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Abstract

The Middle-Jurassic Opalinus Clay is the foreseen host rock for radioactive waste disposal in central northern Switzer-
land. An extensive drilling campaign aiming to characterize the argillaceous formation resulted in a comprehensive
drill core data set. The rheologically weak Opalinus Clay is only mildly deformed compared to the over- and underly-
ing rock units but shows a variety of natural fractures. While these structures are hydraulically indistinguishable from
macroscopically non-deformed Opalinus Clay today, their analysis allows for a better understanding of the deforma-
tion behaviour in the geological past. Here, we present an overview of the different fracture and fault types recorded
in the Opalinus Clay and a detailed microstructural characterization of veins—natural dilational fractures healed by
secondary calcite and celestite mineralizations. Macroscopic drill core analysis revealed five different natural fracture
types that encompass tension gashes of various orientations with respect to bedding and small-scale faults with
displacements typically not exceeding the drill core diameter. The occurrence of different fault types generally fits well
with the local tectonic setting of the different drilling sites and with respect to the neighbouring regional fault zones.
The microstructural investigations of the various vein types revealed their often polyphase character. Fibrous bed-
ding-parallel veins of presumable early age were found to be overprinted by secondary slickenfibres. The polyphase
nature of fibrous bedding parallel veins and slickenfibres is supported by differing elemental compositions, pointing
towards repeated fracturing and mineralization events. Direct dating of vein calcites with U-Pb was unsuccessful.
Nevertheless, age constraints can be inferred from structural orientations and fault slip kinematics. Accordingly, some
of the veins already formed during sediment compaction in Mesozoic times, others possibly relate to Early Cenozoic
foreland uplift. The youngest veins are most likely related to Late Cenozoic regional tectonic events, such as the Jura
fold-and-thrust belt to the south and the Hegau-Lake Constance Graben to the northeast of the study area. During
these latest tectonic events, previously formed veins acted as rheologically stiff discontinuities in the otherwise com-
parably weak Opalinus Clay along which deformation of the rock formation was re-localized.
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1 Introduction

Understanding the deformation behaviour of clay for-
mations is of importance for various sub-surface engi-
neering and exploration industries. The sealing capacity
of clay formations makes them a potential host rock for
toxic waste repositories (e.g., Bock et al., 2010; Bossart
et al,, 2017; Gautschi, 2017), effective seals for CO, stor-
age (e.g., Metz et al., 2005; Song & Zhang, 2013), and
geothermal and hydrocarbon reservoirs (e.g., Ferrill
et al., 2014; Ingram & Urai, 1999). Concerning fault sys-
tems, clay rocks play an additional role in defining their
mechanical strength and seismic behaviour (e.g., Ingram
& Urai, 1999; Klinkenberg et al., 2009; Siegesmund et al.,
2014; Wenning et al., 2021).

Here, we focus on fractures in the Middle-Jurassic
Opalinus Clay, the foreseen host rock for radioactive
waste disposal in Switzerland (Bossart et al., 2017; Nagra,
2014). The Opalinus Clay is part of the Mesozoic sedi-
mentary sequence of the northwestern Alpine foreland
and the northward adjacent western European Platform.
It is over hundred meters thick and characterized by a
very high clay-mineral content (57 +12 wt%; Mazurek,
2017), resulting in a low permeability and high retention
capacity (Bossart et al., 2017; Jaeggi et al., 2018). Due to
its extremely low hydraulic conductivity (<107 m/s;
Gautschi (2017)) and small pore sizes (Houben et al.,
2013; Keller et al., 2013), internal mass transfer is dif-
fusion-dominated (Gimmi et al.,, 2007; Mazurek et al.,
2011; Wersin et al,, 2016, 2018). Therefore, it is inferred
that the Opalinus Clay acted as a stable seal for most of
its geological history (De Haller et al., 2014). Neverthe-
less, deformation related to regional tectonic events
appears to have locally enabled transient fluid flow and
mineralization along fractures and fault networks in the
Opalinus Clay (Jaeggi et al., 2018; Mazurek & Haller,
2018; Mazurek et al., 2018; Smeraglia et al., 2020, 2022;
Wenning et al., 2021). Microstructural research on nat-
ural tectonites in the Opalinus Clay in the Mont Terri
underground rock laboratory, has revealed a variety of
deformation structures and indications of the presence of
fluids during tectonic deformation (Houben et al., 2013,
2014; Keller et al., 2013; Laurich et al., 2014, 2017, 2018;
Orellana et al., 2022). To better understand the long-term
sealing capacity of the Opalinus Clay, it is important to
assess the links between mechanical behaviour, (micro)
deformation structures, and mineralization processes.

