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Abstract. Compacted bentonite is considered as a potential buffer material for deep geological24

disposals of high-level nuclear wastes. Methodologies to non-intrusively monitor the water25

content of such materials are important in the context of the safety of these storage facilities26

and for various engineering applications as well. Induced polarization is a non-intrusive27

geophysical method sensitive to the water content of porous media. We investigated the28

complex conductivity spectra of 69 samples made of 2 distinct MX80 bentonites, one in the29

form of powder from crushed pellets (Type I) and the other in the form of a granulated bentonite30

mixture (GBM, type II). The samples are prepared at different compaction states and31

saturations. The pore water conductivity of the core samples is estimated to be ~2.5 S m-132

(25°C) by two different methods. The complex conductivity spectra were obtained at room33

temperature (25±2°C) in the frequency range 1 Hz-45 kHz. In-phase and quadrature34

conductivities reflect conduction and polarization processes, respectively. At a given frequency,35

both the in-phase and quadrature conductivities increase with the water content along a trend36

that is independent of the compaction state. An induced polarization model based on the37

dynamic Stern layer model is used to explain these results. The first Archie’s exponent is38

inferred from the formation factor using the in-phase conductivity data versus the pore water39

conductivity data at different salinities (NaCl, 25°C). The dynamic Stern layer model correctly40

predicts the dependence of the in-phase conductivity, quadrature conductivity, and normalized41

chargeability with the water conten and Cation Exchange Capacity (CEC). This petrophysical42

work can easily be applied to time-domain induced polarization data in field conditions.43

44

Key words: Induced polarization; bentonite, water content; hydrogeophysics.45

46
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1. Introduction47

48
Isolating high-level long-lived radioactive wastes from the biosphere is a priority across49

the world to avoid any significant release of radionuclides that may be dangerous to humankind50

(Madsen, 1998; Volckaert et al., 2004). In this context, Deep Geological Repositories (DGR)51

are foreseen to contain radioactive wastes in a tight and stable geological formation at depths52

of several hundred of meters. DGRs are designed to be passively safe and not reliant on active53

safety systems that would necessitate support from future generations. The post-closure passive54

safety principally relies on specifically designed engineered barriers (e.g., waste packages and55

engineered backfill materials) and host rock properties that will inhibit and reduce the56

migration of radioactive wastes (Madsen, 1998; Volckaert et al., 2004; Okko and Rautjaervi,57

2006; Pettersson and Loennerberg, 2008; Köhler et al., 2015; Norris, 2017).58

In the concept of DGRs of high-level radioactive waste (HLW), a multi-barrier system59

is usually adopted. It includes bentonite and retaining structures with concrete (e.g. mechanical60

plug or structure liner in tunnels and shafts). Bentonite-based Engineered Barrier Systems61

(EBS) are generally envisioned as a potential solution for the repository design because of their62

low permeability, large swelling capacity and high retention properties, as well as thermal63

stability among other wanted characteristics (Kanno and Wakamatsu, 1992; Chapman 2006;64

Chen et al., 2014).65

One of the options for the repository design is to place the bentonite in the form of high-66

density compacted blocks in the vicinity of waste canisters to effectively seal preferential67

pathways for the migration of fluids (Mokni et al., 2016; Norris, 2017; Guo and Fall, 2021).68

The initially unsaturated bentonite is expected to sorb the surrounding fluids and compounds69

to retard their migration to the biosphere. Its high swelling capacity should impose sufficient70

swelling pressure to ensure a good sealing performance (generally a large swelling pressure71

results in low permeability). At the opposite, the concrete will undergo some chemical effects72
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from groundwater and will thus degrade over time, generating a high-pH alkaline solution that73

will migrate into the compacted bentonite and alter its hydro-mechanical behaviour and74

possibly jeopardize the safety of the repository.75

Though the relationship between compaction (commonly described by the dry density76

of the compacted bentonite) and the swelling pressure has been widely studied (e.g., Gens and77

Alonso, 1992, Studds et al. (1998); Cui et al., 2002; Komine, 2004), recent experimental results78

show that the swelling pressure increases exponentially as the dry density of compacted79

bentonite increases (Villar and Lloret, 2008; Schanz and Al-Badran, 2014). It also decreases as80

the salinity of the pore water solution increases (Alawaji, 1999; Suzuki et al., 2005; Karnland81

et al., 2007; Herbert et al., 2008; Komine et al., 2009; Chen et al., 2015; Sun et al., 2015).82

However, for densely compacted bentonites with a high pore fluid salinity, the swelling83

pressure decreases less significantly as the salt concentration increases (Karnland et al., 2005;84

Castellanos et al., 2008; Siddiqua et al., 2011; Zhu et al., 2013). Hence, understanding and85

being able to monitor and predict the swelling characteristics of bentonite through time, with86

regards to changing porewater chemistry, is essential to guarantee the long-term safety of87

DGRs.88

In this framework, monitoring the porewater evolution (content and chemistry), and89

linking it to the bentonite’s petrophysical parameters (CEC, specific surface, saturation,90

porosity, density, etc.) through time and space appears essential to assess and predict the long-91

term performance of an EBS. However, in a DGR, the direct monitoring of the EBS with wired92

sensors will probably not be achieved in the buffer as wires can provide a preferential pathway93

for water and thus for radionuclide leakage (White et al. 2017). Geophysics, particularly94

geoelectrical methods, is potentially an ideal way to overcome this problem as: (i) it can be95

designed in a non-intrusive manner; (ii) it is sensitive to variations in water and clay content;96

