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Highlights: 19 

• Large dataset of CEC and cation occupancies from the Mesozoic of Switzerland 20 

• Good correlation between CEC and clay mineralogy identified. 21 

• Ni-CEC ≤ Cs-CEC ≤ CATIONS, with differences between them ≤ 20 %. 22 

• Cation occupancies similar for various lithologies with clay content > 20 wt.%. 23 

• Modelled porewaters agree well with data obtained from independent experiments. 24 

  25 
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Abstract  26 

In Switzerland, radioactive waste management requires the safe disposal of nuclear waste within 27 

a deep geological argillaceous sequence that includes the Jurassic-age Opalinus Clay. The process 28 

of selecting a suitable site for the disposal is ongoing and involves a rigorous site selection 29 

process. As part of this process, site-specific physico-chemical data were collected, which include 30 

parameters such as cation exchange capacities (CEC) and exchangeable cation occupancies, in 31 

addition to other geochemical and mineralogical data. The mineralogy, CEC and exchangeable 32 

cation occupancies of rock samples collected from the various lithologies of cores from seven 33 

boreholes across the study areas, namely Zürich Nordost (ZNO), Nördlich Lägern (NL) and Jura 34 

Ost (JO) were investigated. Four different CEC methods were applied, and the results obtained 35 

are in good agreement. The general trend in the CEC data follows: Cs-CEC ≥ (CATIONS) > Ni-36 

CEC. The higher Cs-CEC values are due to the higher interlayer extraction yields of low hydration 37 

cations K+ and NH4
+ in illite rich rock samples by the highly selective Cs+. A clear correlation 38 

between the 2:1 phyllosilicate content and the CEC values is observed over the entire sequence, 39 

so clay minerals primarily govern cation exchange processes and thus the retention of cations. 40 

Finally, for the Opalinus Clay of each of the three study areas, porewater chemistries were 41 

modelled based on a combination of mineralogical and physico-chemical data. The calculated 42 

porewater compositions are in good agreement with the compositions obtained from squeezing 43 

and advective displacement experiments in the laboratory. 44 

 45 

Key words:  46 

Exchangeable cations, sedimentary rocks, clay mineralogy, geochemical modelling 47 
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1. Introduction 50 

In northern Switzerland, the Jurassic-age Opalinus Clay is an argillaceous sedimentary rock 51 

formation that has been identified as the suitable host rock for the deep geological disposal of 52 

radioactive waste in Switzerland, among others due to its thickness of >100 m. In Stage 3 of the 53 

Sectoral Plan (Sachplan Geologisches Tiefenlager, SGT-E3), Nagra (Swiss National Cooperative 54 

for the Disposal of Radioactive Waste) is thoroughly investigating three areas, namely Zürich 55 

Nordost (ZNO), Nördlich Lägern (NL) and Jura Ost (JO). The geographic and geological settings 56 

as well as profiles of all boreholes are documented in Mazurek et al. (2023). In addition to 3D 57 

seismic measurements and drillings into the Quaternary cover, deep borehole investigations 58 

aimed to complement and extend previous investigations of the underground geological 59 

environment in these areas. The outcome of these investigations and the safety-based comparison 60 

of the study areas will contribute to the selection of Nagra's best suited site for a deep geological 61 

repository.  62 

Site-specific physico-chemical rock data such as cation exchange capacity (CEC) and 63 

exchangeable cation occupancy are, amongst other geochemical and mineralogical parameters, 64 

part of the deep borehole investigations and are required for each potential region for the site 65 

selection procedure. This study focuses mainly on CEC of rock samples and on the exchangeable 66 

cation occupancies of the major alkaline and alkaline-earth elements. CEC is an important rock 67 

parameter since it is a measure of the rocks ability to retain cations, and hence, is of key 68 

importance for the transport of radionuclides in deep underground argillaceous formations. The 69 

CEC predominantly quantifies the permanent negative charge of the rock samples, primarily due 70 

to the presence of 2:1 phyllosilicates (Christidis et al., 2023). Cations adsorb onto the planar sites 71 

of these minerals through electrostatic bonding. Additionally, CEC can be defined as the sum of 72 

exchangeable cations that are present at the clay mineral surfaces of the rock samples. The CEC 73 

is directly related to the type and quantity of clay minerals that are present in the rock samples, 74 

and consequently, to their ability to adsorb radionuclides.  75 

The in-situ fractional occupancy of exchangeable cations acts as a "fingerprint" for the in situ 76 

porewater composition of argillaceous rock formations. Typically, the porewater of sedimentary 77 
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rock consists primarily of non-reactive solutes such as Cl resulting from the hydrogeological 78 

evolution of the rock, and of reactive solutes resulting from equilibrium with the mineral 79 

constituents. In argillaceous rocks, the concentrations of dissolved cations are predominantly 80 

controlled by equilibrium with cations adsorbed on at clay mineral surfaces and the equilibrium 81 

with carbonate and sulphide/sulphate minerals. Hence, the data also provided an opportunity to 82 

investigate the composition of the interstitial porewater in the Opalinus Clay. For that, a 83 

geochemical model was used to calculate concentrations of major cations and anions. The results 84 

were compared with the concentrations obtained from squeezing (SQ) and advective displacement 85 

(AD) experiments conducted on the rock samples (Kiczka et al., 2023). This comparison provided 86 

valuable information on the accuracy and reliability of the geochemical model in predicting the 87 

porewater composition of the Opalinus Clay, and hence, the behaviour of radionuclides in the 88 

formation.  89 

2. Materials and Methods 90 

2.1. Origin of the core samples and sample preparation 91 

The rock samples analysed in this study originate from the three study areas (i) Zürich Nordost 92 

(ZNO), (ii) Nördlich Lägern (NL) and (iii) Jura Ost (JO), specifically from the cores recovered 93 

from the deep boreholes Trüllikon-1-1 (TRU1-1) and Marthalen-1-1 (MAR1-1) from ZNO, 94 

Bülach-1-1 (BUL1-1), Stadel-2-1 (STA2-1) and Stadel-3-1 (STA3-1) from NL and Bözberg-1-1 95 

(BOZ1-1) and Bözberg-2-1 (BOZ2-2) from JO (see Mazurek et al., 2023 for localisation of the 96 

boreholes and for geological context). In total, 184 rock samples have been investigated in this 97 

study by two institutes, namely Paul Scherrer Institut (PSI) and the Rock-Water Interaction (RWI) 98 

group at the Institute of Geological Sciences at the University of Bern. An overview of the number 99 

of samples and their origin is given in Table 1. The detailed descriptions (lithological type, depth, 100 

geological formation, mineralogical composition) of the rock samples are given in the Supporting 101 

Information (SI). 102 

 103 

 104 
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Table 1: Number and origin of rock samples analysed by PSI and RWI. 105 

Area ZNO NL JO 

Borehole MAR1-1 TRU1-1 STA2-1 STA3-1 BUL1-1 BOZ1-1 BOZ2-1 

PSI 

RWI 

20 

7 

11 

4 

20 

3 

22 

3 

26 

18 

32 

5 

10 

3 

The PSI samples (2 × 3 cm3 cubes) were vacuum packed after preparation at the Institute of 106 

Geological Sciences. Once at PSI, they were transferred into a N2 flooded glove box (O2 < 1 ppm) 107 

for crushing and storage. The entire sample handling was done inside the glove box. The samples 108 

were first crushed by hand in an agate mortar to pieces < 1 cm3 and then ground in a Retsch mortar 109 

grinder to a size < 1 mm. The grinder was cleaned after each sample to avoid cross-contamination. 110 

Samples were stored in the glove box in closed, well-labelled containers. 111 

The RWI samples were prepared by removal of rims and disintegration to a few mm3. About 112 

30 g of the rock was then immediately immersed in 30 ml of degassed and N2-purged Ni-en 113 

solutions in polypropylene tubes, then quickly transferred to an anaerobic glovebox (95:5 N2:H2 114 

atmosphere equipped with two Pd catalysts) and reacted for 24 h. After extraction, phase 115 

separation was conducted by centrifugation and filtration (0.2 m PES filters) and stored for 116 

analyses. 117 

2.2. Mineralogical analyses 118 

Details of the sample preparation and analysis are described in Mazurek and Aschwanden 119 