The study area is located in central northern Switzer-
land where the Opalinus Clay is buried underneath Mid-
dle and Upper Jurassic carbonates and marls and clastic
sediments of the Neogene Molasse Basin (Fig. 1). The
area is part of the external Alpine foreland and bound
by regional deformation zones of Cenozoic age. In the
context of the siting process for a radioactive waste
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repository within the Opalinus Clay of northcentral Swit-
zerland, the Swiss National Cooperative for the Disposal
of Radioactive Waste (Nagra) has carried out an exten-
sive drilling campaign, retrieving drill cores of Opalinus
Clay (Fig. 1). These cores allow an unprecedented pos-
sibility to study natural fractures within an argillaceous
rock formation at burial depths between 450 and 930 m
(depending on the drill site), i.e., without near surface
chemical alteration or exhumation-induced mechanical
disintegration. Here, we present results of a microstruc-
tural analysis of selected fractures from eight drill cores
(BOZ2-1 and BOZ1-1 from the Bozberg locality, BAC1-1
from Bachs, STA3-1 and STA2-1 from Stadel BUL1-1
from Biilach, MAR1-1 from Marthalen and TRU1-1 from
Triillikon; Fig. 1). The focus is on the small-scale geom-
etry of mineralized and non-mineralized minor faults
and tension gashes, which represent the dominant defor-
mation structures. Drillcore samples were investigated
macroscopically by low and high-resolution optical light
microscopy, scanning electron microscopy (SEM) in
combination with energy-dispersive X-ray spectroscopy
(EDX), cathodoluminescence light microscopy (CL) as
well as with Synchrotron X-ray Fluorescence Micros-
copy (XFM). In addition, U-Pb dating as well as carbon,
oxygen, and clumped isotope analyses were performed
on calcite microstructures. The resulting data provide a
thorough overview of macroscopic and microscopic nat-
ural brittle deformation structures in the Opalinus Clay.

2 Geological background
The study area is located at the distal margin of the north-
ern Alpine foreland basin in central northern Switzer-
land (Fig. 1a). The Opalinus Clay is part of the Mesozoic
sedimentary sequence (Fig. 1b) that evolved in a coastal-
epicontinental marine environment following the Late
Paleozoic Variscan orogeny (Nagra, 2014; Wetzel et al.,
2003; Ziegler, 1990). The latter ended with the post-col-
lisional formation of major Permocarboniferous grabens
(Madritsch et al., 2018). Sedimentation of the Opalinus
Clay, whose drilled thickness in the study area is between
104 and 122 m, was fast and occurred within 2 Ma at
most (Wetzel et al., 2003). It is typically divided into four
sub-units of varying texture and clay content, which is
the highest at its base and is substituted by increased
contributions of carbonates and quartz towards its top
(Mazurek & Aschwanden 2020; Lauper et al., 2021). Pre-
vious authors suggested that deposition was influenced
by reactivation of underlying basement faults (Reisdorf &
Wetzel, 2018; Wetzel et al., 2003), but within the area of
investigation, indications for syn-sedimentary faulting so
far remain vague.

After deposition, the Opalinus Clay in central north-
ern Switzerland witnessed a polyphase deformation and
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burial history (Looser, 2022; Madritsch, 2015; Mazurek
et al,, 2006). Following burial during the Late Jurassic
and Early Cretaceous, the region was affected by far-field
consequences of the Alpine orogeny, initiating presum-
ably during late Cretaceous times (Pfiffner, 1986; Schmid
et al., 1996). Maximum burial depth of about 1700 m and
a peak temperature of approximately 85 °C of the top
of the Opalinus Clay Formation in the studied area was
reached in the Miocene (Mazurek et al., 2006). Uplift and
erosion of the Mesozoic sequence during Paleocene to
Early Eocene times is thought to result from the forma-
tion of an orogenic flexural forebulge (Kempf & Pfiffner,
2004; Sinclair & Allen, 1992). Early Cenozoic erosion
estimates vary between 750 and 1050 m (e.g. Mazurek
et al., 2006).

