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A R T I C L E  I N F O   

Editorial handling by Dr. Erika A.C. Neeft  

A B S T R A C T   

A recently completed deep drilling campaign, comprising 9 deep boreholes penetrating the Mesozoic sedimen-
tary sequence of northern Switzerland, yielded >6 km of drillcore. One of the main objectives was to characterise 
the low-permeability sequence with the lower Jurassic Opalinus Clay in its centre, motivated by the site selection 
for a deep geological repository for radioactive waste. In this context, the chemical and isotopic composition of 
the porewater, as well as the mineralogical and petrophysical properties of the rocks, were among the main study 
targets. In this paper, the main objective was the characterisation of the lithologically diverse Jurassic rock 
sequence with focus on mineralogy, porosity and pore-space architecture. Given the large amount of data, a well 
constrained relationship between clay content (relating to fine-grained sheet-silicate minerals) and porosity 
could be established. Porosity increases with clay content along a concave curve, but in detail minor formation- 
specific differences of the positions relative to the best-fit curve were identified. These are attributed to the 
highly variable deposition rates that resulted in different times available for early diagenesis to alter the rock 
fabric by mineral dissolution and cementation, thereby affecting the compaction behaviour. Pore-size distribu-
tions were obtained from N2 ad-/desorption isotherms. A distinct peak at a radius of 3 nm can be clearly 
correlated with clay minerals, whereas limestones are dominated by pore sizes in the range of 40–100 nm, and 
marls show intermediate distributions. A conceptual framework is proposed distinguishing a nanometric porosity 
that is proportional to the clay content and a contribution of larger pores that are related to the geometric in-
compatibility between platy clay minerals and isometric calcite or quartz. The contribution of these larger pore is 
thought to explain the curvature of the clay content-porosity relationship and the more limited compaction of the 
clay in pressure shadows adjacent to the larger grains. A number of outliers towards high porosity at a given clay 
content were identified in oolites (most strongly in Fe-rich oolites), sandstones and a unit containing coral-reef 
material. All these units have in common the presence of competent calcite or quartz grains at the time of 
deposition, leading to grain-supported fabrics and therefore to a more limited compaction in the interstitial pore 
space.   
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1. Introduction to Special Issue on ‘Transport parameters, 
natural tracer profiles and porewater chemistry derived from the 
Swiss deep drilling programme in a clay-rich sedimentary 
sequence’ 

1.1. Framework 

As in many other countries, deep geological disposal is the preferred 
option to dispose of radioactive waste from industry, research and 
medicine in Switzerland. In 2008, the Swiss Federal Office of Energy 
developed a Sectoral Plan that defines the roadmap to identify suited 
areas and to implement geological repositories for different waste cat-
egories (SFOE, 2004). The execution of this science-based process has 
been (and still is) in the responsibility of Nagra (Swiss National Coop-
erative for the Disposal of Radioactive Waste), overseen by ENSI (Swiss 
Federal Nuclear Safety Inspectorate). Stage 1 of the ‘Sectoral plan for 
geological repositories’ started from a white map of the country and, 

based on literature data, applied a series of screening criteria to come up 
with 6 potentially suited siting regions (Nagra 2008). In Stage 2, 
considering new 2D seismic data and the results of third-party drillings, 
the number of potential siting regions was reduced to 3, all considering 
the Opalinus Clay in northern Switzerland as the potential host rock 
(BFE 2018). All 3 regions, namely Jura Ost (JO), Nördlich Lägern (NL) 
and Zürich Nordost (ZNO) are located in the northern part of the country 
where uplift/erosion rates are small and seismic activity is low (Fig. 1). 
They constitute the study areas dealt with in this Special Issue. 

In the currently ongoing Stage 3, 9 deep boreholes were drilled be-
tween March 2019 and April 2022, and simplified profiles are shown in 
Fig. 2. More detailed profiles including formation names are provided in 
Fig. S1 of the Supplementary materials. With the exception of Rheinau 1- 
1, all drillings were vertical. High-quality drillcores were obtained for 
the section Malm–Muschelkalk (or deeper), yielding in total 6326 m of 
core with 95 mm diameter. The drilling programme was accompanied 
by extensive borehole logging, hydraulic testing and groundwater 

Fig. 1. Geological-tectonic map with locations of study areas and boreholes (adapted from Madritsch 2015).  
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sampling. Because porewater studies as described in this Special Issue 
were one of the main objectives of the drilling campaign, a massive on- 
site infrastructure was set up to seal core samples within minutes after 
retrieval, in order to minimise the effects of evaporation and oxidation 
(more detail in Rufer and Stockhecke 2021). For each borehole, a pub-
licly available data report summarising and analysing the geological and 
geochemical investigations is available (Bülach-1-1: Mazurek et al., 
2021; Trüllikon-1-1: Aschwanden et al., 2021; Marthalen-1-1: Mäder 
et al., 2021; Bözberg-1-1: Wersin et al., 2022; Bözberg-2-1: Gimmi et al., 
2022; Stadel-3-1: Aschwanden et al., 2022; Stadel-2-1: Zwahlen et al., 
2022; Bachs-1-1: Gaucher et al., 2023). Deviated borehole Rheinau-1-1 
was drilled mainly with the objective to penetrate a fault suspected on 
the basis of 3D seismics, and the geochemical programme was limited to 
a profile of water-isotope data (Iannotta et al., 2023). 

1.2. Geochemical investigation programme 

The long-term safety of a deep geological repository relies on mul-
tiple lines of evidence that constrain the evolution of the repository 
system over 1 Myr, the time period of interest for high-level radioactive 
waste (NEA 2009). A good understanding of the chemical and isotopic 
compositions of ground- and porewaters provides numerous qualitative 
and quantitative arguments pertinent to water flow and solute transport 
in the region of interest. In particular, porewaters in low-permeability, 
often clay-rich rocks constitute geochemical archives with a memory 
that is much longer than that of dynamic groundwater systems in 
aquifers. The spatial distribution of porewater constituents, such as the 
conservative tracers Cl− , Br− , δ18O, δ2H and noble gases (He, 3He/4He, 
Ar, 40Ar/36Ar), inform about the provenance and residence time of the 
porewaters. A substantial number of tracer profiles across 
low-permeability sequences worldwide have been subjected to transport 
modelling, in most cases leading to the conclusion that diffusion is the 
dominating transport process (Patriarche et al. 2004a, 2004b, Gimmi 
et al., 2007, Mazurek et al., 2009, 2011, Bensenouci et al., 2011, 2013, 
Clark et al., 2013, Wersin et al., 2016, 2018, Yu et al., 2018). Such 
calculations also provided estimates for the evolution times of the 

currently observed profiles, which were found to vary between several 
kyr to several Myr, depending on the regional setting. This type of in-
formation constitutes natural self-analogues of the sites of interest, i.e. 
descriptions of the geochemical behaviour at the spatial and temporal 
scale needed for a safety case. 

In this context, investigations pertinent to the understanding of 
porewater chemistry in the low-permeability sequence were a high 
priority in the frame of the Swiss deep drilling programme and were 
accompanied by studies related to the characterisation of the rock ma-
terials (e.g. mineralogy, porosity, microfabric, transport properties) and 
groundwaters that constitute the boundaries of the low-permeability 
sequence (details in Table 1). A documentation of the applied methods 
is provided in RWI (2020). 

1.3. Structure and contents of the Special Issue 

The work presented in this Special Issue pertains to features and 
processes that occur over a wide range of scales. Fig. 3 provides an 
overview of the role of each contribution within the overall topic. The 
studied low-permeability sequence, sandwiched between the Malm and 
the Triassic aquifers (see Fig. 2), is in general clay-rich but nevertheless 
lithologically diverse, which also means that transport parameters 
(porosity, permeability, diffusivity) vary widely. In order to understand 
and to model profiles of porewater tracers (water isotopes: Gimmi et al., 
2023; anions: Wersin et al., 2023; noble gases: Rufer et al., 2023), a good 
understanding of the rocks and their pore-space architecture is essential. 
To date, tracer profiles have often been modelled using one single set (or 
a small number of sets) of transport parameters, mostly due to the 
scarcity of lithology-specific data (e.g. Gimmi et al., 2007; Mazurek 
et al., 2011). Given the substantial amount of pertinent data obtained 
from the borehole profiles studied here, a more detailed and accurate 
data base of rock properties is available for transport modelling. It in-
cludes mineralogical composition, porosity, pore-size distribution and 
other petrophysical parameters (this paper; Table 1), cation-exchange 
data (Marques Fernandes et al., 2023) and diffusion coefficients (Van 
Loon et al., 2023). 

Fig. 2. Simplified lithostratigraphic profiles of vertical boreholes drilled in the frame of the deep drilling project in 2019–2022, arranged from W (left) to E (right). 
Deviated borehole Rheinau 1-1 is not shown because only a small geochemical programme was performed for this core. Numbers indicate depths of selected 
stratigraphic boundaries in m below surface Note that no hydraulic testing was performed in the Buntsandstein/crystalline basement and in the Tertiary Molasse 
sections, both of which may include horizons with enhanced permeability. 

Table 1 
Overview of the analytical programme pertinent to geochemical investigations.   