(2020). Representative sample material was crushed and then ground using a Retsch McCrone 120 

XRD-mill, leading to a unimodal grain-size distribution with a median <5 μm, which is suitable 121 

for powder X-ray diffraction analysis. Non-oriented X-ray patterns were collected with a 122 

PANalytical CubiX3 diffractometer using a Cu source. The data was analysed using the 123 

PANalytical HighScore Plus v. 4.x software together with a lab-internal database and then 124 

quantitatively evaluated based on structural data and using the Rietveld method (Rietveld, 1969), 125 

or, when clay minerals present, using a combined Rietveld and Pawley approach (Pawley, 1981), 126 

optionally cross-checked with Coelho Software TOPAS-Academic v. 6. Corundum (20 wt.%) 127 

was added as an internal standard. Carbonate mineral contents were calibrated via chemical 128 

analysis of TIC using a CNS analyser, and pyrite contents were obtained from the determination 129 

of S, except in anhydrite-bearing samples. For the structural identification of the clay minerals, 130 
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which are characterised by two-dimensional sheets and the order of the tetrahedral and octahedral 131 

sheets, the chemical variability and structural disorder do not allow routine quantification by the 132 

Rietveld method. The identification and the quantification of clay mineral phases was based on 133 

the determination of their relative proportions using oriented powder X-ray diffraction patterns 134 

(dry, glycolated, heated). For the quantification of the relative proportions of clay minerals, a full 135 

pattern fit method analogous to the ARQUANT approach (Blanc et al., 2007) was developed. 136 

Absolute contents were calculated by difference (100 % minus sum of all non-clay minerals). 137 

Clay minerals include illite, illite/smectite mixed layers, kaolinite, chlorite and chlorite/smectite 138 

mixed layers and are expressed as end-members of illite, smectite, kaolinite, chlorite in this study. 139 

Thus, for example, the smectite component from illite/smectite mixed layers is attributed to the 140 

smectite end-member, and the illite component accordingly to the illite end-member. 141 

2.3. Cation exchange determination 142 

2.3.1. Ni-CEC and  CATIONS 143 

The CEC of the rock samples and the exchangeable cations Na, K, Mg, Ca and Sr were determined 144 

using the highly selective Ni-triethylenediamine (Ni-en) complex (Peigneur, 1976 ). The Ni-en 145 

data presented in this study are denoted as Ni-CEC. Excess Ni-en allows to displace the cations 146 

from the exchange sites and to saturate them. In addition, the CEC was also estimated from the 147 

sum of total released cations after correction for the dissolved anions ( CATIONS), as described 148 

in Section 2.4. PSI only determined Ni-CEC whereas RWI estimated in addition the 149 

exchangeable cation compositions. 150 

PSI samples: The CEC of the rock samples was determined by using the Ni-en complex 151 

radiolabelled with 63Ni. A Ni-en excess of already 20 % of the CEC of the sample is sufficient to 152 

saturate the exchange complex (Bradbury and Baeyens, 1998). The Ni-CEC measurements were 153 

carried out under ambient air conditions. The procedure consists essentially of an adsorption 154 

experiment with 63Ni labelled Ni-en. The Ni-en solution was prepared by the addition of 155 

uncharged ethylenediamine to a Ni(NO3)2 solution to obtain a stable Ni-triethylenediamine 156 

complex at a total concentration of 3.3 mM. 30 ml of the 63Ni-en solution were added to ~ 1 g of 157 
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rock sample, pre-weighed into polypropylene centrifuge tubes, to give a solid to liquid (S:L) ratio 158 

of ~ 32 g·L-1. The tubes were closed, shaken end-over-end for 1 day, centrifuged at 108’000 g(max), 159 

and the supernatant solutions were radio-assayed using a Packard Tri-Carb liquid scintillation 160 

counter. The pH of the supernatant was measured after phase separation and ranged from 8 to 9.  161 

The Ni-en adsorbed (Ni-enads) in meq/kg (equal to the CEC) was calculated from the 162 

redistribution of the radiotracer between the solid and liquid phases and was calculated from: 163 

Ni-enads = 
Ain-Aout

Ain

∙Ni-en in 164 

where Ain = initial 63Ni activity (cpm); Aout = final 63Ni activity (cpm) and Ni-enin = initial 165 

amount of Ni-en (in meq/kg). The average results of triplicate, respectively duplicate, experiments 166 

for the three regions are summarized in the tables in the appendix.  167 

RWI samples: Ni-CEC determinations were also carried out by RWI by using the Ni-en 168 

complex as described above, however at much higher S:L ratios (~ 1 kg/L with 30 g of solid and 169 

30 g of Ni-en solution) and only with stable Ni. The initial Ni-en concentrations were set to 170 

correspond to double amount of the expected CEC and were usually close 100 mmol/L. The 171 

amount Ni exchanged was quantified by ICP-OES analysis. In the RWI samples, the released 172 

cations and anions were determined in the Ni-en extraction (Ni-ex) experiments. After filtration, 173 

the supernatant solutions were analyzed for cations (Na, Ca, Mg, K, Sr, Ba, Fe) and anions (Cl, 174 

SO4, F, Br, NO3) by ion chromatography. The concentrations of Fe, Ba and Br turned out to be 175 

close to or below detection. NO3 concentrations were high because nitrate is part of the Ni-en 176 

stock solution. NH4 was not analyzed in these extraction experiments. The analyses of total cation 177 

and anion concentrations allow to determine the CATIONS in the Ni-ex experiments (Section 178 

2.4). 179 

2.3.2. Cs-CEC and CATIONS 180 

Similar to the Ni-CEC method, the addition of the highly selective Cs cation to rock samples 181 

can saturate the exchange complex, if the added Cs is in excess to the CEC. The consumption of 182 

Cs equals the CEC of the samples and is denoted as Cs-CEC in this paper. The determination of 183 

the CEC with Cs requires a higher excess of Cs compared to Ni-en. In this study we have used a 184 
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fivefold Cs excess, optimized based on the Ni-en CEC results which were carried out and 185 

evaluated prior to the Cs-CEC measurements. The major cations Na, K, Mg and Ca and two minor 186 

cations NH4 and Sr are displaced from the cation exchange sites of the rock samples by using the 187 

highly selective Cs cation. Similar to the Ni-ex experiments the Cs extraction (Cs-ex) experiments 188 

allow to determine the CEC of the rock samples by calculating the sum of total released cations 189 

after correction for the dissolved anions (CATIONS). The correction method is described in detail 190 

in Section 2.4. The Cs method was only applied to the PSI samples. 191 

The experiments were performed in closed tubes in a N2 flooded glove box (O2 < 1 ppm) to 192 

avoid oxidation of the samples and the equilibration with CO2. The exchangeable cations were 193 

displaced by using a fivefold equivalent excess of Cs with respect to Ni-CEC of the samples, 194 

determined prior by the Ni-en method (see section 2.3.1). The 5-fold Cs excess was quantified by 195 

optimising the S:L ratio in the Cs extraction (Cs-ex) experiments (i.e., by adapting the mass of 196 

rock samples). The initial CsCl concentration in the Cs-ex experiments was 33 mM. Each 197 

experiment was set up in duplicate. The tubes with the rock samples and the appropriate CsCl 198 

solution were shaken end-over-end for 1 day, centrifuged at 108’000 g (max), and the supernatant 199 

solutions were analysed for the cations Na, K, NH4, Mg, Ca and Sr and the anions SO4 and total 200 

inorganic carbon (TIC). The pH of the supernatants was measured after phase separation.  201 

