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1 Introduction

Opalinus Clay, an argillaceous sedimentary rock formation, is selected as the potential host rock
for the deep geological disposal of radioactive Waste in Switzerland. In Stage 3 of the Sectoral
Plan (Sachplan Geologisches Tiefenlager, Etappe 3) (Swiss Federal Office of Energy 2008),
Nagra is thoroughly investigating the three remaining siting regions, namely Jura Ost (JO),
Nordlich Légern (NL) and Ziirich Nordost (ZNO), where Opalinus Clay is present and meets the
requirements related to its thickness and depth. In addition to 3D seismic measurements and
quaternary boreholes, deep borehole investigations have the aim to complete the already existing
overall picture of the underground geological environment in these regions. The outcome of these
investigations and the safety-based comparison of the siting regions will contribute to guide
Nagra's choice of the region best suited for a deep geological repository.

Site-specific physico-chemical rock data such as cation exchange capacities (CEC) and
exchangeable cation occupancies are, amongst other geochemical and mineralogical parameters,
part of the deep borehole investigations and are required for each potential region for the site
selection procedure. This report focuses mainly on the CEC of the rock samples and on the cation
occupancies of exchangeable alkaline and alkaline earth elements. The CEC is a measure of the
total negative charge of the rock samples, resulting predominantly from the presence of 2:1
phyllosilicates on which cations adsorb on the planar sites via electrostatic bonding. CEC can also
be defined as the sum of exchangeable cations at the clay mineral surfaces of the rock samples.
The CEC is directly correlated to the content and type of clay minerals in the rock samples, and
consequently to their adsorption properties towards radionuclides. Its variability is an excellent
indicator for the homogeneity of the clay mineral content along the Opalinus Clay formation as
well as to the upper and lower confining units for each borehole. The in-situ fractional
occupancies of exchangeable cations, defined by the quantity of adsorbed cation (in meq/kg)
divided by the CEC (in meg/kg) of the rock samples, can act as a “fingerprint” for the in-situ
porewater compositions of the formation. In general, the composition of the porewater of rock
formations consists essentially of solutes such as CI resulting from the hydrologic evolution of
the rock, and of solutes resulting from equilibrium with the minerals constituting the rock. In
argillaceous rocks, the concentrations of dissolved cations are largely determined by cation
exchange equilibria with the clay mineral fraction and by the equilibrium with carbonate and
sulphide/sulphate minerals.

The objective of this work, mandated by Nagra, is to quantify the CEC and the pool of
exchangeable cations of rock samples from 7 boreholes across the geological siting regions Jura
Ost (JO), Nordlich Lagern (NL), and Ziirich Nordost (ZNO). The samples were selected to
represent the different lithologies of the natural barrier system, i.e., Opalinus Clay and the upper
and lower confining units. 141 rock samples have been analysed with the focus on CEC and cation
exchange occupancies. This report gives a detailed overview of the results obtained for the
representative rock samples from Bozberg-1, Bozberg-2, Biilach-1, Stadel-2, Stadel-3,
Triillikon-1 and Marthalen-1.


https://nagra.ch/en/media-the-site-for-the-deep-geological-repository/
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2 Material and methodology

2.1 Material

The samples analysed in this study originated from the geological siting regions Jura Ost (JO),
Nordlich Lagern (NL), and Ziirich Nordost (ZNO) (Fig. 2-1), specifically from the cores
recovered from the deep boreholes Bozberg-1-1 (BOZ1) and Bozberg-2-1 (BOZ2) from JO,
Biilach-1-1 (BULI), Stadel-2-1 (STA2) and Stadel-3-1 (STA3) from NL, and Triillikon-1-1
(TRU1) and Marthalen-1-1 (MAR1) from ZNO (Fig. 2-1). The detailed descriptions (name,
depth, geological formation, mineralogical composition) of the rock samples as provided by the
University of Bern are given in Tab. A-1.

The mineralogical characterisation of the samples investigated in this study was performed by the
Institute of Geological Sciences of the University of Bern. It should be noted that these analyses
were carried out on sub-samples of the main core sample (same or close depth) and are not the
identical samples used for the CEC measurements. In general, the sample selection was performed
to ensure the determination of the physico-chemical parameters (CEC and cation occupancies)
for the potential host rock (i.e., Opalinus Clay) as well as the upper and lower confining units.
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- -~ haffhausen
L ]
<Sc ﬁlattlngeng%\
Waldshut Triillikon-1-1
\ Zurzach
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& //” y Eglisau S
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| PRt Ts i O
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Fig. 2-1:  Map illustrating the siting regions of the potential waste repositories, namely Jura

Ost (JO), Nordlich Lagern (NL) and Ziirich Nordost (ZNO), with details of the
individual core locations Bdzberg-1, Bozberg-2, Biilach-1, Stadel-2, Stadel-3,
Trullikon-1 and Marthalen-1
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The samples (2 x 3 cm?® cubes) were vacuum packed after preparation at the Institute of Geological
Sciences (University of Bern). Once at PSI, the samples were transferred into a N flooded glove
box (O, <1 ppm) for crushing and storage. All sample handling was done inside the glove box.
The samples were first crushed by hand in an agate mortar to pieces < 1 cm®. Subsequently, the
samples were ground to a size < 1 mm in a Retsch mortar grinder. The grinder was cleaned after
each sample to avoid cross-contamination. Samples were stored in the glove box in closed, well-
labelled containers.

The core samples of the three siting regions were obtained from various depths (the range of the
depths are given in parenthesis):

e 42 rock samples from the region JO were analysed, 32 samples from BOZ1 (266.75 to
808.61 m depth) and 10 samples from BOZ2 (402.15 to 606.13 m depth) (Tab. A-1).

e 68 samples from the region NL were analysed, 26 samples from BUL1 (734.45 to 1026.5 m
depth), 20 samples from STA2 (734.53 to 960.43 m depth) and 22 samples from STA3
(700.77 to 924.15 m depth) (Tab. A-2).

e 31 samples from the region ZNO were analysed, 11 samples from TRU1 (722.66 to 951.78 m
depth) and 20 samples from MAR1 (521.29 to 741.38 m depth) (Tab. A-3).

2.2 Experimental methodology

The physico-chemical parameters on all rock samples were derived from batch type experiments
i.e., crushed rock suspension at low solid to liquid ratios. The water content of the crushed rock
samples was determined by measuring the water loss when heated to 105 °C until constant weight
was obtained in order to normalize the CEC and extraction data to the same sample dry weight.

A direct quantification of the CEC of the rock samples was carried out using the high selective
divalent nickeltriethylenediamine (Ni-en) complex (Peigneur 1976 ).

The in-situ cation occupancies of Na, K, NH4, Mg, Ca and Sr were determined by using the high
selective Cs” index cation (Baeyens & Bradbury 2004). At sufficiently high concentration, this
index cation is expected to completely displace and replace all cations present on the exchange
sites of clay minerals. The main assumptions of the method are that (i) all cation exchange sites
on the clay minerals arising from isomorphous substitution are occupied by the index cation, (ii)
the exchange is rapid and reversible, and (iii) that no other site types existing on the surface of
the clay mineral are involved. This approach allows the direct quantification of the CEC
(consumption of the index cation) and the indirect quantification of the exchangeable cation
occupancies (type and amount of cations released after correction for mineral and salt dissolution)
of the rock samples.

2.2.1 Cation exchange capacity

In this study, four different approaches were used to determine the CEC of the argillaceous rock
samples. Throughout the report CEC is expressed in milliequivalent per kilogram (meq/kg) rock
sample. The four different approaches are described below.

Ni-CEC: The CEC of all rock samples was assessed by using the Ni-triethylenediamine (Ni-en)
complex radiolabelled with *Ni. These measurements were carried out under ambient air
conditions. For simplicity, the Ni-en CEC data reported in this report are denoted as “Ni-CEC”.

The procedure consists essentially of an adsorption experiment with ®Ni labelled Ni-en. The high
selectivity complex was prepared by the addition of uncharged ethylenediamine to a Ni(NO3),
solution to obtain a stable Ni-triethylenediamine complex. 30 mL of the ®Ni-en solution were
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added to ~ 1 g of rock sample, pre-weighed into polypropylene centrifuge tubes, to give an solid
to liquid (S:L) ratio of ~32 g-L"!. The tubes were closed, shaken end-over-end for 1 day,
centrifuged at 108'000 g (max), and the supernatant solutions were radio-assayed using a Packard
Tri-Carb liquid scintillation counter. The pH of the supernatant was measured after phase
separation.

The Ni-en adsorbed (Ni-enags) in meq/kg (equal to the CEC) is calculated from the redistribution
of the radiotracer between the solid and liquid phases and is calculated from:

Ain'Aout

Ni-enags = ‘Ni-en ;,

in

where Aj, = initial **Ni activity (cpm); Aou = final Ni activity (cpm) and Ni-en;, = initial amount
of Ni-en (in meq/kg). The average results of triplicate, respectively duplicate, experiments are
summarized in the Tab. A-1 to Tab. A-3.

Cs-CEC: The CEC was also determined in the Cs-extraction/displacement experiments (see
below) by quantifying the amount of equivalents Cs adsorbed per kg rock sample (similar to the
quantification of amount of Ni-en,gs). The Cs-CEC values determined in this study, however, have
a higher analytical uncertainty than the Ni-CEC values, because the excess of index cation was
much larger for Cs compared to Ni-en. The Cs extraction experiments were carried out inside the
glove box.

ZCATIONS: Ideally, the sum of cations displaced from the exchange sites should correspond to
the CEC of the rock samples if all exchangeable cations are displaced and quantified (see section
2.2.2).

CEC-Clay: The CEC of rock samples can also be estimated based on the detailed clay mineralogy
by using the CEC values of the pure clay end-members present in the samples and scaled to their
wt.-%. The estimated CEC-Clay values of the samples for which the detailed clay mineralogy
was available are included in Tab. A-1 to Tab. A-3. The CEC values selected for the pure
end-members in this study are: smectite: 870 meq/kg (Baeyens & Bradbury 1995), illite:
225 meq/kg (Baeyens & Bradbury 2004), kaolinite 28 meq/kg (Allard et al. 1983) and chlorite:
50 meq/kg (Allard et al. 1983). Note that these CEC values are not fixed parameters but are prone
to variations depending on the selected source.

2.2.2 Extraction of exchangeable cations

Cs-extraction experiments: The major cations Na, K, Mg and Ca and two minor cations NH4
and Sr were extracted by using the high selective Cs cation (Sawhney 1970). The experiments
were performed in closed tubes in a N» flooded glove box (O, < 1 ppm) to avoid oxidation of the
samples and the equilibration with CO,. The exchangeable cations were displaced by using a
fivefold equivalent excess of Cs with respect to CEC of the samples, determined prior by the
Ni-en method. The 5-fold Cs excess was obtained by optimising the S:L ratio in the Cs extraction
(Cs-ex) experiment. Each experiment was set up in duplicate. The tubes with the weighted amount
of rock samples and the appropriate CsCl solution were shaken end-over-end for 1 day,
centrifuged at 108'000 g (max), and the supernatant solutions were analysed for the cations Na,
K, NH4, Mg, Ca and Sr and the anions SO4*/S and HCO;/COs*. The pH of the supernatants was
measured after phase separation.

The CI inventories were determined in separate aqueous extraction (H.O-ex) experiments
(because CsClI was used in the Cs-ex experiments) by equilibrating weighted amounts of rock
samples in de-ionised water at S:L ratios of ~ 30 g/L. Phase separation was as described above
and the supernatant was analysed for CI.
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The concentrations of Na, K, Mg, Ca, Sr, S and Cs were determined by inductively coupled
plasma optical emission spectrometry (ICP-OES). CI;, NH;" and SO4* were quantified by ion
chromatography (IC). The analysis of total inorganic carbon (TIC) was carried out by a Dohrmann
Carbon Analyser. The concentrations of extracted (exchangeable and dissolved) cations and of
dissolved anions are summarized in Tab. A-1 to Tab. A-3.

Correction of the extracted cations: The cations extracted in the Cs-ex experiments, however,
do not only arise from the cation exchange sites of the clay minerals in the rock samples but also
from the dissolution of salts and minerals. The total extracted cations must therefore be corrected
with the associated dissolved anions (including Cl which was extracted in a separate H,O-ex
experiment) to estimate the concentrations of displaced cations solely coming from the cation
exchange sites (see e.g., Bradbury & Baeyens 1998, Hadi et al. 2019). The corrections were
guided by detailed mineralogical compositions and the soluble salt content of the samples. Ideally,
the total amount of exchangeable cations (expressed in meq/kg) should correspond to the CEC of
the rock sample. However, for a complex rock system, this is not always the case since it implies
that (i) all exchangeable cations are well identified and (ii) are recovered (and analysed) in the
extract solution. It should also be noted that if the sum of the total extracted cations is similar to
the sum of the total extracted anions (both expressed in an equivalent scale) no reliable analysis
on cation loadings could be made. This is the case for rock samples where the clay mineral content
is very low.

Calcite (CaCOs) is the main reactive mineral phase as shown by the mineralogical composition
of the rock samples given in Tab. A-1 to Tab. A-3. In some samples of the confining units, the
calcite content is very high, such as in the BUL1-1-845.05 sample (98 wt.-%). In the Opalinus
Clay formation of the three siting regions, the calcite content rarely exceeds 20 wt.-%. The
Opalinus Clay in JO has calcite contents ranging from 3 to 14 wt.-%, in NL from 4.8 to 17 wt.-%
(except for sample STA2-1-806.13, which contains 40.2 wt.-% calcite), and in ZNO from 3.4 to
20.4 wt.-%.

The content of dolomite/ankerite is generally below 5 wt.-% and is not present in all samples. In
a few samples, the dolomite/ankerite content is high (19.9 wt.-% in BUL1-1-815.90; ~ 50 wt.-%
in STA2-1-943.22, STA2-1-948.33 and STA2-1-955.62; 53.6 wt.-% in STA3-1-924.15, 37 wt.-%
in BOZ1-1-694.72 and 32 wt.-% in BOZ1-1-723.97).

BOZ1-1-808.61 consists of almost pure (98 wt.-%) anhydrite/celestite minerals (CaSO4/SrSO4).