(iii) it allows dynamic phenomena to be monitored over time; and (iv) it allows local anomalies97
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to be captured that isolated sensors cannot detect. Among the electrical methods available,98

spectral induced polarisation (SIP) appears to be the most suitable method, as it is not only99

sensitive to variations in water content but also to the mineralogical and chemical variability100

of the water and is therefore very convenient to monitor the EBS (Cosenza et al. 2007; Hermans101

et al. 2015; Merritt et al. 2016; López-Sánchez et al. 2017; Wang et al. 2017).102

Induced polarization is a non-intrusive method currently playing a key role in the realms103

of hydrogeophysics (Kemna et al., 2012; Ntarlagiannis et al., 2019) and biogeophysics (Martin,104

2012; Revil et al., 2012; Martin et al., 2015). It has a long history in geophysics for which it105

was primary used for a long time for ore detection (Seigel, 2007). Induced polarization106

properties are sensitive to the water content of porous rocks and sediments (Börner, 1992;107

Schön, 1996). It is a low-frequency active technique looking not only at imaging electrical108

conductivity but also in the ability of porous media to store reversibly electrical charges when109

submitted to an electrical current (Vinegar and Waxman, 1984). In the absence of metallic110

particles, the storage of these charges is done through the polarization of the electrical double111

layer coating the surface of the grains (Dukhin and Shilov, 1974; Dias, 2000; Revil, 2013a, b).112

The relevant property is called normalized chargeability in time-domain induced polarization113

or quadrature conductivity in frequency-domain induced polarization. Both are proportional to114

each other.115

In frequency-domain induced polarization, complex conductivity spectra are obtained116

in a broad low frequency-range, typically 1 mHz to 100 kHz, by looking at the amplitude of117

the conductance and the phase lag between the current and the electrical field. Previous studies118

have been undertaken to better understand the induced polarization response of clayey119

materials including shaly sands and sandstones (e.g., Vinegar and Waxman, 1984; Revil et al.,120

2013b), soils (Revil et al., 2017), clay-sand mixtures (Breede et al., 2012), source shales and121

mudrocks (Revil et al., 2013a), and argillites and clay-rocks (Kruschwitz and Yaramanci, 2004;122
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Comparon, 2005; Ghorbani et al., 2009; Jougnot et al., 2010a, b; Okay et al., 2013, 2014; Tartrat123

et al., 2019). In addition, induced polarization properties can be influenced by the presence of124

metallic ions in the pore water (Vaudelet et al., 2011) and pyrite present in black shames and125

some mudrocks (Tartrat et al., 2019).126

To the best of our knowledge, bentonite powders subjected to changes in saturation and127

compaction state have never been evaluated with induced polarization so far. In this study, we128

investigate the complex conductivity spectra of 69 core samples at different water contents129

corresponding to different saturation rates and compaction states. Our goals of this study are130

(1) to establish a database for the complex conductivity spectra of bentonite at different131

compaction states and volumetric water contents. Saturations range from 35% to 100%,132

volumetric water contents range between 16 % to 71%. (2) Our second goal is to explain the133

observed trends found between complex conductivity spectra and saturation and compaction134

states using the dynamic Stern layer model of induced polarization developed (see Revil, 2012;135

2013). (3) Our final goal is to assess the suitability of the SIP method to monitor the spatial and136

temporal petrophysical heterogeneities of bentonite seals in geological disposals.137

138

2. Theory139

Induced Polarization (or complex conductivity) is a geophysical technique that involves140

measuring the low-frequency response (<100 kHz) of a medium under the influence of an141

applied alternating electrical field (Olhoeft, 1981; Börner, 1992). Measurements can also be142

performed in either time-domain or frequency-domain (Kemna et al., 2012). When a harmonic143

electric field 0 exp( )i t E E (t refers to time) is applied, the complex conductivity ∗ߪ is144

characterized by its amplitude |ߪ| (in S m-1) and phase lag ߮ (in rad), which are both measured145

using an impedance meter. We can define a complex conductivity as,146

(߱)∗ߪ = ௜ఝ݁|ߪ| = (߱)ᇱߪ + ,(߱)ᇱᇱߪ݅ (1)147



7

where  = 2  f denotes the pulsation frequency, f the frequency (Hertz), i is the pure148

imaginary number, and ᇱandߪ ᇱᇱdenoteߪ the real (in-phase) and imaginary (quadrature or out-149

of-phase) conductivity, respectively. Since the in-phase conductivity is the conductivity in150

absence of polarization (zero phase), it refers to the process of pure conduction (i.e., charge151

electromigration) while the quadrature conductivity refers to the mechanism of pure reversible152

charge storage, both under the action of an applied electrical field. Thus, such a decomposition153

is useful in terms of the underlying physics instead of dealing with amplitude and phase of the154

impedance.155

In order to further understand induced polarization, we need to scale our analysis to the156

particle size. The polarization of a clay particle (smectite in the case of bentonite) is associated157

with the polarization of the electrical double layer coating the surface of the grains (Figure 1).158

This double layer comprises an inner layer called the Stern layer and an outer layer called the159