The amount of dissolved Cl- was determined in separate aqueous extraction (H2O-ex) 202 

experiments by equilibrating 1 g of rock sample with 30 ml de-ionised water (S:L ratio of ~30 203 

g/L). Phase separation was as described above and the supernatant was analysed for Cl-. The 204 

reason for these additional H2O-ex experiments was because the use of CsCl (33 mM) as extract 205 

solution in the Cs-ex experiments did not allow to determine the Cl inventories of the rock samples 206 

reliably. 207 

The concentrations of Na, K, Mg, Ca, Sr, S and Cs were determined by inductively coupled 208 

plasma optical emission spectrometry (ICP-OES). Cl, NH4 and SO4 were quantified by ion 209 

chromatography (IC). The TIC analysis was carried out by a Dohrmann Carbon Analyser. The 210 

concentrations of extracted (exchangeable and dissolved) cations and of dissolved anions are 211 

summarized in the SI. 212 
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2.3.3. CEC calculated from the clay mineralogy: Clay-CECcalc  213 

The CEC of rock samples results from different clay mineral contents and the magnitude of 214 

their respective CEC values. Hence, the CEC of rock samples can be calculated from the 215 

mineralogical composition of the samples (bulk clay content and detailed composition of the clay 216 

fraction) by using the CEC values of the pure clay minerals present in the samples scaled to their 217 

weight percentages in the samples, which is referred to as Clay-CECcalc. The Clay-CECcalc values 218 

of the rock samples where the bulk and clay mineralogy data is available are included in the SI. 219 

The composition of the clay mineral fraction is expressed as end-member compositions (i.e., illite, 220 

kaolinite, chlorite, and smectite; see Section 2.2) and is used to calculate the Clay-CECcalc. 221 

The CEC values used for the pure clay minerals in this study were taken from the literature: 222 

870 meq/kg for smectite (Bradbury and Baeyens, 1995), 225 meq/kg for illite (Baeyens and 223 

Bradbury, 2004), 28 meq/kg for kaolinite (Allard et al., 1983), and 50 meq/kg for chlorite (Allard 224 

et al., 1983). It should be noted that the CEC values for pure clay minerals are not fixed but rather 225 

subject to variations depending on the selected source. Note that the dominant clay mineral does 226 

not necessarily determine the magnitude of the CEC of the rock sample. For example, the CEC 227 

of kaolinite is ~10 times lower than that of illite. 228 

2.4. Determination of exchangeable cations: correction method 229 

The cations extracted in the Ni-ex and Cs-ex experiments do not only arise from the cation 230 

exchange sites of the clay minerals in the rock samples, but also from the dissolution of minerals 231 

and of salts precipitated from the porewater during drying. To accurately estimate the 232 

concentrations of displaced cations solely originating from the cation exchange sites, the total 233 

extracted cations must be corrected with the associated dissolved anions (Bradbury and Baeyens, 234 

1998; Hadi et al., 2019). As mentioned before, chloride was not measured in the Cs-ex 235 

experiments but in separate H2O-ex experiments.  236 

The corrections were based on detailed mineralogical data and the soluble salt content of the 237 

samples. Although the total amount of exchangeable cations (expressed in meq/kg) should 238 

correspond ideally to the CEC of the rock sample, this is not always the case for complex rock 239 

systems. This is because all exchangeable cations may not be well identified and/or recovered in 240 
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the extracting solution. If the sum of the total extracted cations is very close to the sum of the total 241 

extracted anions (both expressed in an equivalent scale), which is the case for rock samples with 242 

very low clay mineral contents and very low CEC, no reliable analysis on exchangeable cation 243 

loadings can be made.  244 

An overview of the mineralogical composition across the various formations and rock types is 245 

described by Mazurek et al. (2023). In the present study a range of different rock samples, ranging 246 

from claystones to marls to almost pure limestones, plus some anhydrite-bearing samples have 247 

been analysed. The mineralogical data for each individual sample are given in the SI.  248 

For all the rock samples investigated by PSI and RWI, total extracted Na concentrations were 249 

corrected for total dissolved Cl concentrations since it is assumed that Cl originates from the 250 

dissolution of NaCl. The total extracted concentrations of K, NH4, Mg and Sr were not corrected 251 

in either the PSI or RWI samples.  252 

The total extracted Ca concentrations were corrected for total dissolved TIC in the Cs-ex 253 

experiments. Since the intrusion of CO2 was avoided during the experiments and degassed 254 

solutions were used, the dissolution of calcite generates equal molar amounts of Ca2+ and CO3
2-. 255 

If the concentrations of dissolved Fe and the exact content of dolomite/ankerite were available, it 256 

would have been possible to distribute the amount of dissolved TIC more accurately among Ca, 257 

Fe and Mg. Although this study’s approximation may lead to a slight underestimation of the Ca 258 

occupancies in favour of Mg (and very few cases of Sr where extracted concentrations were 259 

generally very low), it does not affect the sum of exchangeable cations. In the case of RWI data, 260 

TIC was not included in the correction procedure, because its concentrations were very low (well 261 

below 1 mM) in the Ni-en extracts at the high S/L ratios applied (Wersin et al., 2022). 262 

Total extracted dissolved SO4 was corrected with total extracted Ca in both the Cs-ex and Ni-263 

ex experiments. As discussed by Bradbury and Baeyens (1998), SO4 could also be corrected with 264 

Na which leads to different Na and Ca loadings. However, squeezing results indicate that the 265 

correction of Ca with SO4 is more realistic (Kiczka et al., 2023; Wersin et al., 2023).  266 

Finally, the exchangeable occupancies of Na, K, NH4, Mg, Ca and Sr of the rock samples 267 

(expressed in an equivalent scale) were calculated from the extracted cation concentrations after 268 
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correction with the dissolved anionic species, as described above, and then normalized to the dry 269 

weight of the rock samples. The equivalent fraction of each exchangeable cation (NB = NNa, NK, 270 

NNH4, NMg, NCa, NSr) or group of cations (NB = NK+NH4, NMg+Ca+Sr) was obtained by dividing the sum 271 

of each exchangeable cation or group of cations (in meq/kg) by the sum of all exchangeable 272 

cations (CATIONS) (in meq/kg). For the PSI samples CATIONS was obtained from the Cs-ex 273 

experiments whereas for the RWI samples CATIONS was obtained from the Ni-ex experiments. 274 

2.5. Geochemical modelling 275 

A geochemical model can be applied to the physico-chemical parameters, the mineralogical 276 

data and some additional parameters to estimate the composition of the in-situ porewater of the 277 

Opalinus Clay in the different study areas. The modelling follows the method proposed by 278 

Bradbury and Baeyens (1998) and uses the mineral equilibrium calculations of the PSI/Nagra 279 

thermodynamic database compiled by Thoenen et al. (2014). The Davies approach was used for 280 

the calculation of the solution activity coefficients (Davies, 1962). Cation exchange equilibria 281 

between Na and K, NH4, Mg, Ca and Sr were calculated using the Gaines and Thomas convention 282 

(Gaines and Thomas, 1953). The selectivity coefficients (Kc) for the Na-K, Na-Mg, Na-Ca and 283 

Na-Sr equilibria were taken from Wersin et al. (2022) and are consistent with the values used by 284 

Kiczka et al. (2023). The Kc value for Na-NH4 exchange was taken the same as for the Na-K 285 

exchange since K and NH4 have similar exchange behaviour on 2:1 clay minerals (De Preter, 286 

1990). The geochemical equilibrium calculations were performed with the MINSORB code 287 

which is based on MINEQL (Westall et al., 1976) modified to include cation exchange (Bradbury 288 

and Baeyens, 1998).  289 

3. Results and discussion 290 

3.1. Mineralogy and cation exchange capacity 291 

3.1.1. Mineralogical analyses 292 

The most abundant minerals in the samples are quartz, calcite and various clay minerals. Clay 293 

minerals identified include illite, illite-rich illite/smectite mixed layers, kaolinite, chlorite and 294 

minor chlorite-smectite mixed layers (details in Mazurek et al. (2023)). The clay mineral contents 295 

reported here are based on end-member compositions, i.e., the proportions of illite, smectite and 296 
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chlorite in mixed-layer phases are attributed to the respective pure phases (see Section 2.2). The 297 

illite end-member and kaolinite dominate by quantity (Fig. 1), even though the relative 298 

proportions vary markedly between formations (see Mazurek et al. (2023)). 299 

Fig. 1 displays mineral content profiles for JO, NL and ZNO. Clay minerals (sub-divided and 300 

plotted as end-members illite, smectite, kaolinite, chlorite), calcite and quartz are the predominant 301 

mineral phases, accounting for more than 80 wt.% of the rock composition. Minor minerals, such 302 

as dolomite/ankerite, siderite, K-feldspar, plagioclase and pyrite, are present at few percentages 303 

only. Anhydrite is only present in the Keuper below the Klettgau Formation. For a comprehensive 304 

representation of mineralogical compositions, including all samples studied in the whole 305 

programme, refer to Mazurek et al. (2023). 306 

3.1.2. CEC results  307 

CEC measurements have been determined on 141 (PSI) and 43 (RWI) rock samples according 308 

to the methods described in detail in Section 2.3. Four different methods have been applied. The 309 

