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ABSTRACT

The knowledge of cation exchange parameters is important to understand and model the porewater chemistry in
clayrocks. The Opalinus Clay (OPA) is a well-studied formation in view of its importance as host rock for
radioactive waste repositories, but uncertainties exist regarding its cation exchange parameters, in particular its
selectivity coefficients (K¢). In fact, porewater chemistry models for OPA have so far been based on generic
selectivity coefficients.

Thanks to a recent extensive siting programme, involving eight vertical deep boreholes in northern
Switzerland, a large number of porewater and cation exchange data from the OPA and its clay-rich confining
units could be analysed. Thus, from the combination of porewater compositions (obtained from high-pressure
squeezing and advective displacement), and exchangeable cation data (obtained from Ni ethylenediamine
extraction), reliable selectivity coefficients could be derived. The values for KN/K, KNa/€a gkNa/M8 are consistent
with those obtained in parallel from the Mont Terri underground rock laboratory although the scatter is
somewhat larger in the latter dataset. The derived selectivity coefficients indicate no dependency on ionic
strength or in-situ temperature. Minor differences in K. values between OPA and confining units can be attributed
to differences in clay mineralogy. The validity of a two-site cation exchange model including illite and smectite
for estimating exchangeable Na, Ca and Mg from measured porewater compositions could be shown, while this
simple model underpredicts the share of exchangeable K. The exchangeable cation extraction procedure induces
the dissolution of Sr-bearing minerals whose amount is in the same range as exchangeable Sr, thus not enabling
the derivation of selectivity coefficients for Sr.

Finally, derived selectivity coefficients confirm results of previous studies, thus providing confidence in the
applied experimental and modelling protocols on the one hand and in the outcome of those studies on the other
hand.

1. Introduction

(Tournassat et al., 2015).
Cation exchange is also an important component in modelling of

Low permeability argillaceous rocks (clayrocks) have been gaining
increasing interest in view of their sealing and barrier properties for
engineering applications, such as for gas storage, geothermal energy or
waste disposal (Charlet et al., 2017). Clayrocks with sufficient thickness
are foreseen as host rocks of geological repositories for radioactive
waste, such as the Boom Clay in Belgium (Ondraf/Niras 2001), the
Callovo-Oxfordian (COx) Formation in France (Andra 2005) or the
Opalinus Clay (OPA) in Switzerland (Nagra 2002, 2014). Besides their
sealing properties, these rocks act as efficient sorbent for radionuclides
and as buffer against chemical disturbances (Beaucaire et al., 2004;
Wersin et al., 2020). Regarding the latter function, the high cation ex-
change capacity (CEC) of clayrocks helps to buffer the cation concen-
trations and their shares in the porewater via cation exchange reactions
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porewater chemistry for these rock types (Gaucher et al., 2009; Pearson
et al., 2011; Frederickx et al., 2018). In this context, it is important to
rely on robust cation exchange parameters, such as exchange co-
efficients. These may vary as a function of many variables, such as the
porewater composition, its ionic strength and pH and the nature of the
clay mineral assemblage (McBride 1994; Thellier and Sposito 1989;
Tournassat et al., 2009). Regarding the COx and the OPA, different types
of cation exchange models have been discussed in literature including
single-site and multi-site models based on the Vanselow or
Gaines-Thomas convention or including surface activity species (Pear-
son et al.,, 2003; Tournassat et al., 2007, 2009). For modelling the
porewater chemistry of these clayrocks, it has been shown that a single
site model based on the Gaines-Thomas convention is appropriate (as
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long as the cation compositions do not show strong variations across the
formation) (Tournassat et al., 2007, 2009; Gaucher et al., 2009). In this
convention, an exchange reaction can be described as:

7gAX + zAB © zpBX + zgA (€8]

where A and B are cations in solution with their charges z, and zg and
AX and BX are the corresponding (exchangeable) cations on the
exchanger X.

Under given experimental conditions one can define a conditional
equilibrium constant, usually termed selectivity coefficient, for the ex-
change of A by B:

K&B = NE/NG x afi/afy )

where Np and Np are the charge (or equivalent) fractions on the
exchanger and ap and ag are the activities in solution of cations A and B.

The OPA has been extensively studied in terms of its mineralogical,
geochemical, mechanical and hydraulic characteristics over the last 25
years (Bossart et al., 2017; Mazurek et al., 2023) and can thus be
considered as important reference material for clayrocks serving as seals
or barriers. Regarding cation exchange, a large body of data exists from
the Mont Terri rock laboratory and deep boreholes in Switzerland
(Pearson et al., 2003; Wersin et al., 2020, Marques Fernandes et al.,
2024). Robust data regarding selectivity coefficients for cation exchange
are however lacking. Early attempts were made within the Mont Terri
Project using different cation extraction methods but in view of scatter
in data no selectivity coefficients were recommended (Pearson et al.,
2003). Based on Nickel ethylenediamine (Ni-en) extraction data of one
sample, Bradbury and Baeyens (1998) proposed values for Na-K, Na—Ca,
and Na-Mg selectivity coefficients. Later, Pearson et al. (2011) and
Wersin et al. (2016) applied selectivity coefficients based on values
derived for the COx (Gaucher et al., 2009) in view of lack of reliable data
available for OPA.

Recently, an extensive drilling campaign (termed TBO) has been
carried out in northern Switzerland with the aim to explore the OPA
with regard to its suitability as host rock for radioactive waste disposal
in three siting regions (Mazurek et al., 2023). Within the scientific TBO
programme, a large number of drillcore samples from OPA and its
overlying and underlying low permeability units (so-called confining
units) were analysed for porewater chemistry and cation exchange
characteristics. A large dataset on CEC and exchanger composition could
be obtained using Ni-en and Cs extraction methods (Baeyens and Mar-
ques Fernandes 2022, Marques Fernandes et al., 2024). In parallel,
porewaters were extracted from drillcores by the squeezing and advec-
tive displacement methods leading to a comprehensive dataset on
porewater chemistry (Kiczka et al., 2023).