Gouy-Chapman layer.160

The in-phase conductivity depends on two contributions corresponding to the bulk and161

surface conductivities. The bulk conductivity refers to conduction in the water phase located in162

the pore space while the surface conductivity is characterized by conduction in the electrical163

double layer coating the surface of the grains. At a given frequency, the in-phase conductivity164

can be expressed in the high salinity asymptotic limit by (see Revil et al., 2021, and references165

therein):166

'( ) ( , )m
w S ws       , (2)167

where ௪ߪ (S m-1) denotes the pore solution conductivity,  = sw ,ߠdenotes the dimensionless168

volumetric water content (sw is the saturation and is the connected porosity, both169

dimensionless), and the exponent m (dimensionless) is called the first Archie exponent, the170

cementation exponent, or the porosity exponent. The formation factor F (dimensionless) is171

connected to porosity by F = -m (Archie’s law, Archie, 1942). Only in absence of surface172
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conduction in the electrical double layer coating the surface of the minerals and at saturation,173

the formation factor is given as the ratio of the resistivity of the porous material divided by the174

resistivity of the pore water. The quantity ௦ߪ (S m-1) denotes the surface conductivity associated175

with conduction in the electrical double layer. Since there is a lot of confusion in the literature176

regarding Archie’s law, it is good to recall that Archie’s law is not a conductivity equation and177

is valid whatever the strength of surface conductivity with respect to bulk conductivity178

associated with the pore water conductivity.179

In order to interpret complex conductivity spectra in a partially-saturated and metal-180

free porous material, a model called the dynamic Stern layer model is required (e.g., Revil,181

2013a, b, Revil et al., 2017). In the framework of this model, the complex conductivity is182

written as (Revil et al., 2017a)183

 1/2

0

( )
*( )

1
n

h
M d

i


   





 


 , (3)184

where ߬ is a relaxation time (in s) and ℎ( )߬ denotes a (normalized) probability density for the185

relaxation times of the material. The real-valued quantity ஶߪ (S m-1) corresponds to the186

instantaneous conductivity of the soil while the real-valued term ଴ߪ (S m-1) corresponds to its187

DC (Direct Current) conductivity (Figure 1). Their expressions are further described below in188

terms of textural properties and environmental conditions. The normalized chargeability ௡189ܯ

corresponds to the difference between the instantaneous conductivity and the DC conductivity190

௡ܯ ≡ ஶߪ − .଴ߪ Note that if the normalized chargeability is determined between two191

intermediate frequencies f1 and f2 (i.e., Mn(f1, f2) = ’(f2)-’(f1), f2 > f1 ), it is necessarily smaller192

than the integrated normalized chargeability ௡ܯ ≡ ஶߪ − ଴ߪ because the conductivity193

monotonically increases with the frequency.194

The instantaneous and DC conductivities as well as the normalized chargeability of195

bentonite are given by196
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1 1 CECm n m n
w gw ws s B     

   , (4)197

1 1
0 ( )CECm m

w w w g
n ns s B        , (5)198

1 1 CECm n
gn wM s    , (6)199

200

where equation (6) results from equations (4) and (5), ௚ߩ denotes the grain density (2770 kg201

m-3 for smectite), and CEC denotes the cation exchange capacity of the soil expressed in C kg-202

1 or in meq/100 g (1 meq/100 g = 963.20 C kg−1 in SI units), B (in m2s-1V-1) denotes the apparent203

mobility of the counterions for surface conduction (associated with the in-phase conductivity)204

and  (in m2s-1V-1) denotes the apparent mobility of the counterions for the polarization205

associated with the quadrature conductivity (see Vinegar and Waxman, 1984). We have (Na+,206

25°C) = 3.1±0.3×10-9 m2s-1V-1 and (Na+, 25°C) = 3.0±0.7×10-10 m2s-1V-1. A dimensionless207

number R was introduced by Revil et al. (2017) as R / B  0.10±0.02. The two mobilities208

are considered to be independent of the salinity.209

When a clayey material is partially saturated with a pore water electrolyte and assuming210

that m  n, Revil (2013a, b) and Revil et al. (2021) obtained the following relationships from211

equations (4) to (6):212

CECg
m p

w B       , (7)213

0 ( )CECm
g

p
w B       , (8)214

CECp
n gM   . (9)215

216

The case of the presence of metallic particles (like pyrite and magnetite) is discussed by Misra217

et al. (2016) but our bentonite core samples are free of such semi-conductors from X-Ray218

Diffraction (XRD) analysis.219

Considering the quadrature conductivity at the geometric mean frequency of two220

frequencies f1 and f2 and the normalized chargeability defined as the difference between the in-221

phase conductivity at the frequency f2( > f1) and the in-phase conductivity at the lower222
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frequency f1, we can connect the quadrature conductivity and the normalized chargeability with223

(Van Voorhis et al., 1973; Revil et al., 2017)224

  1 2
1 2

( , )
" nM f f

f f


  , (10)225

2
ln

π
A  , (11)226

227

and A denotes the number of decades between 1f and 2f (for 3 decades, we have A = 103 and228