Ni-CEC and Cs-CEC are direct measurements whereas CATIONS and Clay-CECcalc are indirect 310 

methods. Fig. 1 illustrates the results of the four different methods for the PSI samples (coloured 311 

symbols) and RWI samples (black symbols) for the three study areas.  312 

  313 
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 314 

Fig. 1. Profiles of the study areas (JO, NL, ZNO) showing representative stratigraphic sections 315 

and the mineralogical data. The formation depths are adjusted to the profiles of BOZ1-1 (JO), 316 

STA2-1 (NL) and TRU1-1 (ZNO). Clay minerals, quartz and calcite dominate the composition 317 

of these Mesozoic rocks. The cation data includes results from Clay-CECcalc, Ni-CEC, Cs-CEC 318 

and CATIONS methods.  319 

A general observation is that there is no offset between PSI and RWI samples suggesting good 320 

agreement although the measurements were not carried on identical samples. Fig. 1 provides an 321 
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initial overview of the variation in CEC values along the depth profile and their correlation with 322 

the content of clay minerals. It also illustrates the variability in CEC values across different 323 

lithological units. 324 

Table 2 presents a summary of the CEC data, displaying the numerical values obtained from the 325 

four different methods used for each of the three study areas. The results are divided into four 326 

main units: (i) Malm, (ii) Dogger above Opalinus Clay, (iii) Opalinus Clay, and (iv) Staffelegg 327 

Formation. The number of samples analysed for each unit is shown in italics next to the unit 328 

names. The values in Table 2 represent the average CEC values with the corresponding standard 329 

deviations given in parenthesis. The statistical analyses include samples that were analysed either 330 

at PSI or RWI except for Cs-CEC (only PSI).  331 

Table 2: Summary of CEC measurements by 4 different methods on the main units of the 3 study 332 

areas. D.A.O. = Dogger above Opalinus Clay. 333 

Area Units Clay-CECcalc Ni-CEC Cs-CEC CATIONS 

[meq/kg] 

 

 

ZNO 

Malm [1]* 24.0 24.9 25.9 31.1 

D.A.O. [13] 78.9 (29.8) 88.7 (28.6) 91.5 (32.7) 94.4 (38.2) 

Opalinus Clay [17] 101.3 (12.2) 106.9 (13.0) 109.8 (10.8) 112.7 (18.3) 

Staffelegg Fm. [9] 93.5 (20.6) 95.9 (30.9) 107.5 (38.2) 102.7 (33.4) 

 

 

NL 

Malm [5] 40.1 (7.6) 43.8 (10.7) 54.5 (13.3) 44.6 (12.4) 

D.A.O. [31] 80.5 (45.6) 85.7 (52.5) 96.5 (62.1) 96.2 (56.4) 

Opalinus Clay [30] 99.0 (11.5) 104.3 (22.0) 118.3 (25.9) 109.3 (25.1) 

Staffelegg Fm. [19] 73.5 (36.3) 77.2 (31.5)  100.1 (37.0) 90.3 (38.2) 

 

 

JO 

Malm [8] 53.3 (20.0) 68.9 (25.5) 72.1 (16.4) 84.9 (21.0) 

D.A.O. [15] 76.2 (38.8) 87.9 (50.1) 81.8 (53.3) 92.0 (53.0) 

Opalinus Clay [15] 105.7 (14.8) 114.6 (13.9) 140.0 (23.3) 126.6 (20.2) 

Staffelegg Fm. [7] 91.8 (46.6) 98.6 (42.6) 127.8 (74.2) 106.4 /57.8) 

*[x]: number of samples from the given unit 334 

The data compilation in Table 2 reveals several clear trends. Firstly, the CEC values for all units 335 

in the three study areas follow a general sequence: Clay-CECcalc ≤ Ni-CEC ≤ Cs-CEC ≤ 336 

CATIONS, with differences between them being ≤ 20 %. The reason for the discrepancy between 337 

e.g., Cs-CEC and CATIONS is further elaborated in Section 3.1.4. Secondly, the CEC values for 338 

the Malm samples are significantly lower compared to those from the other units with comparable 339 

CEC values although with a higher variability. Thirdly, the CEC data for Malm, Dogger above 340 

Opalinus Clay and Staffelegg Formation exhibit much larger standard deviations compared to the 341 
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samples from the Opalinus Clay, highlighting the more heterogeneous rock composition of these 342 

units.  343 

3.1.3. Correlation of Ni-CEC with total clay content and Clay-CECcalc  344 

The CEC of rock samples can be attributed to clay minerals, as they possess a permanent 345 

negative charge at the planar sites of their surface structures, which are responsible for the cation 346 

exchange properties. Fig. 2a shows the relationship between Ni-CEC values and clay mineral 347 

content in the bulk rock samples for 141 PSI (blue symbols) and 43 RWI (brown symbols) 348 

samples, indicating a fair correlation. Fig. 2b shows the correlation between Ni-CEC and Clay-349 

CECcalc calculated from the detailed clay mineralogy as described in Section 2.3.3. This 350 

correlation is markedly better because it takes into account the relative proportions of the 351 

individual clay minerals, which vary markedly over the studied profiles (Mazurek et al. 2023). 352 

Illite and kaolinite are the two dominant clay minerals in most of the rock samples as illustrated 353 

in Fig. 1. The number of samples in Fig. 2b is lower than in Fig. 2a since detailed clay mineralogy 354 

was not always available for all the samples. In all cases, the clay mineralogy was determined on 355 

sample material not identical (but adjacent) to the material on which the Ni-CEC was measured, 356 

and yet the correlation method relies on the transferability of the clay composition to the CEC 357 

measurements of each sample.  358 

  359 

Fig. 2.  Correlation of Ni-CEC with (a) total clay mineral content and (b) Clay-CECcalc for all 360 

rock samples from ZNO, NL and JO.  361 

 362 

 363 
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3.1.4. Correlation of Ni-CEC with Cs-CEC and CATIONS 364 

The use of highly selective Cs+ or Ni-en2+ in concentrations high enough to saturate the cation 365 

exchange sites in the sample allows to determine the CEC by measuring the consumption of the 366 

index cation (Cs or Ni-en). Fig. 3a shows the Ni-CEC and Cs-CEC results and a strong correlation 367 

exists between the two different methods, whereas the Cs-CEC method consistently yields higher 368 

CEC values compared to the Ni-CEC method, as indicated by the slope of 1.2. This is attributed 369 

to the higher selective displacement of K and NH4 from illite by Cs in contrast to Ni-en.  370 

The methods of Cs and Ni-en extraction enable the determination of the CEC of the rock 371 

samples by quantifying the displaced cations from the exchangeable sites. The quantification of 372 

dissolved salts and minerals is accomplished by detecting the anions present in the Cs-ex and Ni-373 

ex experiments. The determination of CEC (denoted as CATIONS or as SUM CATIONS in the 374 

figures) is obtained from the sum of the corrected cations (total extracted cations minus dissolved 375 

anions). Fig. 3b shows the correlation between Ni-CEC and CATIONS obtained from Cs-ex (PSI) 376 

and from Ni-ex (RWI) experiments. The results obtained from both methods exhibit strong 377 

correlations, thereby enhancing the credibility and confidence in the applicability and reliability 378 

of these methods for determining cation occupancies. Nonetheless, CATIONS derived from Cs-379 

ex experiments yield persistently higher values than the Ni-CEC data (slope = 1.2), whereas 380 