Bözberg 
BOZ2-1 

Bözberg 
BOZ1-1 

Bachs 
BAC1-1 

Stadel 
STA2-1 

Stadel 
STA3-1 

Bülach 
BUL1-1 

Marthalen 
MAR1-1 

Rheinau 
RHE1-1 

Trüllikon 
TRU1-1 

Sum 

Bulk mineralogy 110 200 86 91 111 206 142 0 146 1092 
Mineralogy of the clay fraction 35 55 38 31 39 65 44 0 54 361 
Bulk wet density 82 122 76 100 112 123 94 0 67 776 
Grain density 102 156 77 97 96 180 109 0 148 965 
Gravimetric water content 140 174 94 149 120 179 149 0 151 1156 
External surface area (BET) and 

N2 ad/desorption isotherm 
14 56 11 17 17 56 17 0 36 224 

Aqueous extraction 62 104 81 86 90 111 86 0 71 691 
Cation exchange capacity (Ni-en 

method) 
3 6 10 3 3 18 7 0 4 54 

Cation-exchange capacity (CsCl 
method, PSI) 

10 30 0 19 20 21 20 0 11 131 

Porewater composition by 
squeezing 

4 10 0 4 4 10 9 0 13 60 

Porewater composition by 
advective displacement 

1 4 6 1 2 5 5 0 3 27 

Water isotopes by isotope 
diffusive exchange 

80 103 73 83 97 120 80 51 65 752 

Dissolved noble gases 23 34 0 0 29 19 31 0 17 153 
Diffusion coefficients for 

HTO,36Cl and22Na (PSI) 
5 33 0 12 7 29 8 0 30 124 

Groundwater samples 3 1 2 3 2 2 2 0 3 18  
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Many established investigation methods fail or need adaptations 
when exploring low-porosity rocks with a nanometric pore-space ar-
chitecture. Thus, some contributions to this Special Issue focus on 
methodological aspects that are necessary pre-requisites for a successful 
characterisation of the porewaters:  

• The isotope diffusive exchange method is the preferred approach to 
quantify the stable-isotopic composition of porewater (Rogge 1997; 
Rübel et al., 2002). It works well for claystones but comes to its limits 
in heterogeneous and/or low-porosity rocks, such as limestones or 
evaporites. Aschwanden et al. (2023a) present a new approach to 
evaluate the experimental results and to better constrain in-situ 
isotope compositions. 

• Aqueous extraction is the simplest method to determine concentra-
tions of conservative constituents, such as Cl− and Br− , in bulk 
porewater. Because anions are repelled from negatively charged 
clay-mineral surfaces, anion inventories are heterogeneous across a 
pore. An anion-exclusion factor is thus needed to obtain free-water 
concentrations (Pearson 1999). To date, many studies used a value 
for anion accessibility of around 0.5 for clay-rich rocks (Pearson 
et al., 2003; Mazurek et al., 2009, 2011; Wersin et al., 2016). Based 
on a data set of unprecedented size, Zwahlen et al. (2023) explore the 
rock properties that affect anion exclusion and extend the discussion 
towards clay-poor rocks that are also present in the studied profile. 
Clay content (defined here as the content of sheet-silicate minerals 
with grain sizes of less than a few μm) is an important but not the 
only determining factor. Glaus et al. (2023) pursue an alternative 
avenue to this end and present a study based on double-layer theory 
to model laboratory through-diffusion experiments.  

• In contrast to Cl− and Br− , SO4
2− obtained from aqueous extracts 

yield porewater concentrations that exceed those obtained from 
other methods by a factor of around 3–4 (e.g. Mazurek et al., 2012; 

Wersin et al., 2017). Aschwanden et al. (2023b) apply a suite of 
protocols to explore potential SO4

2− sources in the rock that could be 
mobilised during extraction. 

Diffusion has been identified as the dominating transport mechanism 
in the low-permeability sequence in northern Switzerland (Gimmi et al., 
2007; Wersin et al., 2018) and elsewhere (e.g. Mazurek et al., 2011; 
Bensenouci et al., 2011, 2013, 2014; Clark et al., 2013). In order to 
quantify solute transport, Van Loon et al. (2023) conducted experiments 
to measure diffusion coefficients for HTO, 36Cl and 22Na. Given the 
substantial size of the data set, the dependence of diffusion coefficients 
on lithology could be explored, and formation-specific coefficients were 
obtained. Further, the experiments also yielded tracer-specific porosities 
and so constitute one of the main data sources to estimate the 
anion-accessible porosity fraction. The diffusion data of 22Na represent a 
broad basis to estimate surface diffusion effects of cationic species in 
such media. Glaus et al. (2023) propose a pragmatic approach to 
simultaneously model the diffusion data of anionic and cationic species 
using an implementation of the electrical double-layer theory. In a 
related study, Van Laer et al. (2023) compared the diffusion coefficients 
of selected rock samples obtained by two different laboratories and 
distinct approaches of raw-data evaluation. 

The detailed characterisation of transport parameters in the studied 
sequence is the basis for solute-transport models. With the free-water 
concentrations of Cl− and Br− at hand, the concentration profiles 
across the low-permeability sequence were evaluated by Wersin et al. 
(2023). Data from aqueous extraction were augmented by those from 
direct sampling techniques, such as squeezing (Mazurek et al., 2015) 
and advective displacement (Mäder 2018). Simple model calculations 
explored the diffusive interactions between porewater and the embed-
ding aquifer waters. A similar approach was pursued for water isotopes, 
with the advantage that these do not depend on porosity and are also not 

Fig. 3. Conceptual view of features and processes pertinent to the understanding of mineral-porewater-solute interactions and transport phenomena in the studied 
low-permeability sequence. Note that both sketches are schematic abstractions, and in particular the lower illustration covers a range of scales, given the fact that the 
bound, anion-depleted water layer has a thickness in the order of 1 nm, while the grain size of calcite and quartz is more likely in the range of μm to mm. References 
to publications in the Special Issue are given in green. 
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affected by repulsion by charged clay surfaces (Fig. 3). Evaluation and 
modelling of these data is the topic of Gimmi et al. (2023). Apart from 
anions (Cl− and Br− ) and water isotopes, dissolved noble gases are 
another group of conservative tracers that can be used to explore the 
transport processes and the palaeo-hydrogeological evolution. Core 
samples for the analysis of He contents and 3He/4He ratios were 
conditioned immediately on site, in order to minimise artefacts due to 
outgassing (Rufer and Stockhecke 2021). The substantial dataset is 
evaluated in Rufer et al. (2023). 

Rock squeezing and advective-displacement experiments are the 
only methods that provide quantitative information on the concentra-
tions of non-conservative solutes, such as cations and SO4

2− , in pore-
waters of clay-rich drillcore materials. In the ideal case, they provide full 
major-ion compositions and water-isotope ratios. These methods are 
evaluated and compared in Kiczka et al. (2023). Vertical and lateral 
variations of porewater compositions are then discussed in a regional 
context. 

Cation-exchange properties are essential components of a quantifi-
cation of solute transport, and a decent dataset has been produced by 
Marques Fernandes et al. (2023). Three different methods (two using 
Ni-en and one using Cs as selective cation) were applied and compared. 
Cation-exchange data are the basis to quantify the cation population on 
the clay exchanger, which in turn is an important constraint for the 
estimation of the porewater composition by geochemical modelling. 

2. Objectives of this introductory paper 

Apart from the general presentation of the Swiss deep drilling 
campaign and of the contents of the Special Issue, this contribution fo-
cuses on the characterisation of selected rock properties, given the fact 
that mineralogy (in particular clay content and clay type), porosity and 
rock fabric govern many physico-chemical rock characteristics and also 
the interactions with porewater. Microfabric and pore-space architec-
ture in the various lithologies determine, among others, the transport 
properties (including anion accessibility of the pore space) and so are 
also key aspects. 

The pore space of clay-rich rocks is dominated by pore sizes in the 
range of nanometres and so cannot be imaged directly. While a number 
of studies are available based on BIB-SEM or FIB-SEM, these methods 
can only image the largest pores, typically <20–30% of the total pore 
space (Keller et al., 2011; Houben et al., 2013, 2014; Klaver et al., 2015). 
TEM and STEM techniques provide a better resolution (e.g. Curtis et al., 
2011, Keller et al., 2013) but the upscaling of the information to the 
hand-specimen or even formation scale remains an issue. Here, we uti-
lise N2 ad-/desorption isotherms to obtain pore-size distributions and 
interpret the data in conjunction with other rock parameters. 

3. Geological and hydrogeological setting 

The three study areas are located N to NE of the Folded Jura, a Mio-to 
Pliocene thin-skinned fold-and-thrust belt related to the late stages of 
Alpine shortening (Fig. 1; Laubscher 1972; Becker 2000; Madritsch 
2015). Here, the Mesozoic sequence is flat-lying, with a dip of about 4◦

towards SE. Areas Jura Ost (JO) and Nördlich Lägern (NL) are located in 
the Deformed Tabular Jura, a zone beyond the frontal thrust of the 
Folded Jura but still affected by compressional tectonics, featured by 
several WSW-ENE-striking thrust faults that separate flat-lying, essen-
tially undeformed blocks (Malz et al., 2019). While the southernmost 
part of the Zürich Nordost (ZNO) area is also affected by compressional 
tectonics, the larger part is situated within the undeformed Tabular 
Jura. Towards the NE, this area is bounded by a regional, NW-SE 
trending normal fault that separates the Tabular Jura from the 
Hegau-Bodensee Graben, a Cenozoic rift system (Egli et al., 2016; Ring 
and Gerdes 2016). 

The basement (either crystalline or Permian sedimentary rocks) is 
overlain by a heterogeneous sequence of Triassic units of predominantly 

shallow marine, coastal or continental facies, including evaporitic beds 
(dolostone, anhydrite, halite). Open marine conditions prevailed since 
the onset of the Liassic until the upper Jurassic (Malm), and the rocks 
consist of mixtures of continental clastic input (claystones, silt/sand-
stones) and marine carbonates in various proportions. The massive 
limestones of the Malm were affected by erosion and karstification in 
consequence of basin inversion during the late Cretaceous and are 
discordantly overlain by Tertiary Molasse deposits. 