Siderite (FeCO3) is present in amounts higher than 5 wt.-% in three samples (8 wt.-% in STA3-1-
855.05, 10.5 wt.-% in STA3-1-866.67 and 8 wt.-% in BOZ2-1-519.74). Dissolved Fe, however,
could not be quantified in the extraction experiments since it is expected to adsorb via surface
complexation on the clay minerals. Pyrite content is generally very low. Saturation indices
calculations of the extracted solution indicate that in most samples, TIC originates from the
dissolution of calcite. In case of dolomite/ankerite-rich samples, TIC is also originating from
equilibrium with these minerals. Anhydrite-rich samples are (over)saturated w.r.t. gypsum as
supported by the high concentrations of extracted SO4. Unless the mineralogy indicated the
presence of anhydrite, Ca was corrected only by the amount of TIC measured in the Cs extraction
solution. In case of anhydrite-rich samples, Ca was also corrected by the amount of SO4 extracted.
Since the intrusion of CO, was avoided during the experiments and degassed solutions were used,
the dissolution of calcite generates one mole Ca and one mole CO;*. If the concentrations of
dissolved Fe and the exact content of dolomite and ankerite were available, it would be possible
to distribute the amount of dissolved TIC more accurately among Ca, Fe and Mg. The
approximation made in this study might lead to a slight underestimation of the Ca occupancies in
favour of those of Mg (and Srin a very few cases, extracted concentrations were generally very
low), however, it does not affect the sum of exchangeable cations.
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Na was corrected for Cl (one mole Na with one mole Cl) and SO4* (two mole Na with one mole
S0s), assuming that Cl and SO, originate essentially from the dissolution of the NaCl and Na,SO4
salts, respectively. The release of SO4 due to the oxidation of pyrite is assumed to be negligible
because of the very low pyrite content in the samples. Furthermore, oxidation was avoided by
preparing the rock samples (e.g., crushing) and by performing the experiments inside a glove box
under N, conditions within very short equilibrium time (1 day).

The extracted concentrations of K, NHs (when analysed), Mg and Sr were not corrected. A
detailed description of the correction method of the extraction data is given in each section.

Finally, the exchangeable occupancies of Na, K, NHs4, Mg, Ca and Sr of the rock samples
(expressed in an equivalent scale) were calculated from the extracted cation concentrations after
correction with the dissolved anionic species as described above, and then normalized to the dry
weight of the rock samples. The equivalent fraction of each exchangeable cation (Ng = Nna, Nk,
Nnn4, Nmg, Nea, Ns;) or group of cations (N = Nk-nn4, Nmg+carsr) 1s obtained by dividing the sum
of each exchangeable cation or group of cations (in meq/kg) by the sum of all exchangeable
cations (XCATIONS) (in meq/kg).
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3 Results

The most important physico-chemical parameters determined on the drill core samples from the
various boreholes of the three siting regions JO, NL and ZNO are summarised in Tab. A-3,
respectively. Each rock sample is numbered in these tables and reference to the sample number
is given rather than the corresponding full nomenclature to simplify the reading in the text and
figures.

The tables contain the following information:

e Sample description: (i) sample number, (ii) identification nomenclature from the Rock-Water
Interaction (RWI) group of the Institute of Geological Sciences of the University of Bern, (iii)
depth of origin, (iv) geological formation and (v) geological group

e Detailed bulk and detailed clay mineralogical characterization (with few samples lacking
data)

e CEC results: (i) Ni-CEC determined from the Ni-en consumption, (ii)) CEC-Clay values
calculated based on the detailed clay mineralogy (if available), (iii) Cs-CEC values
determined from the Cs consumption in the Cs-ex experiments and (iv) CEC values calculated
based on the sum of the displaced cations (XCATIONS)

e Total anion and cation extraction data: SOa, S, TIC, Na, K, NH4, Mg, Ca and Sr were obtained
from the Cs-ex experiments whereas Cl is obtained from H,O-ex experiments. These data are
tabulated as analysed without any corrections (in a molar scale). The extraction data reveal in
some cases an anomalous behaviour, which is treated in more detail for the individual samples
concerned.

e Amount of exchangeable cations (in an equivalent scale) displaced by Cs after correction
using the procedure described in Section 2.2.2. The sum of corrected cations (XCATIONS) is
also included in the tables.

e Fractional occupancies (Ng values) defined by the equivalent of cation B (B=Na’, K", NH4",
Mg?*, Ca*" or Sr*") adsorbed on the exchange complex divided by the equivalent of total
cations (XCATIONS). The N values for (K'+NH4") and (Mg*'+Ca?*+Sr*") are also given in
the tables.

In the following sections, the parameters determined for each siting regions will be presented and
discussed individually.

3.1 Jura Ost

3.1.1 CEC and clay mineralogy

The CEC of argillaceous rocks are related to the content and type of clay minerals, since other
minerals present have no or limited cation exchange properties. In this study, the total clay content
is available for all samples whereas the detailed mineralogical characterization of the clay fraction
is only partially available. Ni-CEC values for JO were determined for 32 samples from Bozberg-1
(BOZ1) and 10 samples from Bozberg-2 (BOZ2). The detailed overview of Ni-CEC results is
given in Tab. A-1.

The clay mineral content of the upper confining units (Wildegg, Hauptrogenstein and Passwang)
of BOZ1 ranges from 6.8 wt.-% (sample 4) to 44.6 wt.-% (sample 16). The samples from the
upper confining units Wildegg and Hauptrogenstein are dominated by calcite (from 46 to
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77 wt.-%). In the lower confining units Staffelegg, Klettgau and Bénkerjoch, the clay mineral
content ranges from 0 wt.-% (the anhydrite-rich, i.e. 97 wt.-%, sample 32) to 79 wt.-% (sample
28). The Ni-CEC from the lower and upper confining units varies from 3.5 for the anhydrite-rich
unit to 164 meq/kg for sample 28. The clay mineral content in the Opalinus Clay ranges from 42
to 70 wt.-% and the associated Ni-CEC varies from 85 to 133 meq/kg.

For BOZ2, the clay mineral content ranges from 26 to 75.2 wt.-% in the upper and lower confining
units, with Ni-CEC values ranging from 45.3 to 147.4 meq/kg. In the Opalinus Clay, the clay
mineral content is relatively high and homogenous (59 to 70 wt.-%) with CEC values ranging
from 110 to 127 meq/kg.

The measured Ni-CEC values and the total clay mineral content along the depth profile for the
samples from BOZ1 and BOZ2 are illustrated in Fig. 3-1a and Fig 3-1b, respectively (sample 32
with 0 wt.-% clay minerals is not plotted). For most of the rock samples from JO, the Ni-CEC
values and clay mineral content follow the same trend and confirm the correlation between these
parameters. Slight deviations are observed (i.e., sample 9, 10 and 33), which could be due to:

(i) mineralogical heterogeneities of the rock samples and/or

(i) the detailed clay mineralogical composition of the sample. For this comparative
representation, only the total clay mineral content has been considered and not the detailed
clay mineralogy (since that data was not consistently reported or analysed for all samples).

The CEC is a parameter which varies strongly and increases as follows depending on the type of
clay minerals present in the rock samples: smectite > illite > chlorite > kaolinite. The ratio between
the different clay mineral types is not constant for all samples, so the correlation between the CEC
and the total clay mineral content cannot be constant and only allows the verification of the
general trend. In addition, mixed clay minerals are difficult to evaluate and to quantify and thus
may lead to differences in CEC properties of the samples. For cation correction problems,
discussed in the next section, samples 9 and 10 will not be further considered.

The distribution of the Ni-CEC values of the samples from Opalinus Clay and confining units
from JO is illustrated in Fig. 3-2 and reflects the much more homogenous distribution of the
Ni-CEC values in the Opalinus Clay as in the confining units.
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3.1.2 Exchangeable cations

3.1.2.1 Correction of extracted cations

Since the total extracted cations originate not only from the exchangeable cations, but also from
the dissolution of salts and minerals, the concentrations of the total extracted cations must be
corrected with the dissolved anions to quantify the cations solely displaced from the cation
exchange sites. It should be remembered that only Na and Ca are corrected with the dissolved
anions. The concentrations of K, NHy, Sr and Mg are not corrected to account for mineral/salt
dissolution. Tab. A-1 indicates that the total extracted concentrations of NH4 and Sr are very low
compared to the other cations.

In the following two sections, the correction method for the rock samples from JO is discussed in
detail. Based on the mineralogical composition some comments need to be made concerning a
selected number of samples:

Sample 32 is essentially anhydrite. For this sample from the Biankerjoch Formation (Keuper), the
amount of released SO4 (128.9 mmol/kg) is of same order than the amount of released Ca
(135.2 mmol/kg) (see Tab. A-1). Obviously, the dissolution of anhydrite causes the high Ca and
SOs concentrations in this extract. The measured Ca and SO4 concentrations in the Cs extract are
in line with the thermodynamic calculated solubility of anhydrite. Furthermore, the mineralogical
analysis of this sample indicates that no clay minerals are present (see Tab. A-1), which is
supported by the very low Ni-CEC determined for this sample (3.5 meq/kg). The cation
occupancies for this rock sample cannot be reliable derived and is not further considered.

Tab. A-lindicates that samples 10, 15 and 33 exhibit higher amounts of Sr and SO4 in the Cs
extract compared to the other JO rock samples. The average Sr extraction of all JO samples
(except samples 10, 15 and 33) is 0.35 = 0.16 mmol/kg. It is assumed that this amount of Sr is
displaced from the cation exchange sites. The excess Sr released in the Cs extract for samples 10,
15 and 33 equals to 5.25 mmol/kg, 1.75 mmol/kg and 3.75 mmol/kg, respectively. The average
SO, extraction of all JO samples (except samples 10, 15, 32 and 33) is 2.6 = 0.8 mmol/kg. The
total SO4 released in the Cs extract for samples 10, 15 and 33 are 11.4 mmol/kg, 6.7 mmol/kg and
6.3 mmol/kg, respectively. The excess Sr present in the Cs extract is likely arising from potential
dissolution of celestite even so not expected based on the mineralogical data. The excess Sr
released in the Cs extract can thus be associated with SO4 through celestite dissolution. As a
consequence, a pre-correction of SO4 was carried out using the data given in Tab. A-1 in the
following way:

e For sample 10, the total extracted SO4 of 11.4 mmol/kg is reduced by the excess extracted Sr
of 5.25 mmol/kg to yield a “Sr corrected” SO, value of 6.15 mmol/kg.

e For sample 15, the total extracted SO4 of 6.7 mmol/kg is reduced by the excess extracted Sr
of 1.75 mmol/kg to yield a “Sr corrected” SO, value of 4.95 mmol/kg.

e For sample 33, the total extracted SO4 of 6.3 mmol/kg is reduced by the total extracted Sr of
3.75 mmol/kg to yield a “Sr corrected” SO4 value of 2.55 mmol/kg.

These “Sr corrected” SO4 values will be used to correct Na in Tab. Al. It should be noted that
only these three samples (out of 141 rock samples from the three regions) have been treated this
way.
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Correction of extracted Na concentrations

As described in Section 2.2.2, the amount of Na extracted in Cs-ex experiments is assumed to
consist of Na displaced from the cation exchange sites and from the dissolution of NaCl and
Na,SO; salts. As discussed in Hadi et al. (2019), the association of SO4 with Na or Ca is difficult
to quantify for most of the data obtained from these extraction experiments unless there is specific
mineralogical evidence or high extracted Ca and SO4 concentrations are measured simultaneously
(e.g,. sample 32).

The total extracted quantities of Na, Cl and SO4 expressed in meq/kg for BOZ1 and BOZ2 along
the depth profile are shown in Fig. 3-3a and Fig. 3-3b, respectively. The aim of these graphs is to
compare the total extracted Na with the total extracted Cl and SOs.
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Fig. 3-3: Overview of the total extracted Na, Cl and SO4 for (a) BOZ1 and (b) BOZ2. The
sum of CI and SO, (circles) represents the correction of Na arising from dissolved
NaCl and Na,SOy in the extraction solutions

For the samples 10, 15 and 33, the released SO4 concentration is corrected for Sr.

The extent of correction of Na for Cl and SO, is illustrated in Fig. 3-3 by the white circles. These
symbols represent the concentration of [ClI+SO4] by which the extracted Na values have to be
corrected to obtain the amount of Na displaced solely from cation exchange sites of the clay
minerals. In most cases the total extracted Na is well above the extracted [Cl1+SO4] and the
corrections are minimal. There are, however, some exceptions for the samples indicated in
Fig. 3-3 by the green numbered squares.

e For the samples 4, 9 and 10, the correction of Na by [Cl+SO4] results in negative Na loadings.
In these cases, this correction cannot be applied and the correction of Ca with SO, will be
considered (see next section).
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e For sample 32 (anhydrite) the amount of released SO4 (128.9 mmol/kg) is ~ 43 times higher
than the amount of released Na (3 mmol/kg) (Fig. 3-3a) and of same order than the amount
of released Ca concentration (135 mmol/kg). Na can obviously not be corrected with SOs.

For the 38 remaining samples, the total extracted Na was corrected with [Cl1+SO4] and the results
are given in Tab. A-1.

Correction of extracted Ca concentrations

As explained in Section 2.2.2, Ca is always corrected for TIC because of the ubiquity of calcite
in almost all samples as shown in Tab. A-1. For samples with dolomite present, there will be also
some contribution to the TIC originating essentially from the dissolution of this carbonate
mineral. Consequently, a small fraction of TIC should be attributed to Mg. The same is valid for
ankerite/siderite where Sr/Fe will be dissolved. However, the quantities of these elements are
mostly small (except in samples 29 and 31), so that a meaningful and reliable correction cannot
be carried out. The total extracted quantities of Ca and TIC expressed in mmol/kg for the rock
samples from JO are illustrated in Fig. 3-4a and Fig. 3-4b.

For all samples, the extracted Ca values exceed the extracted TIC values. However, sample 4, 9
and 10, for which Ca is corrected for TIC and SO, yield very low (< 3 meq/kg) to negative Ca
loadings. For these three samples, no reliable correction can be applied since SO4 cannot be
clearly assigned to neither Na nor Ca.
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Fig. 3-4:  Overview of the total extracted Ca and TIC analyses for (a) BOZ1 and (b) BOZ2

The samples for which SO4 could not be associated with Na are also shown (green numbered
squares). The sum of TIC and SO, (white circles) represent the correction for Ca arising from
dissolved CaCOs and CaSOy in the extraction solutions. The SO4 concentrations plotted for
the samples 4, 9 and 10 are corrected for Sr.
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3.1.2.2 Comparison of the CEC values obtained by the different approaches

The sum of the “corrected” extracted cation concentrations (XCATIONS) expressed in meq/kg
given in Tab. A-1represents an indirect measurement of the CEC of the rock samples. For samples
4,9, 10 and 32, no reliable correction could be carried out to differentiate the individual cation
loadings, however, the overall ZCATIONS can still be calculated from the total extracted cations
minus the total dissolved anions. Fig. 3-12 shows the correlation between the Ni-CEC values and
the CEC data obtained using the other three independent approaches, i.e.,

1. Cs consumption in the Cs-ex experiments (Cs-CEC)
2. Sum of corrected cations displaced in the Cs-ex experiments (ZCations)

3. CEC values calculated from the clay mineralogy for the rock samples where detailed clay
mineralogy data is available (CEC-Clay)

The correlation for all the methods is good and the general trend in the evaluated CEC data for
all samples is as follows: Cs-CEC > (XCATIONS) > Ni-CEC ~ CEC-Clay. The generally higher
Cs-CEC values compared to the Ni-CEC values can be explained by the higher interlayer
extraction yields of K (and NH4") due to the higher selectivity of Cs* compared to Ni-en®"
towards K™ and NH," (De Preter 1990).
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Fig. 3-5: Comparison of the Ni-CEC values with CEC data obtained from different

measurements/approaches (Cs-CEC, ZCations and CEC-Clay) for the drill core
samples from JO

The solid line represents a correlation with slope equal 1.
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3.1.2.3 Fractional occupancies of exchangeable cations

Fig. 3-6 shows the equivalent fractions of exchangeable Na, K, NH4, Mg, Ca and Sr determined
for all the samples from JO and their evolution along the depth profile. Na and Ca are mostly the
dominant cations on the exchange sites followed by Mg and K. NH4 and Sr are very low compared
to the four major cations in all samples.

