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A B S T R A C T   

Argillaceous rocks are foreseen in many countries as the potential hosts for nuclear waste repositories. The 
knowledge of the chemical composition of the free porewater in these formations is required for the under
standing of the paleo-hydrogeological evolution, for the assessment of radionuclide solubilities and migration 
parameters and for assessing the long-term stability of the technical barrier system. High pressure squeezing and 
advective displacement are two methods that aim at direct sampling of this porewater fraction while minimizing 
experimental artefacts. Within the framework of a recent deep drilling campaign in Switzerland, targeting the 
Opalinus Clay as the designated host rock, a substantial dataset of porewater compositions was obtained by these 
two methods. It included 51 squeezing and 30 advective displacement experiments on drillcore samples from the 
Opalinus Clay and confining units distributed over 8 boreholes in 3 study areas. Porewater compositions ob
tained by either method reflect the geochemical characteristics of each siting region, such as different salinities 
and water types as well as depth gradients informing on the diffusive exchange with bounding aquifers. An in 
depth comparison of the Opalinus Clay porewater compositions obtained by both methods shows a high degree 
of consistency with regard to the ion ratios or mineral equilibria. The pH/pCO2 system was found to be prone to 
experimental artefacts, but applying a correction, a fairly consistent dataset was obtained. Porewaters acquired 
by squeezing exhibit systematically lower salinities by 10–40% when compared to those from advective 
displacement. It is concluded that this is due to the mobilization of a higher fraction of an anion depleted 
porewater, either due to the higher mobilization of water from the diffuse layer or due to the expulsion of water 
from interlayer (-like) pores. The comparison with a geochemical model indicates that the experimental data 
from both methods can be considered as proxies for in-situ major-ion porewater compositions. It also confirms 
the robustness of the geochemical model predicting porewaters of the Opalinus Clay and confining units. Dif
ferences between in-situ, sample storage and extraction temperatures need to be taken into account when 
interpreting the porewaters obtained by either method and modelling in-situ porewater compositions. 
Combining different laboratory and analytical methods for porewater investigations in clay rocks provides an 
added value as it enables a detailed assessment of natural heterogeneities and experimental uncertainties.   

1. Introduction 

Argillaceous rocks are foreseen in many countries as the potential 
hosts for nuclear waste repositories (Altmann et al., 2012), due to their 
generally low permeability, favourable radionuclide retention proper
ties and high self-sealing capability (Horseman et al., 1996). These 
properties, unfortunately, render the characterization of porewater 
geochemistry and transport properties difficult and time-consuming, as 
the porewater is not easily accessible for direct analysis (e.g. Pearson 

et al., 2003). The porewater composition and transport properties in 
clay-rich rocks are further affected by the negatively charged surfaces of 
the clay minerals. The repulsion of anions from the negatively charged 
clay surface leads to an anion exclusion effect in a part of the porosity 
and this can be described with a diffuse double layer (Sposito, 2004) or 
Donnan (Gimmi and Alt-Epping, 2018) approach. In principle, both 
approaches distinguish two porosity domains, containing an 
anion-depleted porewater and a charge balanced porewater, termed free 
porewater in the following. The two domains are at thermodynamic 
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equilibrium with species having equal potentials. The free porewater is 
considered to be additionally governed by mineral equilibria (Pearson, 
1999). Thus, the free porewater composition is key to understanding the 
local porewater chemistry with respect to its hydrogeochemical evolu
tion and spatial variability. It is further required for the investigation of 
the fate of radionuclides ultimately released by the waste or of the 
evolution of materials in the repository environment either by 
well-designed experiments or geochemical modelling. Given the 
complexity of the a priori unknown porosity distribution (see also 
Zwahlen et al., 2023) classical methods targeting the bulk porewater 
composition such as aqueous extraction do not directly provide the 
anion concentrations in the free porewater. The interpretation of reac
tive components including sulphate (Aschwanden et al., 2023b), inor
ganic carbon or cation compositions, in those experiments is further 
complicated by the presence of large reactive mineral surface areas, 
including the clay exchanger. Good estimates of free porewater com
positions in clay rocks have however been obtained by the combination 
of different experimental approaches (aqueous extraction, cation ex
change experiments, water content measurements, mineralogy, diffu
sion experiments), combined with geochemical modelling (e.g. Gaucher 
et al., 2009; Lerouge et al., 2020; Pearson et al., 2011). 

Techniques allowing for a direct sampling of the free porewater in 
low-permeability rocks are limited, demanding and prone to experi
mental artefacts, such as oxidation and degassing. Besides long-term in- 
situ sampling in rock laboratories (Pearson et al., 2003; Vinsot et al., 
2008a), high-pressure squeezing (Fernández et al., 2014; Mazurek et al., 
2015; Wersin et al., 2016) and advective displacement techniques 
(Grambow et al., 2014; Mäder, 2018; Mäder and Waber, 2017b) have 
been developed. These methods mobilise a portion of the total pore
water and it is assumed that this water provides a good approximation of 
the composition of the free porewater. In porewater squeezing large 
uniaxial stresses are applied to a rock sample confined in a squeezing cell 
to compress the rock skeleton and to displace a fraction of the porewater 
outwards into syringes. The technique of advective displacement applies 
a large hydraulic gradient to a confined drillcore sample, using an 
artificial porewater to displace the in-situ porewater to a sampling sys
tem. Extending the duration of advective displacement and using tracers 
also permits the quantification of multi component transport properties. 
The squeezing technique has already produced a substantial dataset of 
porewaters from bentonites (Fernández and Villar, 2010; Muurinen and 
Carlsson, 2007), from weakly consolidated clay rocks (De Craen et al., 
2004a; Falck et al., 1990), and from clay rocks with a higher degree of 
consolidation and reduced water contents as low as 3 wt% (Fernández 
et al., 2014; Mazurek et al., 2015). In contrast, few experiments were 
performed with the advective displacement method (Grambow et al., 
2014; Huclier-Markai et al., 2010; Mäder and Waber, 2017a; Mäder 
et al., 2004). Mäder (2018) reported two long-term advective 
displacement experiments, providing a detailed method description and 
insights into anion-specific transport properties and process 
understanding. 

Between 2019 and 2022, Nagra, the Swiss National Cooperative for 
the Disposal of Radioactive Waste, performed a deep drilling campaign 
targeting the Opalinus Clay along the northern margin of the Swiss 
Molasse Basin as the potential host rock (Mazurek et al., 2023). In this 
context, the squeezing and advective displacement techniques were 
applied to rock samples from the Jurassic and Triassic profile sections of 
eight boreholes in three study areas. A unique dataset pertinent to the 
chemical composition of the porewater was obtained (59 squeezing and 
33 advective-displacement tests). It illustrates the spatial distribution of 
porewater compositions and provides anchor points for the under
standing of natural tracer profiles and the hydrogeological evolution of 
the system (Wersin et al., 2023). A comparison of porewater aliquots 
obtained by these two sampling procedures in combination with 
geochemical modelling identifies method-related challenges and 

provides insights into the representativeness of the sampled porewater 
aliquots for laboratory and in-situ conditions. The combined assessment 
of the natural variability and method related uncertainties forms the 
basis for the overall evaluation of porewater composition relevant for 
radionuclide solubilities, speciation and retention in performance 
assessment calculations, the stability of the barrier system and the dy
namics of the geological system. 

2. Geological setting 

A detailed description of the geological setting and on the 
geochemical investigation program is provided by Mazurek et al. 
(2023). Briefly, nine deep boreholes penetrating the Mesozoic sedi
mentary sequence of central northern Switzerland were drilled in three 
study areas and provided more than 6 km of drillcore material (Fig. 1). 
The most western area Jura Ost (JO), with the boreholes Bözberg-1-1 
(BOZ1-1) and Bözberg-2-1 (BOZ2-1), the central area of Nördlich Lägern 
(NL) with the boreholes Bülach-1-1 (BUL1-1), Stadel-2-1 (STA2-1), 
Stadel-3-1 (STA3-1) and Bachs-1-1 (BAC1-1) and the most eastern area 
Zürich Nordost (ZNO), with the boreholes of Marthalen-1-1 (MAR1-1), 
Trüllikon-1-1 (TRU1-1) and Rheinau-1-1 (RHE1-1). With the exception 
of Rheinau-1-1, substantial geological and geochemical datasets were 
obtained for each borehole. 

