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A B S T R A C T

The Mont Terri rock laboratory located in the Northwestern Switzerland is an international platform for 
applied research in the field of radioactive waste disposal in clayrock formations. A borehole named 
BDB1 has been drilled in the Opalinus claystone in 2013 to assess its containment properties. 
Characterization of petrophysical and hydrogeological parameters in the Jurassic shale known as Opalinus 
Clay were performed by in situ experiments conducted in the rock laboratory of Jura Mountains and on 
borehole samples. This paper presents the results of laboratory measurements of permeability in a 
permeameter called Hassler cell by using the steady state method. The study is applied to core samples 
drilled perpendicular and parallel to the bedding, and involves gas and water permeability measurements. 
The Hassler cell is an experimental device that allows to put samples under a confining pressure 
reproducing the in situ one. In all, results were obtained for nine samples over sixteen for gas permeability 
measurements with values ranging between 6.9×10−21 and 2.3×10−19m2 and one sample for water 
permeability measurements with a value of 1.38×10−20m2. Most of the results are in good agreement with 
previous studies obtained by in situ experiments and using the Poiseuille type law method. The usage of 
several methods to determine the permeability of the Opalinus clay unit helps to conclude about the 
accuracy, trueness and precision of the measurements.

Keywords : Mont Terri, Opalinus clay, BDB-1 borehole, Gas permeability, Water permeability, Steady 
state method, Hassler cell, Slippage effect



1. Introduction:1 

Considerable researches have been dedicated to the investigations of deep repositories for the 2 

storage of radioactive waste in geological formations since 1957. In countries where nuclear 3 

power is generated, various types of rock have been studied in order to identify the most 4 

convenient material for storage of nuclear wastes. When the host rock for a nuclear waste 5 

repository represents the major and final barrier for radionuclides, the repository performance 6 

largely relies on its confinement properties. Clay formations have been chosen by France 7 

(Callovo-Oxfordian) and Switzerland (Opalinus Clay) to dispose their high-level and long-lived 8 

intermediate radioactive waste. Clay rocks exhibit several properties including low 9 

permeability and high retention capacity for radionuclides and other contaminants. 10 

Understanding the transport mechanisms of the radionuclides is of utmost importance for 11 

assessing the safety performance of nuclear waste repositories. Various studies have been 12 

conducted on low-permeability clay formations (Ce et al. 2001; Gautschi 2001; Marschall, et 13 

al. 2005; Nussbaum et al. 2011; Davy et al. 2013; Cuss et al. 2014; Takeda et al. 2014) in order 14 

to understand their hydrogeological and petrophysical properties. 15 

The Opalinus Clay formation has been studied at the security gallery of the A16 Transjurane 16 

highway, built in the Jura Mountains in the Northwestern Switzerland. This Mont Terri facility 17 

is devoted to the study of the confinement properties of this over-consolidated clay rock. 18 

Several geological, geochemical, geomechanical, and hydrogeological studies have been 19 

published since 1996 (Thury and Bossart 1999; Marschall et al. 2004; Marschall et al. 2005; 20 

Bossart and Milnes 2017). The aim of the current study attached to the DB experiment (Deep 21 

Borehole experiment) is to determine the permeability of the Opalinus Clay formation using 22 

the steady state method in a Hassler cell and to discuss the new results in light of previous 23 

studies. The so-called Hassler cell allows to reproduce the confining pressure of samples (in 24 

situ stress pressure) and to determine the gas and water permeability. The steady state method 25 



consists in applying a pressure gradient over a sample and measuring the gas flow across it. 26 

Gas-driven permeability measurements using this method have the advantage of being quickly 27 

performed, they do not contaminate or affect the sample and the analysis of data is simple 28 

(Filomena et al., 2014; Singh and Cai, 2019). The acquired measurements are compared to 29 

results obtained using a Poiseuille-type law method from previous study (Yu et al., 2017), 30 

applied in samples where the flow orientation is parallel to bedding planes. The latter method 31 

requires the knowledge of the rock mineralogy and the acquisition of petrophysical parameters 32 

such as the water-loss porosity, specific surface area, and grain density. Nevertheless, it requires 33 

the usage of a cementation factor of which the estimation is debatable and unclear. In addition, 34 

permeability measurements were performed by Yu et al. (2017) using two in situ tests: the pulse 35 

withdrawal test and the constant rate withdrawal test applied at a large scale. These two kinds 36 

of tests give high ranges of uncertainties. The results obtained using the steady state method in 37 

Hassler cell are compared and discussed with permeability values acquired using in situ test 38 

and the Poiseuille-type law method. 39 

2. Geological settings 40 

The Dogger unit of the Mont Terri facility comprises several shallowing-upward regressive 41 

cycles, starting with Toarcian-Aalenian Opalinus Clay and ending with shallow-water 42 

carbonates (Blaesi 1987). The Opalinus Clay (Figure 1) was deposited around 174 Ma ago, and 43 

consists of a monotonous sequence of dark grey, silty clays and sandy shales overlain by 800 44 

m of sandy limestone, marls and shales of Middle to Late Jurassic age (Blaesi 1991). A 400 m 45 

of Early Jurassic to Triassic marls and limestones, dolomites and anhydrites underlie the clay 46 

formation, which has a thickness of 160 m and a true thickness around 90 m. The name of the 47 

Opalinus Clay comes from the frequent occurrence of the fossil ammonite Leioceras opalinum 48 

whose aragonite shell presents opalescent effects.  49 

A period of marine regression between the mid- to late-Cretaceous and the mid-Tertiary 50 



Oligocene period (100-25 Ma) induced a subaerially exposure of the top of the Malm Limestone 51 

(Figure 1). Starting about 40 million years ago, the rifting of the Rhine Graben affected 52 

Northern Switzerland, resulting in a considerable uplift of the area in the mid-Tertiary, and was 53 

followed by down warping and burial under late Tertiary sediments. The Opalinus Clay 54 

formation reached a burial depth of 1000 m and 1700 m, respectively during these two phases 55 

of subsidence. During the late Miocene to Pliocene stages of the upper Tertiary period (10-2 56 