In the upper part of the BOZ1 drill core (from 266.75 m to 521.50 m depth), Ca is more dominant
(0.26 < Nca < 0.46) compared with Na (0.12 < Nna < 0.35). Mg also dominates over Na down to
391.30 m (0.23 < Nwme <0.26). The dominance of Ca and Mg, correlates very well with the general
lower clay mineral content and the high Ca/Mg carbonate mineral content of these samples
(dashed lines in Fig. 3-6). At depth below 521.50 m, Na becomes the dominant cation on the
exchange sites (0.35 < Nna < 0.40).

For the samples from BOZ2, the Na and Ca loadings (0.31 < N¢, <0.36; 0.32 < Nn, <0.39) are
close and constant, except for the deepest sample (402.15 m depth) in this borehole.

The Nna, Nk+nnsa and Nwmgrcarsr values for all samples from JO are summarized in Tab. A-1
illustrated in a ternary plot in Fig. 3-7. In this graphical presentation, K and NH4 have been
grouped since their cation exchange behaviour is very similar and more selective on 2:1 clay
minerals compared to Na (De Preter 1990). The alkaline-earth cations Mg, Ca and Sr are also
grouped since their selectivity behaviour towards Na is also very similar (Bradbury & Baeyens
1998). The data in Fig. 3-7 clearly shows that the samples from the confining units are much more
scatted than the samples from the Opalinus Clay formations. The Opalinus Clay samples from
both boreholes are mostly concentrated in a very single narrow region (closed symbols),
suggesting that the porewater composition of the Opalinus Clay formation in JO will be quite
homogeneous (provided the Cl concentration in the porewater is constant). The Np values in the
confining units, particularly for BOZ1, are much more scattered suggesting more heterogeneous
porewater compositions.
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Fig. 3-6: Evolution of the N values (B = Na, K, NH4, Mg, Ca or Sr) along the depth profile
for the samples from (a) BOZ1 and (b) BOZ2
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samples.
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Jura Ost

BOZ1 OPA 0.0
BOz1 CU
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Fig. 3-7:  Nna, Nknn, and Nugrcassr data for all samples from JO

Closed symbols indicate the data for Opalinus Clay (OPA) and open symbols are for the
confining units (CU).
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3.2 Nordlich Liagern

3.2.1 CEC and clay mineralogy

Ni-CEC values were determined on 68 rock samples from NL, including 26 samples from
Biilach-1 (BUL1), 20 samples from Stadel-2 (STA2) and 22 samples from Stadel-3 (STA3). An
overview of the Ni-CEC results is given in Tab. A-1. xxx

As already mentioned in the previous Section 3.1.1, the CEC of argillaceous rocks are expected
to correlate with the content and type of clay minerals, since other minerals present have no or
limited cation exchange properties.

The clay mineral content of the upper confining units of BUL1 lies generally below 27.1 wt.-%
except for the samples 5 (51.5 wt.-%), 11 (48.5 wt.-%) and 14 (63.3 wt.-%). In the lower confining
units, the clay mineral content ranges from 10.1 to 46.2 wt.-%. The Ni-CEC values from the lower
and upper confining units vary from 0 to 140 meq/kg. The clay mineral content in the Opalinus
Clay ranges from 34.3 to 63.9 wt.-% and the associated the Ni-CEC varies from 64 to
101.2 meq/kg.

For STA2, the clay mineral content in the upper confining units is quite high and varies from
26.1 to 59.5 wt.-%, with Ni-CEC values ranging from 53.3 to 129.6 meq/kg. In the lower
confining units the clay mineral content ranges from 0.4 to 49.5 wt.-% and the Ni-CEC values
vary between 3.7 and 156.8 meq/kg. In the Opalinus Clay formation, the clay mineral content is
relatively high and homogenous (26.3 to 69.4 wt.-%) with CEC values ranging from 45.2 to
127.3 meq/kg.

The clay mineral content of the STA3 samples is generally high, ranging from 8.8 to 60.1 wt.-%
in the upper confining units, from 13.2 to 68.3 wt.-% in the lower confining units and from 42.2
to 64.7 wt.-% in the Opalinus Clay. The Ni-CEC values vary accordingly from 21.7 to 171 meq/kg
in the upper and lower confining units and between 91.5 and 123.3 meq/kg in the Opalinus Clay.

The variation of the total clay mineral content along the depth profile of the drill cores from the
three boreholes in NL is clearly reflected in the variation of the measured Ni-CEC values as
illustrated in Fig. 3-8a, Fig. 3-8 and Fig. 3-8¢c for BUL1, STA2 and STA3, respectively. For the
majority of the samples, the correlation between Ni-CEC and total clay mineral content is good.
For one sample from the upper confining units (sample 50 (STA3-1-735.02)) and 3 samples from
the lower confining units (sample 26 (BUL1-1-1026.50), sample 67 (STA3-1-913.19) and sample
68 (STA3-1-924.15) the correlation is poor.

e Samples 26 and 50 exhibit higher Ni-CEC values as expected from (the relationship with) the
total clay mineral content. A reason may be a different composition of the clay mineral
fraction (even though clay composition variability is fairly homogenous across the wells and
units). Unfortunately, no detailed clay mineralogy is available for these samples.

e For the samples 67 and 68 similar Ni-CEC values were determined experimentally. However,
based on the total clay mineral content of 68.3 wt.-% for sample 67, a much higher Ni-CEC
would be expected whereas the opposite is expected for sample 68 with only 29.9 wt.-% clay
mineral content (see Tab. A-2).

It should be noted that for these 4 samples the Ni-CEC values agree very well with CEC values
determined by other different independent experimental approaches (i.e., Cs-CEC and
2CATIONS), confirming the reliability of the measured Ni-CEC values. Possible reasons for the
poor correlation between the experimentally determined CEC and the clay mineral content of the
outlier samples is discussed in Section 3.1.1.
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The lines are included to guide the eye.
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The distribution of the Ni-CEC values of samples of Opalinus Clay and confining units from NL
is illustrated in Fig. 3-9 and reflects the much more homogenous distribution of the Ni-CEC
values in the Opalinus Clay as in the confining units.
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Fig. 3-9: Distribution of the Ni-CEC for the drill core samples from the Opalinus Clay (OPA)
and the confining units (CU) from NL

3.2.2 Exchangeable cations

3.2.2.1 Correction of extracted cations

The dissolved cations (Na, K, NH4, Mg, Ca and Sr) and the anions (TIC, SO4/S) of the samples
from NL were quantified in the Cs-ex and Cl was determined in H>O-ex experiments (see sec-
tion 2.2.2). The mineralogical analyses and the extracted concentrations normalized to the sample
weight of the samples are summarized in Tab. A-2. As specified in Section 2.2.2, the concen-
trations of K, NHa4, Mg, and Sr were not corrected with dissolved anion concentrations. The total
extracted concentrations of NH4 and Sr are generally low compared to the other cations. The NHy4
concentrations are < 3 mmol/kg except for sample 14 (BUL1-1-887.26), for which ~ 9.7 mmol/kg
was measured. The Sr concentrations are < 0.5 mmol/kg. In the following two sections, the
corrections applied for the rock samples from NL are discussed in detail.

Correction of extracted Na

The correction procedure followed for the samples from NL is identical to the one described for
the samples of JO in section 3.1.2.1 and follow the general procedure as outlined in Section 2.2.2.

The total extracted quantities of Na, Cl and SO4 expressed in meq/kg for the samples from BULI,
STA2 and STA3 are shown in Fig. 3-10a, Fig. 3-10b and Fig. 3-10c, respectively. The aim of
these graphs is to compare the total extracted Na with the total extracted Cl and SO4 and to
illustrate the significance of the corrections to be made to obtain the exchangeable Na on the
planar sites of the clay minerals. The dissolved concentration of Cl and SO4 are in almost all cases
low and rather constant over the depth profile (< 10 meqg/kg) in comparison with the extracted
amount of Na (Fig. 3-10). The white circles in Fig. 3-10 represent the sum of CI and SO4
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([C1+S04]) to be subtracted from the total extracted Na concentrations in the correction procedure.
For most of the samples from the three boreholes, the total extracted Na quantities (black squares
in Fig. 3-10) are well above the extracted [Cl+SQO4] and the corrections are minimal.

There are, however, samples for which the correction of Na with SO4 was not possible. These
samples are shown in Fig. 3-10 by the green numbered squares. The clay mineral-poor samples 8
(5.3 wt.-%) and 9 (1 wt.-%) have released low Na concentrations and the correction yields
negative Na loadings on the clay minerals (Tab. A-2).

For the clay mineral-poor sample 46 from the Klettgau Formation, high amounts of Ca
(65.6 mmol/kg) and SO4 (86 mmol/kg) were measured in the Cs-ex experiments, confirming the
presence CaSO4. The amount of SO, released (86 mmol/kg) is 7 times higher than the amount of
Na released (12.2 mmol/kg). For this very clay mineral-poor sample, the methodology allows no
reliable correction and therefore this sample is not further considered. (This sample resembles
sample 32 from the Keuper Biankerjoch formation from JO).

For the remaining 65 samples, the correction of Na for dissolved [C1+SQ4] is applicable.
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(a) BULI, (b) STA2 and (c) STA3

The sum of Cl and SO4 (circles) represents the correction of Na arising from dissolved NaCl
and Na,SO; in the extraction solutions.
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Correction of extracted Ca

The procedure for correcting Ca only with TIC is discussed in section 2.2.2 and is applied for NL
in a similar way as for JO (see section 3.2.2.1).

The total extracted quantities of Ca and TIC expressed in mmol/kg for the samples from BULI,
STA2 and STA3 are illustrated in Fig. 3-11a, Fig. 3-11b and Fig. 3-11c, respectively. As can be
seen, in most cases, there is an excess of Ca compared to TIC and thus the correction can be made
for these rock samples.

There are, however, a few exceptions. The clay mineral-poor (1.0 to 6.8 wt.-%) calcite-rich (74
to 97.7 wt.-%) samples 6, 7, 8, 9 and 10 from BUL1 (upper confining Herrenwis Unit), exhibit
comparatively low concentrations of the major cations in the Cs extracts. For these samples the
cation corrections could not reliably be applied and hence, these samples are not further
considered.
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3.2.2.2 Comparison of the CEC values obtained by the different approaches

The correlation of the CEC values determined by the different approaches i.e., Cs consumption
in the Cs-ex experiments (Cs-CEC), XCATIONS and estimate based on the clay mineralogy with
the CEC values given in Section 2.2.1 (CEC-Clay) for the NL samples is shown in Fig. 3-5.

The results of XCATIONS representing an indirect measurement of the CEC of the rock samples
are given in Tab. A-2. For the samples from the Herrenwis Unit, no reliable correction could be
carried out to differentiate the individual cation loadings, however, ZCATIONS can still be
calculated from the total extracted cations minus the total dissolved anions. The cation correction
was not possible for sample 46.

Fig. 3-12 shows the correlation of the Ni-CEC values with CEC data obtained by the other three
independent approaches (Cs-CEC, ZCATIONS and CEC-Clay).

The correlation for all the methods is good and the general trend in the evaluated CEC data for
all samples is as follows: Cs-CEC > (XCATIONS) > Ni-CEC ~ CEC-Clay and agrees with the
observation made for the samples from JO. The Cs-CEC data for BUL1 samples deviate slightly
more than the Cs-CEC data from STA2 and STA3.

The general good correlation between the Cs-CEC and sum of cations suggest that most of the
major extractable cations were quantified.
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Fig. 3-12:  Comparison of the Ni-CEC values with the CEC values obtained from different
approaches (i.e. Cs-CEC, ZCATIONS and CEC values calculated from the
mineralogy, CEC-Clay) for the drill core samples from NL

The solid line represents a correlation with slope equal 1.

3.2.2.3 Fractional occupancies of exchangeable cations

Fig. 3-13 shows the equivalent fractions of exchangeable Na, K, NH4, Mg, Ca and Sr determined
for all the samples from NL and their evolution along the depth profile. The data for the samples
from the Herrenwis Unit (green area in Fig. 3-13a) are not shown because Ng values could not be
derived (low clay mineral/high carbonate samples).
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Similar to JO, Na and Ca are the dominant cations on the exchange sites followed by Mg and K.
A few samples show higher Np values for K and Mg. NH4 and Sr are very low compared to the
four major cations in all samples.

In the upper part of the BULI (from 734.53 m to 782.31 m depth), Ca is the dominant cation
(0.34 < Nca < 0.40). The higher values for Ca and Mg seem to correlate with the general high
Ca/Mg carbonate mineral content and the lower clay contents of the samples (illustrated by the
dashed lines in Fig. 3-13a). At depth below 890.16 m, Na becomes the dominant cation on the
exchange sites (0.35 < Ny, < 0.40). Na is the major cation in the Opalinus Clay and the Nna/Nca
ratio varies between 1.1 and 1.4.

For the samples from STA2, the Ng values for Na and Ca are close and rather constant down to
890.16 m depth. In the Opalinus Clay, Ny, and Nc, are very close (0.32 — 0.39) and their ratio
varies between 0.9 and 1.1. At a depth below 915.94 m, Na clearly dominates (Nna~ 0.4), Ca
decreases and a noticeable increase of Mg is observed (up to Nmg ~ 0.3) (in agreement with
increased dolomite and low calcite contents).

Ca is the dominant exchangeable cation down to 716.58 m depth in STA3. In this upper part, the
values obtained for K and Mg are also comparatively high. At depth below 735.02 m, Na clearly
dominates (Nna~ 0.4), with exception for the calcite-rich samples at 891.81 m (Nn, ~ 0.26) and
896.60 m (Nna ~ 0.33) depth. The Nna/Nca ratio in the Opalinus Clay ~ 1.1 — 1.3,

For the three boreholes, the inversion from Na to Ca/Mg richer occupancies correlate well with
increasing Ca/Mg carbonate minerals and decreasing clay mineral contents.

The Ng values are clearly much more scattered in the confining units compared to the Opalinus
Clay. The Np values are slightly more scattered in BUL1 compared to STA2 and STA3.

Nna, Ninmsa and Nugrcarsr determined for all samples from NL are summarized in Tab. A-2 and
illustrated as a ternary plot in Fig. 3-14. With two exceptions (samples 15 and 32, both close to
the upper confining units) all the Opalinus Clay samples (from the three boreholes) are
concentrated in a narrow single region (closed symbols). The samples from the confining units
are much more scattered compared to the samples from the Opalinus Clay. Providing that the
ionic strength (given by the Cl content and the porosity) is homogeneous, it can be concluded
from the Np values that for NL, the porewater composition of the confining units will be less
homogeneous compared to porewater compositions of the Opalinus Clay formation.
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Fig. 3-14:  Nna, Nk+nn, and Nug+cassr data for all the samples from NL

Closed symbols are the data for Opalinus Clay (OPA) and open symbols are the data for the
confining units (CU).