The intention of this study is to improve the knowledge on cation
exchange parameters and to provide a robust database of selectivity
coefficients for an otherwise well-characterised argillaceous rock
sequence. To this end, the cation exchange and porewater data for OPA
and its confining units generated within the TBO programme (TBO
samples) are analysed. The analysis is complemented with correspond-
ing data on OPA from the Mont Terri rock laboratory (Mont Terri
samples) acquired over the last 25 years (Wersin et al., 2022a).
Regarding cation exchange, the focus is on Ni-en extraction data which
are deemed more appropriate for deriving selectivity coefficients
compared to Cs extraction. The latter extraction method leads to an
enhanced mobilisation of potassium presumably from illitic particles
due to the strong selectivity of Cs for frayed edge sites of illite (Marques
Fernandes et al., 2024). The main goal is to derive selectivity coefficients
of major cations (Na, Ca, Mg, K) for OPA and its confining units based on
TBO and Mont Terri samples and to compare these with previous
datasets of OPA and other clayrock formations. For this purpose, the
data on CEC and exchanger compositions are first summarised before
selectivity coefficients are derived. A further goal is to evaluate effects of
ionic strength and in-situ temperature. Finally, selectivity coefficients to
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be used for porewater modelling are recommended.
2. Materials and methods
2.1. Background information and sample origin

The Opalinus Clay (OPA) is a Mesozoic (Dogger) clay-rich rock that
extends across a large area in northern Switzerland. It is vertically and
laterally homogeneous with a thickness of about 100 m, consisting
predominantly of clay minerals (~35-75 wt.-%), quartz (~10-30 wt.-
%), calcite (~10-30 wt.-%) and feldspar (~1-5 wt.-%) (Wersin et al.,
2020; Mazurek et al., 2023). The clay minerals in the fraction <2 pm
consist mainly of illite, illite/smectite mixed layers and kaolinite,
whereas chlorite contents are subordinate. The overlying unit, termed
Dogger above Opalinus Clay (D.A.O) is much more heterogeneous, both
vertically and horizontally with thicknesses of 80-150 m and consists of
clay-rich lithologies alternating with more calcareous ones. The under-
lying rather thin (~50 m) Liassic unit (Staffelegg Fm.), termed Lias here,
is generally clay-rich but vertically heterogenous and contains lithol-
ogies dominated by marls, sandstones or limestone. Due to their
generally low-permeability character, the overlying and underlying
units D.A.O. and Lias, respectively, are often called confining units. The
clay minerals in these units also mainly consist of illite, illite/smectite
mixed layers and kaolinite, but the share of kaolinite is more variable
and generally smaller than in OPA (Mazurek et al., 2023).

The samples collected from the TBO programme (TBO samples)
include drillcores from the Opalinus Clay as well as from the confining
units. These stem from eight deep boreholes (BOZ1-1, BOZ2-1, BAC1-1,
STA2-1, STA3-1, BUL1-1, MAR1-1, TRU1-1) located in three study areas
(Jura Ost — JO, Nordlich Lagern — NL and Ziirich Nordost — ZNO) within
an area of ~50 x 10 km? at the northern border of the Swiss Molasse
basin (Fig. 1). The Opalinus Clay in this region occurs at depths of
530-950 m below surface (referring to the centre of the formation). In-
situ temperatures depend on depth, ranging from ~30 to ~50 °C in the
OPA.

The Mont Terri rock laboratory is located in NW Switzerland in the
Jura mountains (Fig. 1). It transects the Opalinus Clay which lies within
an asymmetric anticline structure in the Jura fold-and-thrust belt about
300 m below surface (Bossart 2007). The strata dip at angles ranging
from 22° in the north to 55° in the south. In-situ temperatures are around
13 °C.

2.2. Cation exchange experiments

The Ni-en extraction method (Baeyens and Bradbury, 1994; Brad-
bury and Baeyens 1998) is based on the strong adsorption of the Ni-en
complex and the release of the exchangeable cations into solution.
This method has been improved for clayrock samples (Hadi et al., 2019)
leading to a refined experimental protocol (RWI 2020). An important
aspect is the high solid/liquid ratio which minimises carbonate mineral
dissolution during the extraction. The cation exchange capacity (CEC)
can be determined by two ways: (i) by the difference in Ni concentra-
tions in the original stock solution compared to the extract solution and
(ii) by the sum of released cations minus the sum of released anions. In
addition, the exchanger composition and the fractional occupancies of
the cations can be derived. For the latter, the proportion of the cations
needs to be corrected for the contribution of dissolved salts and mineral
dissolution as outlined in Section 2.5.

Extraction of samples from the drillcores of the deep TBO boreholes,
their on-site conditioning and storage before the experiments, was car-
ried out by a standardised protocol (Rufer and Stockhecke 2021) with
the aim to minimise evaporation, oxidation and outgassing. Samples
were prepared for Ni-en extraction by removing the core rim and dis-
integrating the central part of the drillcore sections to 0.5-1 cm sized
fragments. Thirty grams of this water saturated material was added to
30 g of degassed Ni-en solution (leading to a solid/liquid ratio of ~0.9).
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Fig. 1. a) Location of deep boreholes from TBO programme and geological-tectonic map in northern Switzerland; b) Cross-section through the Mont Terri rock

laboratory located in NW Switzerland.
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Suspensions were shaken end-over-end for 24 h in an anaerobic chamber
(95:5 Ny:Hy atmosphere equipped with two Pd catalysts), followed by
centrifugation and filtration through 0.2 pm millipore filters. Analyses of
cations (Na, Ca, Mg, K, Sr, Ni and optionally Ba and Fe) were conducted
with inductively coupled plasma spectrometry (ICP-OES), whereas an-
ions (Cl, SO4, F) were analysed by ion chromatography (IC). The
analytical errors are +7% for Na and Ca, +9 % for Mg, +5% for K, +4%
for Sr and +6% for Ni. Detailed methodological procedures are docu-
mented in RWI (2020).