Ma), the late Alpine folding formed the Folded Jura. Uplift and erosion during the Tertiary and 57 

Quaternary periods initiated the influx of meteoric water into the sequence. Towards the end of 58 

the Pliocene period (about 2.5 Ma), erosion exposed the core of the Mont Terri anticline to fresh 59 

water infiltration into the Dogger limestones. During the Quaternary period, infiltration into the 60 

Liassic limestones started, about 350 thousand years ago (Pearson et al. 2003). 61 

Observed minerals in the Opalinus Clay formation are quartz, illite and mixed-layer illite–62 

smectites, kaolinite, chlorite, biotite and muscovite, calcite, aragonite, siderite, dolomite and/or 63 

ankerite, albite and/or plagioclase, K-feldspar, pyrite, organic matter, and other accessory 64 

minerals such as apatite, celestine, zircon, and monazite (Bossart et al. 2017, 2018). The 65 

Opalinus Clay can be divided into five lithostratigraphic sub-units (Schaeren and Norbert 1989; 66 

Blaesi 1991; Thury and Bossart 1999; Bossart 2008), which are grouped in three main facies: 67 

a shaly facies in the lower part of the sequence, a thin carbonate-rich sandy facies in the middle 68 

part of the formation, and a sandy facies interstratified with shaly facies in the upper sequence. 69 

The shaly facies contains argillaceous shale (illite, chlorite, kaolinite, and illite-smectite mixed 70 

layers) and marly shales with micas and bioturbated layers. Their mineral composition includes 71 

27-78 % of clay minerals, 4-29 % of carbonates, 10-32 % of quartz, and accessory minerals 72 

such as feldspar and pyrite (Bossart and Thury, 2008; Schaeren & Norbert, 1989). The sandy 73 

facies consists of marly shales with sandstones, limestone layers and pyrites, and the carbonate-74 

rich sandy facies contains calcareous sandstones with bioturbated limestones. These three facies 75 



have been described in detail by Blaesi (1987), Allia (1996), Burkhalter (1996), Burkhalter, et 76 

al. (1997). They can be explained by varying sedimentary environments in a shallow coastal 77 

basin during the time of deposition. 78 

3. Material and methods 79 

3.1 Core sampling from BDB-1 borehole 80 

“The Deep Borehole Experiement” is a project launched by Swiss, French, Canadian, and 81 

German Mont Terri partners in 2015. The main goal of this project is to compare the convective 82 

and diffusive transport phenomena within the Opalinus Clay formation and out of the 83 

hydraulically-disturbed zone. In order to evaluate the transport properties and processes that 84 

affect the Opalinus Clay formation, the deep borehole BDB-1 was drilled normally to the 85 

bedding to minimize breakouts at the borehole wall with a 45° downward inclination and 86 

completed at a final depth of 247.5 m long. The borehole was entirely cored for stratigraphic, 87 

petrophysical, mineralogical, and geochemical studies and was drilled with air as drilling fluid. 88 

The stratigraphic sequence crossed by the borehole is described in detail by Jaeggi et al. (2017). 89 

For this study, we used 18 cylindrical Opalinus Clay plugs from the shaly and sandy facies of 90 

the borehole. Plugs were drilled normal and parallel to the bedding and standardized to a size 91 

of about 40 mm diameter (except sample M21b, Table 1) and variable lengths. The dataset 92 

presented in Table 1 shows the name of each sample, its distance from the borehole head, the 93 

drilling direction with respect to the bedding, and its size. Prior to permeability measurements, 94 

samples were oven-dried at 105 °C until reaching a constant weight (generally achieved in 6 to 95 

10 hours). The brittle behaviour of the Opalinus Clay formation led to some sample cracking 96 

due to: i) the high stress applied during drill-core sampling, ii) the unloading during core 97 

retrieve, and mainly iii) the drying process. Therefore, a liquid epoxy resin was used to fill the 98 

sample voids in order to solve the micro-cracking issues that could bias the permeability results.  99 



Four samples covered with resin were chosen for micro computed tomography analysis M12a, 100 

M12d, M13b, and M14c) using Bruker Skyscan 1173, to test the influence of filling the micro-101 

cracks by the resin. The sample M12a is drilled perpendicular to the bedding while the other 102 

three samples are drilled parallel to the bedding. The choice of the samples is made according 103 

to their degree of damage. The most damaged sample perpendicular to the bedding is choose 104 

for analysis.   105 

3.2 Steady state method in a Hassler Cell 106 

Despite the popularity of the unsteady state methods (pulse decay method, oscillating 107 

pressure…) and the short time needed for measurements, they remain very complicated in terms 108 

of data interpretation and very expensive.  The steady state method used here is preferred 109 

according to Boulin et al. (2012) for very low permeability porous media such as clays, and 110 

give more reliable results, especially when having an appropriate set-up. A brief description of 111 

measurement techniques for permeability in shale, is available in Singh and Cai (2019) with 112 

their corresponding advantages and inconveniences. The simple setup and analysis of data using 113 

Darcy’s law expression in the steady state method are the main advantages that encourage the 114 

using of this technique. Moreover, the interpretation of the acquired data is less complicated 115 

compared to unsteady state methods and are not sensitive to temperature fluctuations, porosity 116 

and system volume (Singh and Cai 2019b). The time of water permeability measurements in 117 