The investigation program for porewater composition by the AD and 
SQ methods focused on the Opalinus Clay and its confining units, the 
latter including the underlying Lias (Staffelegg Fm.) and formations of 
the Dogger above the Opalinus Clay (denoted as D.A.O. in the 
following). The 100–120 m thick Opalinus Clay is the most clay-rich unit 
(clay minerals: 57 ± 10 wt%) and is laterally continuous with only 
minor facies changes, and was therefore displaying similar characteris
tics in all boreholes. The center of the Opalinus Clay is located at a depth 
of 500–600 m in study area JO, 850–950 in NL and 600–900 m in ZNO. 
The underlying Lias has a rather uniform thickness of 35–44 m but 
shows a large vertical heterogeneity with interstratified claystone-marl- 
limestone-sandstone units. The D.A.O. is heterogeneous in both the 
vertical and horizontal dimensions, encompassing mainly claystones, 
marls and limestones, with less frequent sandy lithologies. The clay 
minerals of the Opalinus Clay and its confining units include illite, 
predominantly illite-rich illite/smectite mixed layers, kaolinite, chlorite 
and chlorite-rich chlorite/smectite mixed layers. Detailed mineralogical 
and lithostratigraphic profiles are documented in Mazurek et al. (2023). 

3. Methods 

3.1. Sampling and sample preservation 

In total 59 and 33 drillcore samples were processed for SQ and AD 
experiments, respectively. These were distributed across the clay rich 
units of 8 boreholes in the 3 study areas, whereof 51 (SQ) and 30 (AD) 
originated from the Opalinus Clay and the confining units and are dis
cussed here. In the sample selection procedure, preference was given to 
rather homogenous, unfractured drillcore samples displaying few local 
heterogeneities, such as larger pyrite or siderite lenses, or macro-fossil 
accumulations. These heterogeneities were detected on-site by photo- 
scanning and in case of AD samples supplemented by X-ray computed 
tomography (CT) scans. Note that for both the SQ and AD techniques, 
mainly clay-rich lithologies (>30 wt% clay minerals) were sampled from 
all geological units because of their higher porosity and therefore a 
better chance of successful porewater extraction. The drillcore samples 
of 9.5 cm in diameter and ~20 cm length were cleaned on-site from 
drilling fluid and preserved from oxidation and evaporation by layers of 
vacuum-sealed polyamide/polyethylene and plasticized aluminium 
bags within approximately 20 min after core retrieval. Samples were 
stored at 4 ◦C until preparation for AD and SQ experiments. Tests using 
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preserved samples from older boreholes indicated that the multiple 
sample wrapping and subsequent cold storage successfully prevented 
oxidation and evaporation, based on the fact that SO4 contents and 
water-isotope compositions measured on these samples were near- 

identical to those obtained from adjacent samples analysed shortly 
after drilling several years before. Storage time for AD samples was, with 
few exceptions 1–6 weeks. SQ samples were shipped to CRIEPI, Japan, 
for high pressure squeezing, which increased the time between drilling 

Fig. 1. Geological-tectonic map with locations of study areas and boreholes (adapted from Madritsch (2015)).  

Fig. 2. Schematic of the squeezing (a) and advective displacement (b) apparatus. Re-drawn from Mazurek et al. (2015) and Mäder (2018).  
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and sample preparation to 3 weeks to a few months. The cooling chain 
was maintained during transport and storage. 

3.2. Squeezing experiments (SQ) 

In the squeezing technique, a piston applies pressure perpendicular 
to the bedding in order to retrieve porewater from the saturated rock 
samples. The squeezing tests of the present study were performed at the 
Central Research Institute of Electric Power Industry (CRIEPI), Japan, 
following the procedure detailed in Mazurek et al. (2015) and sketched 
in Fig. 2a. Briefly, a multi-facet prismatic rock sample obtained by dry 
cutting of the drillcore sample was inserted into the squeezing chamber 
of 5 cm diameter and 10 cm height. Fiberglass filters (Whatman GF/B 
1.0 μm, 47 mm diameter) were attached to the upper and lower sample 
surfaces. Within about 10 min after the onset of the initial squeezing 
pressure most of the gas phase from the dead-volume was expelled and 
water filled the capillary tubes leading to the sampling syringes on both 
ends of the chamber. At this point, the air was removed from the sy
ringes and the first water aliquot was sampled. First water aliquots were 
typically obtained at 200 MPa (38 out of 59 samples), while for some 
samples higher pressures of 300 MPa (13 samples), 400 MPa (3 samples) 
and 500 MPa (5 samples) were required. These latter samples were 
characterized by a low water content of <4 wt%, typical for samples 
with a lower clay content (see Mazurek et al. (2023) for the correlation 
of clay and water contents). Collection of the first water sample was 
finalized after 2–8 days if obtained at 200 MPa but extended up to 19 
days for samples that required higher pressures before yielding water. 
The sample mass obtained at the first successful pressure amounted to 
0.13–2.9 g, corresponding to 1–12% of the total porewater of the rock 
samples. One to three additional porewater samples were obtained by 
increasing the pressure in intervals of 100 MPa with a standing time of 
2–3 days at each step, resulting in a total squeezing time of around 
10–20 days per sample. Porewaters sampled at each pressure step in the 
top and bottom syringe were combined in glass bottles, stored at 4 ◦C 
and then sent to University of Bern, for chemical analysis. 

3.3. Advective displacement experiments (AD) 

Advective displacement (AD) experiments were performed at the 
University of Bern, applying the set-up described in detail by Mäder 
(2018) and RWI (2020) and depicted in Fig. 2b. The principle relies on 
the advective displacement of the sample porewater by an artificial 
porewater (APW) applying a large hydraulic gradient to a confined rock 
sample while keeping the rock texture intact. The APW was spiked with 
a water tracer (2H), was free of Br− , and exhibited a similar but still 
distinct composition as the expected sample porewater in order to trace 
the breakthrough of the APW and to characterize water and solute 
transport (Tables SI–1). A central cylindrical drillcore segment of 
approximately 8 cm in length and diameter was obtained by dry cutting 
and subsequent machining on a lathe to remove the potentially 
contaminated outermost layer. The AD sample cores were sandwiched 
between two filter discs and titanium adapters and wrapped in Teflon 
tape and a double layer of latex-sleeves (Model 28-WF4075, 
Wykeham-Farrance) to separate the core from the confining fluid (1:1 
mix of tap and deionised water). A confining pressure of around 6 MPa 
was maintained throughout the experiments by pressurizing a supply 
tank with Ar that remained connected to the pressure container via steel 
tubing. This set-up was - after several experiments - suspected to allow 
gas, vapour and potentially microorganisms to migrate from the 
confining fluid into the core. Thus, later samples were additionally 
wrapped by elastic electric tape and a rather sturdy cold-shrinking tube 
(3 M Kaltschrumpfschlauch 8430.9, EPDM, 93.7/42.6/229). The APW 
was injected via a PEEK-capillary through the Ti-headpiece from the 
bottom applying infiltration pressures of a 4.5–5.0 MPa by pressurizing 
the APW tank with He. Depending on the sample length, hydraulic 
gradients of 5′000–7′000 mH2O/m (50–70 MPa/m) were applied. The 

exfiltrating fluid was passed via PEEK capillaries through an electric 
conductivity cell (Metrohm) before it was collected in the sampling 
syringes (polypropylene syringes with rubber seals, ethanol washed). 
The time from starting the infiltration at the bottom and collection of the 
first sample at the top strongly depended on core permeability and 
varied between 1 and 20 days (approx. 1 week for the Opalinus Clay). 
The early exfiltrating porewater was sampled and analysed in aliquots of 
0.5–3 g. A small initial aliquot (~0.3–0.5 g) was discarded because the 
composition of the porewater close to the surface of the core sample 
might be affected by evaporation during sample preparation or by very 
near-surface oxidation. The early porewater samples (1 discarded and 2 
analysed) were in most experiments obtained in 9–40 days of displace
ment and corresponded, including the discarded volume, to 3–16 % of 
the total porewater in the core sample. A detailed listing of the experi
mental set-up (wrappings, filters), conditions (confining and infiltration 
pressures) and sample characteristics (time until first fluid drop) is 
provided for each experiment in the Supporting Information 
(Tables SI–2). 

