., q ! q0 when x ! 0), m is the

chargeability, c is the Cole-Cole exponent, s is a time constant (s); x is the angular

frequency (rad/s) and I2 ¼ �1. The chargeability m describes the magnitude of the

polarization effect while s is related to the position of the phase peak, fc, at which the

phase reaches a maximum (PELTON et al., 1983). This critical frequency is given by
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fc ¼
1

2p s ð1� mÞ1=2c
: ð6Þ

In order to represent simply their data, COLE and COLE (1941) chose to represent

the real part Re(q�) or q’ and the imaginary part Im(q�) or q’’ of the measured

complex resistivity q� at each function, by points in the complex plane. This synthetic

way to display dielectric data is now extensively used and examples are given in

Figure 9. With this method of representation, called hereafter Argand representa-

tion, the CC model appears as a circular arc with its center either on or below the real

axis of the complex plane (Fig. 10).

However, experimental investigations on rock samples have shown in several

cases (porphyry copper deposits, some sedimentary rocks) that complex resistivity

data could appear as a straight line in the Argan plane (VAN VOORHIS et al., 1973;

WELLER et al., 1996): The real and imaginary parts obey identical power laws of

frequency. Such data are represented in the so-called Drake model, also called the

Constant-Phase-Angle (CPA) model. It can be expressed by the equation:

q�ðxÞ ¼ q0
1

ð1þ ixsÞa
� �

; ð7Þ

where only three parameters q0, s and a are unknown. At high frequencies (xs � 1),

the amplitude is given by

q�ðxÞj j ¼ q0ðxÞ�a; ð8Þ

and the phase is given by:

u ¼ p
2
a: ð9Þ

In order to model an asymmetrical circular arc in the Cole-Cole representation,

the Cole-Davidson (CD) model has been proposed by DAVIDSON and COLE (1950)

(Fig. 10):

q�ðxÞ ¼ q0 1 � m 1� 1

ð1þ ixsÞa
� �� �

: ð10Þ

The CC, CPA, and DC models also can be generalized into a single formulation; the

so-called generalized, GCC model (PELTON et al., 1983)

q�ðxÞ ¼ q0 1 � m 1� 1

ð1þ ðixsÞcÞa
� �� �

: ð11Þ

When a ¼ 1 or c ¼ 1, one obtains the CC model or the CD model, respectively.

When c ¼ 1 and m ¼ 1, the CPA model is obtained. KLEIN and SILL (1982) showed

that the GCC model is the best model to fit the experimental data obtained from

artificial clay-bearing sandstones.
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5.2. Inversions of the Dielectric Spectra

The dielectric spectra have been inverted using a nonlinear iterative least-squares

method (TARANTOLA and VALETTE, 1982) on the basis of the three representation

models given above.

With respect to the desaturation phase, the inversion of the spectra of the TM90

samples shows that the CC formulation provides the best agreement when the

chargeability is fixed equal to 1 (Fig. 11). The inversions of TM180 spectra were a

priorimore complex: As it is shown for the example given in Figure 11 (TM180-1424,

w = 3.49%), these spectra indicate a linear element at the lowest part of the

frequency range (0.18 Hz–5.86 Hz), i.e., with a frequency behavior corresponding to

the power–law given by equation (8) (/ x�a). Consequently, the most suitable model

for the TM180 samples is likely a combination of the CC model (for the high part of

the frequency range) and the CPA model (for the low part of the frequency range).

Figure 12 illustrates the inversions corresponding to the data of the heating

phase. The best agreement with the dielectric spectra was obtained with the GCC

model which can reproduce the specific asymmetrical arcs observed in the Argand

diagram of the complex resistivity (Fig. 12). For both desiccation phases, the

evolutions of CC and GCC parameters as a function of the water content are given in

Figures 13a, b, c, d and e. In these figures, the TM180 samples are not considered in

the desaturation phase since their spectra could not be modelled by a single CC

model.