Hassler cell using the steady state method depends mainly on the time needed to saturate the 118 

sample, that is significantly long in this study compared to the gas permeability measurements 119 

using the same method. 120 

Hassler type core holders are defined as core holders that have isotropic confining pressure 121 

applied to the core sample. A Hassler cell is a cylindrical standard laboratory device used to 122 

measure water and gas permeability of a core sample. A Hassler cell containing a clay sample 123 

is presented in Figure 2A. Manometers P1, P2, and P3 are used to measure the applied upstream 124 



pressure (Pu), the received downstream pressure (Pd), and the confining pressure Pconf (black 125 

arrows in Figure 2A) respectively. The upstream pressure is kept constant by a Brooks® 126 

pressure regulator and the flowrate is measured by a Brooks® flowmeter. The direct and 127 

accurate reading of flowrates makes the steady state method potentially faster for clay samples 128 

than the pulse decay method (Boulin et al., 2012). It consists of imposing a differential pressure 129 

(DP = Pu – Pd) over a sample and measuring the flowrate at the outflow. 130 

The graphs of Figure 2 show the response registered by manometers after imposing a pressure 131 

to saturate the plug with nitrogen gas (Figure 2B). Measurements are performed only when the 132 

upstream pressure is reached in the downstream side. 133 

3.2.1 Generic procedure 134 

Darcy’s law describes the flow induced by a pressure gradient within a porous medium as: 135 

𝑞 =  −
𝑘𝑓

𝜇𝑓
.

𝐷𝑃

𝐿
                                                                (1) 136 

Where q is the Darcy velocity (m/s), kf is the permeability of the porous media (m2), 𝜇𝑓 is the 137 

fluid viscosity (cP), 𝐷𝑃 is differential pressure (bar) (DP= Pu – Pd) and L the length of the 138 

sample (cm). The corresponding flowrate Q (m3/s) is q times S, where S is the sample surface 139 

(m2). We applied multiple pressure gradients respecting the formulae below: 140 

𝑃𝑚 =
𝑃𝑢+𝑃𝑑

2
                                                                        (2)                                                              141 

𝑃𝑒𝑓𝑓 = 𝑃𝑐𝑜𝑛𝑓 − 𝑃𝑚                                                           (3) 142 

Where Pm is the mean pressure and Peff is the effective pressure.  143 

3.2.2 Gas permeability measurements 144 

For every gas permeability measurement, the effective pressure was maintained constant and 145 

considered to be equal to the extrapolated confinement pressure estimated by the weight of the 146 

overlying sediments. When the upstream and downstream pressures change, the confinement 147 

pressure changes too according to equation (3). For sample M12a for instance, the extrapolated 148 



confinement pressure was set to 60 bars (6.0 MPa = 870.23 Psi), the upstream and downstream 149 

pressures were set to 15 and 5 bars, respectively, and thus the imposed confinement pressure 150 

Pconf was 70 bars (7 MPa = 1015.26 Psi). 151 

The apparent permeability can be calculated using the following relationship: 152 

𝑘𝑔 = 2
𝜇.𝐿.𝑄.𝑃

𝑆(𝑃𝑢2−𝑃𝑑2)
                                                               (4) 153 

Where kg is the apparent permeability (can be expressed in m2 or in mD), 𝜇 is the gas viscosity 154 

(cP), L is the length of the plug (cm), Q is the flowrate (cm3/s), P is the measured flow pressure 155 

(fixed at 1.022 bar absolute = 1.022 Pa = 1.45.10-4 Psi), S is the surface of the plug (cm²), and 156 

lastly Pu and Pd respectively represent the upstream and downstream pressures (bar absolute). 157 

Such apparent permeability is overestimated compared to the intrinsic permeability due to the 158 

slippage effect (Klinkenberg et al., 1941). Klinkenberg et al., (1941) noted a relationship 159 

between mean pore pressure in gas permeability measurements and the mean free path (average 160 

distance a gas molecule travels between two successive collisions with other gas molecules) of 161 

the flowing gas molecules. A gas slippage occurs when the mean free path of the gas is 162 

sufficiently large (meaning that the distance between two successive collisions of gas molecules 163 

with each other is long) leading molecules to flow faster in a capillary pore. The resulted 164 

permeability is therefore misleading and needs to be corrected (Klinkenberg et al., 1941). 165 

Slippage effect is controlled by the imposed pressures and the capillary size. Such relationship 166 

has been used by other authors and further described in the studies of McPhee et al. (1994), 167 

Filomena et al. (2014), Letham and Bustin (2015). At high pore pressure, molecules are in direct 168 

contact with one another (short mean free path), resulting in zero velocity on pore walls (no 169 

slippage effect). The slippage effect cannot occur when a gas with small molecular size, and 170 

therefore a high mean free path, flows at low pressure (Profice, 2014). Figure 3 shows the 171 

slippage effect for capillaries of different geometries and imposed pressures; coloured regions 172 



in grey represent areas at the pore walls where slippage takes place and red colour represents 173 

low velocity areas in the inner part of the pore wall . The parameters having an influence on the 174 

occurrence of slippage effect are mainly the imposed pressure, the mean free path of the gas, 175 

the reflection coefficient (rf) (an approach used by Arabjamaloei and Ruth (2016) defined as 176 

the bounce-back effect going in the opposite direction of the flow and leading to a near zero 177 

velocity at the pore wall) and the capillary size. The “rf” acts the same way as the pressure and 178 

the velocity in the capillary. At very high imposed pressure as in (A), the “rf” is high (E) 179 

resulting in a higher velocity at the pore walls. However, the mean free path of the gas (acting 180 

in the opposite way of the imposed pressure) is small and the slippage effect do not take place. 181 

When the imposed pressure decreases as in (B), the “rf” and the velocity at the pore walls 182 

decreases too, resulting in a larger mean free path of the gas and the onset of slippage effect. In 183 

(C), the imposed pressure is still decreasing, as same as the “rf” and the velocity at the pore 184 

walls, while the mean free path is increasing and the slippage effect is larger. In (B) and (C) the 185 

capillary size remain constant. When the capillary size decrease, with keeping the same 186 

imposed conditions as in (B), slippage effect appears greater comparing to the capillary size. 187 

In order to correct the apparent permeability for the slippage effect, Klinkenberg et al. 188 

(1941) described the relationship between apparent and intrinsic permeabilities as follows: 189 