3.4. Analyses of squeezed and displaced porewater aliquots and rock 
samples 

Major ion analyses of SQ and AD aliquots were performed at the 
University of Bern, Switzerland, following the procedures detailed in 
RWI (2020). AD aliquots were diluted gravimetrically shortly after 
sampling of a syringe, whereas SQ aliquots were sealed and shipped 
from CRIEPI (Japan) to Bern, before dilution and analysis. Given the 
filtration in the squeezing and advective displacement devices, no 
additional filtration step prior to sample dilution was performed. 

Cations (Na, K, NH4, Ca, Mg, Sr) and anions (F, Cl, Br, NO3, SO4) 
were analysed by a Metrohm 850 Professional IC. This was done for 
cations with a Metrohm Metrosep C4-150/4.0 separation column (Nr. 
6.1050.420) and an eluent of 1.7 mM HNO3– and 0.7 mM dipicolinic 
acid and for anions with a Metrosep ASupp7-250/4.0 column (Nr. 
6.1006.630) and a 3.6 mM Na2CO3 eluent. For selected ions (Sr, Ba, Fe, 
Si) the ICP-OES technique was applied, using an axial ICP-OES Varian 
720 ES. Total dissolved inorganic carbon (TIC) and dissolved organic 
carbon (TOC) were measured by infrared spectrometric techniques 
(Analytic Jena Multi N/C 2100 S with NDIR-detector). TIC was 
measured directly after oxidation of the dissolved inorganic C to CO2 
using 10% phosphoric acid (p.a., Merck) and TOC was determined as the 
difference to the total carbon (TC) as determined by thermocatalytic 
oxidation of the solution at 750 ◦C and oxidation of all carbon using a 
platinum catalyser and oxygen. The δ2H values were analysed using a 
Picarro L2120-i cavity ring down spectrometer (CRDS) with vapor
isation module V1102–I as described by Aschwanden et al. (2023a). To 
account for small sample volumes, micro-sample inserts of 100 μL were 
used. 

The pH of AD samples was measured in-line, by temporally diverting 
the normal sampling path to an in-line pH flow-through cell and on a 
small sample aliquot (50–100 μl) directly after sampling a syringe. Both 
measurements were done with an Orion ™ Ross glass combination micro 
pH-electrode 8220BNWP with either an Orion Versastar pH-meter 
(laboratory) or a JUMO Ecottrans pH transmitter (in-line) connected 
to a data acquisition system. The same electrode was applied for the pH 
measurement of SQ aliquots, however, after longer sample storage due 
to the transport from Japan to Switzerland. 

Water content (gravimetric water loss at 105 ◦C) was determined on 
sample discs cut adjacent to the SQ and AD sample. Bulk and clay 
mineralogy (powder X-ray diffraction) were quantified for adjacent 
(AD) or post-experimental (SQ) material. Exchangeable cations and 
cation exchange capacity (Ni-en method, Solid/liquid ration ~1:1, 
anaerobic conditions) were measured for samples adjacent to AD ex
periments, only. The entire sample workflow and all methods are 
described in detail in RWI (2020). 
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4. Results and discussion 

4.1. Evolution of porewater composition in SQ and AD experiments 

For the SQ experiments, the major-ion composition of waters 
squeezed at the lowest pressure step is provided in Tables SI–3, whereas 
those at higher pressure steps can be found in the respective data report 
(see Supporting Information for a list of references). The porewater 
chemistry of water samples obtained at increasing pressure steps show a 
characteristic evolution, as already observed and discussed in detail by 
Mazurek et al. (2015) for a set of comparative squeezing experiments 
from the Opalinus Clay and confining units of the deep borehole of 
Schlattingen, Northern Switzerland. Ionic strength, dominated by Na+

and Cl− in this study, decreases with sequential squeezing at increasing 
pressure. At each squeezing step, the expelled porewater is however 
more saline compared to the bulk porewater remaining in the clay, as 
evidenced by tracking the chloride mass balance. Generally, the con
centrations of the monovalent ions (Cl− , Br− , Na+ and K+) decrease, 
which was previously attributed to ion filtration, whereas those of Ca2+, 
Mg2+ and SO4

2− tend to remain constant or even increase, due to the 
increasing mineral solubilities at higher pressure (Mazurek et al., 2015). 
The first water aliquot is considered to be close to the free porewater 
composition of the sample (for discussion see Mazurek et al. (2015)). 

For the AD experiments, the composition of the first 2 analysed ali
quots is provided in the Supporting Information (Tables SI–4). It is ex
pected that the early aliquots show a constant chemical composition, as 
they are not yet affected by the advective or diffusive breakthrough of 
the injected APW (Mäder, 2018). However, this is not the case for all 
samples and in several experiments from NL and ZNO an apparent im
mediate evolution towards the less saline APW was observed. The exact 
reason for this is not resolved at the present stage and could be related to 
some disturbances at the surface of the sample. A rapid admixing of the 
infiltrating APW via diffusion or advective flow in preferential pathways 
cannot be excluded either, although the evolution of the water tracer 
added to the APW (2H: 100‰ VSMOW) gave no indication for a sig
nificant APW contribution. The difference between the first and second 
analysed aliquot however remained within 10% for most samples and 
major ions, without any clear dependency on sampling time. Therefore, 
the average of the two first sampled aliquots was considered as the best 

approximation of the free porewater. 

4.2. Porewater composition of AD and SQ samples 

4.2.1. Regional characteristics 
The lateral and vertical distribution of the free porewater composi

tion in argillaceous rock sequences such as the Opalinus Clay and its 
confining units inherits a signature of the past hydrogeochemical evo
lution. Its interpretation requires representative and well-constrained 
porewater compositions, which reproduce the natural variability 
beyond experimental uncertainty. Fig. 3 displays the major ion con
centrations in the porewater samples from the Opalinus Clay and the 
confining units, obtained by SQ (lowest pressure step) and by AD 
(average of the two early aliquots). The porewater compositions derived 
by both methods consistently reflect the characteristics of the three 
study areas and geological units. Porewaters in NL and ZNO are of a 
Na–Cl type with a similar salinity, whereas the porewaters of JO are 
more dilute and of a Na–Cl-(SO4) type according to the classification 
scheme of Jäckli (1970). Table 1 provides the composition of selected 
Opalinus Clay porewaters in the 8 boreholes as determined with AD and 
SQ on rock samples of comparable depth and sample characteristics. 
Between the three study areas, Cl concentrations in the free porewater of 
Opalinus Clay vary by a factor of 4–7, reflecting local hydrogeochemical 
controls such as the proximity of the aquifer infiltration zone in the 
comparable shallower JO region or the remaining impact of deep salt 
dissolution in the SE of NL (Wersin et al., 2023). 

The geochemical depth profiles of Cl obtained by each of the two 
methods (Fig. 4a) display similar trends, characterized by rather con
stant values across the Opalinus Clay and a salinity decrease within the 
confining units. The most prominent salinity decrease is observed in the 
Lias of the ZNO and slightly less in JO, reflecting the exchange with a 
low salinity aquifer in the Keuper around 15–20 m below the base of the 
Lias (Mazurek et al., 2023; Wersin et al., 2023). The diffusive exchange 
with the aquifer is also manifested in the pronounced increase in the 
SO4/Cl ratios with depth in the Lias of ZNO and JO, while in NL this ratio 
remains close to the ratio of seawater (Fig. 4b). In JO, significantly 
higher SO4/Cl ratios than in NL and ZNO are observed across the entire 
profile, which reflects the diffusive exchange with diluted groundwaters 
in equilibrium with sulphate mineral phases. A detailed discussion of Cl 

Fig. 3. Schoeller plots of porewater compositions obtained by the SQ (blue) and AD (red) methods for the Opalinus Clay, Dogger above Opalinus Clay (D.A.O.) and 
Lias in the three study areas Jura Ost (JO), Nördlich Lägern (NL) and Zürich Nordost (ZNO). 
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depth profiles and the exchange of porewaters with the surrounding 
aquifers, illustrating the context of the AD and SQ data, is provided in 
Wersin et al. (2023). 

Similar trends as for Cl are reflected in the Ca profiles, but the scatter 
is generally somewhat larger (Fig. 4c). While the major regional dif
ference between the profiles from JO and NL/ZNO are well-resolved 
independent of the sampling method, a distinct and systematic offset 
in the solute concentrations between aliquots obtained by AD and SQ 
experiments overprint the smaller regional variability in the ZNO/NL 
study areas. In each borehole, the discrepancy exceeds the concentration 
range encompassed by the small depth gradients within the Opalinus 
Clay described by either method. This precludes small-scale natural 
heterogeneity of the free porewater composition as an explanation for 
the observed differences and indicates inherent differences in the 
porewaters obtained by AD and SQ. 