In contrast to many other Jurassic units, the 100–120 m thick Opa-
linus Clay is laterally continuous, with only minor facies changes. The 
subdivision into 4 sub-units as proposed by Mazurek and Aschwanden 
(2019) is found consistently throughout the region of interest. In 
contrast, the Dogger units overlying the Opalinus Clay show substantial 
lateral heterogeneity. In the Zürich-Nordost area (ZNO), clay-rich units 
dominate. The same is true for the Nördlich Lägern area (NL), with the 
exception of a massive, up to 40 m thick coral reef (Herrenwis Unit) that 
is present in the eastern part of this study area. Towards the west, a 
drastic change towards calcareous lithologies is observed in the Jura Ost 
area (JO), where partly oolitic limestone (Hauptrogenstein) constitutes 
the lateral equivalent. Over the whole region, the overlying Malm is 
dominated by massive limestones and calcareous marls. In the Jurassic, 
a substantial number of horizons with slow or absent sedimentation are 
found. These condensed horizons consist of hardgrounds and Fe-rich 
oolites, whose microfabric and pore-space architecture differ substan-
tially from that of other rocks (see below). 

Regional or local aquifers constitute the boundaries of the low- 
permeability sequence and are shown in Fig. 2, and hydraulic data are 
documented in Schwarz et al. (2021a, b, c, 2022a, b, c, d, 2023). In areas 
NL and ZNO, the Malm aquifer forms the upper boundary of the 
low-permeability sequence and is hosted by fractured and karstified 
massive limestone. Hydraulic conductivity based on packer testing is 
moderate and lies in the range 1×10− 9–4x10− 8 m/s. In the most western 
area (JO), the Hauptrogenstein, an oolitic limestone located in the upper 
Dogger, represents the upper boundary in borehole BOZ2-1 (K =
1×10− 8 m/s), while its hydraulic conductivity is low in borehole 
BOZ1-1. The lower boundary is located either in the Keuper or in the 
Muschelkalk aquifer (Fig. 2). The Keuper aquifer is lithologically and 
hydraulically heterogeneous and, if present, hosted by sandstones or 
dolostones. Its hydraulic conductivity varies over a wide range (max. 
6×10− 6 m/s), but in some boreholes it cannot be considered to consti-
tute an aquifer defining the lower boundary because its hydraulic con-
ductivity is too low. In contrast, the underlying Muschelkalk aquifer, 
hosted by porous dolostone, is of regional extent with typically high 
hydraulic conductivity (3×10− 8–3x10− 6 m/s). The Keuper and 
Muschelkalk aquifers are separated by evaporitic, anhydrite-bearing 
beds with extremely low hydraulic conductivites. The resulting thick-
ness of the low-permeability sequence with the Opalinus Clay in its 
centre thus is ≥ 390 m (ZNO), ≥410 m (NL) and ≥260 m (JO). 

4. Results of rock studies 

4.1. Lithology and mineralogy 

The Jurassic part of the drilled profile is dominated by clastic and 
biogenic constituents, i.e. by clay minerals, quartz and carbonates 
(mostly calcite) in widely variable proportions. The degree of dolomi-
tisation is in general limited (mean dolomite/carbonate = 0.03 in mass 
units), with exceptionally high values of up to 0.56 in some carbonate- 
poor units, in particular the Frick Mb. of the Liassic Staffelegg Fm. 
Unit-specific averages and standard deviations for the mineralogical 
composition are listed in Table 2. Given its high degree of lithological 
homogeneity, all data for the Opalinus Clay are lumped together, while 
thinner but lithologically more heterogeneous units, such as the Liassic 
Staffelegg Fm. or the Dogger above Opalinus Clay (D.A.O.), are further 
subdivided into sub-units. Fe-rich oolites, which occur at different 
stratigraphic levels in the Dogger above Opalinus Clay, are lumped and 
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Table 2 
Mineralogical composition (average±1σ in wt.%) of selected Jurassic units in the three study areas. No. = number of samples, b.d. = below detection. The Rietheim 
Mb. of the Staffelegg Fm. is better known as the Posidonia Shale. Dolomite may include an ankeritic component.  

Area Unit No. Clay 
minerals 

Quartz K- 
feldspar 

Plagioclase Calcite Dolomite Siderite Goethite Pyrite C(org) 

JO Wildegg Fm. 25 20.9 ± 9.4 7.1 ± 3.3 2.3 ± 1.6 0.3 ± 0.5 67.3 ±
14.1 

1.5 ± 1.7 b.d. b.d. 0.3 ±
0.3 

0.4 ±
0.1 

JO Fe-rich oolites 10 23.4 ± 10.2 5.5 ± 4.1 0.9 ± 1.3 0.1 ± 0.3 59.9 ±
18.4 

3.8 ± 4.4 b.d. 5.2 ±
6.1 

0.6 ±
0.6 

0.4 ±
0.3 

JO Hauptrogenstein excl. Fe- 
ool. 

22 18.8 ± 10.2 5.4 ± 4.5 0.8 ± 1.4 0.3 ± 0.7 69.5 ±
14.6 

4.2 ± 4.0 b.d. b.d. 0.6 ±
0.6 

0.5 ±
0.3 

JO Passwang Fm. excl. Fe-ool. 48 38.3 ± 10.5 26.0 ±
9.0 

4.4 ± 1.4 2.7 ± 1.2 26.1 ±
15.1 

0.4 ± 1.4 b.d. b.d. 1.4 ±
0.8 

0.7 ±
0.2 

JO Opalinus Clay 94 57.3 ± 10.2 21.8 ±
5.4 

3.9 ± 1.5 2.6 ± 0.7 9.7 ± 6.5 0.2 ± 0.8 2.8 ±
2.6 

b.d. 0.7 ±
0.7 

1.0 ±
0.3 

JO Staffelegg Fm., Gross Wolf 
Mb. 

1 26.8 5.6 3.0 1.4 54.1 8.0 0.9 b.d. b.d. 0.3 

JO Staffelegg Fm., Rietheim 
Mb. 

3 46.6 ± 4.8 11.3 ±
2.0 

3.0 ± 0.5 1.7 ± 0.4 27.0 ±
10.8 

1.1 ± 1.0 b.d. 0.3 ±
0.6 

3.8 ±
2.2 

5.2 ±
2.3 

JO Staffelegg Fm., Frick Mb. 19 38.0 ± 9.7 39.0 ±
8.7 

4.8 ± 1.6 2.6 ± 0.5 10.3 ±
4.8 

3.6 ± 2.9 b.d. b.d. 1.0 ±
0.8 

0.6 ±
0.1 

JO Staffelegg Fm., Beggingen 
Mb. 

1 6.7 0.8 b.d. b.d. 82.6 9.6 b.d. b.d. b.d. 0.2 

JO Staffelegg Fm., 
Schambelen Mb. 

10 66.5 ± 7.9 12.6 ±
4.4 

3.4 ± 1.6 1.3 ± 0.7 12.4 ±
8.4 

0.1 ± 0.3 b.d. b.d. 2.8 ±
2.2 

0.9 ±
0.5 

NL Felsenkalke/Massenkalk 18 2.0 ± 1.4 0.2 ± 0.4 b.d. b.d. 97.8 ±
1.6 

b.d. b.d. b.d. b.d. 0.1 ±
0.1 

NL Villigen Fm. 14 7.0 ± 4.2 1.0 ± 1.1 0.1 ± 0.5 b.d. 91.0 ±
5.7 

0.6 ± 1.0 b.d. b.d. 0.1 ±
0.1 

0.2 ±
0.1 

NL Wildegg Fm. 37 22.9 ± 6.8 6.9 ± 3.6 2.4 ± 1.3 0.5 ± 1.0 65.1 ±
10.4 

1.6 ± 1.7 b.d. b.d. 0.2 ±
0.1 

0.4 ±
0.2 

NL Fe-rich oolites 20 41.2 ± 21.1 24.5 ±
17.6 

3.2 ± 2.3 2.1 ± 1.5 21.0 ±
25.9 

2.2 ± 4.4 0.3 ±
0.6 

3.8 ±
9.5 

0.7 ±
0.5 

0.5 ±
0.3 

NL Variansmergel Fm. 4 58.5 ± 5.5 15.7 ±
0.9 

4.5 ± 2.0 1.7 ± 0.4 15.2 ±
5.3 

2.7 ± 3.2 b.d. b.d. 1.2 ±
0.5 

0.5 ±
0.1 

NL Parkinsoni- 
Württembergica Sch. 

26 49.3 ± 9.4 18.6 ±
4.5 

4.1 ± 2.3 2.3 ± 1.4 22.4 ±
7.1 

1.3 ± 1.5 0.1 ±
0.7 

b.d. 1.1 ±
0.8 

0.7 ±
0.2 

NL Herrenwis Unit 33 13.2 ± 15.9 6.9 ± 7.6 1.4 ± 1.9 0.4 ± 1.0 74.7 ±
24.5 

2.8 ± 4.2 b.d. b.d. 0.3 ±
0.6 

0.3 ±
0.2 

NL Wedelsandstein Fm. 36 41.6 ± 15.1 29.9 ±
7.3 

5.2 ± 1.5 3.0 ± 0.8 17.8 ±
11.4 

0.1 ± 0.3 0.7 ±
1.5 

b.d. 1.0 ±
0.7 

0.6 ±
0.2 

NL Opalinus Clay 144 56.3 ± 10.0 22.8 ±
6.5 

4.4 ± 1.4 2.8 ± 0.7 8.6 ± 5.9 b.d. 3.3 ±
2.0 

b.d. 0.7 ±
0.8 

1.0 ±
0.2 

NL Staffelegg Fm., Gross Wolf 
Mb. 