CATIONS obtained from the Ni-ex experiments are consistently lower than the Ni-CEC data 381 

(slope = 0.87). The reason for the former observation is discussed above whereas the reason for 382 

the latter observation is not clear but was also observed by Bradbury and Baeyens (1998) for Ni-383 

en displacement experiments on an Opalinus Clay sample from Mont Terri. 384 
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  385 

Fig. 3. Correlations of Ni-CEC with: (a) Cs-CEC and (b) CATIONS obtained from Cs 386 

displacement experiments (blue symbols) and from Ni-en displacement experiments (brown 387 

symbols) for all samples from the three study areas. The dotted lines represent the one-to-one Cs-388 

CEC/CATIONS and Ni-CEC correlation. 389 

3.2. Estimates of in situ cation occupancies 390 

3.2.1. Correction method 391 

The correction method described in Section 2.4 and applied to all the rock samples is illustrated 392 

in Fig. 4 where the total extracted anions ClTOT, SO4TOT and TICTOT and cations NaTOT and CaTOT 393 

expressed in mmol/kg are plotted together as depth profiles for each study area. As discussed in 394 

Section 2.4, NaTOT is corrected with dissolved ClTOT to obtain the exchangeable Na (NaEX) 395 

loading, i.e., NaEX = NaTOT - ClTOT whereas CaTOT is corrected with SO4,TOT and TICTOT, to obtain 396 

exchangeable Ca, i.e., CaEX = CaTOT – [SO4,TOT + TICTOT]. As mentioned before, the RWI data 397 

were not corrected with TIC. The detailed data analyses are given in the SI. 398 

The correction of NaTOT with ClTOT is small for all samples as illustrated in Fig. 4 (Na-399 

Correction) where NaTOT is compared with corrected Na. Only for 3 limestone samples from the 400 

Herrenwis Unit from the NL area this was not the case, and hence, no reliable NaEX data could be 401 

derived (see yellow highlighted NaEX values in the SI).  402 

The correction of Ca with the sum of the total dissolved SO4 and TIC is illustrated in Fig. 4 403 

(Ca-Correction). The SO4 inventories (~2 mmol/kg) are low in all cases and the correction with 404 

total Ca is small. The dissolved TIC is rather large because the Cs extractions were carried out at 405 
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relatively low S:L ratios (~30 g/L), which led to the dissolution of calcite. The RWI samples were 406 

not corrected for TIC because calcite dissolution was suppressed through the common ion effect 407 

caused by the high S:L ratio (~1000 g/L) used in the Ni-ex experiments. However, the corrected 408 

Ca values are still reliable for deriving the Ca occupancies on exchange sites for most of the rock 409 

samples.  410 

From the 184 rock samples investigated only 11 samples could not be analysed for obtaining 411 

reliable cation occupancies. The samples BUL1-1-845.05 (with 98 wt.% calcite), STA2-1-960.43 412 

(with 88 wt.% dolomite) and BOZ1-1-808.61 (with 97 wt.% anhydrite) contain no clay minerals 413 

and consequently no CEC or exchangeable cations can be determined. In the samples BOZ1-1-414 

438.20 (61 wt.% carbonates) and BOZ1-1-452.61 (83 wt.% carbonates), the calculated CaEX 415 

values are 2.0 mmol/kg and 0.7 mmol/kg, respectively, and are too low to be reliable. For the 416 

remaining 6 samples, namely BOZ1-1-416.35 (76 wt.% carbonates), BOZ1-1-434.29 (78 wt.% 417 

carbonates) from the JO area and BUL1-1-815.90 (94 wt.% carbonates), BUL1-1-828.17 (94 418 

wt.% carbonates), BUL1-1-840.45 (82 wt.% carbonates) and BUL1-1-851.50 (90 wt.% 419 

carbonates) from the NL area, negative CaEX values are calculated and cannot be treated further. 420 

It is noticeable that most of these samples are calcareous and have a low clay mineral content 421 

(except BOZ1-1-438.20). In summary, the eleven samples mentioned above were considered 422 

unsuitable for inclusion in the calculation of the fractional cation occupancies due to their inability 423 

to undergo the Ca-correction method or by the absence of clay minerals. Conversely, for all other 424 

samples, the determination of the exchangeable cation loadings on the planar sites of the clay 425 

minerals was considered reliable.  426 

3.2.2. Derivation of fractional occupancies (NB values) 427 

The NB values are calculated from the exchangeable cation loadings divided by the CATIONS 428 

as discussed in detail in Section 2.4. Fig. 4 shows along the profiles of the study areas (JO, NL, 429 

ZNO) the NB values for Na, K, NH4, Mg, Ca and Sr. The results from the PSI and RWI samples 430 

(presented with the same symbols for simplicity) are included in Fig. 4. For almost all samples 431 

investigated the following trend in observed: NNa > NCa >> NMg ~ NK >> NNH4 ~ NSr for all study 432 

areas. Only in the carbonate-rich Wildegg, Klingnau and Hauptrogenstein formations in JO where 433 
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salinity is low NCa values are higher than NNa values. Noticeable is that this trend is not observed 434 

for the carbonate-rich Wildegg formation in NL where NNa values are higher than NCa values.  435 

The NNa, NK+NH4 and NMg+Ca+Sr values for all samples from the three study areas are summarized 436 

in the SI and illustrated in the ternary plot (Fig. 5). In this graphical presentation, K and NH4 have 437 

been grouped since their cation exchange behaviour is very similar 𝐾𝑐 ~ 1𝑁𝐻4
𝐾  (De Preter, 1990). 438 

The alkaline-earth cations Mg, Ca and Sr are also grouped since the exchange behaviour against 439 

Na is taken to be the same in this study ( 𝐾𝑐𝑁𝑎
𝑀𝑔

 = 𝐾𝑐𝑁𝑎
𝐶𝑎  = 𝐾𝑐𝑁𝑎

𝑆𝑟   = 5). Fig. 5a illustrates the results 440 

of these three parameters for all the PSI and RWI samples from the Opalinus Clay. Clearly, the 441 

NB values for these samples are closely clustered. A notable observation from Fig. 5a is the 442 

systematic elevation of NK+NH4 values of the PSI samples (represented by closed symbols) relative 443 

to the RWI samples (open symbols). The divergence is due to the fact that the highly selective Cs 444 

yields higher exchangeable K and that the NH4 release in the RWI extraction experiments was 445 

not accounted for. The lower NK+NH4 values are compensated for by higher NNa and/or NMg+Ca+Sr 446 

values since NNa + NK+NH4 + NMg+Ca+Sr = 1. Fig. 5b shows the ternary plot for the three groups of 447 

exchangeable cations for all remaining samples from the units above and below the Opalinus 448 

Clay. The data for these samples show a higher scatter compared to the data presented in Fig. 5a 449 

confirming higher heterogeneities in these formations. The data in Fig. 5 show that the Opalinus 450 

Clay across all three areas has similar fractional occupancies with a limited range in contrast to 451 

the overlying and underlying rock units.  452 

 453 

 454 

 455 

 456 

 457 

 458 

 459 

 460 

 461 
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 462 

Fig. 4. Profiles of the study areas (JO, NL, ZNO) showing representative stratigraphic sections 463 

and the mineralogical data. The formation depths are adjusted to the profiles of BOZ1-1 (JO), 464 

STA2-1 (NL) and TRU1-1 (ZNO). The cation data includes results from Na-Correction method, 465 

Ca-Correction method and the fractional exchangeable cations Na, K, NH4, Mg, Ca, and Sr. 466 
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 467 

Fig. 5. Ternary representation of NNa, NK+NH4 and NMg+Ca+Sr determined for the samples from (a) 468 

Opalinus Clay and (b) the formations above and below the Opalinus Clay for ZNO, NL and JO.  469 