4.2.2. Method comparison 
The porewater compositions obtained by SQ and AD experiments in 

the Opalinus Clay can be directly compared, given the quite limited 
variability with depth in each borehole. Deciphering and quantifying 
communalities and systematic differences set the basis for an improved 
understanding of the sampled porewaters with respect to potential 
method-related artefacts and sampling characteristics. 

A consistent picture emerges with porewaters from AD experiments 
exhibiting ion concentrations 10–40% higher than respective pore
waters obtained by SQ (Fig. 5a). In 5 out of 7 borehole datasets, the 
offset in Cl concentrations is even more closely constrained to 25–30%. 
Note that the tendency of higher salinity in AD samples versus SQ 
samples is also observed for the adjacent confining units, although less 
evident and consistent due to a generally larger heterogeneity and the 
presence of large vertical concentration gradients particularly in the Lias 
(Mäder and Wersin, 2023; Wersin et al., 2023). In an earlier study 
focused on the Schlattingen borehole, a similar offset for an AD and SQ 
sample from the Opalinus Clay was determined, whereas for two sam
ples from the D.A.O. no systematic picture was obtained (Wersin et al., 
2020). 

Despite the offset in the absolute concentrations obtained by both 
methods, there is a general high consistency in the ion ratios (Fig. 5b). 
The apparent discrepancy in the SO4/Cl ratio in BOZ1-1 and TRU1-1 has 
to be interpreted with care, given the distinct vertical gradient of SO4 
concentrations and SO4/Cl ratios with depth and the small number of 
analyses (Fig. 4). Br/Cl ratios are almost identical in porewater samples 
obtained by both methods and well in line with the large data set ob
tained by aqueous extraction (Wersin et al., 2023). Both anions are 
assumed to be non-reactive and of high relevance for the understanding 
of the provenance and evolution of the porewaters over geological 
timescales. 

A tendency towards higher Mg/Na and Sr/Na ratios in aliquots from 
AD experiments compared to SQ aliquots from the same borehole is 
observed. The contrary is the case for the K/Na ratio, with significantly 
higher values obtained by SQ experiments. Fernández et al. (2014) also 
observed relatively high K concentrations in squeezed samples of Mont 
Terri compared to borehole waters and attributed this to a temperature 
effect on the K selectivity coefficients. Given the comparable tempera
tures prevailing in the AD and SQ experiments, this explanation is 
considered inappropriate at least in the context of the present study. 

4.2.3. Implications for the porosity domains sampled by AD and SQ 
experiments 

In the light of the two distinct mechanisms applied for the mobili
zation of the free porewater from the rock samples, a large hydraulic 
gradient in AD experiments versus the mechanical compaction involving 
shear movements and deformation of the pore space in SQ experiments, 
differences in the composition of the sampled porewater can be ex
pected. In the following, we will evaluate how the observed higher 
salinity in AD versus SQ aliquots and the shift in some cation ratios, in Ta
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particular in K/Na may relate to method specific artefacts and/or 
mobilization of different porewater domains. 

Experimental uncertainties in AD experiments involve potential 
evaporation at the sample surface during the preparation, an early 
breakthrough of the artificial porewater or the intrusion of the confining 
water. While the first process could explain an increased salinity in AD 
versus SQ aliquots, it does not easily explain the observed differences in 
some cation ratios. The admixture of APW or confining water would 
have reduced the salinity in the AD aliquots for samples from NL and 
ZNO, thus indicating even higher concentrations in the free porewater. 

Because the APW contained the water tracer (2H), such an artefact 
related to early APW breakthrough can be excluded. 

The major processes commonly discussed in the context of SQ ex
periments are ion filtration effects and pressure induced mineral disso
lution (Fernández et al., 2014; Mazurek et al., 2015). The latter process 
may be disregarded in the present context, as it would rather increase 
the salinity. Ion filtration effects may become significant beyond a 
threshold squeezing pressure, which is assumed to be specific to each 
rock (lithology, degree of compaction (Fernández et al., 2014)). It may 
thus be suspected that in the present study the threshold squeezing 

Fig. 4. Profiles of Cl concentrations (a), SO4/Cl molar ratios (b) and Ca concentration (c) as obtained by AD (filled symbols) and SQ (open symbols). Depth is given 
relative to the top of the Opalinus Clay (top OPA core depth (m): BOZ1-1:530.28; BOZ2-1: 451.54; BUL1-1: 891.70; STA2-1: 799.67; STA3-1: 779.26; BAC1-1: 808.34; 
MAR1-1: 590.35; TRU1-1:816.42). Hashed area indicates the variable thickness of the Opalinus Clay intersected in the boreholes. Colours distinguish the three study 
areas Jura Ost (red), Nördlich Lägern (blue) and Zürich Nordost (brown). 

Fig. 5. Difference of average concentrations (left) and molar ratios (right) in AD vs SQ experiments in Opalinus Clay porewater for each borehole in the three areas 
JO (red), NL (blue) and ZNO brown). Error bars represent the propagated uncertainty of either the analytical uncertainty or the standard deviation over the Opalinus 
Clay samples. These were evaluated for each method and borehole separately. Whichever was larger for each method was included in the error-propagation. 
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pressure has already been exceeded by the lowest pressure step. For the 
cations, the strongest effect would be expected for K, given its large ionic 
radius, and in consistency with experimental data pertinent to geolog
ical membranes (Hanshaw and Coplen, 1973; Iyer, 1990; Kharaka and 
Berry, 1973; Kharaka and Smalley, 1976). Indeed, K shows the strongest 
decrease with squeezing pressure (4.1). However, the very characteristic 
higher values for K in SQ aliquots compared to AD experiments, speaks 
against this argument and renders ion filtration a less likely explanation. 

Hence, the differences may rather relate to differences in the kine
matic porosities sampled by the two methods, which are not necessarily 
identical to the geochemically free porosity. Fig. 6 sketches the distri
bution of anions and cations with increasing distance from the clay 
surface. The negative charge at the mineral surface is counterbalanced 
by sorbed cations in the Stern layer and by a surplus of cations in the 
diffuse layer (Tournassat et al., 2009). While anions are completely 
excluded from the Stern layer, their concentration increases exponen
tially with distance from the surface (diffuse layer) according to theories 
based on the Poisson-Boltzmann equations. In principle, the ratio of 
divalent/monovalent cations increases towards the negatively charged 
surface (Hedström and Karnland, 2011), whereas no major shift in the 
ratio of cations of the same valence would be expected. In the case of the 
Opalinus Clay and clay rich confining units however, the dominating 
clay minerals are illite-rich illite/smectite mixed layers (Mazurek et al., 
2023), which exhibit sites with a high selectivity for K (Meunier and 
Velde, 2004), thus increasing K at the mineral surface. The thickness of 
the diffuse layer depends on various factors such as the charge density of 
the surface, the charge of the anion and the ionic strength of the pore
water, with the latter being proportional to the Debye length, which 
itself is proportional to 1/√ionic strength of the free water (Tournassat 
and Appelo, 2011). In small pores associated with clay aggregates, 
opposing diffuse layers may overlap and exhibit interlayer (IL) like 
properties, i.e. being largely devoid of anions. Zwahlen et al. (2023) 
estimated for the clay rich rocks of the Opalinus Clay and confining units 
that IL and IL like pores (r < 2 nm) may account for about half of the 
anion depleted porosity domain. In turn, the other half may be associ
ated with larger pores in which the fraction of the volume affected by the 

anion exclusion effects declines with increasing pore size and with 
increasing salinity. 