4.4  ). Equations (6) and (7) provide the relationship between the quadrature conductivity229

and the CEC. Equations (7) and (8) are not related to the dynamic Stern layer model and can230

be derived from the constant phase model. That said, as noticed in Revil et al. (2017a), they are231

very accurate for soils characterized by broad distribution of the relaxation times. From232

equation (7) and the expression of the surface conductivity, we can draw a relationship between233

the quadrature conductivity and the surface conductivity S  as234

 1 2
1 2

" ( , )n

S S

f f M f f R

   
   . (12)235

Since R and  are both constants (independent of frequency, temperature, and saturation), this236

means that the quadrature conductivity and the surface conductivity are proportional to each237

other. Equations (10) to (12) are exact for the constant phase model, which is characterized by238

the absence of peaks in the quadrature conductivity spectra. They are good approximation for239

the Cole Cole model (Revil et al., 2017c).240

241

3. Materials and Methods242

Our dataset of is made up of a total of 69 experiments (labelled from E1 to E69). Each243

experiment corresponds to a distinct core sample. Experiments E1 to E44 and E49 to E52244

correspond to experiments made with crushed pellets sodium-MX80 bentonite and de-ionised245

water. The corresponding core samples are labelled MX80-Type I below. Experiments E45 to246
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E48 (MX80-Type I) are also made with the same crushed pellets sodium-MX80 bentonite247

saturated with saline solutions of known conductivities. Experiments E53 to E69 are made248

from a sodium-MX80 bentonite labelled GBM for highly compacted and granulated bentonite249

mixture (Garitte et al., 2015). The corresponding core samples are labelled MX80-Type II250

below.251

Experiments E45 to E48 (between 90 – 100 % saturation) are used to calculate a252

formation factor (then a cementation exponent) and surface conductivity using pore water253

conductivities of 0.2, 1.0, 5.0, and 15 S m-1 (NaCl, 25°C) (Table 1). The conductivities of the254

solutions used in making these samples were reached by mixing in NaCl with de-ionised water.255

The data from Table 1 are shown in Figure 4 and fitted with the linear conductivity model,256

which is valid above the so-called isoconductivity point (see Revil et al., 2017c).257

The volumetric water content of each sample was determined using / ( )w wm V 258

where ݉ ௪ denotes the total mass of water (in kg) in the sample (hygroscopic and added), ௪259ߩ

is the mass density of water (in kg m-3) and V (m3) denotes the sample total volume (measured260

using a caliper). The gravimetric water content is defined as w = mw / ms where ݉ ௦ denotes the261

total mass of solid in the sample (in kg). The bulk and dry densities of the samples are then262

given by /b m V  and / (1 )d b w   , respectively, where w sm m m  and V denotes the263

total mass and total volume of the sample, respectively. The total volume of solids, voids and264

water in the sample are respectively given by /s s gV m  , p sV V V  , and /w w wV m 265

where ௚ߩ is the grain density of bentonite (~2770 kg m-3). We have also the following266

definitions for the void ratio /p se V V (dimensionless), the connected porosity267

/ / (1 )pV V e e    (dimensionless), and the water saturation /w w ps V V (dimensionless).268

The relationship between the volume water content  and the gravimetric water content w is269

therefore obtained after few algebraic manipulations as ( / ) / (1 )g ww     .270
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To determine the pore water conductivity of our samples, we mixed 20 g of MX80271

powder (crushed pellets) with 500 ml of deionised water, placed the mixture under an agitator272

for 48 hours and let it rest for 96 hours under room temperature and pressure. We then used a273

conductivity meter and measured a solution conductivity of 0.0594 S m-1 at 25°C. If we account274

for the dilution factor, the conductivity of the pore water is equal to 0.7 S m-1 at 25°C.275

Nevertheless, if we plot the conductivity of the sample E28 with respect to the saturated core276

samples saturated with NaCl solutions, we obtain a pore water conductivity of 2.5 S m-1, much277

higher than anticipated. Considering the surface conductivity S in equation (2) of 0.26 S m-278

1, our experiments are clearly above the isoconductivity point (Figure 2) and therefore the linear279

relationships used in this paper are believed to be adequate (see Revil et al., 2017b).280

Measurements of the cation exchange capacity (CEC) and specific surface area (SSA)281

of the bentonite have been performed by various authors in the literature (see Bradbury and282

Baeyens, 2002, Berger, 2008, Tang et al., 2008; and Karnland, 2010, for CEC, and Kiviranta283

and Kumpulainen, 2011, and Gomez and Villar, 2010, for SSA). We obtain the following values284

for the CEC and specific surface area of the MX-80 bentonite; 80 meq/100g, 31 m2g-1 (BET285

method) and 573 m2g-1 (EGME “Ethylene Glycol Monoethyl Ether” method) (see Bradbury286

and Baeyens, 2003; Bradbury et al., 2003; Molinero Guerra et al., 2017). In addition to this287

information, we performed new measurements of the CEC of the two bentonites (Type I and288

II) using cobaltihexamine method (see details in Guillaume 2002). We obtained a CEC of 81.9289

± 0.64 cmol(+)/kg ( 81.9 meq/100 g) for the crushed pellets MX80 (Type I) and 87.2 ± 0.64290

cmol(+)/kg ( 87.2 meq/100 g) for GBM (Type II, 6 samples were used for replicates, 3 samples291

per bentonite).292

The mineralogy of the bentonite is dominated by Montmorillonite (between 70 and 90%293

dry weight), with presence of Quartz, Feldspar, Muscovite and Calcite as well (Table 2). The294

hygroscopic water contents of both bentonites were determined, using oven drying at 105 °C295



13

for a period of 120 hours, to be 6.07 (crushed pellets MX-80) and 8.64 for the GBM.296

After mixing de-ionised water and bentonite powder in a mixing tray and using a spray,297

the mixtures are placed in a metallic sample holder that was manufactured especially for this298

purpose before being compressed using a uniaxial press (compression pressure depends on299

desired compaction state). The resulting cylindrical samples are 5 cm in diameter with a height300

generally comprised between 4 to 6 cm depending on the compaction state.301

Complex conductivity spectra are obtained using a high-precision MFIA Impedance302