In the case of the data from the Mont Terri rock laboratory, only core
samples from OPA for which Ni-en extracts were performed at high
solid/liquid ratios were used for determining the cation exchange pa-
rameters. The selection is based on the synthesis study of Wersin et al.
(2022a) and includes investigations of Bradbury and Baeyens (1998),
Waber et al. (2003), Koroleva et al. (2011) and Hadi et al. (2019).
Additionally, four samples reported in Aschwanden et al. (2024) and
Lehmann (2021) were included in the analysis. Note that for most of the
Mont Terri samples no anion analyses of the Ni-en extracts were per-
formed. The information on anions was then taken from the corre-
sponding aqueous extracts, which were performed at a similar S/L ratio.

2.3. Extraction and analysis of porewaters

Porewater was extracted from drillcores of the TBO programme by
the high-pressure squeezing (SQ) and advective displacement (AD)
methods. Prior to extraction, the drillcore samples were conditioned on-
site and stored in the same way as mentioned in the previous section.
The SQ and AD methods are described in detail in Kiczka et al. (2023). In
short: Squeezing of selected cores to extract porewater was performed at
pressures of 200-500 MPa. Here, only the experiments at the lowest
pressure, which are deemed to reflect in-situ conditions most closely
(Mazurek et al., 2015; Kiczka et al., 2023), are used in the analysis. In
the case of AD, a large hydraulic gradient was applied to a confined rock
sample, by which porewater was displaced by artificial porewater
injected from the bottom. The displaced porewater samples with vol-
umes of a few hundreds of pL were collected. After discarding the first
syringe the next two syringes were considered to best reflect in-situ
porewaters and these data are reported here. Water collected from
squeezing and advective displacement were analysed for pH, cations
(Na, K, NH4, Ca, Mg, Sr) and anions (F, Cl, Br, NO3, SO4) with IC.
Analytical uncertainties were +4 % for Mg and NHy, +5 % for Cl and F,
+6 % for SO4, NO3, +8 % for Ca and +10 % Sr.

Regarding Mont Terri porewaters, data from waters sampled in
packed-off boreholes as selected by Wersin et al. (2022a) were consid-
ered. This included both seepage waters (porewaters entering the
borehole via large hydraulic pressure) and diffusively equilibrated wa-
ters (artificial water exchanging solutes with formation water until
attainment of diffusive equilibrium). Analytical errors for major solutes
are reported to be £5% but the overall uncertainty may be higher as
indicated for example from comparison of analyses obtained by different
laboratories (Pearson et al., 2003).

2.4. Mineralogy and water content

The preparation of samples from the conditioned drillcores (see
above sections) involved the rapid removal of rims to obtain uncon-
taminated material from the central part of the core. Water content was
obtained from drying of about 200 g rock chips of a few mm? at 105 °C
until weight constancy. Bulk mineralogical composition was quantified
by a combination of X-ray diffraction and chemical data (S, Cinorg, Corg)-
Clay mineralogy was obtained from X-ray patterns of the <2 ym frac-
tion. Details pertinent to methods and procedures are provided in RWI
(2020). The identification and the quantification of clay mineral phases
was based on oriented powder X-ray diffraction patterns (dry, glyco-
lated, heated). For the quantification of the relative proportions of clay
minerals, a full pattern fit in-house method analogous to the ARQUANT
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approach (Blanc et al., 2007) was used. Absolute clay contents were
calculated by difference (total minus sum of all non-clay minerals). The
identified clay minerals the include illite, illite/smectite mixed layers,
kaolinite, chlorite and chlorite/smectite mixed layers. These are
expressed as endmembers of illite, smectite, kaolinite and chlorite in this
study.

2.5. Data selection and treatment

Ni-en extraction data of TBO samples from the boreholes BOZ1-1,
BOZ2-1, BUL1-1, BAC1-1, STA2-1, STA3-1, MAR1-1 and TRU1-1 have
been reported in data reports (Wersin et al., 2022b; Gimmi et al., 2022;
Mazurek et al., 2021; Gaucher et al., 2023; Aschwanden et al., 2021;
2023; Zwahlen et al., 2022 Mader et al., 2021; Aschwanden et al., 2023).
Cation exchange parameters (Ni consumption, sum of cations, amounts
of extracted Na, Ca, Mg, K and Sr) are listed together with clay-mineral
contents, contents of illite, smectite, kaolinite and chlorite, as well as the
water content in Table Al, Supplementary Material (SM)). Regarding
Mont Terri samples, the corresponding information is shown in Table A2
(SM). Note that for these samples no clay mineralogy data is available.

The CEC can also be estimated based on the amounts of present clay
minerals (illite, smectite, chlorite, kaolinite) contributing to this
parameter (Wersin et al., 2016, Marques Fernandes et al., 2024). For the
calculation of this theoretical CEC (CECc,)c) the reported CEC values of
pure minerals were considered: 225 meq/kg for illite (Baeyens and
Bradbury, 1994), 869 meq/kg for smectite (Karnland et al., 2006), 50
meq/kg for chlorite and 30 meq/kg for kaolinite (Allard et al., 1983).

Porewater chemistry data from TBO samples (SQ and AD waters)
selected for this study are listed in Table A3 (SM). The selected pore-
waters originated either from the same drillcore (many AD samples) or
from drillcores located in the vicinity of the respective cation exchange
sample (usually within 10 m distance, however in a few cases the closest
porewater sample was located up to 40 m away). This resulted in a total
of 60 cation exchange/porewater sample pairs, of which 27 were from
the OPA, 18 from the D.A.O and 15 from the Lias. Regarding the 11 Mont
Terri samples, the porewater composition (Na, Ca, Mg, K, Sr, Cl, SO4)
associated to the cation exchange sample was estimated from the well-
established cationic and anionic profiles across the formation (Wersin
et al., 2022a) as illustrated in Figure A1 (SM). The resulting porewater
compositions are shown in Table A.4 (SM).