While the distribution of anions and cations over the porosity 
domain is an intrinsic characteristic of the rock sample, the kinematic 
porosity depends on the extraction procedure. Both, AD and SQ exper
iments involve a pressure driven Poiseuille flow. Due to the interaction 
of water molecules with the clay mineral surfaces two velocity fields 
evolve, a reduced velocity field in the interfacial region and a velocity 
distribution in the bulk water (Sun et al., 2019). Fig. 6 qualitatively 
depicts the flow velocity distributions in SQ and AD experiments, taking 
into account that the overall flow is higher in SQ than in AD experi
ments. It can be envisioned that the higher velocity in SQ increases the 
kinematic porosity as it shears more easily water closer to the clay 
surfaces. In addition, SQ is associated with a reduction in the total pore 
volume and given squeezing pressures above the swelling pressure of 
interlayer pores, a decrease of interlayers and expulsion of almost solute 
free water might contribute as well. In theory, interlayer distance is 
adapted to the lithostatic pressure and decreases when a higher exper
imental confining pressure is applied, which is already the case at the 
first squeezing pressure of 200 MPa. Furthermore, some of the IL like 
pores decrease instantaneously if the confining pressure is increased 
(Hsiao and Hedström, 2017). Both, the shearing-off of a larger fraction 
of the diffuse layer and the expulsion of water from interlayers and 
interlayer like pores, can explain diluted SQ aliquots without larger 
changes in the major ion ratios. While the contribution of the latter 
process is rather independent of the porewater salinity, the mobilization 
of diffuse layer water not only in SQ but also in AD may increase with 
decreasing salinity. A comparison of AD and SQ data with Cl concen
trations obtained by upscaling aqueous extracts with diffusion data, as 
detailed in Zwahlen et al. (2023), indeed suggests a dilution effect in the 
case of the less saline JO samples for both AD and SQ but not for the 
more saline NL/ZNO porewaters. The compression of the diffuse layer 
during the squeezing process may furthermore alter the cation exchange 
equilibrium close to the surface and exchange some of the K from the 
Stern layer on the illite surface with divalent cations, thereby increasing 
the K concentration in the squeezed porewater aliquot. 

4.3. Representativeness of sampled porewaters for in-situ conditions 

In-situ porewaters in clay formations are on the one hand controlled 
by the local hydrogeochemical history constraining e.g. Cl concentra
tions (section 4.2.1) and on the other hand by internal controls, 
including i) the equilibrium with the rock forming minerals such as 
carbonates, silicates and sulphates, and ii) the cation population of the 
exchanger (clay minerals). The internal controls, in particular mineral 
equilibria, depend on temperature and pressure conditions. Porewater 
compositions may thus differ for laboratory (25 ◦C) and in-situ condi
tions, where temperatures at the level of the Opalinus Clay and its 
confining units range from 25 to 40 ◦C and 30–50 ◦C in JO and NL/ZNO, 
respectively. The consistency of experimentally derived porewater 
compositions with these internal controls may constrain the represen
tativeness of the waters for laboratory and in-situ conditions. 

To this end, mineral saturation indices (SI) for the porewater com
positions derived by AD and SQ were calculated with the PHREEQC code 
(v.3.7.3) (Parkhurst and Appelo, 2013) using the Nagra/PSI database v. 
12/7 (Thoenen et al., 2014) for a laboratory temperature of 25 ◦C. 
Additional calculations at in-situ temperature were performed with the 
Thermoddem database (Blanc et al., 2012). A full geochemical pore
water model for the laboratory conditions was applied to compare the 
cation composition expected from cation exchanger data with the ob
tained porewaters (section 4.4). 

4.3.1. Mineral equilibria 
Fig. 7 (top) visualizes the saturation indices (SI) under laboratory 

conditions (25 ◦C) for the major controlling minerals of the samples from 
the Opalinus Clay and confining units. The most dominant feature is a 

Fig. 6. Sketch visualizing the concentration gradients of anions (black) and 
cations (green) with increasing distance from a charged clay surface. Dotted 
lines depict flow velocity distributions (vr) considering a higher average flow in 
SQ than in AD (see text for more information). 
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high oversaturation of all samples with regard to the carbonate minerals. 
For AD samples, SIcalcite of 0.7 ± 0.3 and 0.5 ± 0.3 for the pHlab and 
pHinline, respectively were derived, whereas for SQ samples SIcalcite 
ranges from 0.9 to 1.7. Given the generally fast attainment of the calcite 
equilibrium, this points to a disturbance of the pH/pCO2 system in the 
samples induced by the extraction method and/or storage, which is 
addressed in detail in section 4.3.3. With an adjustment of the pH/pCO2 
system to calcite equilibrium (Fig. 7 bottom), the oversaturation of 
porewaters with regard to the dolomite varieties and to strontianite (SQ 
only) changes to undersaturation. In the case of dolomite under
saturation increases with depth in particular in the study areas NL and 
ZNO (see section 4.3.2). Under the assumption of calcite equilibrium 
and 25 ◦C, porewaters are closer to equilibrium with regard to the or
dered dolomite variety of the Nagra/PSI database (see review of dolo
mite data in Hummel and Thoenen, 2022). 

The SI of gypsum evidences a dissimilarity in porewaters between NL 
and the other two regions (Fig. 7). Porewaters of NL are close to gypsum 
equilibrium (SI -0.2 to +0.2) in particular in boreholes BUL1-1 and 
BAC1-1, whereas the porewaters of JO and ZNO show undersaturation 
that slightly decreases with depth. This is also manifested in the more 
pronounced increase of the SO4/Cl ratio with depth in the latter two 
regions reflecting the diffusive exchange with the underlying Triassic 
aquifers (Fig. 4). All samples are undersaturated with regard to anhy
drite considering the lab temperature of 25 ◦C. However, in some sam
ples from the NL boreholes, in-situ temperatures above the temperature 
of the stability transition from gypsum to anhydrite (around 43 ◦C e.g. 
Serafeimidis and Anagnostou (2015)) prevailed, which need to be 
accounted for when extrapolating the results to in-situ conditions. All 
porewater samples are close the equilibrium with regard to celestite, 
which is consistent with earlier studies for the Opalinus Clay from Mont 
Terri (Fernández et al., 2014; Wersin et al., 2022 and references within) 
and the Schlattingen borehole (Mazurek et al., 2015; Wersin et al., 
2016). Although generally not detected by standard XRD measurements, 
Jenni et al. (2019) found indications for sub-μm celestite grains in two 

samples of the Opalinus Clay from the Schlattingen borehole by spec
troscopic approaches. Within this general picture, a tendency for slight 
undersaturation (SQ) and oversaturation (AD) with regard to celestite is 
observed. In previous studies, the disturbance of the celestite equilib
rium in borehole or squeezed waters was attributed to an increase in 
sulphate caused by the oxidation of pyrite (Fernández et al., 2014; 
Wersin et al., 2020). In the present study, this artefact likely did not 
occur, given the precautions taken to avoid oxidation and also due to the 
consistency of the SO4/Cl ratio between AD and SQ samples (Fig. 4). On 
the contrary, Sr concentrations indicate a small but systematic shift to 
higher values in AD samples, exceeding the generally more dilute SQ 
aliquots (Fig. 5b), for which the reasons are not yet understood. Silica 
concentrations were only determined for AD samples and reflect quartz 
equilibrium. 

4.3.2. Calcite – dolomite equilibria and the effect of temperature 
For most samples, the SIs calculated for the experimental tempera

ture of 25 ◦C, do not show a simultaneous equilibrium of the porewater 
with calcite and dolomite. If both minerals coexist in the clay rock, 
simultaneous equilibria should be attained under in-situ conditions and 
be reflected in the Ca2+/Mg2+ activity ratio according to (Pearson et al., 
2011) 

log

(
aCa2+

aMg2+

)

= 2log Kcalcite − log Kdolomite (1)  

Where K represents the equilibrium constant for the respective pure 
mineral phase. Fig. 8 visualizes the temperature dependency of this ratio 
based on thermodynamic data for calcite and dolomite (corresponding 
to ordered dolomite of the Nagra/PSI database) in the Thermoddem 
database (Blanc et al., 2012). Note that the slope and the position of this 
line might vary if the thermodynamic properties of dolomite in the rock 
deviate from the theoretical values or if solid solution effects become 
significant. If the Ca2+/Mg2+ activity ratios of the AD and SQ samples 