𝑘𝑔 = 𝛽𝑘𝑙
1

𝑃𝑚
+ 𝑘𝑙                                                               (5) 190 

Where kl is the intrinsic permeability and β is Klinkenberg’s slippage parameter. 191 

According to Klinkenberg et al. (1941), β quantifies how much apparent gas permeability will 192 

vary due to slippage at low pressures and is related to the size of the pores in which the gas 193 

flows. Klinkenberg plots have been generated by plotting the apparent permeability (calculated 194 

using Equation 5) against the inverse of the mean pressure for each pressure gradient and 195 

applying a linear fit to the data (Figure 4). The intercept of the linear fit with the permeability 196 

axis gives kl, the value of the intrinsic permeability, where no slippage takes place.  197 



 198 

3.2.3 Water permeability measurements 199 

The steady state method used for water permeability measurements allows a rapid acquisition 200 

of the flowrate through a sample in a Hassler cell. The values of the flowrates depend on the 201 

pressure gradients imposed on the sample, and they serve to calculate the permeability values. 202 

QUIZIX pumps are used in the measurement. They comprise two pistons connected to the 203 

upstream and downstream boundaries of the plug, each working independently. The 204 

displacement volume in each pump serves to calculate the flowrate through the sample. The 205 

pistons move in a push-pull configuration as shown in Figure 5. 206 

As in gas permeability measurements, the first step in water permeability measurement 207 

consists of saturating the plug. This step took about 15 days for our Opalinus Clay samples. 208 

Water with a chemical composition similar to the pore water composition of the sample was 209 

used to prevent and limit any potential change in the sample properties (Table 2). 210 

Darcy’s law described in Equation (1) (section 3.2.1) is used for water permeability 211 

measurements. Chosen pressures are based on Equations (2) and (3) with keeping confining, 212 

effective, and mean pressures constant; only the upstream and downstream pressures are 213 

changed. For example, on sample M12c, parallel to the bedding plane and covered with resin, 214 

the upstream pressures were set successively to 80, 90, 100, and 110 bar (8, 9, 10 and 11 MPa 215 

= 1160.3, 1305.34, 1450.38 and 1595.42 Psi respectively) , while the corresponding 216 

downstream pressures were set respectively to 60, 50, 40, and 30 bar in such a way that the 217 

mean pore pressure was maintained at 70 bar (7 MPa = 1015.26 Psi). Once the measurement is 218 

finished, we plot the variation of upstream and downstream water volumes during the 219 

experiment (Upstream “U” and Downstream “D”, working independently and linked to the 220 

upstream and the downstream pressures as explained before), as shown in Figure 6. 221 



Water volume in the upstream side of the cell (Upstream, Figure 6) passes through the 222 

sample to its downstream side. Figure 6 shows upstream volume decreasing during time and 223 

downstream volume increasing (Downstream, Figure 6). We imposed 5 different pressure 224 

gradients for each measurement and plotted the corresponding trendlines. The slopes of the 225 

equations represent the flowrate (cm3/s).  226 

Then, we used Darcy’s equation to calculate the sample permeability: 227 

𝑘 =
𝜇𝐿𝑄

𝑆∆𝑃
 1.013                                                  (6) 228 

Where k is the permeability of the sample (mD), 𝜇 is the water viscosity (cP), L is the sample 229 

length, S is the sample surface (cm²), Q is the flowrate (cmᶟ/s), 1.013 is the atmospheric pressure 230 

(bar) (room pressure) and ∆𝑃 is the pressure gradient (bar). 231 

The water viscosity is temperature dependent. The mean temperature of the measurement and 232 

water viscosity are about 25°C and 0.891 cP, respectively. Water viscosity is calculated via the 233 

equations below (Mercer et al. 1975): 234 

𝜇𝑓 = (5.38 + 3.8𝐴 − 0.26𝐴2) ∙ 10−3 

 

(7) 

 

𝐴 =
𝑇 − 150

100
  (8) 

 235 

Where A is the generic cross-sectional area of the porous channel, and T is the temperature of 236 

the measurement. 237 

Figure 7 shows the flowrate vs. pressure gradients for both Cylinders U and D. The slopes of 238 

the equations represent Q/∆P, which is used to calculate the permeability of the sample via 239 

Darcy’s equation. 240 

4. Hassler cell permeability results  241 

Sixteen gas permeability measurements were made (Table 3, Figure 8) of which eight have a 242 



big permeability values (around 10-17 m2 = 10.13 µD). Samples coming from the same depth 243 

and drilled the same way in respect to the bedding have a significant difference in their 244 

permeability values. We decided to analyse a selection of the samples covered with resin, of 245 

which some have large permeability values. Four samples (M12a (⟘), M12d (//), M13b (//) and 246 

M14c (//)) have been analyses using micro-computed tomography. Results show that the cracks 247 

are entirely filled with resin for three samples (M12a, M13b and M14c). Very fine micro-248 

cracks, not filled with the resin, were still observed in the fourth sample (M12d) (Figure 8). 249 

However, the used voxel resolution (25.01 µm) is not adapted to clearly reveal the content of 250 

very fine cracks in the sample in a clear way. We considered that large permeability values 251 

acquired in this study are due to the development of very-fine micro-cracks not filled with resin  252 

and caused by drilling and drying processes. As the very fine micro cracks could be mainly due 253 

to the excessive heating of the samples at 105 °C, a lower temperature could prevent their 254 

production. Samples with large permeability values have therefore been rejected and not 255 

considered as representative of the Opalinus Clay formation. Satisfactory results obtained in 256 

the Hassler cell vary between 2.3x10-19 (221 nD) and 6.9x10-21 m2 (7nD) for both shaly and 257 

sandy facies. 258 

No noticeable difference in permeability measurements due to facies change (shaly and sandy 259 

facies of Opalinus Clay) can be highlighted in this study. Plugs were drilled in two orientations 260 

with respect to the bedding, precisely normal and parallel directions. The purpose of drilling 261 