In order to derive the exchanger composition and the fractional oc-
cupancies of the exchangeable cations the Ni-en extraction data need to
be corrected for the contribution of dissolved salts and the (potential)
dissolution of minerals during the extraction process. The dissolution of
carbonate minerals (calcite, dolomite) is minimised by the applied
experimental procedure as indicated from the study of Hadi et al. (2019)
and the very low TIC concentrations in the high S/L extracts. Two
correction methods (Bradbury and Baeyens 1998) were applied by
attributing the main dissolved anions (Cl™ and SO‘Z;’) to the main dis-
solved cations (Na® and Ca2+) in different ways. In method 1,
exchangeable Na is derived by correcting total Na with extracted Cl and
SO4, whilst in method 2, both total Na and Ca are corrected by correcting
with extracted Cl and SOy, respectively. In addition, a third correction
method in which the anionic load is distributed among all extracted
cations was tested as discussed in section 3.5. After correction, the cation
occupancies of Na, K, Ca and Mg (equivalent scale) were calculated by
normalising to the dry weight of the rock samples:

Num = [M]/ ZCations 3

Where Ny and [M] are the occupancy (equivalent fraction) and con-
centration (meq/kg), respectively, of Na, K, Ca or Mg and Cations is the
(corrected) sum of exchangeable cations (meq/kg). Note that Sr was not
included to derive the fractional occupancies because of the issue of
mineral dissolution as discussed in section 4.3. In any case, the amount
of extracted Sr was much lower than those of the other cations.
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Table 1
Mean selectivity coefficients and standard deviation for
mation (COx) also shown.

KNa/K gNa/Ca and KN/M8, Selectivity coefficients for illite, montmorillonite and the Callovo-Oxfordian for-

Data type Number KNaM Std-dev KYaM Std-dev KYaM Ref.
of samples Method 1 +lo Method 2 +lo Other data
Na®- > K" all TBO data 60 18.1 +7.0 16.5 +6.0 this work
D.A.O. 18 20.1 +9.4 18.0 +7.6 «“
OPA (TBO) 27 16.0 +5.3 14.9 +4.9 “
Lias 15 19.2 +5.7 17.5 +5.2 “
OPA (MT) 11 18.5 +2.5 17.2 +2.5 «“
Illite 12.9 a
Montmorillonite 4.0 b
COx 17.0 c
Na®- > Ca®" all TBO data 60 9.8 +4.2 7.3 +2.3 this work
D.A.O. 18 11.8 +6.5 8.3 +2.9 “
OPA (TBO) 27 8.5 +2.3 6.9 +1.9 «
Lias 15 9.9 +2.6 6.5 +0.8 «“
OPA (MT) 11 8.6 +1.1 6.5 +2.5 “
Illite 11.0 a
Montmorillonite 2.6 b
COx 4.7 c
Na*- > Mg?" all TBO data 60 9.2 +4.3 7.6 +2.7 this work
D.A.O. 18 10.6 +6.5 8.3 +3.5 «
OPA (TBO) 27 7.9 +2.6 7.0 +2.3 «“
Lias 15 9.9 +2.8 8.1 +2.1 «
OPA (MT) 11 6.2 +1.4 5.3 +1.2 «
Illite 11.0 a
Montmorillonite 2.2 b
COx 6.0 c

2 Bradbury and Baeyens (2009).
b Bradbury and Baeyens (2003).
¢ Gaucher et al. (2009).

Table 2
Comparison of selectivity coefficients (in log-units) for TBO data obtained from different correction methods accounting for the contribution of dissolved salts (see
text).

logK, +lo logK. +1o logK. +lo
Method 1 (NaCl/Na3S0,) Method 2 (NaCl/CaS0,) Method 3 (distributed)
Na® - K+ all TBO data 1.26 +0.17 1.22 +0.16 1.18 +0.16
OPA 1.20 +0.15 1.17 +0.14 1.15 +0.14
CUs 1.29 +0.18 1.25 +0.17 1.21 +0.17
Na + - > Ca*>* all TBO data 0.99 +0.15 0.86 +0.13 0.89 +0.12
OPA 0.93 +0.12 0.84 +0.12 0.86 +0.12
CUs 1.04 +0.16 0.89 +0.13 0.91 +0.13
Na + - > Mg>* all TBO data 0.96 +0.16 0.88 +0.14 0.85 +0.13
OPA 0.90 +0.13 0.84 +0.13 0.82 +0.13
CUs 1.01 +0.17 0.91 +0.15 0.88 +0.13

In order to derive exchange selectivity coefficients the activities of temperature of 25 °C was considered, which is close to the temperature

the respective cations need to be known (see eq. (2)). The activities of of the porewater extraction tests (squeezing, advective displacement).
Na™, Ca?*, Mg?* and K" were calculated from the porewater composi- On the other hand, a temperature of 13 °C was considered for the Mont
tions using the geochemical code PHREEQC (Parkhurst and Appelo Terri samples, which corresponds to the temperature of the borehole

2013) and the thermodynamic database THERMOCHIMIE Version 11 water samples used for the derivation of the selectivity coefficients.
(Giffaut et al., 2014; Rodriguez et al., 2022). For the TBO samples, a

Table 3
Recommended selectivity coefficients (log-scale) and comparison with previously used ones for Opalinus Clay.
Recommended from this study Used previously cox’ Boom Clay®
Na* - K+t 1.2° 1.299/1.4° 1.2 1.5
Na + - > Ca®* 0.8° 0.7%%¢ 0.7 0.9
Na + - > Mg>* 0.8° 0.75%¢ 0.7 1.0
Na + - > Sr*F 0.8 0.79%¢ 0.7

Based on correction method 2 and TBO data.
Assumed to be the same as for Ca®* and Mg?™.
¢ Wersin et al. (2016).

Kiczka et al. (2023).

€ Pearson et al. (2011).

f Gaucher et al. (2009).

8 Frederickx et al. (2018).

a
b

a
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Fig. 2. Cation exchange capacities, shown as sum of cations (left) and Ni consumption (right) for TBO samples (filled) and Mont Terri samples (open). Clay content of
TBO samples shown as orange symbols. Depth data are normalised to the profile of the STA2-1 borehole.

3. Results and discussion
3.1. Cation exchange capacities and cation occupancies

Cation exchange capacities, as determined from the (corrected)
YCations (solid symbols) and Ni consumption (open symbols) are shown
as a function of depth in Fig. 2. The CEC values of OPA samples scatter
around 100 meq/kg without any clear trend. The upper confining unit
(D.A.O.) exhibits a large range in CEC owing to the mineralogically more
heterogeneous character of this unit (Section 2.1). The lower confining
unit (Lias) also show some scatter in CEC values, but these suggest an
increasing trend with depth.