3 18.1 ± 4.3 3.6 ± 0.4 1.4 ± 1.3 0.4 ± 0.6 75.6 ±
4.8 

0.5 ± 0.9 b.d. b.d. b.d. 0.4 ±
0.1 

NL Staffelegg Fm., Rietheim 
Mb. 

11 37.1 ± 7.0 9.2 ± 1.8 2.7 ± 1.2 2.0 ± 1.0 40.5 ±
12.2 

0.8 ± 1.5 b.d. b.d. 2.6 ±
1.3 

4.9 ±
1.5 

NL Staffelegg Fm., Frick Mb. 26 41.8 ± 6.5 38.8 ±
6.2 

4.9 ± 1.2 3.0 ± 0.6 8.5 ± 4.0 1.5 ± 1.1 0.2 ±
0.5 

b.d. 0.6 ±
0.3 

0.7 ±
0.2 

NL Staffelegg Fm., Beggingen 
Mb. 

1 7.5 1.5 b.d. b.d. 90.5 b.d. b.d. b.d. 0.2 0.3 

NL Staffelegg Fm., 
Schambelen Mb. 

8 41.8 ± 20.9 19.7 ±
9.8 

3.4 ± 1.7 1.3 ± 1.3 32.4 ±
25.4 

0.4 ± 0.9 b.d. b.d. 0.6 ±
0.4 

0.4 ±
0.1 

ZNO Felsenkalke/Massenkalk 7 2.7 ± 3.5 1.0 ± 1.2 0.2 ± 0.5 b.d. 94.5 ±
6.4 

1.5 ± 2.9 b.d. b.d. b.d. 0.2 ±
0.1 

ZNO Villigen Fm. 7 5.3 ± 2.4 0.8 ± 1.0 0.3 ± 0.7 b.d. 92.7 ±
4.3 

0.6 ± 1.0 b.d. b.d. b.d. 0.2 ±
0.1 

ZNO Wildegg Fm. 5 24.2 ± 8.2 6.2 ± 2.6 3.2 ± 0.8 0.7 ± 0.6 61.5 ±
12.4 

3.6 ± 3.7 b.d. b.d. 0.3 ±
0.3 

0.4 ±
0.1 

ZNO Fe-rich oolites 5 29.0 ± 14.9 25.4 ±
10.9 

4.0 ± 1.4 1.8 ± 1.4 37.0 ±
27.4 

1.3 ± 2.3 0.3 ±
0.4 

b.d. 0.6 ±
0.6 

0.6 ±
0.4 

ZNO Variansmergel Fm. 12 46.0 ± 13.9 20.2 ±
4.6 

4.1 ± 2.3 1.9 ± 1.2 24.5 ±
13.0 

1.1 ± 1.8 0.2 ±
0.4 

b.d. 1.2 ±
0.4 

0.8 ±
0.3 

ZNO Parkinsoni- 
Württembergica Sch. 

25 43.2 ± 10.0 19.8 ±
4.7 

5.5 ± 1.0 2.2 ± 0.8 25.4 ±
10.4 

1.8 ± 1.5 0.2 ±
0.5 

b.d. 1.2 ±
0.6 

0.7 ±
0.2 

ZNO Wedelsandstein Fm. 35 31.0 ± 13.6 38.1 ±
10.3 

5.9 ± 1.2 3.2 ± 0.9 20.2 ±
11.3 

0.3 ± 0.6 b.d. b.d. 0.8 ±
0.5 

0.6 ±
0.2 

ZNO Opalinus Clay 101 56.8 ± 6.2 22.0 ±
4.2 

5.0 ± 1.0 2.9 ± 0.8 8.3 ± 3.2 b.d. 3.1 ±
2.1 

b.d. 0.7 ±
0.5 

1.1 ±
0.2 

ZNO Staffelegg Fm., Gross Wolf 
Mb. 

3 32.8 ± 5.4 7.0 ± 1.0 2.8 ± 0.5 2.0 ± 0.4 52.2 ±
5.4 

1.8 ± 1.6 0.7 ±
0.6 

b.d. 0.2 ±
0.1 

0.5 ±
0.2 

ZNO Staffelegg Fm., Rietheim 
Mb. 

10 39.1 ± 5.5 10.6 ±
2.8 

2.8 ± 0.9 1.6 ± 0.8 37.2 ±
12.3 

0.5 ± 0.8 0.2 ±
0.4 

b.d. 2.9 ±
2.0 

5.0 ±
1.6 

ZNO Staffelegg Fm., Frick Mb. 11 55.6 ± 10.0 26.1 ±
9.5 

5.0 ± 1.0 3.0 ± 0.6 6.8 ± 1.9 0.7 ± 1.1 1.4 ±
1.5 

b.d. 0.5 ±
0.3 

0.9 ±
0.1 

ZNO Staffelegg Fm., Beggingen 
Mb. 

4 58.1 ± 31.3 15.4 ±
9.8 

1.9 ± 2.2 1.2 ± 1.3 21.5 ±
42.4 

b.d. 0.6 ±
1.2 

b.d. 0.7 ±
0.4 

0.6 ±
0.3 

ZNO Staffelegg Fm., 
Schambelen Mb. 

3 64.1 ± 5.9 27.0 ±
7.7 

3.4 ± 3.0 1.3 ± 1.2 2.6 ± 0.3 b.d. b.d. b.d. 0.9 ±
0.1 

0.6 ±
0.1  
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reported as one unit. Note that while the 5 Fe-rich oolite samples taken 
in the ZNO area do not contain goethite, goethite-bearing beds never-
theless occur but were not sampled. The underlying Triassic is more 
heterogeneous and contains, among others, massive dolostone and 
anhydrite-rich units. The Zeglingen Fm. below the Muschelkalk aquifer 
also contains massive halite in most boreholes except in MAR1-1 and 
TRU1-1 (Fig. 2). Fig. 4 provides an overview of the mineralogical 
compositions in the studied profiles, based on XRD analysis of 1092 core 
samples.  

• The Upper Muschelkalk consists of porous dolostones throughout the 
region and hosts the regional Muschelkalk aquifer (Aschwanden 
et al. 2019a, 2019b). The overlying Keuper is lithologically hetero-
geneous. Its lower part (Bänkerjoch Fm.) contains anhydrite-rich 
beds that act as top seals of the Muschelkalk aquifer. The upper 
part (Klettgau Fm.) is lithologically variable on a metre scale 
(dolostone-sandstone-marl-claystone), reflecting the coastal to con-
tinental sedimentary facies in this period. The Keuper aquifer, if 
present, is hosted by sandy-dolomitic beds within this formation, but 
the exact stratigraphic level varies among boreholes. 

• The relatively thin Lias consists of marine deposits. It is highly het-
erogeneous in the vertical dimension (claystone-marl-limestone- 

sandstone) but much less so laterally. It includes, among others, an 
organic- and pyrite-rich marl internationally known as Posidonia 
Shale.  

• The Opalinus Clay is the most clay-rich unit in the whole sequence 
(except for some sections within the Staffelegg Fm.) and shows little 
variability among the study areas. Clay content increases slightly 
with depth. The occurrence of siderite is limited to this unit, possibly 
related to the alteration of detrital biotite that occurs in the Opalinus 
Clay (Lerouge et al., 2014). 

• The Dogger above Opalinus Clay (D.A.O., see Fig. 4) is more het-
erogeneous in both the vertical and horizontal dimensions. In the 
ZNO area, the lowermost unit is dominated by argillaceous sand-
stone (Wedelsandstein Fm.), which is overlain by more clay-rich 
units. In the NL area, the Wedelsandstein Fm. consists of sandy 
claystone. The major heterogeneity in this area is the overlying 
Herrenwis Unit, a limestone consisting of reef material and reef 
debris (Fig. 2). It is thickest in the BUL1-1 and STA3-1 boreholes 
(about 40 m) but becomes thinner in STA2-1 (10 m) and is absent in 
BAC1-1. Above this horizon, clay-rich units predominate. The sedi-
mentary facies changes substantially towards the west (area JO), 
which is reflected by distinct lithologies. The lower part mainly 
consists of marl, sandy claystone and argillaceous siltstone 

Fig. 4. Mineralogical composition of studied borehole intervals based on laboratory XRD analysis. The formation depths are adjusted to the profiles of BOZ1-1 (JO), 
STA2-1 (NL) and TRU1-1 (ZNO). D.A.O. = Dogger above Opalinus Clay. Red triangles highlight Fe-rich oolite horizons. 
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(Passwang Fm.), which is overlain by a thick oolitic limestone 
(Hauptrogenstein).  

• The Malm evolves from marly lithologies towards massive pure 
limestones throughout the region. 

Accessory phases occurring in most formations include pyrite and 
organic matter. Magnesite was identified in the Triassic evaporites from 
the Jura Ost area. Celestite was also identified by XRD in evaporites 
throughout the region. However, SEM investigations indicate the pres-
ence of trace amounts of celestite in the Opalinus Clay and possibly other 
clay-rich formations. Traces of fluorite occur in various units of the 
Muschelkalk. Goethite and haematite are mainly found in Fe-rich 
oolites. 

Local heterogeneities within the Dogger above Opalinus Clay (D.A. 
O.) are constituted by condensed horizons reflecting periods of slow or 
absent deposition. These lithologically heterogeneous and mostly thin 
(1–15 m) units are typically rich in bioclasts and contain Fe-rich oolites 
with high concentrations of goethite and minor haematite. In the NL and 
ZNO areas, they include (from base to top) the Murchisonae Oolith Fm., 
the Humphriesioolith Fm. and the Wutach Fm., and these are marked by 
red triangles in Fig. 4. In the JO area, Fe-rich oolites are also found at 
similar stratigraphic positions. Fe-rich oolites have particular micro-
fabrics and pore-space architecture, which also affects the accessibility 
of the pore space for anions (further discussed in Zwahlen et al., 2023). 
They are further addressed in the Discussion section below. 