33 Ziirich Nordost (ZNO)

3.3.1 CEC and clay mineralogy

For the ZNO region, Ni-CEC values were determined for 11 samples from Triillikon-1 (TRU1)
and 20 samples from Marthalen-1 (MAR1). The detailed overview of the measurements is given
in Tab. A-3.

For TRU1, the clay mineral content and Ni-CEC of the samples from the confining units ranges
from 11.1 to 67.8 wt.-% and 24.9 to 128.5 meq/kg, respectively. In the Opalinus Clay formation
the clay mineral content and Ni-CEC ranges from 54.5 to 67.9 wt.-% and 89.4 to 114.1 meq/kg,
respectively.

The MARI drill core samples from the confining units yield clay mineral contents ranging from
17.9 to 69.3 wt.-% and Ni-CEC values from 34.6 to 159.9 meq/kg. For the Opalinus Clay samples,
the Ni-CEC values vary from 95.3 to 123.7 meq/kg and the clay mineral content vary from 43.3
to 69.8 wt.-%.

The measured Ni-CEC values and the total clay mineral content along the depth profile for the
samples from TRU1 and MARI1 are shown in Fig. 3-15a and Fig. 3-15b, respectively. For the
ZNO samples, the variation of the clay mineral content and the Ni-CEC values along the depth
profile of the boreholes correlates very well. Small deviations may be caused by sample
heterogeneity and clay mineralogical compositions (i.e., not fully representative of the specific
sample investigated) as already discussed in previous sections.
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Fig. 3-16 shows the distribution of the Ni-CEC values for the Opalinus Clay and for the confining
units for the ZNO rock samples and illustrates the larger distribution of CEC values in the
confining units compared to the Opalinus Clay.
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Fig. 3-16:  Distribution of the Ni-CEC for the drill core samples of Opalinus Clay and confining

units (CU) from ZNO
3.3.2 Exchangeable cations
3.3.21 Correction of extracted cations

The concentrations of the cations (Na, K, NH4, Mg, Ca and Sr) and of the anions (TIC and SO4/S)
were quantified in the Cs-ex experiments for the 31 samples from ZNO. The amount of dissolved
Cl was determined separately in H,O-ex experiments. The results are summarized in Tab. A-3.
The same procedure as for the samples of JO and NL is applied to the samples of ZNO to quantify
the exchangeable cation occupancies. The total extracted concentrations of K, NH4, Mg and Sr
are not corrected for salt or mineral dissolution.

In the following 2 sections the corrections applied to Na and Ca for the rock samples from ZNO
are discussed in detail.

Correction of extracted Na

The extracted Na concentrations are corrected by associating Na with Cl and SO, originating from
the dissolution of NaCl and Na,SOj salts. The mineralogical analyses presented in Tab. A-3 show
that none of the samples contain significant amounts of sulphate minerals, so the association of
Ca with SOy is not expected.

The extracted quantities of Na, Cl and SO for the samples from TRU1 and MAR1 are shown in
Fig. 3-17a and Fig. 3-17b, respectively. In all cases there is an excess of Na compared to the
amount of [Cl+SO4] and hence, the correction of Na for dissolved Cl and SOy is applicable to all
samples from ZNO. It should be noted that none of the ZNO samples contains very little clay
mineral contents (sample 1 exhibits the lowest clay mineral content of 11.1 wt.-%).
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For sample 16 from the Wedelsandstein Formation of MAR1 high Cl (11.1 mmol/kg) and low Na
(22.1 mmol/kg) concentrations were measured in comparison to the other samples.
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Fig. 3-17:  Overview of the extracted concentrations of Na, Cl and SO4 expressed in meq/kg for
(a) TRUI and (b) MARI

The sum of Cl and SO4 (circles) represents the correction of Na arising from dissolved NaCl
and Na,SOq in the extraction solutions.
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Correction of extracted Ca

As already discussed in Section 2.2.2 and applied to the JO and NL samples, Ca is corrected with
the TIC concentrations released in the Cs-ex experiments. Fig. 3-18 shows the extracted amounts
of Ca and TIC (representative of the correction) expressed in mmol/kg. For all samples of ZNO,
the amount of Ca extracted is sufficiently high and can be corrected with TIC.
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3.3.2.2

Comparison of the CEC values obtained by the different approaches

Fig. 3-19 shows the correlation of the Ni-CEC data of the ZNO samples with CEC values obtained
by the different approaches, i.e., Cs-CEC, ZCATIONS and CEC-Clay. Cs-CEC and Ni-CEC values
correlate well for the samples from both boreholes. The ZCATIONS determined for MAR1 samples
deviates most, particularly for the three samples with highest clay content. The reason for the
discrepancy is not clear.

Fig. 3-19:
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Comparison of the Ni-CEC values with the CEC values obtained from different
measurements/approaches (i.e., Cs-CEC, XCATIONS and CEC values calculated
from the clay mineralogy) for the drill core samples from ZNO.

The solid line represents the correlation with slope equal 1.
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3.3.2.3 Fractional occupancies of exchangeable cations

The fractional occupancies of Na, K, NH4, Mg, Ca and Sr in the different samples from ZNO
along the depth profile are shown in Fig. 3-20. For most samples from both boreholes, Na and Ca
are the major exchangeable cations (30 — 40%), with Na slightly higher as Ca, followed by Mg
(13 —24%) and K (~ 10%). NH4 and Sr loadings are very low compared to the four major cations
in all samples.

For the TRUI1 borehole samples Na and Ca are the dominant cations with similar Ng values
(0.27 < Nna<0.43; 0.31 < Nca < 0.39). The Nna/Nca ratio is equal to 1.2 for the four samples in
the Opalinus Clay.

In MARI, Na and Ca are also the dominant exchangeable cations (0.27 < Nnx < 0.43; 0.31 <Nc,
<0.39), except for sample 16. As mentioned before, the measured Cl, Na, Mg, and Ca extraction
values of this sample deviate from the other samples, resulting in particular very low N, value
of 0.2. In the Opalinus Clay, the Nna/Nc, ratio varies between 1.1 and 1.2.

Fig. 3-20 illustrates that the Ng values of the major exchangeable cations are very homogenous
over the entire depth for the samples from ZNO.
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The Nna, Nr+nis and Nugrcats: values determined for all samples from ZNO are summarized in
Tab. A-3 and illustrated in the ternary graph in Fig. 3-21. As observed for the JO and NL samples,
all Opalinus Clay samples within a drill core are concentrated in a single narrow region (closed
coloured triangles). The samples from the confining units are more scattered with sample 16 from
MARU1 being an outliner. In comparison to the samples from the confining units from NL and JO
(see Fig. 3-14 and Fig. 3-7) the samples from ZNO are much less scattered.

Zurich Nordost
TRU OPA

TRU CU
MAR OPA
MAR CU

X ® B N

Fig. 3-21:  Nna, Nknn, and Nygrcassr data for all the samples from ZNO

Closed symbols are the data for Opalinus Clay (OPA) and open symbols are for the confining
units (CU).
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4 Comparison of the geochemical data for JO, NL and ZNO

4.1 Compilation of CEC results

An important physico-chemical parameter for the geodatabase is the cation exchange capacity
(CEC) of rock samples originating from different boreholes from the three regions (JO, NL, ZNO)
considered as potential repository sites for radioactive waste. Different methods have been applied
in this study to determine the CEC on 141 deep drill core samples.

The use of a high selective index cation (Cs") or index complex (Ni-en*") in concentrations high
enough to saturate the cation exchange sites of the rock samples directly determine the CEC by
measuring the consumption of the index cation or index complex. Fig. 4-1a shows the correlation
the CEC data obtained by this method for the two different index cations (Cs-CEC and Ni-CEC)
for all rock samples from the three regions. The correlation between both independent methods is
good. The Cs index cation, however, yields consistently higher values compared with the Ni-en
index complex (slope = 1.2), partly due to the more selective displacement of K and NH4 from
illite by Cs.

The Cs extraction method allows determining the CEC of the rock samples indirectly by
quantifying the cations displaced from the exchangeable sites. The dissolved salts and minerals
are quantified by the anions detected in the Cs-ex and H>O-ex experiments. The CEC (denoted as
YCATIONS) is obtained from the sum of the corrected cations (total extracted cations minus
dissolved anions). Fig. 4-1b shows the correlation between Ni-CEC and ZCATIONS. The values
obtained by these methods correlate very well, which increases the confidence in the applicability
and reliability of these methods for determining cation occupancies. Similar as for the Cs-CEC
method, consistently higher values are obtained compared to the Ni-CEC data.

Finally, the CEC of the rock samples can also be estimated from the clay mineralogical
composition assuming reference CEC values for the clay mineral end-members and their wt.-%
in the bulk rock sample. Fig. 4-1c shows the correlation between the Ni-CEC and the CEC-Clay
(for the samples where the detailed clay mineralogy is available). With the exception of three data
points from ZNO, the correlation can be regarded as good. This method, however, relies on the
transferability of the determined clay mineralogy of the rock samples on which the CEC
measurements were performed. In the present case, this cannot be fully guaranteed since the
samples on which the clay mineralogy was determined are not identical to the samples on which
the Ni-CEC was measured.

An important observation is that there are no clear trends seen in the CEC correlations for the
rock samples originating neither from different borehole nor from different siting regions.
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4.2

Fig. 4-2a, Fig. 4-2b and Fig. 4-2¢ show the Ng values derived for the major (Na, K, Mg and Ca)
and minor (NHs and Sr) exchangeable cations for the samples from JO, NL and ZNO,
respectively. The following trend in the Ng values is generally observed: Nya > Nca >> Nmg ~ Nk
>> Nnns ~ Nsr. There are some deviations (and outliers) in the upper confining units in JO (at
depth between 250 m and 400 m) and NL (at 700 m depth) and some single data points in the
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lower confining units for all three regions.

The scatter in the Np values is the most pronounced in NL, whereas this is much less for JO and
ZNO. Further, the data scatter for samples from the confining units is higher compared to the
samples from the Opalinus Clay. This is more clearly illustrated in Fig. 4-3 where the Ng values
for all the rock samples are presented in ternary plots for the confining units and the Opalinus

Clay.

T
180

Correlation between the Ni-CEC and (a) Cs-CEC, (b) ZCATIONS and (¢) CEC-Clay
data determined for the drill core samples from the three siting regions
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Fig. 4-3:  Ternary representation of Nxa, Nmg+ca+sr and Nx-nn4 determined for the samples from

(a) Opalinus Clay and (b) the confining units for the samples from JO, NL and ZNO

4.3 Physico-chemical parameters for the Opalinus Clay data from JO, NL
and ZNO

The compilation of the fractional cation occupancies, presented in section 4.2, clearly shows that
the Np values for Na, [K+NH4] and [Mg+Ca+Sr] in the Opalinus Clay samples for JO, NL and
ZNO (Fig. 4-3a) are very similar. In other words, the “fingerprint” of the exchangeable cations of
the argillaceous rock samples originating from 7 different boreholes from 3 different siting
regions is almost constant. This is clearly not the case for the samples originating from the
confining units of all three siting regions (see Fig. 4-3b).

Cl and SOj inventories of the samples are two further key parameters, which were also obtained
in this study in the H,O-ex and Cs-ex experiments, respectively. Fig. 4-4a and Fig. 4-4b show for
the 32 samples from Opalinus Clay from JO, NL and ZNO the Cl and SO4 inventories,
respectively.

The Cl inventories along the depth profile for JO scatter very little and are low (< 2 mmol/kg).
For the samples from the two boreholes from ZNO, the Cl inventories are also similar, however,
slightly more scattered and higher than for JO (4 - 6 mmol/kg) except for one sample of TRU1 at
820.28 m depth. The Cl inventories are less homogenous in NL. For STA2 and STA3 the Cl
inventories (4 — 5 mmol/kg) are similar and in agreement with the data determined for ZNO. The
samples from BUL1 from NL show the highest Cl inventories (5.8 — 8.4 mmol/kg) and exhibit
the highest scatter.

The SOs inventories for the Opalinus Clay samples are very low (1.5 to 2.5 mmol/kg), similar and
homogenous independently of the siting regions. One sample from STA2 at a depth of 870 m
showed a higher SO4 inventory (3.5 mmol/kg).

The Cl and SO, inventories combined with the anion accessible porosities will allow calculating
the CI and SO4 concentrations of the in-situ porewater compositions.
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The site-specific physico-chemical parameters obtained in this study are key parameters required
for the modelling of in-situ porewaters of the Opalinus Clay formations representative for the
three different siting regions. The knowledge of the in-situ porewater compositions is very
important since it is critical for the prediction radionuclide solubilities and the development of
sorption databases, and hence to repository safety studies.

In order to model porewater composition by considering cation exchange reaction with the clay
minerals and thermodynamic equilibria with the mineral phases as shown by various studies
(Bradbury & Baeyens 1998, Bradbury & Baeyens 2003, Gaucher et al. 2006, Wersin et al. 2022)
following parameters are required:

cation exchange capacity (CEC)
mineralogical composition

exchangeable cation occupancies

Cl inventories and accessible porosity data (free water)

in-situ pCO> (controlled by carbonate minerals)

in-situ pe (Fe**/Fe*" controlled by equilibrium with iron minerals pyrite-siderite)

exchangeable cation occupancies (fingerprint)

cation exchange selectivity coefficients

A number of these key parameters are provided in this report for rock samples originating from
7 boreholes from the three different siting regions.
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5 Summary

The site-specific geochemical rock parameters, i.e., CEC and exchangeable cation occupancies,
were determined by different experimental approaches using highly selective index cations (Ni-en
and Cs) for 141 rock samples originating from the siting regions Jura Ost, Nordlich Lagern, and
Ziirich Nordost. In case of extremely clay mineral poor samples where the quantity of dissolved
salts/minerals exceed the pool of total displaced cations these parameters cannot be determined
reliably and hence, the methodology is not applicable.

CEC values were derived by different and independent methods/approaches and for most samples
the agreement between these different methods is good. Generally, the Cs-CEC values derived
from the Cs-ex experiments (by Cs consumption or by determination of the exchangeable cation
loadings) are up to max. ~ 25 % higher than the Ni-CEC data obtained using the Ni-en complex
as index cation.

With a few exceptions, the CEC values and total clay mineral content of the rock samples follow
similar trends, confirming existing knowledge that the CEC is related to the clay mineral
composition and content. This trend, however, could be improved if the measured CEC and the
calculated CEC-Clay (using the detailed clay mineralogy) was determined on exactly the same
rock samples used in the experiments (to avoid sample heterogeneity).

The exchangeable cations (Na, Ca, Mg, Sr, K and NH,) of the rock samples were derived in the
Cs-ex and H,O-ex experiments after correction with the released anions (Cl, TIC, SOs), to account
for salt and mineral dissolution. In most cases, the correction of Na with Cl (NaCl) and SO,
(NaxS0s4) and Ca with TIC (CaCOs) could be applied well. For a few samples, the presence of
CaSO; or SrSO4 was either indicated by the mineralogical compositions of the samples or
suggested by the increased released amounts of Ca, Sr and SO, in the extraction solutions. In
these cases, corrections were done accordingly.