Fig. 7. Box-plots of mineral saturation indices (SI) for AD (red colour scheme) and SQ (blue colour scheme) samples from the Dogger above Opalinus Clay (D.A.O.), 
Opalinus Clay (OPA) and Lias in the three study areas Jura Ost (JO), Nördlich Lägern (NL) and Zürich Nordost (ZNO). Top panel is calculated with TIC and pH as 
measured in the laboratory (for 25 ◦C), whereas bottom panel indicates SI after correcting for outgassing of CO2 until calcite equilibrium (see section 4.2 for further 
explanation). Note the different y-axis scales. In the case of the AD experiments, SI are based on a generic composition obtained by the averaging of the two early 
sample aliquots. It was however assured by individual calculations that the averaging did not induce a bias in the SI. 
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are now plotted according to Tin-situ, two main observations are made: 1) 
the majority of the AD and SQ data fairly well follow the temperature 
dependence of the calcite – dolomite equilibrium, and 2) part of the 
samples, in particular from SQ experiments, deviate from the general 
trend and spread towards higher aCa2+/aMg2+. The first observation 
indicates that simultaneous calcite-dolomite equilibrium for the exper
imental temperature has not been attained. The measured aCa2+/aMg2+

ratios rather reflect the ratio expected for calcite and dolomite equilib
rium at the higher in-situ temperature of up to 50 ◦C, which may have 
been buffered against short term disturbances (temperature changes, 
disturbances of pCO2) via the cation exchanger. Thus, in-situ tempera
tures increasing with depth may provide an explanation for i) the spread 
in the data e.g. between samples from the shallower JO boreholes and 
the deeper NL and ZNO boreholes and ii) for the difference of 
aCa2+/aMg2+ ratios obtained in the present study in comparison with 
earlier data obtained from seepage waters of Mont Terri (Pearson et al., 
2011) or Boom Clay at the Mol site (Wang et al., 2023). In the latter 
studies, in-situ temperatures of 13 and 16 ◦C, respectively prevailed and 
log aCa2+/aMg2+ values between − 0.2 and 0.04 were measured. The 
second observation, a spread towards higher aCa2+/aMg2+ ratios, in
dicates for these samples an evolution of the porewaters towards equi
librium with calcite at colder (lab or cool storage) temperatures (calcite 
dissolution), whereas this is largely impeded for dolomite due to slower 
kinetics or the absence of notable amounts of dolomite (dashed line in 
Fig. 8). Note that SQ samples were generally processed after longer 
(cold-) storage compared with AD samples, which may explain an 
advanced evolution towards the new equilibrium state. Furthermore, 
some SQ samples were obtained by squeezing pressures ≥300 MPa and 
might therefore also be affected by pressure induced dissolution of 
calcite (Mazurek et al., 2015). To which degree the different quantity, 
timing and duration of CO2 loss from AD and SQ samples, contributed to 
the observations remains unclear at present. Pearson et al. (2011) 

observed a positive correlation between the aCa2+/aMg2+ ratios and the 
salinity of the seepage water in the three studied boreholes at Mont 
Terri. A direct dependency cannot not be confirmed with the present 
dataset. 

4.3.3. The pH/pCO2 system 
The coupled pH/pCO2 system is not only one of the most important 

parameters in geochemical systems as it controls the speciation, solu
bility and retention of various solutes as well as the stability of natural 
and engineered solid phases, it is also one of the most challenging to 
determine experimentally. Although AD and SQ experiments allow to 
directly determine pH and subsequently to constrain pCO2 values by 
taking TIC or alkalinity into account, these data require a critical eval
uation with respect to experimental artefacts and the changes from in- 
situ to laboratory conditions with respect to e.g. temperature. 

The pH values measured for AD samples in-line (pHinline) and on 
sample aliquots in the lab (pHlab) span a range of 6.9–7.8 and 7.2–7.7, 
respectively, without any obvious trends with lithology, depth or 
regional setting. Despite the comparable ranges, a systematic shift to
wards lower pHinline values compared with the corresponding pHlab 
values was observed (pHinline-pHlab = avg ± 2⋅σ = -0.15 ± 0.48 pH 
units, Tables SI–4). Partial pressures of CO2 calculated for the pHlab/TIC 
and pHinline/TIC datasets for a temperature of 25 ◦C vary between 10− 2.6 

and 10− 1.4 bar, but remain in most cases below 10− 1.8 bar (Fig. 9). The 
shift between in-line and lab pH and the oversaturation with respect to 
calcite (Fig. 7) indicate some outgassing of CO2 during sampling, storage 
or measurement of the aliquots. Porewaters obtained by SQ are char
acterized by significantly higher pH values of 8.1–9.2, low CO2 partial 
pressure of 10− 3.1 to 10− 4.6 bar (calculated with TIC for 25 ◦C) and, with 
one exception, a supersaturation with regard to calcite (SI > 1). These 
parameters indicate a stronger perturbation of the pH/pCO2 system in 
the squeezed samples compared to AD, as has been observed previously 
within the Mont Terri project (Mazurek et al., 2017; Wersin et al., 2022) 
and to a lesser extent in the SQ study at the Schlattingen deep borehole 
(Mazurek et al., 2015). Generally, this has been attributed to outgassing 
of CO2 during the squeezing process (Pearson et al., 2003; Wersin et al., 
2022), but CO2 loss during sample storage, preparation or pH 

Fig. 8. Ca2+/Mg2+ activity ratios vs. in-situ temperature as calculated with the 
Thermoddem database for AD and SQ samples from the Opalinus Clay and the 
confining units. The solid line indicates the aCa2+/aMg2+ at coexisting calcite – 
dolomite equilibrium as a function of temperature according to eq 1, whereas 
the dashed line represents the aCa2+/aMg2+ in case of fixed calcite equilibrium 
at 25 ◦C and dolomite equilibrium as a function of T. SQ samples with grey 
circles were obtained at ≥300 MPa, black dots indicate samples with dolomite/ 
ankerite below detection limit. Note that for STA3-1 and BAC1-1 no in-situ T 
was determined and the temperature depth profile of the STA2-1 borehole was 
used instead. 

Fig. 9. pH and log pCO2 in SQ (open) and AD samples (filled) for the Opalinus 
Clay and confining units as measured in the lab (grey) and after correcting for 
outgassing of CO2 assuming calcite equilibrium (coloured). 
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measurement might contribute as well in case of aliquots with pCO2 
above atmospheric partial pressure (Pearson et al., 2011). 

Thus, pH/pCO2 values were corrected for a loss of CO2 from the 
system by enforcing calcite saturation by addition of CO2, a procedure 
analogous to that routinely applied to samples of deep groundwaters. 
Note that this approach results in slightly higher pCO2 and lower pH 
values compared to a simple adjustment of pH to calcite equilibrium, as 
was for example applied by Fernández et al. (2014). Generally, after the 
correction a fair consistency in the AD and SQ datasets is obtained, with 
the exception of the samples from JO, where two distinct sample pop
ulations remain within the pH/pCO2 relation (Fig. 9). The derived pH 
and pCO2 values span, with few exceptions, a range of 6.6–7.6 and 
10− 1.4 to 10− 2.7 bar, respectively. The AD samples largely plot at the 
lower pH (6.5–7) and higher pCO2 (10− 1.3 to 10− 2.1 bar) corner of the 
data field. 

Such high pCO2 values are above the range determined by pCO2 
measurements in the gas phase of rock samples from Mont Terri (Vinsot 
et al., 2008a), the Schlattingen borehole (Wersin et al., 2016), the 
Callovo-Oxfordian in the Paris Basin (Lassin et al., 2016; Vinsot et al., 
2008b) or the Mol site (Honty et al., 2022). However, it is consistent 
with the range of pCO2 values determined for expected in-situ temper
atures of ~40–50 ◦C in sedimentary aquifers (Coudrain-Ribstein et al., 
1998) or modelled under the assumption of pH control by different 
silicate mineral pairs for a temperature of 50 ◦C for an Opalinus Clay 
porewater of the Schlattingen borehole (Wersin et al., 2020 and refer
ences therein) and the ZNO-NL area (Mäder and Wersin, 2023). As 
discussed by e.g. Pearson et al. (2011) and Gaucher et al. (2009) silicate 
mineral reactions, namely of kaolinite, illite and chlorite, may exert an 
important control on the pH in clay rocks, but exhibit slow reaction 
kinetics. It may thus be envisioned that the low pH/high pCO2 derived 
here reflects a not yet attained silicate mineral equilibrium for the lab
oratory temperatures. 

Disturbances of the pCO2/pH system may be also linked to microbial 
processes, which, depending on the microbial community and processes 
may increase or decrease the pCO2 (Mijnendonckx et al., 2019). In the 
present study, anaerobic respiration of organic matter leading to an 
increase in pCO2 can be suspected for three AD samples and one SQ 
sample outside of the main sample group. The oxidation of pyrite and 
subsequent acidification and calcite dissolution can however be dis
missed based on the stable SO4/Cl ratios (4.2). 