Analyzer manufactured by Zurich Instruments (Figure 2). Measurements were taken303

immediately after the creation of the samples to minimize the effect of drying (within minutes).304

A radial configuration of electrodes is used (Jougnot et al., 2009). All electrodes are placed at305

the centre height of the cylinder and at 90° from each other. Two current electrodes C1 and C2306

impose the current and the potential electrodes P1 and P2 measure the potential at two points.307

The potential and current electrodes are disposable pre-gelled Ag-AgCl electrodes used in the308

medical industry (ECG). A geometrical factor is required to convert the impedance in terms of309

complex conductivity. It depends on electrode geometry and was numerically determined using310

COMSOL Multiphysics. We obtained values of 0.23 m and 0.25 m for sample heights of six311

and eight centimetres, respectively.312

Depending on the sampling rate and frequency range chosen, conducting frequency313

sweeps on a sample takes a highly variable amount of time, ranging from 2-3 minutes for a314

range of 1 Hz to 45 kHz and at 100 sample points all the way to over 12 hours for 1 mHz to 45315

kHz. Due to the number of samples analysed, we decide to explore a reduced frequency range316

comprised between 1 Hz and 45 kHz (Figure 3). We also conducted X-ray microtomography317

tests and found that our samples were mostly homogeneous (Figure 1).318

319

4. Results320
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4.1. Determination of the cementation exponent321

From samples E45 through sample E48, a linear relationship was determined between322

the electrolyte (pore water) conductivity and in-phase conductivity of the core samples (Figure323

4). The (intrinsic) formation factor F was determined to be 14 (determined at a porosity of324

52%) and the surface conductivity 1( 1) CECg
m

S ws B    was determined to be 0.26 S m-1325

by fitting a linear function ' /W SF    to the (in-phase) conductivity data obtained at the326

different salinities (Table 1 and Figure 4). Using Archie’s law mF   , the cementation327

exponent is determined to be m=4.5.328

329

4.2. Prefactors330

Both in-phase and quadrature conductivities can be related to the volumetric water331

content through power laws (Figures 5 and 6). The two power laws for the in-phase and332

quadrature conductivity can be written as333

' m p
w S      , (23)334

" p S R
 




 , (24)335

p
n SM R  , (25)336

337

where CECgS B  . Using g = 2800 kg m-3 (from crystallographic consideration regarding338

the crystalline framework of smectite), (Na+, 25°C) =3.1×10-9 m2s-1V-1 and a CEC = 90339

meq/100 g = 87×103 C kg-1 yields S = 0.75 S m-1. With  = 8 and R = 0.10, the prefactor of340

the power law relationship for the quadrature conductivity is a” = S R/ = 0.0095 S m-1. If341

the in-phase conductivity is dominated by the surface conductivity, the prefactor of the power-342

laws relationship is a’ = S = 0.75 S m-1. These slopes agree with the results shown in Figures343

5 and 6 for which a best fit yields a’ = S = 1.1±0.1 S m-1 and a” = S R/ = 0.0100±0.0004344
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S m-1.345

346

5. Discussion347

Figure 7 shows a plot of the normalized chargeability versus the conductivity of the348

core samples. When surface conductivity dominates the conductivity response, the data should349

stick only the slope given by R = 0.10. We see that this is not the case for the core samples used350

in the present study indicating in turn that the pore water conductivity may be larger than used351

in our estimate above. In Figure 8, we check that the normalized chargeability taken between352

two frequencies is proportional to the quadrature conductivity at the geometrical mean of the353

two frequencies with a slope close to the predicted slope.354

Bentonite is composed essentially of smectite, which has the largest CEC among clay355

minerals. In Figure 9, we plot the surface conductivity versus the reduced CEC (CEC divided356

by the tortuosity defined as the product of the formation factor by the connected porosity). The357

data of bentonite core samples used for the salinity experiment is plotted among a large dataset358

from the literature. Bentonite has clearly a very large surface conductivity above all other core359

samples because of it very high cation exchange capacity. In Figure 10, we plot the normalized360

chargeability versus the surface conductivity. Again, the magnitude of both the normalized361

chargeability and surface conductivity of bentonite is above those of other rock samples. The362

inclusion of other porous materials in Figures 9 and 10 indicates that the dynamic Stern layer363

model applied to induced polarization is very general.364

Another way to plot the in-phase and quadrature conductivity is through the dependence365

with the bulk and dry densities of the material. Indeed, the difference between the bulk density366

and the dry density depends linearly on the volumetric water content. In Figure 11, we plot the367

in-phase and quadrature conductivity versus the difference between the bulk and dry densities368

(see data in Table 3). As expected, we observed linear relationships in a log-log scale.369
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Another point we want to address in this section is the applicability of the proposed370

method to field conditions. The petrophysical investigations and results presented in this paper371

can be applied to time-domain induced polarization data obtained in field conditions. For372

instance, Abdulsamad et al. (2019) showed how induced polarization can be applied to estimate373

the change in water content in an embankment associated with a leakage. Similarly, time-374

domain induced polarization was recently applied to determine the transport properties of soil375

for agriculture (Revil et al., 2017c; Revil et al., 2021) and to landslides (Revil et al., 2020)376

using the dynamic Stern layer model of induced polarization described in the present377

manuscript. Indeed, if we know the pore water conductivity, equations (7) and (9) are two378

equations with two unknowns, the water content and the CEC. Tomography of time-domain379

induced polarization data can be perform to obtain tomograms of the conductivity and380

normalized chargeability. Then, we can apply these two equations to determine the water381

content and CEC tomograms. The conductivity of the pore water can be obtained using a382

speciation model accounting for the solubility of the minerals (see as an example for the383