The physico-chemical parameters obtained in this study on rock samples from 7 different
boreholes from three different siting regions (JO, NL and ZNO) consist of CEC and exchangeable
cation occupancies. In addition, ClI and SO, inventories for each rock sample have been
determined. Additional important data such as bulk and detailed clay mineralogy (provided by
UniBern) are provided in this report. Ternary representations visualize extremely homogeneous
fractional occupancies for Na, K+NH4 and Mg+Ca+Sr in the Opalinus Clay samples. These
physico-chemical parameters are important rock parameters required for the determination of the
in-situ porewater compositions of the formations under consideration for the safety analysis.
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App. A

Tab. A-1:  Summary of the geochemical parameters for the samples from the siting region Jura Ost

Samples Mineralogy Clay mineralogy cec Total anion & cation exactions Exchangeable cations (corrected) Fractional occupancies

g = < 2 2 z =

LI E e | g |22 e | 2| 5 |EE| 3| 2| | 3
Ne | 1o Rwi) Depth | Group | Formation R S| 5| 2|58 2l 2] 2|2 |88 | & a|sofme| | k | w| owe| | s ma | ok [ o] ome| e | s | me [ M| e [ M| Ne [N | M| Mo | N

I I 8| 3| < [28 g s | 2 |e€| 8 2| 8| &

E1 8|8
(m] [wt-%] [mea/kg] [mmol/ke] [mea/ke] S

1 | Bozi 12667500 26675 | Maim | widegg 1o | 40 | 100 [ ss6 | 12 05 174 | 19 | 31 | 17 | 242 | 570 | sas | s20 | 926 | 14 | 38 | 55 | 232 | 143 | 14 | 113 | 254 | 03 | 142 | 143 | 14 | 226 | 396 | 05 | o015 | oas | oo1 | o024 | 043 | oor [ oas [ owr | oes
> | Bozii2sir200 28172 | Maim | widegg To | 40 | 110 | 455 | sa 04 240 | 29 | 45 | 13 | 324 | 812 | 996 | 62 | 149 | 12 | 33 | 61 | 274 | w72 | 16 | 142 | 298 | 03 | 197 | 172 | 16 | 283 | 475 | 06 | o7 | o015 | oo1 | o025 | o4z | ooo | oz | 016 | oe
5 | Boz11296.0801 29508 | Maim | widess 20 | 60 | o7a | s0 04 135 | 15 | 26 | 11 | 188 | a9 | sea | 515 | 578 | 10 | 34 | 34 | 145 | 89 | 09 | 77 | 163 | o1 | 67 | 8o | oo | 153 | 258 | 03 | o1z | oas | oo1 | 026 | o4s | oor | oaz | oar | om
4 | B0Z1-1-301.54-DI 301.54 Malm Wildegg 2.0 89.8 10 <0.1 45 05 12 0.7 68 156 17.7 114 16.2 14 32 2.7 6.5 39 03 2.1 7.0 01 -13 39 03 43 8.7 03
5 | Boziiss60l 32336 | Maim | widege 20 | 30 | 807 | 23 06 1 579 | 532 | 600 | 08 | 31 | 31 | 164 | 64 | 08 | 77 | 169 | 02 | 95 | 64 | o8 | 153 | 277 | o4 | o6 | oar | oor | 026 | ode | oor | o6 | oa2 | on
6 | sozi13291001 32910 | Maim | widess 30 |00 | o7 | 12 08 165 | 21 | 27 | 16 | 229 | 565 | 790 | 698 | 887 | 10 | 34 | 45 | 236 | 120 | 13 | 104 | 235 | 03 | 158 | 120 | 13 | 205 | 381 | o6 | o018 | 014 | oo1 | 024 | 043 | oor | oas | oas | oer
7 | sozi13533601 35336 | Maim | widesg 40 | 80 | ss2 | 12 02 158 | 28 | 5 | 25 | 310 | 718 | 869 | s34 | 1014 | 12 | 38 | 58 | 285 | 153 | 17 | 114 | 265 | 03 | 197 | 153 | 17 | 228 | 413 | 06 | 019 | 015 | 002 | o023 | a1 | oor | oas | o017 | oea
s | Bozi13913000 39130 | Maim | Widege 30 | 60 | 670 <01 139 | 28 | 52 | 16 | 236 | se1 | 710 | esa | 788 | 11 | 41 | 47 | 2a0 | 104 | 13 | o1 | 215 | o2 | 147 | 104 | 13 | 182 | 337 | 05 | o1 | 013 | o0z | 023 | 043 | oor | o9 | oss | oes
5 | Boz 14163501 41635 | Dogeer | _fenthal 10 | 20 | e94 | 6o o1 214 162 | 106 | 135 | 48 | 35 | 35 | 118 | 46 | 02 | 15 | 62 | 01 | 01 | 46 | 02 | 31 | 55 | o2
10 | Boz1-143425:01 43425 | Dogeer | Hauptrogenstein 20 | 40 | 738 | 43 o1 84 | 05 | 43 | 20 | 155 | 291 | 218 | 147 | 218 | 15 | 114 | 42 | 98 | 45 | 05 | 27 | 15 | 56 | 40 | 45 | 05 | 54 | w7 | o7
11 | soz1-1438.2001 43820 | Dogger | _Hauptrogenstein 10 | a0 | 558 | se 05 170 | 20 | 59 | 82 | 327 | 11 | 372 | 284 | 387 | 36 | 30 | 72 | 191 | 134 | o8 | 25 | 122 | o1 | o5 | 131 | o8 | so | 9o | 03 | 025 | 034 | ooz | 013 | 026 | oor | 025 | o6 | o0as
12 | Boz1-14205501 42055 | Dogger | Hauptrogenstein 20 | 60 | 557 | 66 06 288 567 | 538 | 615 | 27 | 24 | a4 | 250 | 86 | 11 | 56 | 158 | 02 | 174 | 86 | 11 | 113 | 228 | o4 | 028 | 014 | 002 | 018 | o037 | oo1 | 02 | o6 | 056
13 | Bozi-14s26101 5261 | Dogger | Hauptrogensten 1o | a0 | 71| ss w1 63 | 07 | 28 | 19 | 118 | 220 | 274 | 233 | 259 | 19 | 38 | 60 | 136 | 495 | 05 | 31 | 105 | o | 40 | 49 | o5 | e1 | s2 | 12 | o1s | 019 | 002 | 02a | 035 | 005 | os6 | o2 | oes
14 | sozi-i4s7.0100 48701 _| Dogger | _passwang 50 | so | 200 | 36 11 264 | 59 | 18 | 26 | 366 | 1122 | 1314 | 1222 | 1846 | 11 | 25 | 72 | 539 | 21 | 21 | 130 | 340 | 04 | 478 | 141 | 21 | 261 | 538 | 09 | o033 | 010 | oo1 | o1s | 037 | oor | o033 | om | o0se
15 | Bozi 14931501 49335 | Dogger | _passwang 20 | so | 220 | 346 12 345 1368 | 1202 | w84 | 12 | 67 | 67 | 572 | 167 | 20 | 125 | 367 | 21 | as0 | 147 | 20 | 250 | 600 | o7 | 031 | o0 | oor | 017 | o040 | ooo | 01 | oar | ose
16 | Bozi 15120301 51203 | Dogeer | _Passwang 50 | s0 | 270 | 188 11 259 | 31 | 107 | 49 | 446 | 08 | 1160 | 1096 | 13¢5 | 16 | 23 | 68 | 520 | 161 | 22 | 103 | 313 | 04 | 456 | 161 | 22 | 207 | 491 | 08 | 03¢ | 01z | 002 | o015 | 036 | oor | 034 | o014 | o0s2
17 | sozr-is215001 52150 | Dogeer | Passwang 30 | 50 | 310 | 162 14 a8 1365 | 1427 | 1504 | 16 | 23 | 72 | o6 | 170 | 21 | 123 | 348 | os | s4a | 170 | 21 | 246 | 553 | 10 | 035 | oar | oor | o6 | 036 | oor | oss | oaz | os2
18 | BOzZ115506301 55063 | Dogger | Opalinus Clay 30 | 40 | 280 | 10 1o 237 | 24 | 164 | 58 | 483 | ste | 1051 | 1140 | 1187 | 15 | 20 | 61 | 498 | 144 | 20 | 80 | 268 | 03 | 442 | 144 | 20 | 160 | 414 | 07 | 037 | 012 | 002 | o1 | 035 | oor | os7 | oaa | 0w
19 | Bozi15724301 57243 | Dogger | _Opalinus Cay 30 | s0 | 310 | 12 33 | os w22 89 | 871 | 893 | 15 | 18 | 57 | 389 | 108 | 16 | 64 | 206 | 03 | 338 | 108 | 16 | 128 | 298 | o6 | 038 | 012 | 00z | 014 | 033 | oot | 03 | o1 | oss
20 | soz11580.3401 58034 | Dogger | Opalinus Clay 30 | a0 | 250 | 10 37 | os 282 | 31 | 151 | 57 | s22 | o7s | 1028 | 1106 | 1094 | 15 | 21 | 78 | 487 | 128 | 19 | 75 | 258 | 03 | 429 | 128 | 1o | 150 | 361 | 07 | 039 | 012 | ooz | 014 | 033 | oo1 | 09 | oas | owr
21 | BOZ1-1-597.28-DI 597.28 Dogger Opalinus Clay 3.0 4.0 20.0 5.9 39 11 30.0 3.7 22.1 6.1 61.3 1088 | 123.1 142.0 140.2 17 2.2 8.6 59.0 19.8 27 9.1 315 0.4 53.0 19.8 27 182 45.8 0.8 0.38 0.14 0.02 0.13 033 0.01 0.38 0.16 0.46
22 | BoziL619.1001 61910 | Dogeer | Opalinus Clay 30 | 50 | 160 | a0 30 | oa 361 | 34 | 190 | 88 | 680 | 1205 | 1253 | 1e54 | 1428 | 19 | 22 | sa | so5 | 200 | 25 | 95 | 317 | 04 | 532 | 200 | 25 | 191 | 472 | 08 | 0s7 | oas | 002 | o013 | 033 | oor | os7 | oae | oar
23 | Bozit623.6001 2360 | Dogeer | _Opalinus Cay 30 | 40 | 160 | 31 31| o3 327 | 35 | 257 | 70 | 95 | 1145 | 1333 | 1561 | 1481 | 20 | 24 | 98 | 55 | 168 | 26 | 108 | 335 | 04 | 587 | 168 | 26 | 217 | 474 | 09 | o040 | oar | oo2 | ois | 03z | oor | o040 | o013 | o4z
24 | BOZ1-1-634.90-DI 634.90 Dogger Opalinus Clay 3.0 5.0 14.0 5.0 4.0 0.6 33.0 4.0 243 6.7 67.4 1197 | 1287 [ 155.1 1448 19 2.2 8.7 61.7 18.2 25 10.0 325 0.4 55.5 18.2 25 20.0 47.7 0.8 0.38 0.13 0.02 0.14 0.33 0.01 0.38 0.14 0.47
25 | BOZ1-1-643.80-DI 643.80 Dogger Opalinus Clay 2.0 4.0 15.0 6.0 3.6 1.1 67.4 126.5 151.6 143.7 16 2.2 7.9 60.2 18.1 2.7 9.6 322 04 54.2 18.1 2.7 19.3 48.6 0.8 0.38 0.13 0.02 0.13 0.34 0.01 0.38 0.14 0.48
2 | 802116650001 500 | Uas | Staffelegg 30 | 60 | 40 | 95 | s4 29 184 | 20 | 60 | 23 | 287 | 17 | 72 | 717 | 722 | 12 | 19 | 44 | 320 | 101 | 11 | 59 | 153 | 02 | 273 | o1 | 11 | 118 | 218 | 04 | 037 | o1s | 002 | o6 | 030 | oor | 037 | o5 | oar
27 | sozite709501 67095 | tas | staffelegs 20 | 60 | 310 | 198 | 25 1 243 | 22 | 74 | 30 | 369 | 776 | 843 | 570 | 913 | 10 | 22 | sa | 393 | 17 | 15 | 69 | 200 | 02 | 339 | 17 | 15 | 138 | 299 | 04 | 037 | 013 | 002 | o015 | 033 | ooo | 0s7 | 015 | oas
28 | BOZ1-1-681.57-DI 681.57 Lias. Staffelegg. 0.0 0.0 9.0 8.0 3.0 79.2 1639 | 217.3 | 2029 0.8 3.1 9.7 824 27.1 33 147 43.1 0.4 75.5 27.1 33 29.4 66.8 0.7 0.37 0.13 0.02 0.15 033 0.00 0.37 0.15 0.48
29 | Bozi-169472:01 69472 | Keuper | Kettgau 20 | 70 | 90 | 24 | 366 w1 360 | 37 | 04 | 08 | 409 | 1134 | 1222 | 1555 | 1958 | 05 | 41 | 96 | 619 | 268 | 28 | 152 | 258 | 02 | 532 | 268 | 28 | 303 | 323 | 05 | 036 | o8 | ooz | 021 | 022 | ooo | 036 | 020 | oas
30 | Bozi1717.9501 71796 | Keuper | Klettgau 120 | 190 | 290 | oo w1 273 | 20 | 40 | 59 | 396 | 827 | 741 | 840 | se | 07 | 34 | 31 | 38 | 212 | 11 | 52 | 127 | o1 | 292 | 212 | 11 | 105 | 193 | 02 | 036 | 026 | oor | 03 | 02s | ooo | 036 | 027 | o037
31 | soz1172397.01 72397 | Keuper | _Bankerjoch 40 | 8o | 10 | oo | 320 06 348 | 35 | 00 | 57 | aaa | 1110 | 00 | 1108 | 978 | 09 | 39 | 61 | 427 | 180 | 15 | 128 | 152 | o2 | 340 | 180 | 15 | 256 | 183 | 04 | 035 | 018 | ooz | 026 | 09 | ooo | 0as | 020 | oas
32 | BOZ1-1-808.61-DI 808.61 Keuper Bankerjoch 2.7 0.0 97.2 0.0 35 0.8 16.7 0.4 128.9 11 3.0 0.9 0.0 0.8 135.2 0.5
33 | Boz2140215PW 40215 | Dogger | passwang Fm. 21 | 42 | 211 | 383 350 1267 | 1500 | 312 | 06 | 63 | 62 | 471 | 123 | 23 | 137 | 298 | a1 | 413 | 123 | 23 | 274 | 473 | o7 | 031 | ooo | 00z | 021 | o036 | oor [0a1 [ o1 | 057
34 | Boz1azsszpw 42592 | Dogeer | _Passwang Fm 18 | a4 | 291 | 229 o1 a1 964 | 1213 | 1056 | 08 | 15 | 56 | 390 | 122 | 22 | 100 | 231 | os | 352 | 122 | 22 | 200 | 350 | 10 | 033 | 012 | 00z | 019 | 033 | oo | 033 | o | oss
35 | sozz1assiew 41371 | Dogger | _passwang Fm. 35 | so | wa | as 01 203 | 29 | 32 | 53 | 317 | 743 | 614 | 761 | 54 | 10 | 17 | 39 | 264 | 71 | 12 | 63 | 146 | os | 220 | 71 | 12 | 126 | 215 | 0o | 034 | o1 | ooz | 019 | 033 | oor | 03 | oa3 | oss
36 | BOZ2-1-471.37-PW 471.37 Dogger Opalinus Clay 2.7 42 217 6.2 0.4 63.6 116.7 154.3 134.7 11 18 6.7 54.8 14.4 2.8 11.2 28.5 06 50.1 14.4 2.8 225 43.6 12 037 0.11 0.02 0.17 0.32 0.01 0.37 0.13 0.50
37 | Boz2- 1495 66:P0 49566 | Dogger | _Opalinus Clay 26 | 46 | 218 | 76 35 | <01 296 | 35 | 197 | 61 | 589 | 1059 | 1105 | 1429 | 1227 | 10 | 15 | 69 | 501 | 137 | 27 | 102 | 263 | 06 | 4 | 137 | 27 | 204 | 387 | 11 | 038 | o | ooz | 017 | 032 | oor | 038 | 043 | oas
38 | Boz2151974-PW 519.74_| Dogeer | _Opalinus Clay 26 | 41 | 198 | 40 76 | o2 05 1098 | 1433 | 1238 | 11 | 14 | 70 | 513 | 137 | 28 | 102 | 23 | o0s | 473 | 137 | 28 | 203 | 386 | 11 | 038 | o1 | ooz | o6 | 031 | oo1 | oss | oas | oas
39 | BOZ2-1-536.30-PW 536.30 Dogger Opalinus Clay 23 3.9 14.7 37 5.4 0.2 339 4.1 23.4 76 68.9 1219 | 123.1 162.9 141.0 12 16 7.7 59.3 14.6 31 11.7 29.6 0.6 54.8 14.6 3.1 234 43.8 12 0.39 0.10 0.02 0.17 0.31 0.01 0.39 0.13 0.49
20 | Boz2156029 7w 56029 | Dogaer | Opalinus Clay 18 | 33 | 1s | ss 53 | oo 704 1266 | 1689 | 1040 | 12 | 17 | 77 | 593 | 159 | 31 | 113 | 309 | o | sa7 | 159 | 31 | 227 | 464 | 12 | 038 | o1 | 00z | 016 | o032 | oor | 038 | oas | oas
1 | sozz 158584 Pw 59564 | Uass | StaffeleggFm 28 | 57 | s41 | 89 20 161 | 20 | 51 | 28 | 260 | 565 | 453 | s62 | 473 | 12 | 25 | 24 | 215 | 55 | o7 | 40 | 07 | o5 | 153 | 55 | o7 | 81 | 167 | 10 | 032 | o1z | oo1 | o7 | 035 | oo2 | 032 | o1 | os4
42 | BOZ2-1-606.13-PW. 606.13 Lias. Staffelegg Fm. 25 83 12.0 11 75.2 147.4 196.9 172.0 0.5 2.7 8.4 65.4 19.2 32 15.3 37.7 0.4 59.5 19.2 3.2 306 58.7 0.7 035 0.11 0.02 0.18 0.34 0.00 0.35 0.13 0.52