Fig. 6 illustrates the key data for the Jurassic samples in a Füchtbauer triangle (Füchtbauer, 470 

1988) concerning the clay mineralogy and physico-chemical parameters investigated in this study. 471 

The data displayed in Fig. 6 are (i) 2:1 clay minerals (illite+smectite+chlorite end-members) in 472 

wt.%, (ii) Ni-CEC in meq/kg, (iii) NNa, (iv) NK+NH4 and (v) NMg+Ca+Sr. The values presented in Fig. 473 

6 are the average values (with ±standard deviations and the number of samples in parenthesis) for 474 

eight lithological rock types shown in the triangle. The 2:1 clay mineral content of argillaceous 475 

rocks is an important parameter for safety analyses, as it is utilized to calculate the sorption 476 

database (Kd values) for the near-field (bentonite) and far-field field (i.e., Opalinus Clay) 477 

(Baeyens et al., 2014) of the deep geological radioactive waste repository. Besides other 478 

parameters, CEC and exchangeable cation occupancies play a critical role in the geochemical 479 

modelling of interstitial porewater compositions as demonstrated in Section 3.3 for the Opalinus 480 

Clay. 481 

The 2:1 clay mineral content and CEC values illustrated in the Füchtbauer diagram of Fig. 6 482 

show multiple trends as a function of lithology, indicating a relationship between mineralogical 483 

composition and CEC data. Specifically, the 2:1 clay mineral content and CEC values are elevated 484 

in the clay rich lithologies (i.e., claystones, argillaceous marl) and decrease towards clay poor 485 

lithologies (i.e., limestone and silt-/sandstone). 486 
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The fractional cation occupancies of the alkaline-earth metals remain consistently constant across 487 

all end-members, except for silt-/sandstone, which is only represented by two samples. Similarly, 488 

the fractional cation occupancies of the alkaline metals exhibit relatively constant values with 489 

slight variations observed for NK+NH4 and NNa, which are lower in the limestone and silt-/sandstone 490 

units. 491 

  492 

 493 

Fig. 6. Füchtbauer triangle (Füchtbauer, 1988) illustrating the values for 2:1 clay mineral content 494 

(illite + smectite + chlorite end-members), Ni-CEC, and fractional occupancy (average ± stdv, 495 

number of samples) for all samples (PSI and RWI) of this study. Axes of total carbonate (top), 496 

quartz + feldspars (bottom left) and total clay (bottom right) contents are in wt.% and the 497 

lithological types 1–10 according to Füchtbauer (1988) are indicated.  498 

3.3. Porewater calculations for the Opalinus Clay 499 

Based on the parameter values provided in this study and the experimental and modelling 500 

procedure described in previous studies (e.g., Bradbury and Baeyens (1998) and Gaucher et al. 501 

(2006)), a methodology can be employed to estimate simplified in-situ porewater compositions 502 

of argillaceous rocks. The knowledge is important for the long-term safety assessment of 503 

radionuclide (RN) transport as it e.g., impacts RN mobility, barrier performances, corrosion and 504 

degradation, or redox conditions. Here, the focus is on Opalinus Clay because it is the most 505 

important formation for the safety assessment. In addition, we can compare the calculated 506 
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porewater compositions directly with the results from the SQ and AD experiments, which were 507 

determined on Opalinus Clay samples (Kiczka et al., 2023). 508 

The mineralogical and physico-chemical data obtained for the Opalinus Clay across the three 509 

study areas are used in this study, and the averaged parameter values serve as the basis for the 510 

porewater calculations.  511 

3.3.1. Summary of the mineralogical and physico-chemical parameters 512 

Table 3 summarizes the data obtained from Opalinus Clay samples from the three study areas 513 

for 14 PSI and 4 RWI samples from ZNO, 21 PSI and 8 RWI samples from NL and 12 PSI and 4 514 

RWI samples from JO. The experimental data for each rock sample is documented in the SI. A 515 

brief discussion on the selected parameters is given below. 516 

Table 3: Summary of mineralogical and physico-chemical parameters for the Opalinus Clay from 517 

ZNO, NL and JO. The results represent average values (standard deviation) for the data obtained 518 

from all PSI and RWI samples. 519 

 ZNO NL JO 

 MAR1-1, TRU1-1 STA2-1, STA3-1,         BUL1-1 BOZ1-1, BOZ2-1 

Mineralogy [wt.%]  

Clay minerals  58.4 (8.0) 54.2 (10.4) 59.7 (9.4) 

Calcite 8.5 (5.0) 9.2 (6.8) 7.5 (3.9) 

Quartz 21.4 (4.0) 23.0 (6.8) 20.7 (6.1) 

Siderite 2.5 (1.6) 3.6 (2.0) 3.9 (1.7) 

Pyrite 1.0 (0.5) 0.8 (0.6) 0.6 (0.5) 

Cation exchange capacity [meq/kg]  

Ni-CEC 106.9 (13.0) 104.0 (22.0) 114.6 (13.9) 

CATIONS 112.7 (18.3) 109.3 (25.1) 126.6 (20.2) 

Extracted chloride [mmol/kg]  

Cl inventory 4.97 (0.65) 4.38 (0.50) 7.14 (0.74) 1.47 (0.35) 

Water content relative to wet mass [wt.%]  

RWI data 4.84 (0.54) 4.40 (0.74) 5.26 (0.54) 

Equivalent fractional occupancies (NB values) 

NNa 0.417 (0.019) 0.460 (0.036) 0.418 (0.022) 

NK 0.099 (0.021) 0.099 (0.034) 0.110 (0.027) 

NNH4 0.020 (0.001) 0.015 (0.003) 0.019 (0.002) 

NMg 0.154 (0.013) 0.117 (0.015) 0.149 (0.016) 

NCa 0.311 (0.024) 0.308 (0.027) 0.300 (0.012) 

NSr 0.009 (0.001) 0.005 (0.001) 0.007 (0.002) 

Mineralogical composition: The key minerals for modelling the in-situ porewater composition 520 

are clay minerals, carbonates, pyrite and quartz. Table 3 shows a high degree of consistency in 521 

the mineralogical composition of these minerals between the three study areas. The carbonate 522 
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minerals identified include calcite and siderite, while dolomite was identified in only one sample 523 

(MAR1-1 597.66). Although no anhydrite (CaSO4) and celestite (SrSO4) were detected in the 524 

mineralogical analysis of the rock samples, SO4 was extracted from all samples. Aschwanden et 525 

al. (2023) observed that aqueous extractions resulted in much higher levels of SO4 compared to 526 

concentrations measured in SQ or AD experiments. The geochemical modelling in this study 527 

assumes SO4 to be fixed by celestite (SrSO4). This is supported by the fact that porewaters 528 

obtained from SQ and AD are close to celestite equilibrium (Kiczka et al., 2023). Traces of 529 

celestite have also been identified in the Opalinus Clay under the scanning electronic microscope 530 

(SEM). The presence of siderite and pyrite can control the redox and Fe concentrations in the 531 

porewater, but this will not be examined in this study. Quartz was found ubiquitously and fixes 532 

the Si concentration in the porewater. 533 

CEC: Table 3 provides the average Ni-CEC and CATIONS cation exchange capacities of the 534 

Opalinus Clay samples. As previously discussed, CATIONS values obtained from Cs-ex 535 

experiments are slightly higher than those obtained from Ni-ex experiments. However, the 536 

CATIONS values reported in Table 3 are the average of both methods, which may be biased 537 

towards the larger sample batch of PSI. CATIONS for JO are slightly higher than those for ZNO 538 

and NL. However, Ni-CECs as well as CATIONS are consistent, and the averages fall within the 539 

calculated standard deviations for both methods. Since the exchangeable cation occupancies have 540 

been determined using the CATION method, these data will be used in the modelling procedure 541 

(see Table 4). 542 

Chloride inventory: Table 3 Indicates that the Cl inventory of the samples is not uniform and 543 

varies from 1.5 mmol/kg (BOZ1-1/BOZ2-1) to 7.1 mmol/kg (BUL1-1). The Cl inventory of cores 544 

within the JO and ZNO areas is consistent, whereas this is not the case for the area of NL. In the 545 