CEC data obtained from the Zcations and from Ni consumption are
consistent as indicated from the good agreement between these two
datasets (Fig. 3 left). This supports the adequacy of the correction pro-
cedure for accounting for the extracted cations not related to the
exchanger (dissolved in the porewater and resulting from mineral
dissolution). However, a closer look reveals that the linear regression to
the TBO data runs parallel, slightly above the 1:1 line. Thus, the CEC
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obtained from Ni consumption is systematically slightly higher
compared to that obtained from ZXcations (although in many cases
within the analytical error). For Mont Terri samples, the trend is less
clear owing to the larger scatter of the data. Higher values for Ni con-
sumption relative to Xcations were also observed in previous studies
(Bradbury and Baeyens 1998; Wersin et al., 2016; Hadi et al., 2019).
Possible reasons for an apparent overconsumption of Ni were suggested
to be (i) formation of polynuclear Ni surface complexes and/or Ni (co)
precipitates and (ii) sorption of Ni* to amphoteric oxide-type surface
sites. The Zcations and Ni consumption data show rather good agree-
ment with the calculated CEC (CECcqc, section 2.5) scattering around
the 1:1 line, whereby Ni consumption tend to plot slightly below this line
(Fig. 3 right). According to CECcqc data, the largest share of the CEC is
provided by illite making up 62% on average, followed by smectite
(32%). The other two clay minerals chlorite and kaolinite thus
contribute only to a minor extent to the CEC. In summary, both Ni
consumption and Zcations data derived from the Ni-en extraction
method are good proxies for the CEC, but the latter is slightly closer to
the calculated CEC.
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Fig. 3. Zcations vs. Ni consumption values (left) and Zcations, Ni consumption values vs. calculated CEC based on clay mineralogy (CEC.qc) (right). Dashed line: 1:1
relationship; dotted line left plot: linear regression. Note that for Mont Terri data no CECcylc can be derived because of lack of clay mineral data.
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Fig. 4. Fractional occupancies of exchangeable cations as a function of depth based on correction method 1 (left) and correction method 2 (right). Closed symbols:
TBO data; open symbols: Mont Terri data. Depth data are normalised to the profile of the STA2-1 borehole. D.A.O. = Dogger above Opalinus Clay.

The exchanger composition, given as fractional occupancies
(equivalent fraction), as a function of depth is illustrated in Fig. 4. The
solid symbols represent TBO data whereas the Mont Terri data are
shown as open symbols. Fig. 4 (left) shows the exchanger composition
based on correction method 1 in which both Cl and SOy are attributed to
Na, leaving the other extracted cations Ca, Mg and K unchanged. The
exchanger composition based on correction method 2, in which Cl is
attributed to Na and SO4 to Ca (leaving Mg and K unchanged) is shown
in Fig. 4 right). Na and Ca are the main cations, followed by Mg and K
irrespective of the correction method. Note that the Na occupancies are
shifted to slightly lower values in method 1 relative to method 2 while
the Ca occupancies are shifted to slightly lower values with the latter
method.

With regard to the TBO data, the exchanger compositions are
remarkably constant across the sampled 200 m thick sequence in spite of
the variable CEC and clay content, in particular in the confining units
above and below the OPA (Fig. 4).

Mont Terri data is similar as TBO data regarding monovalent cations
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Na and K but displays somewhat lower Ca and higher Mg occupancies.
This point is further discussed in Section 3.3. Note that the Mont Terri
data generally display a larger scatter in the Mg occupancies.

The distribution of cations in the porewaters (Fig. 5 left) shows a
mirrored picture of the corresponding exchanger composition, with
near-to-constant ratios across the geological sequence. Conversely, the
ionic strength shows strong variations both laterally and vertically
(Kiczka et al., 2023), as exemplified by the concentrations of chloride
(Fig. 5 right), the main anion in all porewaters. This underlines the
effectiveness of the clay exchanger to buffer the cationic distribution in
the porewater (Wersin et al., 2020). The share of Na in the porewater is
higher compared to the exchanger, indicating the larger selectivity of
the other cations to the clay surface. This is quantitatively assessed in the
following section. Mont Terri porewater data (open symbols) are in line
with the ones from TBO (closed symbols) except for Mg, as discussed in
section 3.3.
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Fig. 5. Fractional occupancies of cations (left) and chloride concentrations (right) in the porewaters as a function of depth. Closed symbols: TBO data; open symbols:
Mont Terri data. Depth data are normalised to the profile of the STA2-1 borehole. D.A.O. = Dogger above Opalinus Clay.
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3.2. Selectivity coefficients

Knowing the exchanger and porewater composition, the latter being
obtained from squeezing, advective displacement and borehole sam-
pling, the selectivity coefficients (K.) for the different cations with
respect to Na* can be derived for each sample pair as detailed in Section
2.5.

The derived mean selectivity coefficients for K, Ca, and Mg for all
samples as well as for the different units (D.A.O, OPA and Lias) from the
TBO samples are listed in Table 1. Overall, no large differences in mean
exchange parameters between the units are noted, but the data spread
varies. Thus, the upper confining unit D.A.O shows the largest spread
(cf. Standard deviation in Table 1), which is not surprising given the
large variation in mineralogy, particularly regarding the clay content
and clay mineralogy. The lower confining unit Lias, which is less het-
erogeneous and generally clay-rich, displays somewhat less spread but
similar mean selectivity coefficients for K, Ca and Mg as the upper
confining unit. The mean selectivity coefficients derived for OPA are
similar but slightly lower than those of the confining units and the range
is generally smaller.

Data from Mont Terri yields selectivity coefficients that are largely
consistent with the ones from TBO. The Mont Terri samples show similar
selectivity coefficients for K and Ca but a somewhat lower one for Mg as
the TBO samples. Variations in exchanger composition are somewhat
larger, especially regarding Mg data. This is perhaps related to slightly
different experimental protocols used for the Ni-en extraction experi-
ments for the Mont Terri samples which were acquired by different re-
searchers over the last 20 years. The TBO data on the other hand was
produced within a fairly short time frame (~3 years) using a refined
protocol based on experiences gained before.