Collavo-Oxfordian formation, Leroy et al., 2007).384

385

6. Conclusion386

In deep geological repository concepts, compacted bentonite is a material considered387

as a suitable barrier and an efficient buffer for radionuclides. We have performed complex388

conductivity spectra of 69 core samples at different water content with different porosities389

(compaction state) and saturation. The experiments have been mostly done at a low pore water390

conductivity of 0.059 S m-1 at 25°C. The following conclusions have been reached:391

(1) Both the in-phase conductivity and quadrature conductivity exhibit a power law392

dependence with the (volumetric) water content.393

(2) The prefactor coefficients for these power laws can be determined from the theory,394
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especially from the CEC of the bentonite alone.395

(3) The values of the two power-law exponents m = 4.5 and p = 3.1 ± 0.1 are consistent396

with the expression p = m – 1.397

Further works are needed to extend the present database to a broader salinity range.398

Larger scale experiments in terms of time-lapse tomography of a large bentonite plug399

undergoing desaturation would be welcome to see how time-lapse induced polarization400

tomography can be used to assess the evolution of the water content in a bentonite-made401

structure. Induced polarization appears a promising method to assess the monitor the402

petrophysical characteristics of bentonites.403
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Tables647

648
649

Table 1. Pore water conductivities (NaCl, 25°C) used in the calculation of the formation factor,650
cementation exponent and surface conductivity. The formation factor F and surface651

conductivity ௦ߪ are determined from /w SF     the then Archie’s law mF   is used to652

compute the power-law exponent m. The data given here correspond to saturated core samples.653
654

ID ࢝࣌ ܕ܁) −૚) ܕ܁)′࣌ −૚) 

E45 0.2 0.2835 0.553
E46 1.0 0.3161 0.544
E47 5.0 0.6111 0.526
E48 15 1.348 0.508
E28 0.0594 (*) 0.43789 0.519

(*) Using de-ionized water655

656

Table 2. Mineralogy of Wyoming MX80 bentonite taken from various sources in the literature.657
Mo., montmorillonite; Q, quartz; F, feldspar; M, muscovite; T, tridymite; C, calcite. We see that658
montmorillonite is by far the most abundant component. The composition is given in Vol.%.659

Source Mo. Q F M T C

Karnland et al. (2006) 81.4 3 3.5 3.4 3.8 0.2
Madsen (1998) 75.5 15 5-8 < 1 - -

Molinero Guerra (2018) 80 4 10 4 - -
Kumpulainen and Kiviranta (2010) 81.7 3.8 1.5 5.3 2.6 0.5
Kiviranta and Kumpulainen (2011) 88.2 3.5 5.5 0.3 - 0.2
Mueller-Vonmoos and Kahr (1983) 75 15.2 5-8 < 1 - 0.7

Sauzeat et al. (2001) > 80 5-6 4.5 2.8-3.8 - 0.3-1.4
Tang et al. (2008) 92 3 - - - -

Villar (2004) 65-82 4-12 5-8 - - -

Montes Hernandes et al. (2007) 70.6 2.5 1.8 - - 0.7
660

661
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Table 3. Results of the experiments. ID described the experiment number. Θ denotes the water662
content. The quantities ௕andߩ ௗߩ denote the bulk density and the dry density, respectively. The663
quantity  denotes the connected porosity. Finally the quantities s’ and s” denote the in-phase664
conductivity determined at the frequency of 345 Hz and Mn denotes the normalized665
chargeability taken as the difference in the in-phase conductivity between 10 Hz and 10 kHz.666
Experiments E45 to E48 (between 90 – 100 % saturation) are performed using pore water667
conductivities of 0.2, 1.0, 5.0, and 15 S m-1 (NaCl, 25°C).668

ID ϴ (-) Sw (-) b

(g cm-3)
d

(g cm-3)
 (-) σ'  

(S m-1)
σ''  