NAGRA NAB 21-01

Tab. A-2:

A-2

Summary of all the geochemical parameters for the samples from the siting region Nordlich Lagern

Samples Mineralogy Clay mineralogy CEC ‘Total anion & cation exactions Exchangeable cations (corrected) Fractional occupancies
F % e o Te El S 2 | z2| = "
Fle ||| 8|35 |<|z8 Elg| |88 &
[m] = [mmol/ke] [mea/ke] [E]

1 [ sunimesso 73445 | Walm | Villgen Fm, e o1 74 | 11 [ 14 | o6 [ w6 | 273 74 | 18 | 31 | 4a | 1358 | 101 | o7 | 38 | 108 | o1 | 62 [ 101 [ o7 [ 75 | 128 | o2 | o3 | 027 | oo2 | 020 | 034 | ooo [Tote | 025 [ oss
> [ sunazszasol 752.48_| Maim | Wiegg P 50 | 75 | ess [ 71 03 15 | 15 | 13 | 11 | 1sa | aes Se7 | 25 | 39 | 68 | 225 | 129 | o8 | 50 | 163 | o1 | 121 | 125 | o8 | 101 | 185 | 03 | 022 | 024 | 001 | o1s | 034 | oor | 022 | 025 | oss
3 | souazsessor 76665 | Maim | Wildegg Fm. 25 | 54 | 7o | 13 o1 124 | 19 | 25 | 0s | ws | w2 553 | 28 | 43 | 63 | 232 | 116 | o8 | 49 | 168 | 02 | 11s | 116 | 08 | 98 | 210 | 03 | 021 | 0a1 | oo1 | o1s | o3s | oo | oas | 022 | ose
s 7943501 79435 | Mam | Widegg e 53 | 55 | s 158 | 20 | 27 | 18 | 223 | san 83 | 25 | 43 | 68 [ 212 | 11 | o8 | 49 | 150 | o1 | 100 | 111 | 0s | 97 | 163 | 03 | 021 | 023 | 002 | 020 | 034 | oo1 [ oas | oas | oss
5 8085201 50892 | Dogger | parkinson-Wart” 15 | a9 | 16 | 28 12 298 | 35 | 12 | 40 | s15 [ 1035 1248 | 61 | 25 | 68 | 97 | 206 | 12 | 7a | 316 | 03 | 386 | 206 | 12 | 182 | 97 | 05 | 031 | oa7 | oor | oa | a0 | ooo | a1 | oas | os2
& | sunseissool 81590 | Dogger | “Herrenwis Unit 740 | 199 as | o7 05 | so | 18 275 | 13 | 08 | 48 [ 101 | 62 | o5 | 72 | a3 | oo | 73 | 62 | 0s | w3 | os | ox

7 [ sonassarol 52817 | Dogger | errenwis Unit 20 | 5o o 0 222 | 16 | 20 | 31 [ 192 | o1 | o1 | 12 | 31 | oo | 36 | 61 | o1 | 23 | 00 | ox

s | suitss0asor 540.45 | Dogger | “Herrenwis Unit 15 | w01 | 74 | a3 03 a1 | 06 | 00 | 05 | 53 | 50 | 27 | 13 | 1o | 21 | 16 | 30 | 25 | 10 | 01 | 10 | 36 | o1 | 24 | 10 | o1 | 20 | 11 | 02

5 | suuitessosol 54505 _| Dogger | “Herrenwis Unit 12 | o7 07 | 02 | 00 [ 01 | 10 | 32 | o0 | a6 | 57 [ 17 | 13 | 35 | 30 | 21 [ 08 | 11 | 43 | o1 | a2 | 21 | o8 | 22 | 17 | 02

10 | suiiies15000 85150 | Dogger | “Herrenwis Unit 31 | s9o 02 54 | 06 | 04 | 04 | 68 | 175 | 70 | 77 | 93 | 32 | 16 | 34 | 74 | 18 | o8 | 14 | 48 [ 00 | 10 | 18 | o8 | 28 | 28 | o1

11 | suuisssioool 561,00 | Dogger | Wedelandstein 33 | 56 | 26 | 12 1 369 | 68 | 27 | 21 | 485 | 1aas | 1a00 | 1960 | 1670 | 63 | 20 | 75 | 930 | 218 | 16 | 80 | 403 | 04 | 0o | 218 | 16 | 161 | 657 | 0o | o4s | 02 | oor | 009 | 035 | ooo | oas | 0w | oas
2 | sonseosrew 57091 _| Dogger | Weaekandstein 1o | 36 | 226 | w5 66 338 | 431 | 372 | 42 | 20 | 58 | 196 | 62 | 30 | 31 | 1o | o1 | 13 | 62 | 30 | 62 | 103 | o1 | 030 | 017 | o0s | 017 | o2s | ooo | 030 | 025 | oss
5 75697 57569 | Dogser | Wedelsandstein a2 | 62 | 36 | 246 0 72 | 24 | a5 | 25 | 27a | 21 | 60 | 834 | o1 | 56 | 21 | 39 | 36 | 04 | 08 | 37 | 156 | 02 | 268 | 104 | 08 | 73 | 224 | os | 039 | oas | 001 | oas | 034 | oo | 035 | o6 | oss
1 87.26PW 587.26 | Dogger | Murchiso-Ooit” 34 | 58 [ 23 | 10 os | 17 301 | a1 | 221 | 71 | 33 | 1130 | 1125 | 1390 | 1467 | 50 | 18 | 83 | esa | 221 | 97 | 67 | 309 | 02 | 8 | 221 | o7 | 134 | 452 | 05 | 038 | o5 | oor | 009 | o031 | 000 | oss | 022 | oao
5 854 68w 89466 | Dogger | Opalinus Clay 31 | 70 | 301 | 134 17 | o7 343 60 | 702 | 625 | 68 | 21 | &5 | a76 | o7 | o8 | 31 | 175 | o1 | 267 | 97 | 08 | 63 | 188 | 03 | 043 | o16 | oo | o0 | 030 | ooo | 043 | oa7 | oar
i 50026 50026 | Dogger | Opalinus Clay 25 | 51 | 270 | 168 s | 12 236 | 27 | 136 | 4a | 443 | 824 | sso | 11| 969 | 75 | 26 | 72 | sus | 128 | 13 | 50 | 240 | 02 | 389 | 128 | 11 | 100 | 336 | o4 | 040 | 013 | 001 | 010 | 035 | ooo | 040 | oa | oae
T Snserw 512.84_| Dogaer_| Opalinus Clay 35 | 53 | 312 [ s 21 | 10 222 | 25 | 135 | 54 | asa | 815 | o2 | a3 | 726 | 58 | 20 | 57 | 394 | 02 | 10 | 35 | 180 | 02 | 295 | 102 | 10 | 70 | 246 | 03 | oa1 | oas | 001 | 010 | 038 | ooo | oas | o35 | oas
16 | suto2473Pw 524.73_| Dogser | Opalinus Clay 30 | 55 | a0 | 1 25 | oa 227 | 26 | 165 | 35 | 458 | 805 | 771 | 1057 | 869 | 63 | 24 | 63 | 473 | 105 | 1o | a1 | 215 | 03 | 360 | 109 | 10 | 81 | 302 | o7 | oa1 | 013 | oor | 005 | 035 | oo | oar | oaa | oss
1 | suni9%36rw 53636 _| Dogger | Opalinus Clay 33 | 50 [ 227 | 61 26 | os 287 | 31 | 208 | 63 | 589 | 1007 | 856 | 1164 | 1025 | 65 | 22 | 74 | sa1 | 121 | 12 | a8 | 255 [ 03 | 433 | 121 | 12 | o6 | 357 | o6 | 042 | o2 | oor | 005 | 035 | oor | o4 | o33 | oas
20 | sunasmssrw 54856 | Dogser | Opalinus Clay 37 | 57 [ 12 | 52 a1 | 03 300 | 37 | 215 | 66 | 618 | 1089 | 1006 | 1647 | 1221 | sa | 23 | 130 | 668 | 138 | 14 | 73 | 318 | 0a | 538 | 138 | 14 | 1a6 | 377 | o7 | oas | os | oo | o12 | 031 | oo | oaa | os2 | oas
21 | sunasessarw 96598 | Dogger | Opalinus Clay 33 | 52 [ | ea 2 | 11 289 | 43 | 227 | 80 | 639 | 1127 | 1012 | 1387 | ;15 | 72 | 23 | 75 | 665 | 156 | 16 | 56 | 308 | 03 | sa7 | 156 | 16 | 112 | 478 | 07 | 042 | 012 | oor | oos | 036 | oor | ow2 | o1 | oss
22 | sunaers2sew 57525 | Dogser | Opalinus Clay 32 | so0 | 24 | 6o a6 | 02 27 | 31 | 214 | 54 | 536 920 | 1432 | 1043 | 65 | 26 | 110 | s68 | 123 | 13 | 57 | 278 | 05 | 450 | 123 | 13 | 114 | 335 | 09 | 043 | ox2 | 001 | oas | 032 | oor | o4s | oas | oas
23 | sui1100156R 100196 | Uas | StaffeegsFm. 16 | 36 | 101 | 04 34 2 754 | 1135 | 973 | 104 | 53 | 46 | 523 | 122 | 11 | as | 257 | 04 | 312 | 122 | 11 | o7 | 421 | 09 | 032 | 013 | 001 | oa0 | 043 | oor | 0s2 | oa | oss
24 | Bul11-1008 06-PW 100804 | Uas | StffelegsFm. s | a7 | s | 14 58 | 07 | 28 | os | 101 | 203 | 355 | as2 [ 30 | 31 | 27 | 50 | 233 | 70 | o6 | 24 | 101 | 02 [ 148 | 70 | 06 | 48 | 102 | o5 | 039 | oas | 002 | 013 | 027 | oor | 039 | 020 | oar
35 | sunii07s6Re 1017.56 | Uas | SutfelegaFm. 51 | a8 [ 332 [ o9 [ 18 [ 13 | 11 39 81 | 1002 | 86 | 63 | 16 | 101 | 43 | 188 | 17 | so | 208 | 02 | 347 | 188 | 17 | 1 | 2103 | oa | 039 | 021 | 002 | 013 | 02s | ooo | 039 | 025 | 038
% | suniiioesopw 102650 | Uas | suffelegsFm. 58 | 2 | @3 o4 259 893 | 1267 | 1086 | 56 | 24 | 57 | se7 | 142 | 14 | a0 | 237 | 03 | asa | 12 | 14 | 81 | 30 | o5 | oas | 013 | 001 | 0or | 033 | ooo | o4s | osa | oar
27 73453 | Dogger | Variansmergel 20 | 54 | 154 | a1 11 565 1241 | 1027 | 1502 | 63 | 26 | 78 | &7 | 18 | 22 | w09 | 347 | oa | s1s | s | 22 | 218 | 539 | o7 | 03s | 013 | oo1 | o015 | o3 | ooo [L0ma | oas | 0sE
) 76499 | Dogger | parkinson-wart” 29 | 63 | 158 | w2 | 2a 1 536 1153 | 1306 | 1360 | 45 | 26 | 82 | 560 | 201 | 22 | 106 | 310 | 03 | 463 | 201 | 22 | 211 | 457 | 06 | 034 | 035 | 002 | o16 | 034 | 000 | 034 | o016 | os0
2 | stza7000Pw 770,01 | Dogger | “Herrerwis Unit 20 | a6 | 166 | a99 03 261 533 | 525 | 589 | 48 | 28 | 39 | 282 | o0 | 1o | s1 | 143 | 02 | 179 | 90 | 10 | 101 | 206 | 03 | 030 | 015 | 002 | o7 | o35 | oor | 030 | a7 | 0ss
30 | s iziresew 777.85 | Dogger_| Wumphriesioolih Fm’ 28 | so | 16 | 207 T 284 | 43 | 108 | 75 | 502 | 186 | 1162 | 1192 | 1302 | 56 | 37 | 63 | 579 | 154 | 20 | 87 | 300 | 03 | 450 | 154 | 20 | 173 | 495 | 07 | 035 | 0a2 | ooz | 033 | 038 | oor | 035 | o1 | 0m2
31 | staa7s2atew 78231 | Dogser | Wedelsandstein Fm 30 | 5o [ 2is | 8e o7 595 1296 | 1015 | 1526 | 53 | 23 | 74 | 54 | 198 | 25 | 102 | 343 | 03 | 555 | 198 | 25 | 203 | 538 | 07 | 036 | 013 | 002 | 013 | 035 | ooo | o036 | oas | oas
32 | sthztsoe1zow 50613 | Dogger | Opalinus Clay 20 | 38 | 250 | a0z 9 | o2 263 52 | 95 | a4 | 31 | 22 | 41 | 0 | 67 | o8 | 39 | 128 | o1 | 154 | 67 | 08 | 79 | 14 | oz | 032 | 014 | 002 | o1s | o036 | ooo | 0sz | ods | oss
33 | stzvesszow 524.92_| Dogger | Opalinus Clay 54 | 52 [ 28 | 82 27 | 16 282 | 34 | 159 | 66 | a1 | 1004 | 1005 | 1082 | 1154 | a1 | 22 | 67 | sos | 154 | 20 | 75 | 269 | 03 | 420 | 154 | 20 | 150 | 404 | 05 | 036 | 013 | 002 | 013 | 035 | 000 | 036 | 015 | oas
30 | s ssaisew 54198 | Dogger | Opalinus Clay 52 | ss [ 27 | 85 as | o1 s43 T101 | 117 | 1260 | 46 | 22 | 78 | sa0 | 152 | 22 | 85 | 293 | 03 | 459 | 152 | 22 | 171 | 430 | o6 | 037 | 012 | 002 | o1a | 035 | ooo | 037 | 0a | oas
35 | stz ssssstow 5951 _| Dogger | Opaliuslay 35 | so [ w4 | so a3 | o6 274 | 41 | 215 | 69 | 596 | 1052 | 1183 | 1245 | 1343 | a2 | 25 | 7 | 598 | 145 | 24 | 83 | 326 | oa | 506 | 145 | 24 | 166 | 494 | 07 | 038 | o1 | oo2 | 032 | 037 | oo | 08 | 013 | os0
36 | sta-ter2srow 72.57_| Dosger | Opalinus Clay 28 | 55 |22 | o2 54 | o4 255 | 38 | 219 | 54 | 565 | 991 | 1168 | 155 | 1306 | 42 | 28 | 90 | s8a | 154 | 23 | 88 | 318 | 05 | 486 | 154 | 23 | 120 | 456 | 11 | 037 | oaz | ooz | 01 | 035 | oor | 0ar | o1 | oas
37 | stha-tssoaew 9016 | Dogser | Opalinus Clay 20 | 53 | 124 | es 16 | 17 316 | 37 | 55 | 87 | 94 | 115 | 1273 | 1378 | 1538 | 46 | 35 | 73 | 70 | 160 | 26 | 93 | 375 | 03 | 555 | 160 | 26 | 187 | 603 | 07 | 036 | o0 | ooz | 0a2 | 03 | ooo | 036 | oa2 | os2
% 91105 | Uas | StaffeleggFm 50 | a2 | 97 | 361 26 397 771 | 12 | 924 | 58 | 69 | 4a | 435 | 121 | 16 | 68 | 246 | 04 | 235 | 121 | 16 | 136 | 405 | 09 | 02 | 013 | 002 | o15 | oss | oor | 026 | 05 | 0se
3 | stavsssenw 9159 | tas | Staffelessm a1 | a8 | 12 [ 159 | 35 26 1 | 38 | 90 | 51 | ao6 | 1092 | 1139 | 1273 | 1391 | a1 | a2 | 56 | e8s | 179 | 22 | 75 | 204 | 03 | 8 | 179 | 22 | 150 | 475 | o6 | 040 | 013 | ooz | 011 | 03 | ooo | oao | osa | oss
a0 | stAz1923.05 7w, 92305 | Uas | Staffeega Fm 52 | 56 | 398 | 80 | 23 s 200 723 | 772 | 89 | 33 | 23 | 51 | 413 | 126 | 13 | 53 | 180 | 02 | 334 | 126 | 13 | 105 | 257 | 03 | 040 | o015 | 002 | 013 | 031 | ooo | 040 | oz | oas
a1 [ stazasessoow 92950 | Uas | staffelea Fm 31 | s1 | s8s | so | 16 05 251 | 33 | 106 | 63 | 454 | 915 | sos | 997 | 1089 | 31 | 22 | 62 | 507 | 153 | 16 | 65 | 219 | 02 | 41 | 153 | 16 | 130 | 314 | 04 | 041 | oas | ooz | 02 | 030 | ooo | oar | o6 | oas
a2 [ stazasms20ow 93920 | Uas | Staffelegs Fm. 28 | 60 | 207 | o6 10 595 1568 | 1883 | 1980 | 22 | 26 | s | o34 | 221 | 30 | 116 | 403 | 04 | s60 | 221 | 30 | 232 | e20 | o7 | oas | om | 002 | o12 | 032 | ooo | 043 | 013 | oas
3 32w 98322 | Kewper | Kiettgau rm, 28 | as | o5 | 73 | a1 01 277 w36 | 953 | 1007 | 26 | 26 | 59 | s02 | 151 | 15 | 114 | 151 | 02 | a2s | 151 | 15 | 228 | 185 | oa | oa2 | 015 | oor | 023 | oas | ooo | 042 | 016 | oar
m Si833PW 99833 _| Kewper | Wengaurm, a3 [ 61 |19 | 52 | aa <1 229 731 | 822 | w6 | 24 | 24 | 48 | a2 | 122 | 13 | 105 | 131 | 02 | 370 | 122 | 13 | 210 | 167 | o4 | oa2 | 014 | oor | 024 | 015 | ooo | oa2 | oss | oas
s 555,637, 955,63 | Keuper | WetgauFm, 12 | s2 | e | 7 | s o1 73 01 | 453 | 479 | 32 | 30 | 29 | 28 | 78 | 07 | 72 | 63 | 02 | w6 | 79 | o7 | 144 | 68 | o4 | 037 | o7 | oo1 | 030 | oas | oor | 0ar | o8 | oas
a6 | stAz1se043 7w, 96043 _| Keuper | Kengaum 06 [ 1a | 29 5 60 o4 37 7 | 52 | se0 | 1o | 122 | 281 | o0 | 46 | e56 | 0a 1291