The propagated analytical uncertainty of the K. values is about 10%
for Na-K and about 12% for Na-Ca and Na-Mg selectivity coefficients,
thus in any case lower than the standard deviation (1) on the mean
values shown in Table 1.

The rather subtle differences between the derived selectivity co-
efficients in terms of variability and mean values for the confining units
on the one hand and for OPA on the other are likely related to the more
heterogeneous nature of the former units. Thus, clay content and clay
mineralogy are more variable in the confining units compared to the
rather homogeneous OPA. Fig. 6 shows the variation of the selectivity
coefficient KN¥X as a function of clay content and illite/kaolinite ratio
for the two confining units and the OPA. The scatter in selectivity co-
efficients is largest for the clay-poor lithologies of the confining units,
especially towards higher KY*/X values (Fig. 6 left).

A notable difference between OPA and confining units lies in the
relative share of kaolinite. The former formation displays lower and
constant ratios of illite/kaolinite, thus a higher proportion of kaolinite
and distinctly less variability compared to the confining units. Samples
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from these units with the large illite/kaolinite ratios show the largest
variations of KX, Similar features are indicated for the selectivity
coefficients of Na— Ca and Na— Mg (Figure A2, SM). In summary, the
more heterogeneous character of the confining units compared to OPA,
results in more variation of selectivity coefficients, especially for the
clay-poor lithologies.

The selectivity coefficients show no to little dependence on chloride
concentrations and, thus ionic strength, which vary by more than half an
order of magnitude. As depicted in Figure A3 (SM) left, a rather large
scatter and no clear trend is observed when considering the ensemble of
the data (TBO and Mont Terri). A slight positive correlation (r? = 0.095)
can be envisioned for KY¥X, but KN/ and KY*M# do not suggest any
meaningful trend with ionic strength.

As outlined in Section 3.1, the CEC is predominantly made up by the
illite and smectite components (smectite being “bound” in the mixed
layer illite/smectite minerals). Exchange models for clayrocks and
clayey soils based on illite and smectite contents have been proposed for
example by Tournassat et al. (2009). Here we test the adequacy of a
two-site model including illite and smectite to predict the exchanger
composition of the samples from the OPA and confining units. Illite and
smectite selectivity coefficients based on the Gaines-Thomas convention
were taken from Bradbury and Baeyens (2003, 2009).

The cation occupancies calculated by the two-site model are
compared with measured occupancies as illustrated in Fig. 7. For Na, Ca
and Mg, the data scatter around the 1:1 line, displaying deviation <10%
from this relationship for the OPA samples. For the confining units, the
spread is somewhat larger, but most samples fall within 10% deviation
too. This supports the adequacy of the two-site model for estimating the
exchanger composition for the main cations, but on the other hand also
supports the notion that the observed scatter in selectivity coefficients is
to a significant part related to varying clay mineralogy. In the case of Na
and Ca, the data corrected with method 1 (open symbols) tend to plot
slightly above and below the 1:1 lines, respectively. Data corrected with
method 2, on the other hand, do not indicate any systematic deviation
from this line. This may suggest that method 2 yields Na and Ca occu-
pancies closer to the “true” values, but it has to be considered that the
underlying methodological and data uncertainties are considerable.

In the case of K, the two-site model generally underpredicts the oc-
cupancies, thus indicating a too low selectivity for this cation. The
derived selectivity coefficients of the OPA samples are in fact higher
than that reported for illite (Table 1). The same observation was made
by Tournassat et al. (2009) upon modelling of COx data. According to
these authors, the most likely reason for the higher selectivity of K in the
clayrock compared to that of pure illite is related to differences in par-
ticle morphology and surface area.
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Fig. 6. Selectivity coefficients for Na-K as a function of clay content (left) and illite/kaolinite ratio (right).
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3.3. Ca-Mg relationships

Calcite occurs in abundant amounts throughout the Opalinus Clay
and its confining units. Moreover, dolomite is present in most lithol-
ogies, although its occurrence is patchier and less abundant (Mazurek
et al., 2023). Assuming that the porewater is in equilibrium with these
phases the activity ratio of Ca®"/Mg?" is fixed according to (Pearson
et al., 2011):

1Og(aCaZJr/aMgZJr) = 2logKc — 10gKgo ()

where is K. and Ky, are the solubility constants of calcite and dolomite,
respectively. Furthermore, according to eq. (2):

log(acaz+/amga+)

010 et et et et
10 15 20 25 30 35 40 45 50 55 60

Temperature (° C)

log(Nca/Nyg x KE¥ME) = 2logK . — logKuo (6)

It has been shown by Kiczka et al. (2023) that the activity ratios of
Ca%t/Mg?* of the porewaters extracted by squeezing and advective
displacement are not constant but vary according to the formation
temperature (Fig. 8 left). The same trend is seen for the ratio of Mg-to-Ca
occupancies as illustrated in Fig. 8 right. The data points of TBO pore-
water samples lie clearly above the temperature dependent
calcite-dolomite solubility line. This can be interpreted by the attain-
ment of a new equilibrium with regard to calcite at room temperature,
but not with regard to dolomite (Kiczka et al., 2023). The latter phase
displays slow dissolution kinetics and, as mentioned above, a patchy
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Fig. 8. Activity ratios of Ca>"/Mg?" in solution (left) and of Nca/Nypg on exchanger (right) in log-units as a function of in-situ temperature. Solid line: calcite-dolomite
equilibrium curve; dashed line: calcite-dolomite equilibrium curve assuming fixed calcite equilbirium at 25 °C (see text). Figure (left) modified from Kiczka et al.

(2023). Thermodynamic data from THERMOCHIMIE database.
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occurrence in the rock sequence. Assuming no dolomite dissolution at all
but calcite re-equilibration upon cooling of the core samples would
result in a steeper temperature dependence of log (aca2+/amg2+) (dashed
line in Fig. 8 left). Most data points plot in between the two solubility
lines. This suggests that some dolomite dissolution occurred as a result
of lower temperature conditions under the assumption that calcite
equilibrium was reached.