NL study area, the Cl inventories are similar for samples from STA2-1 and STA3-1 (4.4 546 

mmol/kg), but higher in BUL1-1 (7.1 mmol/kg). Therefore, two distinct porewaters will be 547 

calculated for the NL area, considering the unique characteristics of the porewater in BUL1-1. It 548 

is noteworthy that the Opalinus Clay in BUL1-1 is more deeply buried than in the other boreholes.  549 
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Water content: Table 3 provides the average total water contents relative to wet mass in wt.% of 550 

the samples as determined by RWI. The values range between 4.4 to 5.3 wt.% and are, along with 551 

the accessible anion porosity, key parameters for the determination of the Cl concentrations in the 552 

in-situ porewater.  553 

NB values: The equivalent fractional occupancies exhibit another important parameter and 554 

constrains the porewater calculations. These cation occupancies act as a fingerprint of the 555 

exchange sites of the clay minerals with which the in-situ porewater is in thermodynamic 556 

equilibrium (Bradbury and Baeyens, 1998; Tournassat and Steefel, 2015). An interesting finding 557 

from these data is that the NB values for each analysed exchangeable cation are very similar, with 558 

little variations, across the three study areas (Table 3). There are almost no differences between 559 

the NB values for JO and ZNO whereas for NL there is a slightly higher Na loading compensated 560 

by a slightly lower Mg loading. The exchangeable NH4 (1.5 to 2 %) obtained for the PSI samples 561 

and Sr (0.5 to 0.9 %) obtained either on PSI or RWI samples show the highest variability but are 562 

present at very low loadings. 563 

3.3.2. Porewater model 564 

The key parameters required for calculating a porewater composition and the model constraints 565 

are summarised in Table 4 and are briefly discussed below. The temperature is fixed at 25 °C. 566 

The partial pressure of CO2 is fixed to -2.2 log (bar), which is considered the most representative  567 

in-situ CO2 partial pressure in Opalinus Clay porewaters, according to Wersin et al. (2022). The 568 

CEC values and exchangeable cation loadings (NB values) are fixed according to the data given 569 

in Table 3. For the modelling, the NB values together with CATIONS have been converted in an 570 

equivalent scale in Table 4. The selectivity coefficients used in the geochemical modelling are 571 

taken from Pearson (1998) and are given in Table 4. The selectivity coefficient used for NH4-Na 572 

exchange is identical to that of K-Na (De Preter, 1990).  573 

Water content and Cl concentration: The total water contents (L/kg) in Table 4 are calculated 574 

from the values given in Table 3. Chloride accessible porosity factors (fa) for Opalinus Clay for 575 

ZNO and NL (fa = 0.47) and for JO (fa = 0.31) are taken from Zwahlen et al. (2023). These values 576 

are necessary to correct the total water content to the most representative volume in which Cl 577 
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(mol/kg) is dissolved.  These corrections result in Cl concentrations varying from 0.09 M (JO) to 578 

0.34 M (NL-BUL1-1). The stepwise procedure is illustrated in Table 4 for (i) ZNO (MAR1-579 

1/TRU1-1), (ii) NL (STA2-1/STA3-1), (iii) NL (BUL1-1) and (iv) JO (BOZ1-1/BOZ2-1). The Cl 580 

concentrations are fixed in the four different porewaters calculated in section 3.3.3.  581 

SO4 concentrations: The SO4 inventories of the Opalinus Clay samples exhibit variations ranging 582 

from 2 to 2.7 mmol/kg (see SI). If these inventories were to dissolve in the anion accessible 583 

porewater volumes, the resulting SO4 concentrations would be significantly higher than those 584 

observed in SQ and AD experiments (Aschwanden et al., 2023). Additionally, these SO4 585 

concentrations would lead to precipitation of gypsum/celestite in the in situ porewater. For this 586 

reason, celestite was chosen to control SO4 concentrations in the modelling. The cause of the SO4 587 

excess remains unclear, as discussed in Aschwanden et al. (2023).  588 

Solid phases: The minerals calcite, celestite and quartz were taken to control CO3, SO4 and Si, 589 

respectively.  590 

  591 
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Table 4: Model for Opalinus Clay porewater compositions for JO, NL and ZNO regions. 592 

Parameter Model constraint Parameter value 

JO NL ZNO 

  BOZ1-1, BOZ2-1 STA2-1, STA3-1 BUL1-1 MAR1, TRU1 

T [°C] Fixed 25 

log p-CO2 [bar] Fixed  -2.20  

pH  Defined by pCO2 

CEC and exchangeable cations occupancies 

CATIONS [meq/kg] Fixed 126.6 109.3 112.7 

Na+ [meq/kg] Fixed  52.7 50.1 46.4 

K+ [meq/kg] Fixed 13.9 10.8 11.2 

NH4 [meq/kg] Fixed  2.5 1.6 2.3 

Mg2+ [meq/kg] Fixed 18.8 12.7 17.3 

Ca2+ [meq/kg] Fixed  37.8 33.5 34.5 

Sr2+ [meq/kg] Fixed 0.9 0.6 1.0 

Water content and Cl concentration  

H2O content [L/kg] Fixed 0.0526 0.0440 0.0484 

Cl accessible porosity 

factor (fa) [-] 

Fixed 0.31 0.47 0.47 

Cl inventory [mol/kg] Fixed 1.47 10-3 4.38 10-3 7.14 10-3 4.97 10-3 

*Cl concentration [mol/L] Fixed 0.090 0.21 0.34 0.22 

TIC, SO4 and Si concentrations  

TIC [mol/L] Calcite saturation 

SO4 [mol/L] Celestite saturation 

Si [mol/L] Quartz saturation 

Cation concentrations  

Na+ [molL] Charge balance 

K+ [mol/L] 𝐾𝑐𝑁𝑎
𝐾  = 16 

NH4 [mol/L] 𝐾𝑐𝑁𝑎
𝑁𝐻4  = 16 

Mg2+ [mol/L] 𝐾𝑐𝑁𝑎
𝑀𝑔

 = 5 

Ca2+ [mol/L] 𝐾𝑐𝑁𝑎
𝐶𝑎  = 5 

Sr2+ [mol/L] 𝐾𝑐𝑁𝑎
𝑆𝑟  = 5 

*Cl concentration =
Cl inventory

H2O content  fa
 593 

3.3.3. Porewater compositions for Opalinus Clay from ZNO, NL and JO 594 

Using the methodology proposed by Bradbury and Baeyens (1998) and the model constraints 595 

summarized in Table 4, four different Opalinus Clay porewaters were calculated and the results 596 

are summarized in Table 5. The modelling procedure followed is to hold the Cl concentrations 597 

constant, while the concentrations of SO4 and TIC are regulated by celestite and calcite/pCO2, 598 

respectively. The concentrations of Na, K, NH4, Mg, Ca and Sr in the porewater are determined 599 

by the fixed exchangeable cation loadings on the clay minerals via cation exchange reactions and 600 

the corresponding selectivity coefficients. Ca and Sr are in addition controlled by mineral 601 

equilibrium. The charge balance of the porewater is controlled by Na+. Si concentration is fixed 602 

by quartz saturation. The concentrations of Na, K, NH4, Mg, Ca and Sr in the porewater are 603 

determined by the exchangeable cation loadings on the clay minerals via exchange reactions and 604 
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the corresponding selectivity coefficients, except for Ca and Sr, which are in turn also controlled 605 

by mineral equilibrium. Si concentration is fixed by quartz saturation. Table 5 indicates that the 606 

trend observed for the four porewater compositions representing, BOZ1-1/BOZ2-1 (JO), MAR1-607 

1/TRU1-1 (ZNO), STA2-1/STA3-1 (NL) and BUL1-1 (NL), associated with a decreasing pH (7.3 608 

to 6.9), an increasing ionic strength, IS (0.14 M to 0.40 M), increasing Na, K, Mg and Ca 609 

concentrations, and decreasing TIC and SO4 concentrations. In all porewater compositions, 610 

dolomite and gypsum are undersaturated.  611 

Table 5: Calculated porewater compositions for Opalinus Clay from the three study areas.  612 