00

7 [ stasaso0rrow 70077_| Dogger | Variansmergel 12 | as | 153 | ws e 565 | a1 | 146 | 45 | 601 | 12as | 1285 | 155 | 1532 | 60 | 3 | 70 | see | 177 | 15 | 128 | 382 | 03 | 450 | 177 | 19 | 256 | 624 | 06 | 020 | o12 | oor | o017 | oar | ooo |02 | 03 | 088
a8 [ sasaziosrow 71087 | Dogeer_| Herenwies Fm 15 | a1 | 727 | 30 w1 107 | 16 | 00 | 16 | 180 | sz | 512 | a0 | e13 | 20 | 31 | 78 | 220 | 186 | 15 | 54 | 155 | o1 | 139 | w6 | 15 | 107 | 163 | 03 | 023 | 030 | 003 | 0w | 027 | ooo | 025 | 035 | oas
a9 | staaarieseow 71658 _| Dogger | Rerranwies Fm. 14 | 25 | ss | 36 w1 a8 217 | 203 | 219 | 16 | 17 | 35 | w2 | 44 | 04 | 22 | 7a | o1 | 51 | 44 | 0a | 44 | 72 | 03 | 023 | 020 | 002 | 020 | 033 | oor | o2s | 022 | ose
50 [ stasa7as.0zow 735.02_| Dogeer | Rerenwies Fm 19 | a2 | 121 | a6 o4 303 1710 | 2067 | 1998 | 52 | 38 | 85 | 949 | 10 | 24 | 133 | 434 | 05 | w21 | 180 | 24 | 267 | es6 | 05 | oa1 | 009 | 001 | o013 | o35 | ooo | oas | o0 | oas
51 [ stasarasesrw 74266 | Dogger | Wedelsandstein Fm 50 | a6 | 286 | 210 04 410 1096 | 1184 | 1215 | 37 | 21 | 5a | 565 | 124 | 15 | 80 | 267 | 03 | ass | 124 | 15 | 159 | 426 | 06 | 0a0 | 010 | 001 | 013 | 035 | ooo | odo | oas | oss
52 [ saazsionw 75110 | Dogger | Wedelsandstein Fm. 24 [ 53 [ [ 18 | o1 540 | 50 | 133 | 38 | ea | 160 | 1321 | 102 | 1503 | 53 | 23 | w9 | 705 | 365 | 22 | 100 | 337 | 03 | 05 | 169 | 22 | 200 | 47 | o6 | oa1 | oxs | oor | o1 | 033 | ooo | oar | oss | oar
53 [saaseoorw 764:00_| Dogeer_| Wedelsandstein Fm. 29 | 56 [ 37 | a3 05 250 | 32 | 156 | 62 | soa | 917 | 55 | 041 | 953 | 54 | 19 | 54 | a62 | ;s | 1a | 58 | 222 | 02 | 37a | 13 | 14 | 115 | 336 | o4 | 035 | o2 | 00or | 012 | 035 | ooo | 039 | o33 | oas
54 | staa1zesasow 76935 | Dogger | Murchisonse-0olithm. | 25 | 42 | 394 | 78 09 a7 635 | 784 | 96 | 48 | 17 | 39 | 355 | 71 | 09 | 40 | 168 | 02 | 273 | 71 | 05 | 80 | 259 | 03 | 039 | 010 | 001 | 012 | 037 | ooo | 0a5 | oaz | oas
55 | staa7rsa0ow 77510 | Dogger | Murchisonse-Oolthfm | 25 | 45 | 224 | 99 22 | o7 281 | 33 | 195 | 63 | 572 | 1007 | 1020 | 1158 | 1203 | 58 | 21 | 61 | s67 | 155 | 18 | 65 | 274 | 02 | a6s | 155 | 18 | 137 | 420 | 05 | 039 | o3 | 002 | 011 | 035 | ooo | 039 | osa | oar
56 | stasaroissew 79196 | Dogser | Opalinus Cay 22 | 27 | ws | 113 18 | 13 620 1178 | 1375 | 1355 | 52 | 22 | 80 | 56 | 16 | 21 | 84 | 306 | 03 | s60 | 146 | 21 | 169 | 451 | o6 | oar | om | 002 | o12 | 033 | ooo | oar | o2 | ose
57 [ stasssossrow 50997 | Dogger | Opalinus Clay 37 | 55 | 309 | 130 53 | os 211 | 20 | 142 | a1 | a22 | 7ms | 930 | 1083 | 1004 | 49 | 23 | 72 | 501 | 113 | 16 | 66 | 237 | 03 | 405 | 13 | 16 | 132 | 332 | o6 | 040 | oas | 002 | 013 | 033 | oor | o0 | o35 | oar
58 [ smersaazew 2213 _| Dogeer_| Opalinus Clay 27 | s | 207 | 95 36 | os 259 | 31 | 188 | 53 | 530 | 930 | 915 | 1054 | 1015 | 40 | 20 | 65 | 491 | 07 | 16 | 62 | 261 | 02 | 411 | 107 | 16 | 124 | 352 | 05 | oas | oas | 00z | 012 | 035 | ooo | oar | o3z | oar
59 | sTaa1sa0aerw 21014 Dogser | Opalinus Clay 24 | a7 [ w4 | es 2 | 24 &2 1145 | 1296 | 1318 | 45 | 23 | 76 | o7 | 147 | 22 | 75 | 308 | 03 | 526 | 187 | 22 | 145 | 68 | 06 | 0a0 | om | 002 | om | 035 | ooo | 040 | oas | oar
60 | stas1s55.05Pw 85505 | Dogser | Opalinus Clay 50 | a9 [ w5 | as 80 | os 270 | 33 | 237 | 64 | e0a | 990 | 1207 | 1202 | 1349 | a2 | 23 | 100 | 658 | 136 | 23 | 86 | 321 | 0a | 569 | 136 | 25 | 171 | a2 | os | 0a2 | o0 [ 002 | 013 | 035 | oor | 042 | 032 | oas
o1 | stas1ses7-Pw 866.67_| Dogger | Opalinus Cay 52 | 51 | w60 05 | os 284 | 34 | 243 | 67 | 628 | 1036 | 1233 | 1453 | 103 | a2 | 25 | o1 | 6as | 163 | 24 | 86 | 330 | 05 | 557 | 163 | 24 | 172 | 478 | 09 | 040 | 012 | 002 | 012 | 03s | oor | 040 | 035 | oar
o [ stasssszew 584.83_| Dogeer_| Opalinus Clay 28 | s [ ws | w2 54 | o8 a7 1223 | 1437 | 1418 | 45 | 24 | 80 | 665 | 159 | 24 | s1 | 320 | 03 | 572 | 155 | 24 | 161 | 496 | 06 | 0a0 | om | 002 | om | 035 | ooo | 040 | oas | oar
& | sraaseonsrew 9181 | Uas | SteffelegsFm 20 | 38 | w7 01 54 | 0o | 21 | 18 | 132 | 84 | 230 | 185 | 227 | 15 | 23 | 37 | 123 | a2 | 05 | 15 | 77 | 01 | 55 | 42 | 05 | 39 | e0 | o1 | 026 | 015 | 002 | a7 | o35 | oor | 026 | o2 | 083
& | sTas1s96.60PW 89660 | Uas | steffeleas Fm 12 | 28 | 82 | s10 27 279 587 | 528 | 668 | 69 | 52 | 78 | 393 | 88 | 12 | 41 | 207 | o4 | 220 | s | 12 | 83 | 258 | 07 | 033 | 013 | 002 | 012 | 035 | oo1 | oas | oas | os
& | sass0270mw 50270 | Uas | Steffeega Fm 31 | 57 |43 | so | 18 07 197 | 25 | 92 | 45 | 359 | 711 | 73 | 769 | s00 | 43 | 18 | a6 | aoo [ aus | 11 | a8 | 168 | 02 | 329 | 115 | 11 | o6 | 25 | o4 | oar | oaa | oor | 012 | 031 | oor | oar | o6 | oas
o | stasssosesow 50865 | Uas | Steffelegsm 28 | aa | 356 | 155 06 04 761 | 942 | 926 | 34 | 16 | 57 | a2 | 155 | 15 | s | 193 | o1 | 367 | 155 | 15 | 11s | 272 | 03 | 0a0 | 017 | oo2 | 012 | 029 | ooo | 040 | oas | oaz
& [sassumasew 5315 | tas | steffelcssm 15 | 40 [ 162 | 7o 08 367 | 43 | 189 | 84 | 683 | 1205 | 950 | 11me | 107 | a1 | 19 | 66 | 534 | 167 | 18 | 65 | 232 | 02 | as6 | 167 | 18 | 131 | 332 | oa | oas | oas | 002 | 012 | 030 | ooo | oar | oar | ome
6 | staa1onaasew 52415 | Keuper | Kietigau Fm 26 | 56 | 79 536 02 238 | 40 | 04 | 18 | 299 | o1 | 1072 | 1228 | 1251 | 65 | 28 | 79 | 667 | 151 | 17 | 111 | 234 | 03 | 546 | 150 | 17 | 221 | 310 | 05 | 044 | oa2 | oo1 | oas | 025 | ooo | oas | o3 | oas