(S m-1)
Mn

(S m-1)
E1 0.174 0.465 1.91 1.73 0.374 0.03572 0.00042 0.00209
E3 0.155 0.344 1.68 1.52 0.450 0.00778 0.00008 0.00031
E4 0.159 0.371 1.74 1.58 0.429 0.01603 0.00019 0.00085
E5 0.185 0.545 2.02 1.83 0.339 0.04408 0.00055 0.00272
E6 0.209 0.417 1.59 1.38 0.501 0.03060 0.00009 0.00025
E7 0.222 0.464 1.67 1.45 0.478 0.05112 0.00019 0.00076
E8 0.25 0.617 1.9 1.65 0.405 0.06770 0.00023 0.00124
E9 0.234 0.525 1.77 1.54 0.445 0.10428 0.00049 0.00239
E10 0.274 0.541 1.64 1.37 0.506 0.04843 0.00009
E11 0.298 0.619 1.73 1.44 0.482 0.09293 0.00019
E12 0.311 0.703 1.85 1.54 0.443 0.18208 0.00043 0.00377
E13 0.344 0.897 2.05 1.71 0.384 0.26431 0.00056 0.00419
E14 0.368 0.661 1.59 1.23 0.557 0.15942 0.00034
E15 0.396 0.751 1.71 1.31 0.527 0.19961 0.00044 0.00067
E16 0.417 0.821 1.78 1.36 0.507 0.24866 0.00065 0.00276
E17 0.42 0.842 1.81 1.39 0.499 0.26774 0.00051 0.00120
E18 0.424 0.858 1.82 1.40 0.494 0.26535 0.00063 0.00174
E19 0.427 0.868 1.83 1.41 0.492 0.24592 0.00049
E20 0.429 0.878 1.85 1.42 0.488 0.27945 0.00064 0.00131
E21 0.435 0.899 1.86 1.43 0.484 0.28673 0.00082 0.00139
E22 0.338 0.536 1.36 1.03 0.630 0.07712 0.00019
E23 0.408 0.645 1.43 1.02 0.632 0.20415 0.00111 0.00284
E24 0.457 0.779 1.6 1.14 0.587 0.22167 0.00086 0.00366
E25 0.5 0.900 1.73 1.23 0.556 0.33016 0.00156 0.00085
E26 0.513 0.956 1.8 1.28 0.537 0.29059 0.00110 0.00644
E27 0.516 0.96 1.8 1.28 0.538 0.36324 0.00124 0.00322
E28 0.536 1.033 1.87 1.33 0.519 0.43789 0.00204 0.00776
E29 0.539 1.045 1.88 1.34 0.516 0.39644 0.00203 0.00535
E30 0.544 1.067 1.9 1.36 0.510 0.42740 0.00175 0.00505
E31 0.456 0.677 1.36 0.91 0.673 0.13063 0.00080 0.00100
E32 0.564 0.945 1.68 1.12 0.597 0.33575 0.00209 0.00624
E33 0.417 0.554 1.1 0.68 0.753 0.13658 0.00115 0.00523
E34 0.484 0.68 1.28 0.8 0.712 0.18436 0.00153 0.00584
E35 0.546 0.809 1.44 0.9 0.675 0.23146 0.00180 0.00749
E36 0.592 0.914 1.57 0.97 0.648 0.30978 0.00264 0.01194
E37 0.597 0.931 1.59 0.99 0.642 0.33401 0.00231 0.00988
E38 0.661 1.096 1.76 1.1 0.603 0.32784 0.00230 0.00848
E39 0.536 0.738 1.29 0.76 0.727 0.17697 0.00171 0.00857
E40 0.686 1.057 1.66 0.97 0.649 0.44600 0.00361 0.01497
E41 0.485 0.621 1.09 0.61 0.782 0.18240 0.00197 0.00995
E42 0.606 0.834 1.36 0.76 0.727 0.31642 0.00374 0.01915
E43 0.708 1.036 1.58 0.88 0.683 0.41971 0.00363 0.01432
E44 0.701 0.936 1.39 0.7 0.749 0.32564 0.00399 0.01962
E45 0.498 0.90 1.73 1.09 0.553 0.283579 0.001621 0.007877
E46 0.506 0.93 1.77 1.09 0.545 0.316158 0.001881 0.008886
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E47 0.527 1.003 1.84 1.31 0.526 0.61116 0.002642 0.010086
E48 0.552 1.087 1.91 1.36 0.508 1.348184 0.002354 0.008883
E49 0.528 1.003 1.84 1.31 0.526 0.29833 0.00140 0.00308
E50 0.516 0.962 1.8 1.28 0.537 0.34092 0.00172 0.00573
E51 0.303 0.667 1.81 1.51 0.455 0.11818 0.00020
E52 0.645 1.05 1.71 1.07 0.614 0.42300 0.00341 0.01381
E53 0.636 0.959 1.57 0.93 0.663 0.25208 0.00168 0.00373
E54 0.673 1.046 1.66 0.99 0.644 0.36752 0.00243 0.00864
E55 0.381 0.697 1.64 1.26 0.547 0.15759 0.00046
E56 0.324 0.528 1.39 1.07 0.615 0.06587 0.00015
E57 0.460 1.015 1.97 1.52 0.453 0.30526 0.00095
E58 0.454 0.989 1.95 1.50 0.460 0.27284 0.00073
E59 0.420 0.840 1.80 1.39 0.500 0.16190 0.00037
E60 0.715 1.023 1.55 0.83 0.699 0.39047 0.00244
E61 0.729 1.052 1.58 0.85 0.693 0.33581 0.00248 0.00961
E62 0.705 1.002 1.52 0.82 0.703 0.36939 0.00302
E63 0.463 0.736 1.49 1.03 0.630 0.13881 0.00056
E64 0.538 0.945 1.73 1.19 0.570 0.22339 0.00086
E65 0.515 0.875 1.65 1.14 0.588 0.22110 0.00099
E66 0.559 1.011 1.80 1.24 0.553 0.33062 0.00161
E67 0.239 0.566 1.84 1.60 0.423 0.02765 0.00013
E68 0.691 1.090 1.70 1.01 0.634 0.38463 0.00241 0.00824
E69 0.691 1.094 1.71 1.02 0.632 0.32466 0.00203 0.00562