Clay minerals include illite, predominanty illite-rich illite/smectite 
mixed layers, kaolinite, chlorite and chlorite-rich chlorite/smectite 
mixed layers. The composition of the clay fraction is shown in Fig. 5, 
expressed as end-member compositions (i.e. the illite, smectite and 
chlorite components in mixed-layer phases are attributed to the 
respective pure minerals). Illite is the dominating clay mineral 
throughout the profile. This is particularly so in the upper Keuper. In the 
Lias, the proportions of smectite and chlorite show little variability, 
while the ratio illite/kaolinite shows some systematic trends, in partic-
ular the decrease in the uppermost few metres. The Opalinus Clay has 
the lowest illite/kaolinite ratio, with a slightly increasing trend towards 
the top. Smectite and chlorite show remarkably constant contents in 
both the vertical and lateral dimensions. More scatter and regional 
heterogeneity is observed in the Dogger above Opalinus Clay. The illite/ 
kaolinite ratio increases towards the top except in the JO area where the 
opposite is the case, highlighting the contrasting depositional environ-
ments during this period. In the NL area, the reef limestones of the 
Herrenwis Unit (depth interval 767–778 m in Fig. 5) show remarkably 
high contents of illite and smectite, whereas kaolinite contents are lower 
than in any of the other units. More consistent trends among the study 
areas are again found in the overlying Malm. 

4.2. Water content and porosity 

Water content and porosity depend mainly on the mineralogical 
composition and the compaction history. Diagenetic effects, such as 
cementation or mineral dissolution, are additional factors. Porosity data 
were obtained from the measurement of mass loss after drying rock 
samples at 105 ◦C and from bulk wet and grain densities (see RWI 2020 
for formalisms to calculate porosities from measured data). The results 
of both methods are consistent, indicating that the samples used for 
mass-loss measurement were saturated at the onset of the experiments. 
Unit-specific averages and standard deviations of petrophysical param-
eters are listed in Table 3. 

Fig. 6 shows the dependence of porosity on lithology. The graphic is 
limited to data from the Jurassic because of the lithological heteroge-
neity in the Triassic (evaporites, dolostone, etc.). Claystones have the 
highest porosity with an average around 0.13. A substantial decrease of 
porosity is seen towards the limestone corner where porosity lies around 
0.04. It is also noteworthy that the relative scatter of the data is by far 
largest for limestones, reflecting the wide range of fabrics in these rocks. 

On the other hand, porosity decreases only weakly towards the quartz +
feldspars corner (average 0.11). 

The vertical distribution of water-content porosity is shown in 
Fig. 7a. Porosity is low in the Malm limestones and increases towards the 
base of this unit. On average, it remains high in the Dogger above 
Opalinus Clay (D.A.O.), but the variability is substantial, reflecting the 
lithological heterogeneity. A conspicuous drop can be seen in the reef 
limestones of the Herrenwis Unit that is present in the NL area. In the 
Opalinus Clay, variability is limited, and a trend towards higher porosity 
with depth is seen, reflecting the increasing clay content. Variability is 
highest in the uppermost part that contains silty-calcareous beds. In the 
Lias, the spread of the data is substantial but systematic (Fig. 7c and d). 
Some well-defined depth trends can be identified, and discontinuities or 
breaks in the trends correspond to the boundaries of the stratigraphic 
members of this unit. The trends in water content mirror those of clay 
content but are even better defined than the latter. There is a remarkable 
consistency of the data between boreholes, which illustrates a high de-
gree of lithological homogeneity in the horizontal dimension of the Lias, 
while heterogeneity is substantial in the vertical dimension. One 
exception to lateral homogeneity is the Frick Mb., which is markedly 
more clay-rich in the ZNO area (Fig. 7d). The underlying Triassic is 
characterised by a large variability of porosity, reflecting the interca-
lation of lithologies with high porosity, such as claystones, dolostones 
and sandstones, and those with low porosity, such as anhydrite-rich 

Fig. 5. Composition of the clay fraction (end-member compositions) from all 
studied boreholes. Depth data are adjusted to the profile of the STA2-1 bore-
hole. D.A.O. = Dogger above Opalinus Clay. 
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Table 3 
Petrophysical properties of selected Jurassic units in the three study areas, given as average±1σ (number of samples). Fe-rich oolites in the JO area include the Spatkalk and the Humphriesioolith-Fm. Fe-rich oolites in the 
NL and ZNO areas include the Wutach Fm., the Humphriesioolith-Fm. and the Murchisonae-Oolith Fm. n.d. = no data. The Rietheim Mb. of the Staffelegg Fm. is internationally known as the Posidonia Shale.  

Area Unit Bulk wet density 
[g/cm3] 

Grain density [g/cm3] Porosity from 
densities [–] 

Water content (wet) 
[wt.%] 

Water-content 
porosity [–] 

External surface area (BET) 
[m2/gdry rock] 

Mean radius of external 
pores [nm] 

JO Wildegg Fm. 2.593 ± 0.037 
(25) 

2.703 ± 0.008 (25) 0.069 ± 0.022 (25) 3.092 ± 1.042 (27) 0.079 ± 0.025 (27) 17.5 ± 6.8 (9) 4.10 ± 1.43 

JO Fe-rich oolites 2.559 ± 0.027 (8) 2.768 ± 0.077 (9) 0.116 ± 0.042 (8) 4.429 ± 1.363 (15) 0.112 ± 0.034 (15) 14.0 ± 7.9 (5) 11.00 ± 6.03 
JO Hauptrogenstein excl. Fe-ool. 2.586 ± 0.025 

(19) 
2.735 ± 0.024 (21) 0.080 ± 0.015 (19) 2.862 ± 0.647 (26) 0.074 ± 0.016 (26) 6.7 ± 0.4 (2) 7.58 ± 0.52 

JO Passwang Fm. excl. Fe-ool. 2.531 ± 0.034 
(32) 

2.701 ± 0.015 (35) 0.105 ± 0.022 (32) 4.357 ± 1.150 (54) 0.109 ± 0.027 (54) 25.5 ± 5.5 (16) 3.70 ± 0.72 

JO Opalinus Clay 2.517 ± 0.031 
(57) 

2.702 ± 0.029 (83) 0.112 ± 0.014 (54) 4.705 ± 0.608 (86) 0.117 ± 0.014 (83) 31.4 ± 5.3 (11) 3.37 ± 0.32 

JO Staffelegg Fm., Gross Wolf Mb. 2.586 (1) 2.721 (1) 0.081 (1) 3.479 ± 0.257 (2) 0.089 ± 0.006 (2) n.d. n.d. 
JO Staffelegg Fm., Rietheim Mb. 2.400 (1) 2.506 ± 0.035 (3) 0.095 (1) 4.376 ± 0.359 (4) 0.105 ± 0.007 (4) 26.1 ± 8.1 (2) 3.77 ± 0.75 
JO Staffelegg Fm., Frick Mb. 2.529 ± 0.022 

(10) 
2.691 ± 0.019 (15) 0.095 ± 0.005 (10) 3.788 ± 0.204 (20) 0.096 ± 0.005 (20) 23.3 ± 3.1 (7) 3.38 ± 0.36 

JO Staffelegg Fm., Beggingen Mb. 2.685 (1) 2.747 (1) 0.029 (1) 0.698 (1) 0.019 (1) 1.7 (1) 8.11 
JO Staffelegg Fm., Schambelen Mb. 2.507 ± 0.038 (8) 2.718 ± 0.023 (10) 0.131 ± 0.010 (8) 5.753 ± 0.402 (11) 0.142 ± 0.009 (11) 45.9 ± 2.5 (4) 2.71 ± 0.11 
NL Felsenkalke/Massenkalk 2.679 ± 0.020 

(26) 
2.716 ± 0.007 (26) 0.019 ± 0.011 (26) 0.527 ± 0.389 (26) 0.014 ± 0.010 (26) 2.1 ± 1.5 (2) 5.58 ± 1.07 

NL Villigen Fm. 2.667 ± 0.027 
(24) 

2.709 ± 0.008 (25) 0.024 ± 0.014 (24) 0.959 ± 0.580 (27) 0.025 ± 0.015 (27) 8.6 ± 1.6 (3) 2.61 ± 1.10 

NL Wildegg Fm. 2.603 ± 0.029 
(32) 

2.710 ± 0.008 (34) 0.065 ± 0.015 (30) 2.637 ± 0.705 (37) 0.068 ± 0.017 (37) 13.4 ± 4.2 (6) 2.91 ± 0.84 

NL Fe-rich oolites 2.520 ± 0.061 
(17) 

2.778 ± 0.156 (17) 0.132 ± 0.060 (14) 5.295 ± 1.809 (23) 0.132 ± 0.047 (23) 25.2 ± 15.5 (5) 8.50 ± 7.72 

NL Variansmergel Fm. 2.501 ± 0.022 (3) 2.726 ± 0.010 (3) 0.134 ± 0.013 (3) 5.837 ± 0.705 (5) 0.144 ± 0.016 (5) 40.8 (1) 3.04 
NL Parkinsoni-Württembergica Sch. 2.514 ± 0.033 

(21) 
2.711 ± 0.015 (20) 0.118 ± 0.016 (19) 4.839 ± 0.665 (34) 0.120 ± 0.016 (31) 33.3 ± 4.1 (11) 3.30 ± 0.26 

NL Herrenwis Unit 2.641 ± 0.067 
(22) 