different orientations with respect to the bedding is to measure the permeability anisotropy for 262 

the Opalinus Clay formation. However, our results do not allow estimating anisotropy because 263 

of the high stress developed during samples preparation and because of their fragility. For water 264 

permeability measurements, one result over two is satisfactory. Figure 9 shows gas and water 265 

permeability results considered as representative of the Opalinus Clay and acquired in Hassler 266 

cell using the steady state method.  267 



5. Comparison of permeability results acquired from different methods  268 

5.1 The Poiseuille-type law method 269 

A petrophysical method based on a semi-empirical Poiseuille type-law has been used by Yu et 270 

al. (2017) to calculate the intrinsic permeability of the Opalinus Clay formation. This method 271 

was developed and used by Kostek et al. (1992), Pape et al. (1999), and Trémosa (2010) for a 272 

flow orientation parallel to the bedding. The model is based on petrophysical parameters: half-273 

pore size (Neuzil 2000; Altinier 2006), formation factor (determined using Archie’s law 274 

described in Archie, 1952 and also related to diffusion parameters according to Boving & 275 

Grathwohl, 2001; Van Loon & Mibus, 2015), porosity, diffusion coefficient in pore water, 276 

effective diffusion coefficient, cementation factor, degree of saturation, specific surface area, 277 

grain density (obtained by Helium pycnometry), and fluid dynamic viscosity (Mercer et al., 278 

1975).  279 

The intrinsic permeability can be computed using the formula: 280 

𝑘 =
𝑏2

3𝐹
 (9) 281 

Where 𝑘 is the intrinsic permeability [m2], 𝑏 is the half-pore size [m] and 𝐹 is the formation 282 

factor [-]. The  half-pore size can be determined according to the following relation based on a 283 

mass balance equation 284 

𝑏 =
𝜔

(1−𝜔)𝜌𝑠𝐴𝑠
  (10) 285 

Where 𝜌𝑠 is the grain density [g m-3], 𝐴𝑠 is the specific surface area [m2 g-1] and 𝜔 is the total 286 

porosity [-]. Grain density is determined using He pycnometry AccuPyc II 1340 following the 287 

protocol described in (Alcade et al., 2013) (see supplementary information for further details). 288 

The specific surface area measurement is calculated using the BET method developed by 289 



(Brunauer et al., 1938) by gas adsorption (see supplementary information for further details). 290 

Total porosity, 𝜔 [-], is the ratio of pore volume Vpores [m
3] to total apparent volume Vtot [m

3]:   291 

𝜔 =  
𝑉𝑝𝑜𝑟𝑒𝑠

𝑉𝑡𝑜𝑡 
       ( 11)            𝑉𝑝𝑜𝑟𝑒𝑠 = 𝑉𝑡𝑜𝑡 − 𝑉𝑠        ( 12 )            𝑉𝑝𝑜𝑟𝑒𝑠 = (𝜋. 𝑟2. 𝐿) −

𝑀𝑡

𝜌𝑠
  (13) 292 

Where Vs is the volume of solids, r is the radius [cm] and L [cm] the length of the sample, Mt 293 

[g] is the oven-dried at temperature T=105°C sample mass and 𝜌𝑠 [g.cm-3] is the grain density. 294 

The formation factor 𝐹 accounts for the tortuosity of the porous media and can be determined 295 

using the formula 296 

𝐹 = 𝜔−𝑚 (14) 297 

Where m is the cementation factor. 298 

The cementation factor (m) depends on the nature of the porous material. It ranges between 1.3 299 

and 5.4 (Heitzmann 2004), and is estimated to be close to 2 for compacted and deeply buried 300 

sediments (Ullman and Aller 1982). For m = 2, the mean intrinsic permeability using semi-301 

empirical Poiseuille-type law is 2.07x10-20 m2 (21 nD) for the Opalinus Clay shaly facies and 302 

2.26x10-20 m2 (23 nD) for its sandy facies (Yu et al. 2017). The intrinsic permeability values 303 

acquired using the steady state method in Hassler cell show low variability in results as 304 

compared to the values of Poiseuille-type law method. The mean intrinsic permeability using 305 

the steady state method is 2.4x10-20 m2 (24 nD) for the shaly facies of the Opalinus Clay 306 

formation and 1.15x10-19 m2 (116.6 nD) for its sandy facies. The permeability results acquired 307 

using the Poiseuille type-law method are in good agreement with those acquired using the 308 

steady state method (Figure 9). 309 

These values are also consistent with the results previously obtained on the Opalinus claystone 310 

by gas injection experiments at the Mont Terri rock laboratory or at Benken (North Switzerland) 311 



with ranges between 1x10-21 (10 nD) and 6x10-20 m2 (60 nD) (Marschall et al., 2005). 312 

5.2 In situ tests method 313 

Pulse withdrawal and constant rate withdrawal tests were applied on the sandy and shaly facies 314 

of the Opalinus Clay as shown in Figure 9. The permeability results were 2.2x10-20, 3.2x10-20 315 

m2   (22, 32 nD) in the sandy facies, and 1.7x10-19, 2.5x10-19 m2  (172, 253 nD) in the shaly facies 316 

using the constant rate and the pulse withdrawal tests, respectively. A comparison between the 317 

mean permeability results produced by the Hassler cell, Poiseuille-type law, and in situ methods 318 

is presented in Table 4. The values ranged from between 2.2x10-20 (22.3 nD) and 3.2x10-20 (32.4 319 

nD) m2 for the sandy facies and ranging between 2.21x10-20 (22.4 nD) and 2.5x10-19 m2 (253 320 

nD) for the shaly facies. Hassler cell results and in situ tests show the same trend with higher 321 

permeability in the shaly facies than in the sandy facies (Table 4).  322 

5.3 Acceptance of the results acquired using Hassler cell 323 

The micro-computed tomography result of the sample M12d show that very fine micro-cracks 324 

in the sample are not filled with resin (it seems that the properties of the resin do not allow the 325 