Figure 10

Examples of conventional empirical models displayed in an Argand representation: Cole-Cole model (with

q0 ¼ 30 X.m, s ¼ 10�2 s, m ¼ 0:7, c ¼ 0:4); CPA model (with q0 ¼ 35:5 X.m, s ¼ 105 s, c ¼ 0:008),

Davidson-Cole model q0 ¼ 30 X.m, s ¼ 10 s, m ¼ 0:8, c ¼ 0:13).
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Figures 13a and 13d show that the parameters q0 and s are very sensitive to

changes in the water content. The water content dependence of q0 is not surprising

since DC-resistivity is known to be a good indirect predictor of water content (e.g.,

Figure 11

Examples of experimental and modelled dielectric spectra obtained during the desaturation phase in an

Argand diagram.

Figure 12

Experimental and modelled dielectric spectra of TM90-1280 samples obtained during the heating phase in

an Argand diagram. The real and imaginary parts are normalized by the greatest value taken in each

spectrum.
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Figure 13

Inverted parameters of the Cole-Cole model and the Generalized Cole-Cole model as a function of water

content. (a): The DC-resistivity q0. (b) The chargeability m. (c) The Cole-Cole exponent c; (d) The time

constant s. (e) The exponent a of the Generalized Cole-Cole model.
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DANNOWSKI and YARAMANCI, 1999). However, the water content dependence of s is
more difficult to explain. This parameter is often linked to the size of polarizable

grains (e.g., VANHALA, 1997). Nevertheless, when clay-bearing sedimentary rocks are

considered, various formulations (e.g., MADDEN and MARSHALL, 1959; VINEGAR and

WAXMAN, 1984; TITOV et al., 2002, 2004) agree with the fact that the relaxation time

s depends on a characteristic length l between two selective zones following:

s / l2: ð11Þ

In shaly sands, a selective zone, which corresponds to an accumulation of

electrical charges (i.e., electrical poles) is typically an aggregate of clay minerals or

the contact between two adjacent quartz grains coated by clay particles. This

relationship sðlÞ explains also why KLEIN and SILL (1982) found a good correlation

between s values inverted by a GCC model and the size of isolating beads in their

artificial clay-glass beads mixtures.

We suggest that our s values confirm these previous theoretical and experimental

studies. As the heating occurs, the average distance between selective zones consisting

of interfaces between shrunk clay matrix and some microcraks, increases due to the

growth of the microcracks and the generation of new microcracks in the medium

(Fig. 14). The corresponding electrical tortuosity increases. As a result, the

parameter s evolves drastically over five decades following a power-law as given in

(11). This process is likely associated with the generation of new selective zones (i.e.,

Figure 14

Schematic representation of the polarization process during the heating phase.
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new electrical poles). This is confirmed by the increase of the chargeability, m with

the heating (Fig. 13b).

6. Conclusions

Low-frequency dielectric spectra measurements have been conducted on a set of

argillite samples taken from the Tournemire test site, which is under study by the

IRSN. The dielectric spectra have been recorded with samples submitted to the

following desiccation path: (a) A desaturation phase under ambient air and then (b) a

heating phase corresponding to four temperature levels (70�C, 80�C, 90�C, and

105�C).
This experimental investigation demonstrates (a) the interest of using the SIP

method to remotely monitor both the water content and the thermally-induced

microcracks and (b) that the best models to invert the dielectric spectra are the CC

model and the GCC model for the desaturation phase and the heating phase,

respectively. However, the data show that the development of the anisotropy can

induce different spectral signatures and polarization processes. This may lead to

difficulty for the use of a comprehensive model. In this situation a complex

resistivity tensor should be introduced depending on the fabric tensor of the

medium.

The next steps of this work would be (1) to improve our knowledge of the

underlying physical process involved in the IP effect of clayey rocks and (2) to apply

the SIP method in the field, i.e., in the gallery of a deep repository. Following the first

task, as mentioned, the involved physical and chemical processes are complex and

numerous: the membrane polarization effect, the Maxwell-Wagner effect, the

polarization of the Electrical Double Layer. In our opinion, the best way to

successfully reach this objective would be to use upscaling approaches associated

with well-characterized physical processes previously identified by relevant micro-

scopic observations (SEM, etc.).
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