The Ca?t/Mg?" activity ratios of Mont Terri samples scatter around
the calcite-dolomite solubility line (Fig. 8 left), suggesting close to
equilibrium conditions of the porewaters with respect to these two
phases at formation temperature (~13 °C). This is supported by the
borehole water data at Mont Terri analysed by Wersin et al. (2022a)
which is close to dolomite equilibrium. More scatter in the Mont Terri
data is seen from the corresponding Ca/Mg ratios on the exchanger
(Fig. 8 right) which is largely due to uncertainties in Mg occupancies, as
also illustrated in Fig. 4 (open diamonds).

In contrast to acaz4/amg2+ and Nca/Nyg ratios, selectivity co-
efficients KS¥M8 deduced for TBO data do not indicate any notable
dependence with the in-situ temperature (Fig. 9 left). The data spread,
however, becomes larger at higher in-situ temperature. Furthermore,
selectivity coefficients seem quite independent of ionic strength, as
represented by the chlorinity in Fig. 9 right and outlined already in
Section 3.2. Note that for OPA samples, data scatter is smaller than for
the confining units (compare red and grey points). The considerable
spread in Mont Terri data can again be related to uncertainties regarding
Mg occupancies.

3.4. Exchangeable Sr

Divalent Sr occurs only in minor amounts on the exchanger, its
concentrations determined from Ni-en extraction are generally <1 meq/
kg, well below those of Na, Ca, Mg and K. The analysis of exchangeable
Sr is hampered by the dissolution of Sr bearing minerals, in particular
celestite (Wersin et al., 2020; Kiczka et al., 2023). Celestite (containing
variable amounts of Ba) was identified by scanning electron microscopy
at Mont Terri (Pekala et al., 2019; Jenni et al., 2019), as well as in the
Opalinus Clay and its confining units in deep boreholes in Northern
Switzerland (Lerouge et al., 2014; Wersin et al., 2016; Jenni et al.,
2019), but its distribution was found to be very inhomogeneous and its
detection difficult.

Celestite equilibrium together with Sr®>* exchange is considered in
modelling of porewater chemistry of Opalinus Clay for constraining
sulphate and/or Sr concentrations (Pearson et al. 2003, 2011; Wersin
et al., 2016; Kiczka et al., 2023). Celestite equilibrium is also corrobo-
rated by measured porewaters from squeezing, advective displacement
and sampled boreholes (Wersin et al., 2020; Kiczka et al., 2023). Thus,
knowing the exchangeable Sr fraction (together with those of the major
cations) would be useful in this context, but, as mentioned above, the
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measurement thereof is affected by mineral dissolution during the
extraction experiments. To estimate the difference between the
measured and “true” exchange Sr, a simple modelling exercise based on
porewater data has been carried out using PHREEQC. Thus, major cation
and anion data from squeezing and advective displacement waters were
considered, together with the CEC measured on the corresponding core
samples. Updated exchange selectivity coefficients, which were derived
as outlined in section 3.2., were applied. The selectivity coefficient of Sr
(KNe/ 5y was assumed to be the same as the ones of Ca and Mg (which are
shown to be similar, see section 3.2). The corresponding value derived
from data corrected by method 2 is 0.8 in log-units, which was applied
for divalent cations Ca, Mg and Sr. For K, a selectivity coefficient of 1.2
(log-units) was considered (section 3.5).

The calculated Sr occupancies (open symbols) as a function of depth
are illustrated in Fig. 10 left which also shows the measured data as
obtained from Ni-en extraction (closed symbols). The latter values are
systematically higher for the vast majority of data points, but the dif-
ference strongly varies. The largest mismatch is observed at the OPA/
upper confining unit boundary where measured values are increased by
about a factor of 4 relative to calculated values. It appears that Sr is
enriched in this zone, presumably in the form of celestite. Assuming that
this mineral is the only Sr-bearing phase reacting during Ni-en extrac-
tion, the dissolved amounts of SrSO4 range from 10 to 40 mg/kg for most
samples but may reach up to 100 mg/kg (Fig. 10 right). The contents of
celestite is thus in any case very low (clearly below the XRD detection
limit), but this rather soluble phase is important for constraining the
porewater chemistry. It is in the same order of magnitude as the
exchangeable Sr fraction.

3.5. Recommended selectivity coefficients for modelling

In summary, consistent exchange selectivity coefficients could be
obtained from TBO and Mont Terri datasets. The derived values exhibit a
narrow range considering the methodological uncertainties related to
both the porewater and cation exchange parameters. It should be
pointed out that the variation in exchanger composition is small, espe-
cially within the Opalinus Clay. On the other hand, ionic strength and
chlorinity vary by half an order of magnitude, but this has only a minor
effect on selectivity coefficients, which can thus be considered as largely
independent of ionic strength. The same conclusion can be drawn for the
formation temperature. The latter parameter seemingly affected Ca-Mg
relationships, presumably because of slow dolomite reaction kinetics,
but this, however, did not significantly affect selectivity coefficients.
This suggests establishment of (new) cation exchange equilibria during
the experimental runs at room temperature.

Derived selectivity coefficients indicate minor differences between
the OPA and its upper and lower confining units (D.A.O. and Lias). The
latter formations display larger mineralogical heterogeneity, also in
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Fig. 9. Ca—Mg selectivity coefficients as a function of in-situ temperature (left) and of chloride concentration (right).
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terms of clay mineralogy. The OPA, on the other hand, is characterised
by a remarkably homogeneous clay mineralogy. A two-site exchange
model including illite and smectite (the main carriers of the CEC) and
published selectivity coefficients for these minerals were applied ac-
cording to their shares in the respective OPA and confining unit samples.
This showed that measured exchanger compositions could be fairly well
matched for Na, Ca and Mg, but K occupancies were underpredicted.
The simulated Na-Ca-Mg exchanger seems to be slightly more in line
with the data obtained from correction method 2 relative to method 1,
but the differences are small.