filling of very small voids) (red ellipses in Figure 8A), which explains the very high acquired 326 

permeability value (exceeding 10-17 m2 =0.01 mD). Such permeability value is rejected because 327 

of the abnormal results compared to those acquired from the same depth. The other three 328 

analyzed samples (M12a, M13b and M14c) do not show any very fine micro-cracks and have 329 

lower permeabilities. This leads to a first conclusion that the very fine micro-cracks in the 330 

sample M12d are responsible of the increasing of the real permeability.  331 

As cracks in clay rocks follow the bedding orientation, permeability results of samples drilled 332 

perpendicularly to the bedding could be deceptive when covered with resin. The micro-333 

tomography analysis on the sample M12a confirmed that the cracks in such plugs are not 334 

blocking gas flow to across the sample from a side to another, and that micro-cracks are mainly 335 



located on the edge. Furthermore, the very close permeability values of the samples M12a 336 

(filled with resin) and M12b (non-filled with resin) confirms that the usage of resin do not have 337 

any effect the permeability of the sample tested in this study. Although clay formation could 338 

contain natural cracks that should be counted in permeability measurements (Singh 2016; Singh 339 

and Cai 2019a), very close permeability results of the samples M12a and M12b show that no 340 

natural cracks exists in these samples, hence, they have no influence on permeability results. 341 

All these reasons are taken into consideration in the acceptance and rejection of permeability 342 

results.  343 

Comparing the number of successful measurements for each lithology can provide insight into 344 

the reasons why a sample could generate micro-cracks. Precisely, 84 % (five samples out six 345 

samples) of the measurements have been successful in the sandy part of the Opalinus Clay 346 

formation, and 16 % (one sample, M12d) are rejected because of the micro-cracks. In contrast, 347 

66.6 % of the measurements (4 out of 6) and 50 % (2 out of 4) are rejected in the shaly facies 348 

located in the middle of the Opalinus Clay formation and in the latest shaly facies, respectively. 349 

As expected, the highest percentage of accepted values is found in the sandy facies, which is 350 

less brittle and more resistant to drilling than the shaly facies. The mineralogical composition 351 

of each facies of the Opalinus Clay formation can explain such difference (Bossart 2011). The 352 

shaly facies located in the middle of the Opalinus Clay formation is mostly composed of silty 353 

shale, while the shaly facies (depth between 195 and 235 m) is composed of argillaceous marls 354 

(Bossart 2011). Considering the two shaly facies, the observed difference is mainly attributed 355 

to the resistance level and rigidity of the rocks, which are partly linked to its composition. Shaly 356 

facies contains more clay minerals and less quartz in comparison to the sandy facies (Bossart 357 

and Milnes 2017).  358 

Nevertheless, the weakness of the Opalinus Clay formation is not limited to the composition of 359 

each facies only. The drilling and drying processes may also have an influence on the generation 360 



of micro-cracks especially in samples drilled parallel to the bedding. The double stress applied 361 

on the samples, during the drilling of the borehole BDB-1 and of the plugs for Hassler cell 362 

measurement, in addition to the 105°C drying of the Opalinus Clay samples, increases the 363 

possibility of cracking and make the acquisition of permeability results very challenging. The 364 

use of epoxy resin was the most suitable solution to get a permeability result without any 365 

influence on the accuracy of the measurement.  366 

6. Discussion of permeability measurement methods and conclusion 367 

It has been demonstrated in Faulkner and Rutter (2000) that permeability values could vary due 368 

to physicochemical interactions between rock and the used fluids. The usage of Argon gas and 369 

water in permeability measurements leads to a ~1 order of magnitude difference in results. 370 

Layers of strongly adsorbed water on mineral surfaces reduce the effective pore size (Faulkner 371 

and Rutter 2000). Each used method has its benefits and inconveniences. The using of several 372 

methods is essential to determine the permeability of the Opalinus Clay formation and to 373 

minimize the uncertainty of the values. The main advantage of the in situ tests is the possibility 374 

to cover a very large surface in the Opalinus Clay formation, which can realize the acquisition 375 

of permeability results beyond the borehole damaged zone (also called skin effect). In contrast, 376 

the common disadvantages of the laboratory permeability tests (using Poiseuille-type law and 377 

Hassler Cell) applied on samples from the BDB-1 borehole are the stress during drilling and 378 

the information provided at a smaller scale. Therefore, the satisfaction of a permeability result 379 

acquired using permeability tests is only validated after comparison with in situ tests. For the 380 

Poiseuille-type law method, the cementation factor choice is debatable and unclear (Yu et al. 381 

2017) (reasons explained in part 5.1), but it establishes results in the same range as in situ tests. 382 

The Hassler cell method has the benefit of giving a low range of uncertainties on permeability 383 

results compared to the two latter methods but could not be applied for such over consolidated 384 

clay without filling stressed plugs with resin. Despite the difference in the solicited volume of 385 



sample between the in situ tests and the laboratory permeability tests, results are rather 386 

comparable. The Hassler Cell results did not allow to estimate anisotropy between 387 

perpendicular and parallel plugs drilled with respect to the bedding because of the multiple 388 

stress induced (drilling and heating). A moderate permeability anisotropy ratio of 5.5, in favour 389 

of the permeability parallel to the bedding, was estimated based on laboratory permeameter 390 

tests for the Opalinus Clay unit (Croisé et al. 2006). Even though uncertainties on Hassler Cell 391 

measurements are quite small, the stress applied to the plugs during drilling makes the steady 392 

state method in Hassler Cell not sufficient to give accurate permeability results by itself. In situ 393 

hydraulic tests, Poiseuille-type law, and Hassler cell results show similar trends (Figure 8) and 394 

give representative values of the Opalinus Clay formation.   395 

The Deep Borehole experiment provided clayrock samples from the hydraulically undisturbed 396 