2.726 ± 0.014 (23) 0.051 ± 0.039 (18) 1.510 ± 1.564 (33) 0.039 ± 0.039 (33) 3.5 ± 2.2 (6) 4.85 ± 1.96 

NL Wedelsandstein Fm. 2.520 ± 0.037 
(23) 

2.702 ± 0.014 (27) 0.112 ± 0.024 (17) 4.606 ± 0.890 (34) 0.115 ± 0.021 (34) 28.0 ± 7.1 (13) 3.49 ± 0.69 

NL Opalinus Clay 2.528 ± 0.026 
(87) 

2.698 ± 0.016 (123) 0.105 ± 0.014 (84) 4.455 ± 0.550 (145) 0.112 ± 0.013 
(142) 

29.2 ± 4.4 (16) 3.08 ± 0.21 

NL Staffelegg Fm., Gross Wolf Mb. 2.582 ± 0.017 (5) 2.713 ± 0.006 (3) 0.071 ± 0.013 (3) 2.743 ± 0.671 (6) 0.071 ± 0.017 (6) 10.6 ± 0.9 (2) 4.65 ± 1.86 
NL Staffelegg Fm., Rietheim Mb. 2.384 ± 0.064 (8) 2.554 ± 0.042 (9) 0.099 ± 0.010 (7) 4.362 ± 0.404 (12) 0.106 ± 0.010 (12) 21.2 ± 6.8 (7) 4.65 ± 1.45 
NL Staffelegg Fm., Frick Mb. 2.555 ± 0.016 

(16) 
2.691 ± 0.007 (17) 0.086 ± 0.007 (14) 3.638 ± 0.295 (29) 0.092 ± 0.007 (29) 23.9 ± 1.8 (13) 3.14 ± 0.34 

NL Staffelegg Fm., Beggingen Mb. 2.629 (1) 2.742 (1) 0.052 (1) 1.127 (1) 0.030 (1) 2.8 (1) 8.29 
NL Staffelegg Fm., Schambelen Mb. 2.559 ± 0.062 (6) 2.722 ± 0.015 (7) 0.094 ± 0.038 (6) 3.850 ± 1.868 (8) 0.097 ± 0.045 (8) 26.4 ± 16.0 (5) 2.86 ± 0.33 
ZNO Felsenkalke/Massenkalk 2.627 ± 0.047 (8) 2.707 ± 0.010 (12) 0.038 ± 0.023 (8) 1.369 ± 0.658 (12) 0.033 ± 0.016 (10) 2.6 (1) 7.19 
ZNO Villigen Fm. 2.655 ± 0.030 (9) 2.712 ± 0.011 (12) 0.028 ± 0.018 (9) 0.952 ± 0.629 (12) 0.021 ± 0.010 (11) 3.1 ± 1.3 (2) 4.75 ± 0.44 
ZNO Wildegg Fm. 2.587 ± 0.052 (5) 2.710 ± 0.010 (5) 0.076 ± 0.027 (5) 3.171 ± 0.862 (5) 0.081 ± 0.021 (5) 26.6 (1) 3.17 
ZNO Fe-rich oolites 2.594 ± 0.016 (2) 2.715 ± 0.004 (3) 0.063 ± 0.008 (2) 3.788 ± 1.602 (5) 0.110 ± 0.026 (4) 30.7 ± 1.6 (2) 3.56 ± 0.12 
ZNO Variansmergel Fm. 2.500 ± 0.065 (5) 2.705 ± 0.021 (9) 0.103 ± 0.034 (4) 4.508 ± 1.355 (12) 0.114 ± 0.033 (10) 28.7 ± 9.5 (2) 3.14 ± 0.28 
ZNO Parkinsoni-Württembergica Sch. 2.501 ± 0.049 

(11) 
2.704 ± 0.012 (18) 0.116 ± 0.026 (11) 4.724 ± 1.039 (27) 0.118 ± 0.025 (23) 31.3 ± 3.2 (7) 3.39 ± 0.20 

ZNO Wedelsandstein Fm. 2.491 ± 0.064 
(13) 

2.688 ± 0.016 (25) 0.116 ± 0.023 (12) 4.258 ± 1.157 (30) 0.105 ± 0.029 (27) 17.8 ± 9.0 (11) 4.74 ± 1.31 

ZNO Opalinus Clay 2.508 ± 0.024 
(36) 

2.690 ± 0.016 (92) 0.110 ± 0.011 (36) 4.487 ± 0.526 (87) 0.114 ± 0.012 (74) 29.3 ± 3.0 (9) 3.07 ± 0.28 

ZNO Staffelegg Fm., Gross Wolf Mb. 2.575 (1) 2.707 ± 0.008 (2) 0.080 (1) 3.193 ± 0.373 (5) 0.082 ± 0.009 (5) 17.4 (1) 3.59 
ZNO Staffelegg Fm., Rietheim Mb. 2.367 ± 0.061 (6) 2.524 ± 0.069 (8) 0.104 ± 0.024 (6) 4.133 ± 0.644 (13) 0.103 ± 0.012 (12) 21.4 ± 5.5 (6) 4.43 ± 1.21 
ZNO Staffelegg Fm., Frick Mb. 2.514 ± 0.038 (6) 2.698 ± 0.017 (9) 0.105 ± 0.015 (6) 4.208 ± 0.439 (14) 0.108 ± 0.009 (12) 31.9 ± 3.2 (4) 2.78 ± 0.23 
ZNO Staffelegg Fm., Beggingen Mb. 2.562 ± 0.112 (3) 2.720 ± 0.030 (3) 0.090 ± 0.059 (3) 4.242 ± 2.471 (4) 0.101 ± 0.073 (3) 23.3 ± 29.2 (2) 3.79 ± 1.24 
ZNO Staffelegg Fm., Schambelen Mb. 2.512 ± 0.006 (2) 2.716 ± 0.016 (3) 0.130 ± 0.003 (2) 4.597 ± 2.274 (5) 0.114 ± 0.056 (5) 43.5 (1) 2.74  
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rocks and limestones. In particular, the presence of anhydrite reduces 
porosity substantially, and values tend towards zero in massive anhy-
drite beds (Fig. 7b). Thus, anhydrite-rich units in the Triassic may act as 
barriers to solute transport via the pore space in the vertical dimension, 
whether by advection or by diffusion. 

4.3. Surface area and pore-size distribution based on N2 adsorption 

N2 adsorption-desorption isotherms were acquired for the charac-
terisation of microfabrics. The standard BJH approach (Barrett et al., 
1951) provides estimates of pore-size distributions in the range 2–200 
nm. Note that pore-size distributions based on NMR cryoporometry, a 
method that is able to resolve pore apertures up to 1 μm, indicate the 
absence of pores larger than 200 nm (Fleury et al., 2022). Given the fact 
that N2 does not enter interlayers of clay minerals, it characterises only 
the so-called external porosity. External surface areas were obtained 
using the BET protocol (Brunauer et al., 1938). Fig. 6 shows that the 
external surface area is highest in claystones (average 36.1 m2/g) and 
decreases systematically towards the carbonate (8.3 m2/g in limestones) 
and quartz (13.2 m2/g in silt/sandstones) corners of the triangle. An 
excellent correlation is found between clay content and BET surface 
(Fig. 8a). The same is true for the correlation with porosity (not shown), 

except for Fe-rich oolites that partially fall off from the general trend. 
This issue is further addressed in the Discussion section below. 

Examples of pore-size spectra for the lithologies represented in the 
triangle of Fig. 6 are shown in Fig. 8c and d. For the y axis, the quantity 
(dVp/dlndp)/w is shown, which means that the area below the curve of 
any specific range of pore diameters d is proportional to the contribution 
of this range to the total pore space V. In addition, the spectra are nor-
malised to the water content w, measured by gravimetric water loss, 
yielding relative size distributions that are directly comparable among 
samples, independently of porosity. In clay-rich lithologies 1–3 as 
defined in Fig. 6, the size distribution based on the adsorption branch 
shows a prominent peak at 2–3 nm, which can be associated with clay 
minerals, as its amplitude decreases with decreasing clay content 
(shown in Fig. 8b). In carbonate-rich lithologies 6 and 7 (most of which 
still contain a small proportion of clay minerals), a broad peak in the 
range 40–100 nm dominates instead. Bimodal distributions with both 
peaks at comparable amplitude are found for intermediate lithologies 4, 
5 and 9. In silt-/sandstones (lithology 10), a broad plateau over a wide 
range of pore sizes is found. Thus, pore-size distributions vary system-
atically between lithologies, and clay-rich lithologies tend to be domi-
nated by the smallest pore diameters in the range of a few nm. Mean 
radii of external pores can be estimated by dividing the water content 

Fig. 6. Key data (average±1σ, number of samples) for Jurassic samples shown in the Füchtbauer triangle (Füchtbauer 1988). Axes are in wt.%. Samples with >10 % 
minerals other than those represented by the triangle are excluded. 
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Fig. 7. Porosity as a function of depth and of mineralogical composition. a. Distribution of water-content porosity over the studied profiles. Depth data are adjusted 
to the profile of the STA2-1 borehole. D.A.O. = Dogger above Opalinus Clay. b. Porosity as a function of anhydrite content in samples from the Triassic. c, d. Profiles 
of water-content porosity and of clay content over the heterogeneous Lias section (coloured background). Grey bars in c. highlight observed trends. GBR Mb. =
Grünschholz, Breitenmatt + Rickenbach Mb. Depth data are adjusted to the profile of the STA2-1 borehole. 
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relative to dry weight by the BET surface area and the water density. 
Indeed, as seen in Fig. 6, the mean pore radius is lowest in claystones 
(3.0 nm) and doubles towards limestones and silt-/sandstones, indi-
cating that the architecture of the pore space changes substantially be-
tween different lithologies. 