Despite the rather large uncertainty remaining with these highly 
reactive parameters, little variation of the other parameters is observed, 
due to the high buffering capacity of clay-rich rocks and the resulting 
insensitivity of the major-ion composition to pCO2/pH (Pearson et al., 
2011). 

4.4. Porewater modelling 

Geochemical modelling of porewaters in clay rocks is well estab
lished and has been successfully applied to Opalinus Clay (e.g. Pearson 
et al., 2003; Pearson et al., 2011; Wersin et al., 2016; Wersin et al., 2020 
and references therein) and to other clay rocks, such as the 
Callovo-Oxfordian Formation (Gaucher et al., 2009) and the Boom Clay 
(De Craen et al., 2004b; Wang et al., 2023). The principle is to constrain 
the components of the pore solution with a set of mineral equilibria and 
cation exchange reactions according to Gibbs’ phase rule, besides fixing 
conservative components not controlled by mineral reactions, such as 
chloride. Depending on the purpose of the modelling, these calculations 
may consider laboratory or in-situ conditions in particular with respect 
to temperature. Calculations at laboratory conditions are generally the 
first step when interpreting laboratory experiments or designing artifi
cial porewaters for experiments. Calculations referring to in-situ con
ditions on the other hand are required when interpreting samples from 
borehole waters or when deriving porewater compositions for the pre
diction of radionuclide solubilities and speciation. Here, thermodynamic 
data at standard conditions are applied (25 ◦C, 1 bar) because the main 

purpose of the modelling is the comparison of the cation compositions of 
AD and SQ porewaters with cation occupancies from cation exchange 
experiments determined in the laboratory. 

The concentrations of cations in porewaters are assumed to be con
strained by the exchanger composition, thus by the exchangeable cat
ions, present in much higher concentrations than those in dissolved form 
when normalised to the volume of porewater (Tournassat et al., 2015). 
For the model presented here the cation exchange capacity and 
exchanger composition was obtained from the independent dataset of 
cation exchange measurements via Ni-en extraction on material adja
cent to AD core samples (Marques Fernandes et al., 2023). The relative 
occupancies of the different cations on the exchanger from these Ni-en 
extracts are derived by correcting the measured extracted cations for 
the contribution of dissolved salts. In practical terms, this was done by 
attributing extracted Cl to Na and extracted SO4 to Ca (Marques Fer
nandes et al., 2023). The cation exchange model and selectivity co
efficients used in the calculations were based on Pearson et al. (2011) 
(Supporting Information, Tables SI–5). Calcite, omnipresent in the 
considered formations, and celestite (both minerals exhibit rapid dis
solution/precipitation kinetics) were assumed to be in equilibrium with 
the porewaters (section 4.3.1). On the other hand, dolomite equilibrium 
was not considered although this mineral is present in most considered 
lithologies, because of its sluggish kinetics and the indications of 
dis-equilibrium with regard to this phase in the cores cooled down to 
ambient temperatures for which the model is applied (see section 4.3.2). 
Moreover, gypsum equilibrium was assumed for the BUL1-1 borehole in 
which sulphate concentrations in the porewaters of the Opalinus Clay 
and confining units comply with an equilibrium assumption with regard 
to this phase. 

One uncertainty pertains to the constraints on the pH/pCO2 system 
in such clayrock systems. In general, two different approaches have been 
proposed: (i) adding a set of selected clay mineral equilibria to the 
geochemical model (Gaucher et al., 2009; Pearson et al., 2011) or (ii) 
fixing the pCO2 (usually at − 2.2 log (bar) in the case of Opalinus Clay) 
based on expert judgement (Mäder, 2009; Mäder and Wersin, 2023; 
Pearson et al., 2003; Wersin et al., 2016). Both approaches are disput
able (Wersin et al., 2017). In the approach including clay mineral 
equilibria, uncertainties related to the thermodynamic data of clay 
minerals (e.g.Blanc et al., 2015) and conceptual issues regarding the 
thermodynamic stability of smectite and illite persist (Essene and Pea
cor, 1995; Lippmann, 1982). Moreover, it should be noted that the 
precise chemical composition of the clay minerals (illite, illite/smectite, 
kaolinite, chlorite) is not known for the Opalinus Clay or the confining 
units and that the limited time over which the samples were held at the 
experimental temperature of 25 ◦C, may not allow for clay minerals to 
participate in the fixation of the pH/pCO2 system due to kinetic reasons 
(4.3.3). The second approach is primarily based on pCO2 measurements 
from Opalinus Clay and other clay rocks, such as the Callovo-Oxfordian 
Formation and the Boom Clay (Gaucher et al., 2010; Honty et al., 2022; 
Lassin et al., 2016; Pearson et al., 2003; Wersin et al., 2016). It can be 
considered representative for a temperature range encountered in the 
low temperature environments as those in underground research labo
ratories or surface laboratories (10–25 ◦C) and is adopted here. 

In principle, with the known exchanger composition, the considered 
mineral equilibria and the fixing of pCO2, the system of major ions in the 
porewaters is entirely constrained according to the phase rule (Table 2). 
However, because of the uncertain Sr occupancy on the exchanger due 
to dissolution of celestite and possibly other minerals during Ni-en 
extraction (Wersin et al., 2020, see also Figs. SI–1), its concentration 
cannot be reliably determined and the Sr–SO4 system remains under
constrained (except in the case of the additional constraint of gypsum 
equilibrium). Sulphate concentrations in porewater depend on the one 
hand on equilibrium with celestite and on the other hand on diffusive 
exchange with the bounding aquifers (Wersin et al., 2018, 2020) (sec
tions 4.2.1; 4.3.1). The latter process, in turn, is dependent on the local 
hydrogeological conditions of the site. To overcome this general 
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uncertainty, AD and SQ data were evaluated separately for the three 
study areas in order to explore possible dependencies between relative 
depths, SO4/Cl ratios and exchangeable Sr. The goal was to constrain 
either SO4 or Sr with simple empirical relationships. Thus, for all three 
study areas, area-specific relationships could be derived as detailed in 
the SI (Figs. SI–2), except for the BUL1-1 case where the system was 
constrained by gypsum equilibrium. It should be noted that by adopting 
this procedure, a slight inconsistency was introduced since Sr–SO4 
constrained in this way was based on AD and in particularly SQ data, 
which ideally should be modelled from independent datasets. 

Selected pairs of AD/SQ samples were modelled with PHREEQC and 
the PSI/Nagra database 2012 at 25 ◦C using the corresponding Cl con
centrations of these experiments as input variable. Note that for the SQ 
experiments, for which no Ni-en extraction tests were carried out, the 
same exchanger composition as that from the nearby AD core was 
assumed. Examples of modelled results and their comparison with the 
measured AD and SQ data are shown as Schoeller plots in the SI 
(Figs. SI–3). In general, the match between modelled and measured data 
is satisfactory as illustrated in Fig. 10. Thus, for Opalinus Clay the 
agreement for the major ions Na, Ca, Mg, K and SO4 as well as for Sr is 
within 50% (For Cl, the same concentrations as measured were 
considered). The larger deviation of the TIC concentrations in AD, re
flects the lower pCO2 selected in the model compared with the corrected 
pCO2 values for AD experiments (Fig. 9) and may relate to the not yet 
attained silicate equilibria at the experimental temperature during the 

limited experimental timeframe (section 4.3.3). For the confining units 
(D.A.O. and Lias), the agreement between modelled and measured data 
is also within 50% for most cases, but variations are generally somewhat 
larger than for Opalinus Clay. A closer look at the data indicates a slight 
overprediction of the Ca and Mg levels compared to the AD/SQ data for 
most of the Opalinus Clay samples (in case of the BAC1-1 SQ samples the 
reverse is noted). The difference between modelled and measured data 
for divalent cations is somewhat more pronounced in the case of the 
confining units. The reason for this deviation is not clear. It might be 
related to potentially inaccurate selectivity coefficients in the cation 
exchange model or to the metastable conditions of the carbonate system 
upon changing temperature conditions (section 4.3.2). 