Opalinus Clay formation with the goal of improving the knowledge about its transport 397 

properties. A synthesis of the structural and hydrogeological data in the Opalinus Clay 398 

formation summarized by Bossart (2011) led to the definition of a 2-meter plastically deformed 399 

zone around the drilled zone in the Mont Terri tunnel. This plastic zone is further divided into 400 

an inner 1 m zone consisting of an air-filled fracture network and an outer zone with mostly 401 

saturated and isolated fractures. In situ hydraulic and permeability data acquired at Mont Terri 402 

are or might have been influenced by excavation works and experimental activities and they 403 

show high ranges of uncertainties. This study gives a new set of permeability measurements in 404 

good agreement with results obtained previously and have accurate ranges of uncertainties 405 

(between 1x10-31 and 1x10-33 m2). Microtomography results show that the usage of resin is 406 

essential to have accurate values of permeability and to reduce the influence of excavation work 407 

generated due to the drilling of the borehole. Gas and water permeability measurements in 408 

Hassler Cell, ranging between 1.2.10-19 (121.6 nD) and 2.58.10-20 m2 (26.1 nD) for the sandy 409 

facies and between 1.3.10-20 (13.2 nD) and 6.9.10-21 m2 (7 nD) for the shaly facies, are close to 410 



the Poiseuille-type law results and in situ tests. Using these three tests allows the acquisition of 411 

accurate permeability results representative for the Opalinus Clay formation at large scale. 412 

However, the Hassler cell method, devoted to estimate the anisotropy of the samples, does not 413 

allow for the determination of the anisotropy for the Opalinus Clay formation due to the high 414 

stress applied on samples. 415 

  416 
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Tables and Figures574 

 575 

Figure 1: Geological cross section of the Mont Terri anticline showing the Opalinus Clay formation, 576 
tunnel gallery and the BDB-1 Borehole (modified from Freivogel et al., 2003) 577 

 578 
  579 



 580 

Formation Plug ID 

Distance 
from 

borehole 
mouth (m) 

Width (mm) 
Length 
(mm) 

Weight (g) 
Orientation with respect of the 

stratification 

OPA      
(Sandy) 

M12a* 116.54 39.53 25.76 76.19 ⟘   
M12b 116.54 39.52 27.67 84.36 ⟘   
M12c* 116.54 39.6 55.08 171.8  // 

M12d* 116.54 39.79 12.835 39.84   // 

M13a 125.38 39.51 26.79 82.12 ⟘  

M13b* 125.38 39.6 42.16 127.2   // 

OPA 
(shaly) 

M14a 136.58 39.56 7.58 21.37 ⟘  

M14b 136.58 39.52 12.22 36.73 ⟘   
M14c* 136.58 39.5 30.23 92.52  // 

M14d 136.58 39.805 4.975 14.12 ⟘   
M16a* 155.72 39.46 33.72 101.84  // 

M16b* 155.72 39.65 29.39 89.8 ⟘   

OPA 
(shaly) 

M21a 204.98 39.78 12.29 36.97 ⟘  

M21b* 204.98 14.155 20.555 7.62   // 

M22a 213.48 39.49 7.34 20.96 ⟘  

M22b* 213.48 39.52 39.73 118.37   // 

 581 

Table 1: Samples ID, distance from the borehole head, size, and orientation with respect to the 582 
stratification (⟘: perpendicular and // : parallel). Asterisk mentions the samples covered with resin. 583 
Black color is referred to samples with successful  permeability results. 584 



    585 
Figure 2: A) Hassler cell containing a clay sample. P1, P2, and P3 are manometers measuring the 586 
upstream, downstream, and confining pressures, respectively. V1 to V8 are valves. Two pumps are used 587 
to ensure water permeability measurements. B) Saturation step of the sample: applying a pressure on 588 
the upstream side and waiting to be achieved on the downstream one. 589 



 590 
Figure 3: Slippage effect controlled by the mean free path of the gas (A,B,C) and capillary size (D) 591 
(modified from Letham et al. 2015 and Arabjamaloei and Ruth 2016).red color represents low velocity 592 
areas and grey color represent the slippage effect A) At very high imposed pressure, the mean free path 593 
of the gas is small resulting in zero slippage at the pore wall. Moreover, the reflection coefficient “rf” 594 
acting in the same way as the imposed pressure is high, resulting in a high velocity at the pore walls 595 
due to its high value as shown in (E) (see the example of rf=0.99). B) When the imposed pressure 596 
decreases, the “rf” and the velocity at the pore walls decreases too, resulting in a larger mean free path 597 
of the gas and the onset of slippage effect. C), The imposed pressure continue to decrease in addition to 598 
the “rf” and the velocity at the pore walls. In such conditions, the mean free path increase and the 599 
slippage effect become larger. D) In (B) and (C) the capillary size remain constant but changes in (D). 600 
When the capillary size decrease, and for the same imposed conditions as in (B), slippage effect appears 601 
greater comparing to the capillary size.(E) figure E represents the velocity versus pore diameter, the 602 
increase in rf value leads to the increase of the velocity at the pore walls.  603 



 604 
Figure 4: Permeability values (k gas) vs. inverse of the mean pressure for the sample M12a 605 

  606 



 607 
Sample ID 12 13 14 16 21 22 

  mg/L mg/L mg/L mg/L mg/L mg/L 

Na+ 738.22 4926.4 7209.8 12278 12337 10686 

K+ 16.34 191.6 262.6 143.98 305.43 387.24 

Mg2+ 94.14 1197.4 1808.6 636.16 3073.7 3055 

Ca2+ 328.53 3948.3 5422.4 2564.1 4920.7 4588.8 

Sr2+ 15.75 165.93 208.32 80.36 136.63 141.55 

Cl- 567.25 6097.9 8898.7 8650.9 12196 11097 

SO4
2- 120.16 844.15 931.14 1892.5 1767.9 1594.1 

       