Given the fact that mesoporous materials typically show a hysteresis 
loop during ad/desorption of N2 (Thommes et al., 2015), pore-size dis-
tributions obtained from desorption look somewhat different (Fig. 8d). 
This is partly related to connectivity effects or pore blocking, which may 
be more pronounced during desorption than during adsorption. 
Accordingly, desorption tests tend to provide information related to pore 
throat sizes, but other effects (e.g. metastability of liquid or vapour 
phase, liquid bridges; Thommes et al., 2015) may also contribute to 
hysteresis. A narrow peak at 4 nm is the most prominent feature in most 
lithologies. It is attributed to liquid instabilities, i.e. changes of the 

configuration of liquid nitrogen during desorption, such as the breakage 
of menisci during progressive desorption, leading to a partial closure of 
the hysteresis loop. The pore volume associated to the peak at 4 nm is 
thus associated with pores over a somewhat wider range (Groen et al., 
2003; Kuila and Prasad 2013). The height of the peak (and the 
pore-volume fraction related to this peak) shows a positive correlation 
with clay content and so is likely related to pores associated with clay 
minerals. Clay-rich lithologies show a second, broad and less well 
expressed peak in the range 5–8 nm. Similar to the adsorption isotherms, 
carbonate-rich lithologies show a broad peak in the range 20–100 nm 
that is not seen in other lithologies. 

Fig. 8. Results of N2 ad-/desorption analyses. a: BET surface area as a function of clay content. b: Absolute height of the peak at 2–3 nm in pore-size spectra based on 
N2 adsorption as a function of clay content. Open symbols highlight units with special pore-size architectures (see text). c, d: Examples of pore-size distributions based 
on the N2 ad- and desorption branches, obtained using the BJH algorithm, normalised to the water content of the samples. 1 = TRU1-1 923.34, Opalinus Clay, Clay- 
rich sub-unit; 2 = BUL1-1 808.92, Parkinsoni-Württembergica-Schichten; 3 = BUL1-1 965.46, Opalinus Clay, Mixed clay-silt-carbonate sub-unit; 4 = TRU1-1 788.76, 
Wedelsandstein Fm.; 5 = STA3-1 748.38, Wedelsandstein Fm.; 6 = MAR1-1 717.76, Staffelegg Fm., Rietheim Mb.; 7 = BOZ1-1 323.16, Wildegg Fm., Effingen Mb.; 9 
= MAR1-1 588.40, Wedelsandstein Fm.; 10 = TRU1-1 812.24, Wedelsandstein Fm.; Fe-rich oolite BOZ2-1 313.13, Hauptrogenstein, Spatkalk. 
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5. Discussion 

5.1. Pore-size distributions based on N2 adsorption 

The proportionality between the height of the peak at 2–3 nm in 
adsorption isotherms and the clay content as seen in Fig. 8b suggests that 
the volume fraction of pores smaller than about 5 nm is characteristic of 
pore space related to clay minerals. Statistical data pertinent to this 
volume fraction are shown in Fig. 6. The average value is 0.33 for 
claystones and decreases towards limestones and silt/sandstones. Note 
that for all parameters shown in Fig. 6, the relative variability of the data 
is highest for limestones, meaning that these comprise a range of fabrics, 
as noted previously by other authors (e.g. Lucia 2007). Thus, mineralogy 
alone is not the only factor that determines the pore-space distribution. 

Nevertheless, even in the most clay-rich samples a substantial pore- 
volume fraction is related to apertures >5 nm, as seen in Fig. 8 for the 
claystone sample. Thus, while the fraction of the pore volume related to 

pore sizes <5 nm is closely related to clay porosity, larger pore apertures 
are also present. Further, the BJH algorithm to interpret N2 adsorption in 
terms of pore sizes is a physical model based on a number of assumptions 
that do not fully capture the complexity of natural rock fabrics. This also 
means that the absolute values of the pore sizes are somewhat uncertain, 
and the obtained spectra may differ from those derived from alternative 
methods, such as adsorption of H2O (e.g. Gimmi and Churakov 2019) or 
NMR cryoporometry (e.g. Fleury et al., 2015, 2022). Finally, samples are 
dried prior to the acquisition of N2 ad/desorption isotherms, which leads 
to the collapse of interlayer porosity in smectite. This volume loss is 
compensated by the widening of larger pores or the creation of 
shrinkage microcracks. 

Only limited data are available for silty/sandy lithologies, but the 
pore-size distributions are consistent in that they show a small peak at 
2–3 nm in the adsorption isotherms (attributed to clay minerals) and a 
plateau until about 100 nm. This plateau distinguishes silt/sandstones 
from calcite-rich lithologies that show a broad peak at 40–100 nm that 

Fig. 9. Relationship between clay content and porosity in the Jurassic section. a. Water-content porosity as a function of clay content. Points with open symbols were 
not considered for the calculation of the black fit curve (see text). Arrow points to a sample with a porosity of 0.30. b. Correlation between clay porosity calculated 
from clay content and porosity related to pores <5 nm obtained from N2 adsorption isotherms. 
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becomes higher with increasing carbonate content (Fig. 8). The differ-
ence between silty/sandy lithologies and limestones may be related to 
the fact that the grain size of quartz that dominates silt/sandstones is in 
the silty and sandy fraction, whereas the grain sizes of calcite grains span 
a much wider range (micrite to macrofossil). 

5.2. Relationship between clay content and porosity 

Focussing on the Jurassic part of the profile, there is a good corre-
lation between clay content and water-content porosity (Fig. 9a). After 
excluding several data points (shown by open symbols in Fig. 9a; justi-
fication follows below), a power-law function well fits the measured 
data. The slope of the fit curve is 0.010–0.016 at low clay contents but 
flattens out to <0.0015 at contents >40 wt%. In order to explain the 
changing slope, the pore-size distributions obtained from N2 adsorption 
(Fig. 8) need to be considered. In these, two peaks can be distinguished, 
one with a mode at 2–3 nm, the other at 40–100 nm. As stated above, the 
2–3 nm peak is characteristic of clay minerals, most likely to porosity 
related to the stacking of clay aggregates, and it is absent in pure 
limestones. The peak (or plateau) in the range 40–100 nm can be 
observed in all samples but becomes, in relative terms, more prominent 
with increasing calcite content (Fig. 8). The pores in this size range are 
attributed to the mingling of grains of different sizes and shapes in the 
rock matrix, namely of platy clay minerals and granular, essentially 
isometric calcite. Geometric incompatibilities related to the different 
grain shapes (and also the distinct behaviour during mechanical 
compaction) are suggested as the likely reason for the presence of larger 
pores in clay-carbonate mixtures. Indeed, such incompatibilities have 
been imaged in various TEM and STEM studies of shales (e.g. Curtis 
et al., 2012, Keller et al., 2013a). The concept considering these two 
types of pores is illustrated in Fig. 10. 

Taking this idea further, the porosity data as shown in Fig. 9a can be 
considered to consist of two contributions: 1) Clay porosity between clay 
aggregates, with sizes of a few nm, and 2) porosity related to geometric 
incompatibilities between platy and granular minerals, with sizes in the 
range of tens of nm. Clay porosity can be assumed to be proportional to 
the clay content, whereas porosity due to incompatibilities is present in 
clay-carbonate mixtures but not in pure clay or carbonate. Extrapolating 
the trend line fitting the measured data in Fig. 9a to pure clay leads to a 
porosity of 0.17. The red line then reflects the clay porosity, considering 
proportionality with the clay content. The curvature in the fit line re-
flects the additional pore type that occurs in lithologies in which platy 
clay minerals occur together with more isometric grains of calcite. The 
contribution of this pore type is at a maximum when both mineral types 
occur in comparable proportions and is of lesser relevance towards the 
pure clay and non-clay compositions. The clay porosity calculated by 
assuming proportionality with the clay content shows an excellent cor-
relation with the porosity related to pore diameters <5 nm as derived 
from N2 adsorption data (Fig. 9b). This correlation is better than when 
considering the measured water-content porosity on the x-axis (not 

shown), confirming that the peak at 2–3 nm is indeed related to clay 
porosity. 

It can also be seen in Fig. 9 that even at the same clay content, sys-
tematic differences of porosity exist between different geological units. 
For example, the Opalinus Clay has a lower porosity than the overlying 
Dogger units of comparable clay content, a finding that cannot be 
explained by the only marginally different maximum burial depths. 
Rock fabric and porosity thus depend on other parameters as well, such 
as the rate of sediment deposition because it is related to the time 
available for early diagenesis. A low deposition rate means that the time 
period over which early diagenesis acted on the unconsolidated sedi-
ment was longer, potentially leading to more extensive mineral re-
actions, such as dissolution and cementation, with consequences for the 
rock fabric and its behaviour during later compaction. Data pertinent to 
deposition rates were provided by Wohlwend et al. (2021a,b, 2022) 
based on ammonite stratigraphy and palynological analysis. The Opa-
linus Clay was deposited at a rate of about 50–60 m/Myr (referring to 
the current thickness in the compacted state), which is more than for any 
of the other Dogger units. The rapid burial is consistent with the 
observation that the Opalinus Clay is only weakly cemented and dis-
aggregates when immersed in pure water, except in silty lenses in which 
sparitic calcite fills the pore space. In comparison, the average deposi-
tion rates for the underlying Staffelegg Fm. and the Dogger above 
Opalinus Clay (D.A.O.) were 1.3–1.6 and 10–14 m/Myr, respectively, 
thus leaving more time for early diagenetic cementation and leading to a 
stiffer behaviour during compaction. 