Tab. A-3:

Summary of all the geochemical parameters for the samples from the siting region Ziirich Nordost

A-3

NAGRA NAB 21-01

samples. Mineralogy Clay mineralogy CcEC Total anion & cation exactions Exchangeable cations (corrected) Fractional occupancies

% H = 3 E 2 Fe

Sl ez 2| 2| & |22 H SlEs|l 2| g ||
N [ 1D (Rwi) Depth | Group Formation g 2 5 o < H Tt |58 G g [se| ¢ g g 2 a so, | mc | na K N [ Mg | e st Na K NH, | Mg | ca st N | N | N | Mg | Na [N | N [ N [N

Bl || 8|8 |35 |<|£8 g 2 |eE| 8| =] 9| &

£ < : s

[m] [wt.-%] [meq/ke] [mmol/kg] [mea/ke] ]

1 | TRU1-1-722.53/25-PW 722.66 | Malm Wildegg Fm. 2.0 2.7 82.0 19 <0.1 7.7 0. 19 09 111 240 249 259 311 3.0 2.0 41 153 55 37 89 0.1 83 55 00 74 96 03 027 018 024 031 0.01 027 018 0.56
2 | TRU1-1-740.15/25-PW 74028 | Dogger Parkinsoni-Wirt.-Sch. 13 5.4 210 a3 03 179 21 82 24 303 621 80.4 86.8 101.8 6.0 14 6.4 46.2 131 7.2 244 05 374 131 0.0 144 358 1.0 037 013 014 035 0.01 037 013 0.50
3 | TRU1-1-761513/25-PW 76164 | Dogger Parkinsoni-Wirt.-Sch. 4.7 153 53.2 19 05 139 14 6.5 19 24.0 466 58.9 52.7 733 43 14 6.2 323 102 5.7 19.1 03 253 10.2 00 114 258 0.7 035 | 014 016 | 035 0.01 035 014 | 052
4 | TRU1-1-791.58/25-PW 79171 | Dogger | Wedelsandstein Fm. 55 | 200 | 53 038 400 | 47 | 156 | 75 | 678 | 1393 | 1285 | 1357 | 1780 | 67 17 98 | 784 | 193 123 | 419 | 09 | 682 | 193 | 00 | 245 | 643 | 18 | 038 | o1 014 | 036 | 001 | 038 | 011 | os1
5 | TRU1-1-820.15/25-PW/ 82028 | Dogger Opalinus Clay 3.1 17.6 3.9 39 22 346 41 224 6.8 679 | 1230 [ 1141 | 1168 [ 1501 [ 68 16 120 | 694 [ 164 110 | 374 0.7 594 | 164 0.0 221 | s07 14 040 | 011 015 | 034 | 001 | 040 [ 011 | o0as
6 | TRU1-1-848.35/25-PW. 84848 | Dogger Opalinus Clay 36 5.8 231 53 35 12 282 34 192 6.2 565 | 1015 | 1000 | 1048 | 1240 56 17 102 58.1 131 89 315 06 492 131 00 179 427 12 040 | o011 014 | 034 001 040 | 011 0.50
7_| TRU1-1-876.70/27-PW 876.84 | Dogger Opalinus Clay 32 57 24.0 75 3.7 04 26.7 33 19.1 55 54.5 966 982 1091 | 1175 5.1 2.0 14 56.1 119 88 313 06 47.0 119 0.0 17.7 398 12 0.40 0.10 0.15 034 0.01 0.40 0.10 0.50
8 | TRU1-1-899.40/28-PW 899.54 | Dogger Opalinus Clay 35 5.0 226 6.7 5.2 04 26.7 33 205 5.0 55.5 97.2 894 | 1015 | 1062 | 44 18 114 503 13 81 290 0.6 424 13 00 16.2 352 11 040 | 011 015 | 033 0.01 040 | 011 0.49
9 | TRU1-1-919.52/25-PW 919.65 | Dogger Opalinus Clay 3.1 4.9 159 7.4 37 11 296 3.1 227 7.6 630 | 1081 | 1042 | 1164 | 1340 | 47 24 104 | 611 | 140 9.4 345 0.8 516 | 140 0.0 187 | 482 15 038 | 010 014 [ 036 | 001 [ 038 | 010 | 051
10 | TRULLS340/25PW | 93853 | Ues | stafelesgfm 18 | 25 | 99 | 34 | 10 51 258 | 22 | 48 | a1 | 368 | o6 | 707 | oss | 1063 | 25 | 15 | 57 | st0 | 11 60 | 201 | oa [ 455 [ 111 | o0 | 120 | 368 | 05 | o | ot 011 | 035 | oo1 | 043 | 010 | oar
11 | TRU1-1-951.65/25-PW 95178 | Lias Staffelegg Fm. 31 5.1 332 6.1 20 09 26.7 29 146 44 485 916 85.6 69.5 87.5 62 49 9.8 438 13 6.6 267 0.6 279 13 0.0 132 339 13 032 013 015 039 0.01 032 013 0.55
1 [ warr 5200 Pw 52129 | vogger | “parkinsoni ware 50 [ 60 [ 220 [ 186 [ 28 o8 265 | 27 | 127 [ @2 [ ae1 [ sse [ s [ a36 [ a2 [ 51 [ 17 | o1 | 415 [ 220 | 17 | 75 [ ora | o4 | 320 [ 129 | 17 | 156 [ 301 | 09 | o35 | o1 [ 002 | o7 | 052 [ oor [ o3 | o6 [ o0
15 | wari 153218 0w 53215 | vogger | “parkinsoni wart 50 | 60 | 160 [ 151 ] a0 14 528 | 29 | 132 | 50 | 539 | wse | 196 | 336 | 1420 | 67 | 18 | 81 | ot | 185 | 26 | 1s | 304 | 07 | 512 | 185 | 26 | 237 | aae | 14 | 036 | 013 | 002 | ow7 | o5 | oor | o3 | oas | ows
10 | wARIL5aa 50 PW 54454_| Dogger | “parkinsoni wart 20 | a0 [ w0 | 26 a1 | e 282 | 51 | 17 | 52 | 512 | 972 | 1081 | 1053 | 130 | 63 | 16 | 69 | s02 | 134 | 15 | ou | 253 | o6 | 408 | 134 | 19 | 165 | 365 | 11 | o3 | o12 | 002 | 017 | 035 | oor | o3 | oaa | 0s0
15 | MARI-1-558.62-PW 558.62 | Dogger Wedelsandstein 30 6.0 34.0 225 10 232 26 44 28 329 771 87.2 80.8 87.1 4s 14 49 385 9.9 14 7.4 194 05 310 9.9 14 149 290 09 036 011 0.02 017 033 0.01 036 013 051
16 | wArt L6087 oW 56957 | vogger | Wedelsondstein 20 | 60 | w0 [ 2s | os o1 221 | 14 | 16 | 29 | 179 | @1 | sas [ 357 | 336 [ 111 | 22 | 20 | 221 | e1 [ 03 | 34 [ s1 | 08 | 66 | o1 | 03 | 65 [ 123 | 15 | 020 | o1s | 001 | 020 | 057 | 005 | 020 | a5 [ oer
17 | wariTss08s Pw 58089 | bogger | Wedelsondstein 50 | 30 | 470 | 160 10 20 a1o | 816 | &3 | 56 | 16 | a7 | se1 | o6 | 15 | 71 | 188 | o5 | 2 | o6 | 15 | 11 | 281 | 10 | 03 | om | 0o | 017 | 03¢ | oo1 |03 [ o1 | om
18 | waARL1588.03.PW 58505 | Dogger | Wedelsandstein 50 | 30 [ 320 [ s0 | 1 [ 450 1155 | 1195 | 1183 | o1 | 22 | 69 | 50 | 136 | 22 | o5 | 28 | 07 | 424 | 136 | 22 | 190 | 395 | 15 | 036 | o | 002 | o6 | 03 | oor | o3 | oms | ost
19 | MARI-1-597.66-PW 597.66 | Dogger Opalinus Clay 20 5.0 250 204 21 12 239 24 122 47 433 808 95.3 95.1 97.5 49 17 6.8 436 121 19 81 224 04 352 121 19 162 312 08 036 0.12 0.02 017 032 0.01 036 014 0.50
20 | MARI-1-605.04-PW 605.04 | Dogger Opalinus Clay 30 5.0 240 103 13 282 31 185 57 554 981 1139 | 1108 | 117.1 5.7 17 7.7 528 126 22 9.9 266 05 437 126 22 19.7 378 11 037 011 0.02 017 032 0.01 037 013 050
o1 | WAt te1a 77 oW 61877_| Dogger | Opatinus Clay 50 | 50 [ 250 | 78 o5 235 | 27 | 192 | e | 575 | oo | 970 [ w76 | 997 | 53 | 14 | 70 | a9 | 109 | 1o | &5 | 227 | o4 | 368 [ 109 | 19 | 175 | 33 | 09 | 037 | o1 | 002 | oas | o051 [ oo1 | 037 | o4 [ om0
22 | maRL 163056 7w 63056 | Dogger | Opalinus Clay 20 | 50 | 20 | 3 27 | 13 294 | 33 | 204 | a5 | 576 | wos | doee | 1055 [ 1081 | 51 | 16 | 74 | 41 | 224 | 20 | se | 20 | 05 | 398 | 24 | 20 | 172 | 36 | 09 | 037 | our | 002 | o6 | 03 | oor | 037 | oms | om0
2 | wAri Tosa 25 PW 65425 | Dogger | Opaiinus Clay 50 | 20 | 1 52 | os 282 | 31 | 189 | 57 | 559 | 90 | 992 | o1 | o590 | 45 | 16 | es | a1 | 113 | 21 | 76 | 229 | oa | 344 | 113 | 21 | 152 | 321 | o | o3 | o12 | 002 | o6 | 033 | oor | o3 | oaa | 0s0
24| MARI-1-666.13-PW 666.13 | Dogger Opalinus Clay 30 5.0 220 7.0 31 11 29.1 31 192 6.0 574 100.6 96.9 1035 | 99.2 41 17 7.7 439 14 22 80 239 04 364 114 22 159 325 08 037 0.12 0.02 0.16 033 0.01 037 0.14 050
25 | MARI-1-678.24-PW 678.24 | Dogger Opalinus Clay 0.0 5.0 17.0 34 23 11 340 35 25.7 66 69.8 1174 | 1238 | 1268 | 1313 5.4 19 95 58.8 142 28 10.6 30.8 05 497 14.2 28 211 425 1.0 038 011 0.02 0.16 032 0.01 038 013 049
26 | manitsa9sspw 68953 | bogger | Opatinus Clay 20 | 50 [ wo [ 71 00 | os 521 | 34 | 234 | 63 | @52 | s [ 100 | 2eo | 1237 | a7 | 18 | 98 | 555 | 135 | 26 | 103 [ 293 | 05 | 472 [ 135 | 26 | 205 [ 39 | 09 | 038 | our | 002 | 017 | o3t [ oor | 038 | o4 [ ows
27 | warii 70263 pw 70263 | vogger | Opalinus Clay 50 | 50 | 10 | s 25 | 12 518 | 33 | 239 | 74 | eee | w07 | 1237 262 | 1208 | a7 | 22 | 90 | 576 | 532 | 26 | 102 | 510 | 05 | 486 | 132 | 26 | 204 | 440 | 09 | 037 | 010 | 002 | o6 | 03 | oor | 037 | om | os0
2 | wARLL707.11PW 70711 | Uss | staffelegs m 20 | 30 | 70 [ e 10 | o3 208 | 18 | 113 | 46 | 385 | o8 | a2 | 727 | 745 | 36 | 26 | s5 | 323 | 107 | 17 | 62 | 183 | 03 | 236 | 107 | 17 | 125 | 256 | o5 | o3 | o1a | 002 | 017 | 03a | oor | om | owr | os2
29 | MARI-1-720.33-PW 72033 | Lias Staffelegg Fm. 30 4.0 15.0 134 11 5.8 316 28 115 5.1 509 1010 | 106.0 | 1190 | 1134 34 30 6.7 548 131 20 7.6 252 04 453 131 20 153 370 08 0.40 0.12 0.02 013 033 0.01 0.40 013 047
30 | MARI-1-732.78-PW 73278 | Lias Staffelegg Fm. 4.0 6.0 26.0 55 23 03 30.1 3.0 15.8 60 54.8 1010 | 1086 | 1146 | 1154 2.1 17 81 54.1 131 19 8.0 25.6 03 486 131 19 159 35.1 07 0.42 011 0.02 014 030 0.01 0.42 013 045
31 | MAR1-1-741.38-PW 74138 | Lias Staffelegg Fm. 20 4.0 23.0 08 35.1 44 199 9.9 69.3 1274 | 159.9 [ 1733 | 1743 16 17 13 803 175 26 123 381 05 75.2 175 26 246 535 09 043 0.10 0.01 014 031 0.01 043 011 045




	NAB 21-01 Cover
	Title Page with Keywords
	Copyright
	Table of Contents
	List of Tables
	List of Figures
	1 Introduction 
	2 Material and methodology
	2.1 Material
	2.2 Experimental methodology 
	2.2.1 Cation exchange capacity
	2.2.2 Extraction of exchangeable cations 


	3 Results
	3.1 Jura Ost
	3.1.1 CEC and clay mineralogy
	3.1.2 Exchangeable cations
	3.1.2.1 Correction of extracted cations
	3.1.2.2 Comparison of the CEC values obtained by the different approaches
	3.1.2.3 Fractional occupancies of exchangeable cations


	3.2 Nördlich Lägern
	3.2.1 CEC and clay mineralogy
	3.2.2 Exchangeable cations
	3.2.2.1 Correction of extracted cations 
	3.2.2.2 Comparison of the CEC values obtained by the different approaches
	3.2.2.3 Fractional occupancies of exchangeable cations


	3.3 Zürich Nordost (ZNO)
	3.3.1 CEC and clay mineralogy
	3.3.2 Exchangeable cations
	3.3.2.1 Correction of extracted cations
	3.3.2.2 Comparison of the CEC values obtained by the different approaches
	3.3.2.3 Fractional occupancies of exchangeable cations



	4 Comparison of the geochemical data for JO, NL and ZNO 
	4.1 Compilation of CEC results 
	4.2 Compilation of the fractional occupancies of exchangeable cations
	4.3 Physico-chemical parameters for the Opalinus Clay data from JO, NL and ZNO

	5 Summary
	6 References
	Appendix