Total 1880.4 17371 24741 26246 34738 31549 

Table 2: Chemical composition of water for permeability measurements 608 

  609 



 610 

 611 
Figure 5: Schematic representation of the dual piston pumps used in water permeability measurement. 612 
In the steady state method, water is injected using a "Push-Pull" dual piston pump. Blue colour in the 613 
pumps represents water and green colour represents gas. The gray rectangle represents the sample. 614 

 615 
 616 
 617 

 618 
Figure 6: Variation of the volume of water vs. time in the upstream and downstream side of the Hassler 619 
cell. A Trendline equation is calculated for each pressure gradient imposed during the measurement. 620 

 621 

 622 
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 623 
Figure 7: Water flowrate vs. differential pressure in the upstream and downstream sides. Upstream 624 
pressure is measured by manometer P1 and downstream pressure is measured by manometer P2. 625 

  626 



 627 
Table 3: Successful saturated gas and water permeability on plugs ⟘ and // to the bedding (uncertainty 628 
calculation is available in the SI). 629 

 630 

 631 
Figure 8: Micro-computed tomography on two samples, yellow colour represents epoxy resin: A) 632 
sample M12D shows  major cracks filled with resin in yellow,and minor cracks surrounded with red 633 
ellipses hard to analyse due to voxel resolution. This sample provided a non-satisfactory permeability 634 
result, B) sample M14c shows a single crack filled with epoxy resin in yellow and provided a 635 
satisfactory permeability result. 636 

637 

A B



 638 
Figure 9: Comparison of water and gas permeability results obtained at laboratory scale from Hassler 639 
cells (parallel or perpendicular to bedding) and petrophysical measurements to in situ hydraulic tests 640 
as a function of the distance from the borehole head. Errors on Hassler Cell results are minor and do 641 
not appear in the graph. 642 
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 645 

Table 4: Comparison of mean permeability results acquired using three different methods for the 646 
Opalinus 647 

  648 

  Hassler cell 
Poiseuille-type law 

method 
In situ tests 

      
Constant 

rate 
Pulse 

Mean permeability value for the sandy facies 
(m2) 

1.15.10-19 2.26.10-20 2.2.10-20 3.2.10-20 

Mean permeability value for the shaly facies 
(m2) 

2.4.10-20 2.07.10-20 1.7.10-19 2.5.10-19 



Figure captions: 649 

Figure 1: Geological cross section of the Mont Terri anticline showing the Opalinus Clay 650 

formation, tunnel gallery and the BDB-1 Borehole (modified from Freivogel et al., 2003) 651 

Figure 2: A) Hassler cell containing a clay sample. P1, P2, and P3 are manometers measuring 652 

the upstream, downstream, and confining pressures, respectively. V1 to V8 are valves. 653 

Two pumps are used to ensure water permeability measurements. B) Saturation step of the 654 

sample: applying a pressure on the upstream side and waiting to be achieved on the 655 

downstream one. 656 

Figure 3: Slippage effect controlled by the mean free path of the gas (A,B,C) and capillary size 657 

(D) (modified from Letham et al. 2015 and Arabjamaloei and Ruth 2016). A) At very high 658 

imposed pressure, the mean free path of the gas is small as they act in the opposite way 659 

resulting in zero slippage at the pore wall. Moreover, the “rf” acting in the same way as 660 

the imposed pressure is high, resulting in a high velocity at the pore walls due to its high 661 

value as shown in (E). B) When the imposed pressure decreases, the “rf” and the velocity 662 

at the pore walls decreases too, resulting in a larger mean free path of the gas and the onset 663 

of slippage effect at the pore walls. C), The imposed pressure continue to decrease in 664 

addition to the “rf” and the velocity at the pore walls. In such conditions, the mean free 665 

path increase and the slippage effect become larger. D) In (B) and (C) the capillary size 666 

remain constant but changes in (D). When the capillary size decrease, and for the same 667 

imposed conditions as in (B), slippage effect appears greater comparing to the capillary 668 

size. 669 

Figure 4: Permeability values (k gas) vs. inverse of the mean pressure for the sample M12a 670 

Figure 5: Schematic representation of the dual piston pumps used in water permeability 671 

measurement. In the steady state method, water is injected using a "Push-Pull" dual piston 672 

pump. Blue colour in the pumps represents water and green colour represents gas. The 673 

gray rectangle represents the sample. 674 

Figure 6: Variation of the volume of water vs. time in the upstream and downstream side of the 675 

Hassler cell. A Trendline equation is calculated for each pressure gradient imposed during 676 

the measurement. 677 

Figure 7: Water flowrate vs. differential pressure in the upstream and downstream sides. 678 

Upstream pressure is measured by manometer P1 and downstream pressure is measured 679 

by manometer P2. 680 

Figure 8: Micro-computed tomography on two samples, yellow colour represents epoxy resin: 681 

A) sample M12D shows  major cracks filled with resin in yellow,and minor cracks 682 

surrounded with red ellipses hard to analyse due to voxel resolution. This sample provided 683 

a non-satisfactory permeability result, B) sample M14c shows a single crack filled with 684 

epoxy resin in yellow and provided a satisfactory permeability result. 685 

Figure 9: Comparison of water and gas permeability results obtained at laboratory scale from 686 

Hassler cells (parallel or perpendicular to bedding) and petrophysical measurements to in 687 

situ hydraulic tests as a function of the distance from the borehole head. Errors on Hassler 688 

Cell results are minor and do not appear in the graph. 689 

 690 
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 692 

Table caption 693 

Table 1: Samples ID, distance from the borehole head, size, and orientation with respect to the 694 

stratification (⟘: perpendicular and // : parallel). Asterisk mentions the samples covered 695 

with resin. Black color is referred to samples with successful  permeability results. 696 

Table 2: Chemical composition of water for permeability measurements 697 

Table 3: Successful saturated gas and water permeability on plugs ⟘ and // to the bedding 698 

(uncertainty calculation is available in the SI). 699 

Table 4: Comparison of mean permeability results acquired using three different methods for 700 

the Opalinus 701 

 702 
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