It is noteworthy that, with a few exceptions, porosity of clay-poor 
lithologies tends towards 0 (Fig. 9a). This is an evident difference to 
the theoretical model developed by Revil and Cathles (1999) for the 
relationship between clay content, porosity and permeability in 
sand-clay mixtures. In this model, the addition of a clay component to a 
sandstone resulted in a reduction of porosity because the clay fills the 
intergranular pore space between the large grains. A porosity minimum 
is reached when the volumetric clay content was identical to the 
porosity of the pure sandstone, at which point all large pores are filled 
with clay. A further increase of clay content implies a lower proportion 
of sand grains, thus porosity increases until reaching the value of the 
pure claystone. This geometrical model appears to be at odds with the 
data shown in Fig. 9a where porosity increases steadily with clay con-
tent. However, this can be explained by the fact that the data shown here 
essentially refer to carbonate-(sand-)clay mixtures, whereas Revil and 
Cathles (1999) considered pure sand-clay mixtures. The latter are 
characterised by a bimodal grain-size distribution of large sand grains 
and much smaller clay minerals. In contrast to the generally well sorted 
sand component, carbonate minerals in the rocks studied here occur 
over a wide range of grain sizes (macrofossils to micrite), and there is no 
strictly bimodal grain-size distribution that was assumed by Revil and 
Cathles (1999). Moreover, these authors did not consider chemical ef-
fects, such as pressure solution and cementation, while these are of 
importance in our case. 

More recently, Bourg (2015) presented a worldwide review of 
measured data pertinent to the dependence of porosity on clay content. 
In the range 0–30 wt% clay, porosity was found to increase only 
marginally with clay content and remained around 0.05 even for 
clay-free lithologies. The slope increased strongly at clay contents >30 
wt%, which was explained by the transition from a grain-supported to a 
matrix-supported fabric. The study suggests a convex trend, while the 
data in Fig. 9a define a concave curve. However, there are some dif-
ferences and issues:  

• The data for formations with clay contents <30 wt% shown by Bourg 
(2015) are dominated by North American gas shales, which are 
mostly silt/sandstones in the nomenclature of Füchtbauer (1988), 
while the clay-poor units in this study are predominantly limestones 
and calcareous marls, i.e. quartz-poor lithologies. Fig. 10. Conceptual view of the porosity types (white) in clay-carbonate mix-

tures, inspired by a STEM image by Curtis et al. (2012). Width of field is ~1 μm. 
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• The correlation of Bourg (2015) combines data of formations that 
underwent a wide range of maximum burial depths. The North 
American gas shales with lower clay contents were typically buried 
to depths of several kilometres (e.g. Jarvie et al., 2007; Curtis et al., 
2012) and so are highly compacted and over-consolidated at their 
current depths. On the other hand, the data pertinent to formations 
with clay contents >30 wt% comprise data from highly consolidated 
units (such as the Haynesville Shale, maximum burial depth ≥3 km; 
Nunn 2012; Dowey and Taylor 2020), from intermediate levels (such 
as the Opalinus Clay, 1.7 km; Mazurek et al., 2006) and units that 
were subjected to shallow burial only (such as the Boom Clay, 0.2 
km; Vandenberghe et al., 2014). The wide spread of the data (and the 
absence of a correlation) is related to the fact that porosity is not only 
a function of clay content but also of the degree of compaction and 
over-consolidation. Note that the data in the present study refer to a 
narrow depth range. 

Overall, it can be concluded that clay content is not the only 
mineralogical parameter that governs petrophysical rock properties, and 
that the nature of the non-clay fraction also matters, with evident dif-
ferences between clay-carbonate and clay-sand mixtures. The properties 
of clastic-calcareous sedimentary rocks are best explored by considering 
the mineralogical composition in a ternary system, as shown in Fig. 6. 

A number of outliers towards higher porosity can be identified in 
Fig. 9. They originate from Fe-rich oolites (e.g. Wutach Fm., 
Humphriesioolith-Fm., Murchisonae-Oolith Fm.), from the Haup-
trogenstein (oolitic limestone) and from the reef facies of the Herrenwis 
Unit. All samples from these units are shown with open symbols, 
together with sandstones (but not the more clay-rich lithologies) of the 
Wedelsandstein Fm. All these units have in common that at the time of 
deposition, they contained large mechanically competent grains, such as 
ooids, abundant quartz in the sand fraction and coarse-grained calcite 
from the reef. It is conceivable that the compaction of such grain- 
supported lithologies led to less reduction of porosity when compared 
with the other, in general matrix-supported units (clay and micrite). 

Another mechanism that counteracts compaction is cementation 
during early diagenesis. Several (but not all) of the studied Fe-rich oo-
lites are condensed horizons reflecting a low deposition rate, thus 
leaving long periods of time for early diagenetic cementation that leads 
to more competent fabrics that behave differently during compaction 
than other lithologies of comparable composition. The sample with the 
highest measured porosity of 0.3 originates from the Wutach Fm., a Fe- 
rich oolite at the top of the Dogger. The deposition rate, derived for 
boreholes BUL1-1 and MAR1-1 by Wohlwend et al. (2021a,b), is in the 
range 1.3–1.5 m/Myr – thus, the deposition of only 1.2–3 m of sediment 
(thickness measured in its current state) took 0.9–2 Myr, a time period 
comparable to that needed to deposit 100–120 m of Opalinus Clay. 

A representative example of the pore-size distribution of an Fe-rich 
oolite is shown in Fig. 8. In spite of a clay content of 25 wt%, the peak 
at 2–3 nm is almost absent, and the largest fraction of the pores is related 
to apertures of tens of nm. With a range of 6–20 nm, Fe-rich oolites have 
the largest mean pore diameters of all lithologies, and this also explains 
the high anion accessibility of the pore space that is typical for these 
rocks (Zwahlen et al., 2023). 

6. Conclusions 

In study areas Nördlich Lägern and Zürich Nordost, the low- 
permeability sequence has a thickness of 400 m or more and is boun-
ded by the regional Malm aquifer in the hanging wall and by the regional 
Muschelkalk or the local Keuper aquifer in the footwall. In the Jura Ost 
area, its thickness is about 300 m, with the Hauptrogenstein at the upper 
and the Keuper aquifer at the lower boundary. It consists of clay-rich and 
carbonate-rich units, with less frequent sandy lithologies. Anhydrite- 

rich units separate the Keuper and Muschelkalk aquifers and, given 
their low porosity, act as barriers to mass transport in the vertical 
dimension. The Opalinus Clay in the centre of the low-permeability 
sequence is the most homogeneous unit in both the vertical and hori-
zontal dimensions. 

Rock porosity and pore-size distribution depend on the mineralogical 
composition, in particular on the clay content. However, formation- 
specific differences are evident even at comparable clay contents and 
are attributed to different extents to which early diagenesis affected the 
sediment close to the seafloor, which in turn is a function of the depo-
sition rate, which varied widely during the Jurassic. The degree of early 
diagenetic cementation is low in the Opalinus Clay, most probably due 
to its rapid deposition. 

The relationship between clay content and porosity shows a curved 
profile with a flattening slope at high clay contents. Together with the 
pore-size distributions obtained from N2 adsorption, two pore types 
were distinguished: 1) Nanometric pores related to the stacking of clay 
aggregates, resulting in a porosity proportional to the clay content, and 
2) pores in the size range 40–100 nm that are related to the mingling of 
clay minerals with larger, stiffer grains, resulting in geometric in-
compatibilities and a distinct compaction behaviour. As the latter pore 
type only occurs in mixtures of clay minerals and larger grains and is not 
present in the pure endmembers, it accounts for the curvature of the clay 
content-porosity curve. 

Rock units that contained larger mineral grains at the time of 
deposition (such as oolites, sandstones and reef limestone) show a 
distinct behaviour during compaction. The presence of large competent 
grains, resulting in local pressure shadows or a grain-supported fabric, 
limited the degree of compaction, leading to higher porosities and 
average pore apertures than in other rocks of comparable mineralogical 
composition. Fe-rich oolites, typically related to low deposition rates, 
are most strongly affected by early diagenetic effects, such as mineral 
dissolution and cementation. They show distinct pore-size distributions 
with a predominance of pore diameters in the range of tens of nm but 
only a small contribution of nanopores that are typical of clay-bearing 
lithologies. 

Porosity of clay-quartz mixtures depends only weakly on the clay/ 
quartz ratio, which is attributed to the development of a grain-supported 
fabric in sandy lithologies. In contrast, porosity decreases substantially 
with increasing carbonate content in clay/carbonate mixtures and tends 
towards quite low values in pure limestone, likely due to pressure so-
lution and partial recrystallisation. 
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Mazurek, M., Rufer, D., Waber, H.N., Wersin, P., Zwahlen, C., Traber, D., 2023. TBO 
Bachs 1-1 – Data report, Dossier VIII: Rock properties, porewater characterisation 

and natural tracer profiles. Nagra Arbeitsbericht NAB 22-04, Nagra, Wettingen, 
Switzerland. Available at nagra.ch.  

Gimmi, T., Churakov, S.V., 2019. Water retention and diffusion in unsaturated clays: 
connecting atomistic and pore scale simulations. Appl. Clay Sci. 175, 169–183. 
https://doi.org/10.1016/j.clay.2019.03.035. 

Gimmi, T., Waber, H.N., Gautschi, A., Rübel, A., 2007. Stable water isotopes in pore 
water of Jurassic argillaceous rocks as tracers for solute transport over large spatial 
and temporal scales. Water Resour. Res. 43, W04410 https://doi.org/10.1029/ 
2005WR004774. 

Gimmi, T., Aschwanden, L., Camesi, L., Gaucher, E., Jenni, A., Kiczka, M., Mäder, U., 
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