669
670

671
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Figures672
673
674

675
676

Figure 1. Polarization of bentonite associated with the application of the field E0. a. Bentonite677

core sample with clays and coarser grains. b. At the size of the crystal, a clay particle is coated678

by an electrical double layer with a diffuse later and a compact layer called the Stern layer (SL679

stands for the Stern Layer). Just upon the application of the field E0 (i.e., (at t=0+) all the charge680

carriers are mobile. Therefore, they all contribute to the surface conductivity. The instantaneous681

conductivity ∞ corresponds to this state. c. When the external electrical field has been applied682

for a long time, the clay particles are polarized. The ionic charge carriers associated with clay683

polarization do not contribute to the conduction process. The conductivity is the Direct Current684

(DC) conductivity 0 < ∞. M (dimensionless) denotes the chargeability.685
686



32

687

688
689

Figure 2. Experimental setup. a. Impedance meter from Zurich Instrument used for the690
complex conductivity measurements in the frequency range 1 Hz-45 kHz. b. Position of the691
electrodes on the side of the core sample (A and B are current electrodes; M and N are potential692
measurement electrodes).693

694
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695
696

Figure 3. In-phase and quadrature conductivity spectra of three core samples characterized by697

distinct water contents (here expressed in Vol.%). a. In phase conductivity spectra. b.698

Quadrature conductivity spectra.699
700
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701
702
703

704
705

Figure 4. Conductivity of the saturated samples versus the conductivity of the pore water at706

saturation and for a porosity of 0.53±0.02 (data from Table 1). Sample E28 (also fully water-707

saturated) is also saturated with distilled water. It is at the same porosity than the other core708

sample (around 0.52). It indicates that the real conductivity of the pore water is around 2.5 S709

m-1 (25°C). The value of the formation factor and the porosity (0.53±0.02) yields a porosity710

exponent m = 4.5. The isoconductivity line is the line for which the conductivity of the core711

sample is equal to the conductivity of the pore water. This corresponds to the limit of the linear712

(high salinity) conductivity model used in the main text.713
714
715
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716

717
718
719

Figure 5. Dependence of the in-phase conductivity versus the water content (r = 0.82). The720

data are fitted with a power law function. The prefactor determined from the linear regression721

is equal to 1.1±0.1 S m-1 close to the predicted value of a’= S = 0.8 S m-1 The slope determined722

from the best fit is equal to a power-law exponent of 2.1 ± 0.1, much lower however than the723

cementation exponent determined from the porosity and formation factor (m = 4.2).724
725
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726
727
728

729
730

Figure 6. Dependence of the quadrature conductivity versus the water content (r = 0.74). The731

data are fitted with a power-law function. The prefactor is equal to 0.0100±0.0004 S m-1 close732

to the theoretical prefactor determined in the main text and given by a” = S R/ = 0.0095 S733

m-1. The porosity exponent is equal to p = 3.1 ± 0.1 fairly consistent with the expression p =734

m – 1 and m = 4.5 determined from the formation factor and the porosity (see Figure 4).735
736
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737
738

739
740
741

Figure 7. Normalized chargeability (twice the normalized chargeability determined from the742

difference in the conductivity between 1 Hz and 10 kHz) versus the in-phase conductivity. The743

plot shows that for some experiments, surface conductivity dominates the bulk conductivity744

and the data points are close to the red straight line. That said, there are experiments for which745

this is not the case and the data are close or below the blue line for which the bulk conductivity746

is ten times higher than the surface conductivity. These results are consistent with a high value747

of the pore water conductivity (2.5 S m-1 at 25°C).748
749
750
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751

752
753
754

Figure 8. The normalized chargeability (taken here as the difference of the in-phase755

conductivity between 10 hertz and 10 kHertz) versus the quadrature conductivity (at the756

geometric mean of the two frequency, 316 Hertz) for the core samples of Table 3 (r = 0.69).757

The predicted slope is given by  = -(2/)ln D  4.4 close to the one obtained through a linear758

regression ( = 4.0). Consequently, the normalized chargeability obeys to the same dependence759

with the water content than the quadrature conductivity.760

761
762
763
764
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765

766
767
768

Figure 9. Surface conductivity versus the reduced CEC (CEC divided by the bulk tortuosity769
defined by the product of the formation factor and the connected porosity). COx stands for770
Callovo-Oxfordian clayrocks from the Paris Basin. The data on the volcanic rocks are from771
Revil et al. (2018), Ghorbani et al. (2018), and Revil et al. (2021b). The MX80 bentonite is772
characterized by the highest surface conductivity of the dataset (r = 0.72 for the dataset).773

774
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775

776

Figure 10. Relationship between normalized chargeability and surface conductivity.777
Comparison between the soil samples of the present study, the smectite-rich soil samples from778
the study of Revil et al. (2017) and volcanic rock samples (consolidated and not consolidated)779
from Hawaii and Krafla volcanoes (in Iceland, see Revil et al., 2018 and Ghorbani et al., 2018)780
excluding core samples with magnetite or pyrite. The slope of the trend provides the value of781
the fundamental dimensionless coefficient R, which is consistent with previous estimates of782
this parameter. Data from Revil et al. (2021b, volcanic rocks) and Revil et al. (2017, smectite-783
rich soils). For the MX80 bentonite, the surface conductivity is equal to ~0.26 S m-1 and the784
normalized chargeability is ~0.01 S m-1. The MX80 bentonite is characterized by the highest785
normalized chargeability of the entire dataset (r = 0.83 for the dataset).786

787
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788

789
790

Figure 11. Relationship between the in-phase and quadrature conductivity versus the difference791
between the bulk and dry densities (correlation coefficient r of 0.60 and 0.86 respectively). .792

793