This modelling exercise underlines the importance of taking the in- 
situ temperature and storage/extraction history of samples into ac
count when interpreting pH and pCO2 related parameters. Other major 
components appear much less affected due to the buffering capacity of 
the cation exchanger and the weak temperature dependency of the log-K 
constants of controlling mineral phases. This also applies to the transfer 
of data from 25 ◦C to the in-situ conditions, as recently shown by Mäder 
and Wersin (2023). Reference porewaters (used for safety analysis cal
culations) derived by those authors for the JO and NL/ZNO region for 
25 ◦C and 50 ◦C showed only minor temperature dependency of the 
major ion composition within the temperature range of interest 
(40–50 ◦C). Somewhat larger changes were derived for pCO2, which 
increased by 0.6–0.9 log (bar) and corresponding pH, which decreased 
by up to 0.5 units depending on the Al-silicate assemblage included. 
Wersin et al. (2020) already showed earlier that pressure effects on the 
porewater compositions of Opalinus Clay porewater at the in-situ depth 
can be expected to be very small. 

5. Conclusions 

A large set of AD and SQ experiments was conducted in the frame
work of Nagra’s site investigation program, aiming at the determination 
of the free porewater composition in the clay-rich lithologies. 

The two datasets obtained by these inherently different methods 
yield a consistent picture regarding the commonalities and differences 
between the three study areas, such as a significantly lower salinity in 
the JO area compared to NL and ZNO, or distinct gradients in salinity 
and porewater compositions with depth as controlled by the exchange 
with the adjacent aquifers. Moreover, ion ratios, which are important for 
the interpretation and modelling of the local porewater evolution, show 
a high degree of consistency and thus provide important and robust 

Table 2 
Constraints on component concentrations used for the three siting areas ZNO, NL 
and JO (see text).  

Component ZNO + JO NL without BUL1-1 NL BUL1-1 

Constraint on component concentration 

Cl fixed fixed fixed 
SO4 celestite empirical 

relationshipa) 
gypsum 

CO3,t fixed pCO2 = 10− 2.2 fixed pCO2 = 10− 2.2 fixed pCO2 =

10− 2.2 

pH calcite calcite calcite 
Na fixed exchanger fixed exchanger fixed exchanger 
K fixed exchanger fixed exchanger fixed exchanger 
Ca fixed exchanger fixed exchanger fixed exchanger 
Mg fixed exchanger fixed exchanger fixed exchanger 
Sr empirical 

relationshipa) 
celestite celestite  

a) Relationship detailed in Supporting Information Figure SI-2. 

Fig. 10. Difference of the modelled ion concentrations to those determined experimentally for selected samples from the Opalinus Clay (a) and confining units (b). 
TIC refers to the corrected values as detailed in section 4.3.3. The grey shaded area indicates the analytical uncertainty. 
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anchor points for the interpretation of profiles of natural tracers. Inter
nal controls on the porewater composition, such as equilibrium with 
minerals (e.g. celestite, gypsum in BUL1-1 and BAC1-1) and the cation 
exchanger population are similarly reflected in sample aliquots from 
both methods. 

Besides these consistencies, a systematically lower salinity was ob
tained by SQ when compared to AD. The results of the present study 
indicate that SQ mobilizes a higher fraction of an anion depleted pore
water, either because the higher flow velocity in SQ experiments shears 
more easily water close the clay surfaces, or due to the expulsion of 
water from interlayer (-like) pores due to their collapse in response to 
the squeezing pressure. This method related uncertainty tends to exceed 
the natural heterogeneity within the Opalinus Clay and confining units 
of the NL/ZNO study area, whereas it plays a subordinate role when 
considering the natural variability on a larger regional scale (JO vs. NL/ 
ZNO). Hence, the SQ and AD method may be regarded complementary 
when aiming at a thorough investigation of the porewater composition 
and its natural variability in a regional context. The rather simple and 
established SQ method allows for the acquisition of a large data set, 
providing insights in the spatial variability. The more complex, labour 
intensive and rather unique AD method, on the other hand, may provide 
anchor points to further constrain the ionic strength of the free pore
water, and may provide additional transport properties when extending 
percolation time. 

For some parameters, in particular pH and pCO2, method related 
artefacts were identified. Their influence on overall porewater compo
sition is limited, but saturation indices of carbonate minerals can be 
shifted significantly. Attempts to correct for an obvious outgassing of 
CO2 during the experiments yielded a reasonable consistent picture for 
both methods. Some discrepancies to earlier data suggest some 
remaining imprint of Al-silicate equilibria attained at higher in-situ 
temperatures. Due to the large dataset, a link could be made between 
Ca2+/Mg2+ activity ratios and the in-situ temperature. It indicates that 
this ratio, which reflects the temperature dependent coexisting mineral 
equilibria of calcite and dolomite, may be buffered via the cation 
exchanger against short term disturbances, but tends to be overprinted 
by longer storage at temperatures differing from the in-situ temperature. 
Thus, the work highlights the importance of taking the temperature 
dependency of mineral equilibria and different mineral kinetics into 
account, when interpreting and modelling porewaters obtained in lab
oratory experiments under temperature conditions differing from in- 
situ. The redox conditions, one parameter of utmost importance with 
regard to radionuclide solubility and retardation, could not be deter
mined by either method. Future research and method development is 
thus needed to allow porewater sampling as weakly disturbed by at
mospheric oxygen as possible. 

The good consistency between experimental data and the results of 
geochemical model calculations confirm the robustness of the 
geochemical model in predicting the major ion compositions for Opa
linus Clay porewater, whereas some larger uncertainty remains for the 
clay-rich confining units. In turn, it underlines the suitability of AD and 
SQ samples as proxies for the in-situ porewaters, provided that redox, pH 
and pCO2 are corrected for in-situ conditions by adequate model as
sumptions. Hence, with a combined approach of direct sampling 
methods, additional indirect methods such as cation exchange experi
ments and modelling efforts, methodological artefacts and conceptual 
uncertainties can be revealed and compensated for. This in turn allows 
for a more robust interpretation and assessment of the natural variability 
in terms of the past hydrogeochemical evolution as well as of the fate of 
radionuclides ultimately released into the system. 
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Gautschi, A., Griffault, L., Hernán, P., 2003. Geochemistry of water in the Opalinus 
clay formation at the Mont Terri rock laboratory. Swiss Federal Office for Water and 
Geology Series 319. 

Pearson, F.J., 1999. What is the porosity of a mudrock? Geological Society, London, 
Special Publications 158, 9–21. 

Pearson, F.J., Tournassat, C., Gaucher, E.C., 2011. Biogeochemical processes in a clay 
formation in situ experiment: Part E – equilibrium controls on chemistry of pore 
water from the Opalinus Clay, Mont Terri Underground Research Laboratory, 
Switzerland. Appl. Geochem. 26, 990–1008. 

RWI, 2020. SGT-E3 Deep Drilling Campaign (TBO): Experiment Procedures and 
Analytical Methods at RWI,. University of Bern. Nagra Arbeitsbericht NAB 20-13., 
Nagra, Wettingen, Switzerland.  

Serafeimidis, K., Anagnostou, G., 2015. The solubilities and thermodynamic equilibrium 
of anhydrite and gypsum. Rock Mech. Rock Eng. 48, 15–31. 

Sposito, G., 2004. The Surface Chemistry of Natural Particles. Oxford University Press on 
Demand. 

Sun, Z., Wu, K., Shi, J., Zhang, T., Feng, D., Huang, L., Li, X., 2019. An analytical model 
for transport capacity of water confined in nanopores. Int. J. Heat Mass Tran. 138, 
620–630. 

Thoenen, T., Hummel, W., Berner, U., Curti, E., 2014. The PSI/Nagra chemical 
thermodynamic database 12/07. In: PSI Bericht, Report No.14–.04. https://www. 
dora.lib4ri.ch/psi/islandora/object/psi%3A29731.  

Tournassat, C., Appelo, C.A.J., 2011. Modelling approaches for anion-exclusion in 
compacted Na-bentonite. Geochim. Cosmochim. Acta 75, 3698–3710. 

Tournassat, C., Chapron, Y., Leroy, P., Bizi, M., Boulahya, F., 2009. Comparison of 
molecular dynamics simulations with triple layer and modified Gouy–Chapman 
models in a 0.1 M NaCl–montmorillonite system. J. Colloid Interface Sci. 339, 
533–541. 

Tournassat, C., Vinsot, A., Gaucher, E.C., Altmann, S., 2015. Chapter 3 - chemical 
conditions in clay-rocks. In: Tournassat, C., Steefel, C.I., Bourg, I.C., Bergaya, F. 
(Eds.), Developments in Clay Science. Elsevier, pp. 71–100. 

Vinsot, A., Appelo, C.A.J., Cailteau, C., Wechner, S., Pironon, J., De Donato, P., De 
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