Table 2 summarises the selectivity coefficients obtained from the
TBO data in log-units. The derived mean logK. values together with
uncertainty (1 o) for all data as well as separately for OPA and confining
units are shown. It underlines again the influence of the correction
method for the contribution of dissolved salts on the derived selectivity
coefficients, although this influence is not very large. There is a certain
degree of arbitrariness and uncertainty related to the correction
methods. The attribution of dissolved Cl to Na is reasonable in view of
the systematic 1:1 relationship seen in aqueous extracts of these rocks
(Pearson et al., 2003; Wersin et al., 2016; Aschwanden et al., 2024). The
attribution of extracted SOg4, the second important anion, is less
straightforward. A minor part of the porewater samples, namely from
borehole BUL1-1 and BACI1-1 are close to saturation with regard to
gypsum, whereas a major part shows undersaturation with regard to this
mineral. Moreover, it has been shown that a large fraction of the sul-
phate released during aqueous and Ni-en extraction cannot be attributed
to the porewater but to some unknown reaction occurring during the
extraction process (Aschwanden et al., 2024). In view of the uncertainty
inherent in the two correction methods, a third method was applied, in
which the exchanger population was corrected according to the share of
the corresponding cations in the porewater samples. Applying this
method indicated a charge deficit of the cationic load relative to the
anionic one (measured in the Ni-en extracts). Again, this can be related
to the SO4 in the Ni-en extracts which are higher than those in the
porewaters. This “excess SO4” was again distributed among the cations
according to their share in the Ni-en extracts. The resulting selectivity
coefficients of this method 3, which are also listed in Table 2, are similar
to those derived from methods 1 and 2, but closer to the latter method.
Thus, method 2 appears to yield fractional occupancies that seem to be
closer to the in-situ values compared to method 1.

Table 3 summarises the proposed selectivity coefficients for OPA to

11

be used for modelling. These are based on correction method 2 and on
TBO data which indicates less scatter than Mont Terri data. It should be
noted again that the derived selectivity coefficients are not independent
of the applied correction method. However, the error introduced when
for example using these selectivity coefficients for exchanger composi-
tions derived with method 1 is small. In the same context, the use of the
proposed values based on OPA data for confining units does not intro-
duce large errors in the modelling.

As stated in the Introduction section, exchangeable cation data ac-
quired by the Cs extraction method within the TBO programme (Mar-
ques Fernandes et al., 2024) were not used here because of the
preferential mobilisation of K from illitic layers by that method. Scoping
calculations carried out with OPA samples reported in Marques Fer-
nandes et al., (2024) indicate that these data yield a higher logKIc\Ia/ K
(~1.5), but the corresponding selectivity coefficients for Na—Ca and
Na-Mg are similar (x0.9) to those obtained from Ni-en extraction.

The selectivity coefficients used in previous modelling exercises of
OPA porewaters are also shown. As pointed out in the Introduction
section, these are largely based on data generated for the COx Forma-
tion. The values are comparable to the ones established here, although
values for Na-Ca and Na-Mg selectivity coefficients derived in this work
are slightly higher. On the one hand this supports the validity of these
previous modelling studies (differences in the modelling outcome would
be minor). On the other hand, based on the present work modelling of
cation exchange and porewater chemistry in OPA is put on more solid
grounds.

The reported selectivity coefficients for the COx at the Bure site in
France and the Boom Clay at the Mole site in Belgium, foreseen as host
rocks for radioactive waste repositories, are also shown in Table 3. As
noted above, the selectivity coefficients of the COx Formation (Gaucher
et al., 2009) are similar as the ones derived for OPA. The exchanger
composition of the COx Formation is dominated by divalent cations (Ca
+ Mg ~ 75%) (Gaucher et al., 2006; Dohrmann et al., 2013), whereas
that of OPA is exhibits similar shares of Na and Ca + Mg (Fig. 4).
Regarding Boom Clay in Belgium, proposed selectivity coefficients
(Frederickx et al., 2018) are somewhat higher, especially for Na-K. The
high affinity of K in Boom Clay seems unexpected in view of the large
amount of smectite in this clayrock, which is the main contributor to
CEC (Frederickx et al., 2018). It might be related to the comparatively
high amount of organic carbon in Boom Clay contributing to the CEC
(Frederickx et al., 2018) and the potential chelating effect of organic
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matter on K (Wang and Huang, 2001). Note that the porewaters of Boom
Clay are of Na-HCOs3 type and rather dilute (ionic strength ~ 0.01 M)
but display similar shares of the major exchangeable cations (Frederickx
et al., 2018; Wang et al., 2023) compared to the studied OPA samples.

4. Conclusions

An extensive set of cation exchange data obtained from Ni-en
extraction on the one hand and porewater chemistry data obtained
from high-pressure squeezing and advective displacement on the other
hand enabled the achievement of selectivity coefficients for major cat-
ions in the Opalinus Clay and its low permeability confining units. These
data were acquired from drillcores of eight deep boreholes from a recent
siting programme (TBO) for geological disposal of radioactive waste.
The obtained values are consistent with those obtained in parallel from
the Mont Terri rock laboratory although the scatter underlying
exchangeable cation data is somewhat larger in the latter dataset. The
exchanger compositions of the ensemble of samples are remarkably
constant, both vertically and horizontally in spite of considerable vari-
ations of ionic strength.

The derived selectivity coefficients indicate no dependency on ionic
strength or in-situ temperature of the samples, thus supporting their
validity over a large range of salinity and in-situ temperature conditions.
The latter parameter seemingly affected Ca-Mg relationships, but this
did have a significant influence on the corresponding selectivity co-
efficients. The (rather subtle) differences in K. values between OPA and
confining units can be attributed to the differences in clay mineralogy.
Based on data analysis, the most adequate correction method for
considering the contribution of dissolved salts in the extract solutions
when deriving the cation occupancies could be recommended. The
validity of a simple two-site exchange model including illite and smec-
tite for estimating exchangeable Na, Ca and Mg on the exchanger could
be shown, but this model underpredicted the share of exchangeable K.

Exchangeable Sr could not be determined because of the dissolution
of Sr-bearing minerals (mainly celestite). Based on mass balance con-
siderations, the amounts of celestite in the rock are within the same
order of magnitude as the exchangeable Sr fraction.

Recommended values for selectivity coefficients for OPA are similar
to those used in previous modelling studies, confirming on the one hand
their validity and providing a more solid basis for these studies on the
other hand.
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