Region JO *NL ZNO 

Borehole BOZ1-1/BOZ2-1 STA2-1/STA3-1 BUL1-1 MAR1-1/TRU1-1 

pCO2 log (bar) -2.2 -2.2 -2.2 -2.2 

pH 7.28 7.08 6.94 7.03 

I.S. (M) 0.14 0.26 0.40 0.27 

Elements (M) 

Na  1.04 x 10-1 1.82 x 10-1 2.53 x 10-1 1.67 x 10-1 

K  1.75 x 10-3 2.50 x 10-3 3.50 x 10-3 2.60 x 10-3 

NH4 3.00 x 10-4 3.60 x 10-4 4.80 x 10-4 5.20 x 10-4 

Mg 4.10 x 10-3 7.60 x 10-3 1.44 x 10-2 1.11 x 10-2 

Ca  8.01 x 10-3 1.95 x 10-2 3.63 x 10-2 2.24 x 10-2 

Sr  1.90 x 10-4 3.50 x 10-4 6.70 x 10-4 6.30 x 10-4 

Cl  9.00 x 10-2 2.10 x 10-1 3.40 x 10-1 2.20 x 10-1 
VIS (SO4) 1.90 x 10-2 1.40 x 10-2 9.12 x 10-3 8.20 x 10-3 
IVC (TIC) 2.76 x 10-3 2.00 x 10-3 1.63 x 10-3 1.87 x 10-3 

Si  1.80 x 10-4 1.80 x 10-4 1.80 x 10-4 1.80 x 10-4 

SI of solid phases 

Calcite 0.0 0.0 0.0 0.0 

Dolomite -0.18 -0.29 -0.28 -0.18 

Celestite 0.0 0.0 0.0 0.0 

Gypsum -0.44 -0.32 -0.35 -0.50 

Quartz 0.0 0.0 0.0 0.0 

*For NL two porewaters are calculated since Cl inventories were not the same in the different boreholes. 613 

Figure 7 shows an overview of the molar concentrations of the cations (Na, K, Mg, Ca and Sr), 614 

anions (Cl, SO4 and TIC) and the pH of the porewaters obtained from (i) geochemical modelling, 615 

(ii) SQ and (iii) AD experiments for the four different porewater compositions given in Table 5. 616 

The SQ and AD data, obtained on Opalinus Clay samples from the same boreholes as the samples 617 

used in this study, are taken from Kiczka et al. (2023). 618 
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 620 

Fig. 7. Comparison of Opalinus Clay porewater compositions obtained from geochemical 621 

modelling (: Model), squeezing (: SQ) and advective displacement (: AD) for (a) JO 622 

(BOZ1-1/BOZ2-1), (b) NL (STA2-1/STA3-1), (c) NL (BUL1-1) and (d) ZNO (MAR1-1/TRU1-623 

1). 624 

In the four different porewaters, Na dominates and is approximately two orders of magnitude 625 

higher as K. The sequence of the alkaline-earth metal concentrations in all different porewaters 626 

consistently follows Ca > Mg >> Sr. This very consistent behaviour originates from the similar 627 

fractional cation occupancies of the Opalinus Clay samples as shown in Fig. 5a. The concentration 628 

of the anions also follows a systematic sequence in all porewaters with Cl > SO4 > TIC. The pH 629 

varies from 6.6 to 7.5 for all porewaters with one exception of pH 6 obtained from the SQ 630 

experiments for the BUL1-1 borehole (Fig. 7c).  631 

A major outcome is the good agreement between all porewater compositions obtained by 632 

modelling, SQ and AD. For Na, Mg, Ca and Cl the correspondence is very good. Slightly more 633 

variability is observed for K, Sr, SO4, TIC and pH. The modelled Sr and SO4 concentrations are 634 

systematically higher and lower, respectively, as the experimental data. This systematic difference 635 

may be attributed to the assumption of celestite (SrSO4) saturation in the modelling. The 636 

somewhat greater variation in TIC/pH is likely due to the different approaches applied. In the 637 

model calculations the pCO2 was fixed at 10-2.2 bar and consequently the pH/TIC is impacted by 638 
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this assumption. In the SQ and AD experiments, the carbonate system is more likely influenced 639 

by the experimental conditions.  640 

In summary, the data in Fig. 7 demonstrates a noteworthy consistency among the three different 641 

approaches used and hence provide reasonable estimates of the in-situ porewater composition of 642 

the Opalinus Clay. Moreover, it is important to highlight that the modelling approach used for 643 

calculating in-situ porewater can be extended to any of the lithological end-members shown in 644 

Fig. 6, providing that details of the anion-accessible porosity are available. The study already 645 

incorporates essential and relevant parameters such as mineralogical composition, water content, 646 

Cl inventory, CEC, and cation occupancies, facilitating the applications of this approach to any 647 

of the other lithological units.   648 

4. Summary and conclusions 649 

A mineralogical and physico-chemical characterisation has been carried out on large number 650 

of core samples collected from seven different boreholes from the three study areas (JO, NL, 651 

ZNO) within the Mesozoic cover of Northern Switzerland. The aim of this study was to obtain a 652 

detailed understanding of sorption properties of the formations selected for a deep geological 653 

repository for radioactive waste to determine implications for radionuclide mobility and thus 654 

long-term safety and barrier performance assessments. Evaluating the potential transport 655 

behaviour of radionuclides relies, among others, on the assessment of mineralogy, cation 656 

exchange capacities and the occupancy of exchangeable cations. Furthermore, these geochemical 657 

data enable the determination of the in-situ porewater composition of the rock formations, which 658 

was focused on the Opalinus Clay due to its significance as host rock for the repository. 659 

In this study, the CEC values were derived by four different and independent methods. The use 660 

of a highly selective index cations (Cs+ and Ni-en2+) in concentrations high enough to saturate the 661 

cation exchange sites of the rock samples allows to determine directly the Ni-CEC  662 

and Cs-CEC by measuring the consumption of the index cation. The correlation between both 663 

methods was found to be good. Cs-CEC values tended to be higher than Ni-CEC data due to the 664 

higher K extraction yields obtained from Cs adsorption on illite. The data for the exchangeable 665 

cation loadings for Na, K, NH4, Mg, Ca and Sr of each rock sample were obtained from the Cs 666 
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and Ni-en extraction experiments (PSI and RWI samples, respectively), after correction with the 667 

dissolved anions in the extraction solutions. The sum of the exchangeable cation occupancies 668 

provided a third method for estimating the CEC, i.e.,  CATIONS of the rock samples. A fourth 669 

method for estimating the CEC (Clay-CECCALC) was obtained from a theoretical calculation from 670 

the detailed clay mineralogy, which included illite, smectite, kaolinite and chlorite content, and 671 

the corresponding CEC values of the pure clay minerals.  672 

The study found that clay-rich members, such as claystone and argillaceous marl, have high 673 

CEC values, while clay mineral poor members, such as limestone and silt/sandstone, exhibit the 674 

opposite. A Füchtbauer triangle was used to illustrate multiple trends for a wide range of 675 

lithological rock types, indicating the relationship between clay mineral content and physico-676 

chemical data. On the other hand, the fractional cation occupancies remain constant in almost all 677 

rock samples with clay contents ≥ 20 wt. %. 678 

By combining the mineralogical and physico-chemical data obtained for the Opalinus Clay of 679 

the three study areas, in-situ porewater compositions were geochemically modelled for each study 680 

area. The results were in good agreement with the compositions obtained directly from SQ and 681 

AD methods. 682 

In essence, the integration of mineralogical and physico-chemical data provides a holistic 683 

comprehension of the retardation behaviour of the geological formations targeted for deep 684 

geological repositories.  This forms the foundation for the development of models that can predict 685 

the long-term retardation and migration of radionuclides through the geological. The findings of 686 

this study are therefore significant in advancing the characterization and assessments of 687 

performance of potential repository sites for the safe disposal of radioactive waste. 688 
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