Following the formation of the European Cenozoic
rift system including the Upper Rhine Graben and the
Black Forest and Vosges Massifs to the northwest of the
study area in Eocene—Oligocene times (Dezes et al., 2004;
Hinsken et al, 2007), sedimentation re-commenced
during Middle to Late Oligocene. During this time, the
region became part of the northern Alpine Molasse
Basin (Pfiffner, 1986; Sinclair & Allen, 1992; Willett &
Schlunegger, 2010) and a sequence of clastic sediments
was deposited throughout the Miocene. Contempora-
neously, two tectonic realms evolved, which resulted in
today’s structural setting of the study area: in the north-
east, south of Schafthausen, roughly NE-SW directed
extensional to transtensional deformation resulted in the
formation of the Hegau-Lake Constance Graben, start-
ing around the Early Miocene (Burdigalian; Hofmann
et al, 2000; Schreiner, 1992). The graben is associated
with NW-SE striking normal faults, inherited from pre-
existing Variscan basement structures (Egli et al., 2017).
Seismotectonic data suggest that this deformation is still
ongoing (Diehl et al., 2023). The NW-SE trending Neu-
hausen Fault, studied in detail based on 3D seismic data
(Birkhéuser et al., 2001; Roche et al., 2020), is the west-
ernmost of these faults (Fig. 1a, c). Initiating at ~ 14.5 Ma
at the latest and lasting until at least~4.5 Ma (Looser
et al,, 2021; Smeraglia et al., 2021), foreland contraction
and the formation of the Jura fold-and-thrust belt took
place related to nappe stacking in the Central Alps (dis-
tant push; e.g., Laubscher, 1961). The basal décollement
of this thrust belt is located in Middle to Upper Triassic
evaporites (Jordan, 1992; Sommaruga, 1999; Sommaruga
et al,, 2017). However, at least in the strongly deformed
parts of the central Jura fold-and-thrust belt, the Opalinus
Clay has presumably acted as secondary detachment dur-
ing thrusting (Nussbaum et al., 2018; Schori et al., 2015)
and as a hydrogeological barrier during syn-tectonic fluid
flow (Smeraglia et al., 2022). As our study area is located
at the easternmost tip of the Jura fold-and-thrust belt,
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just north of the so-called “Jura Main Thrust” which con-
stitutes the Lagern Anticline (Fig. 1a, c), the amount of
shortening in this area decreases from approximately six
to zero km from west to east (Jordan et al., 2015; Malz
et al,, 2016). Nevertheless, contractional deformation in
the study area reached beyond this main thrust front and
further into the foreland, resulting in the formation of
isolated thrust faults (e.g., Mandach Fault; MA in Fig. 1a,
¢; Malz et al., 2020).

3 Methodology

3.1 Macroscopic structural analysis

As part of the deep exploration drilling campaign of
Nagra, cores were retrieved from the Opalinus Clay in
eight vertical boreholes (BOZ2-1, BOZ1-1, BACI-1,
STA3-1, STA2-1, BUL1-1, MARI1-1, and TRU1-1; for
locations see Fig. 1). The cores were oriented towards true
North based on the correlation of deformation structures
visible on the core and oriented geophysical borehole
images. After orientation of the cores, all macroscopically
visible deformation structures were recorded including
their orientation, extent, mineralization, stretching linea-
tion, and shear sense (Ebert & Decker, 2019).

3.2 Encasing sample cores in epoxy resin and cutting

For the microstructural investigation, we selected a rep-
resentative set of macroscopic deformation structures
(cf. Sect. 4.2.). For protection and stabilization of selected
sections, the drill cores (9.4 cm in diameter) were cased
in epoxy resin (Sikadur 52 Injektion Normal) and cut into
thin section blocks. For this purpose, cylindrical moulds
were made by placing a PVC tube (10.4 cm in diameter)
around the drill core, and the empty space was filled with
epoxy resin. A PVC base plate was used to avoid direct
contact between PVC and core, and wooden sticks were
placed as spacers between base plate and core as well as
around the core walls. To speed-up polymerization, we
used a heating plate at a maximum temperature of 35 °C.
Finally, the mould was removed after cutting through its
long axis and the core was cut into blocks from which
thin sections were made. For dry and heat free cutting,
we used a mitre saw with diamond blade. All cuts were
subsequently coated again with resin and dried before
any further cutting. Thin sections (thickness of 30 pm)
were made using oil instead of water to avoid disintegra-
tion of the sample material. In case a lineation direction
was observed, the thin section block was cut parallel to
this lineation. See Additional file 1: Fig. S1 for a general
overview of how all thin section blocks were cut and
how the orientation of the structures in the photomicro-
graphs can be retrieved. In this manuscript all photomi-
crographs of thin sections are marked by a white arrow
indicating the downhole direction.
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3.3 Microstructural imaging

In a first step, the microstructures were investigated
under transmitted light at thin-section scale using a
Zeiss Axioplan petrographic microscope equipped with
an automatic stage. In a second step, regions of interest
were analyzed in detail with scanning electron (SEM)
and cathodoluminescence light (CL) microscopy at sub-
mm scale. SEM analyses were conducted using a Zeiss
EVO 50 SEM equipped with backscatter and secondary-
electron detectors at the Institute of Geological Sciences,
University of Bern. CL microscopy was carried out using
a CL8200 Mk5-2 Optical Cathodoluminescence System
operated at 15 kV acceleration voltage and 250 pA beam
current at the Geological Institute, ETH Ziirich.

3.4 Quantitative and qualitative geochemical analysis
calcite
3.4.1 Energy-dispersive X-ray spectroscopy (EDX) on calcite
Identification of the mineral-chemistry of calcite was
done on thin sections using spot analysis on a ZEISS
EVO50 SEM in combination with an EDX system. The
SEM was operated at 15 kV acceleration voltage, 1.2 nA
beam current, and a measurement time of 50 s per spot.
For quantification of the variability of Mg and Fe in cal-
cite, we used the “TEAM version: V4.5-Released” soft-
ware. The data was acquired standard-free using a ZAF
(atomic number (Z) effect, absorption (A) effect, and flu-
orescence excitation (F) effect) correction. All oxide val-
ues were recalculated to atoms per formula unit.

3.4.2 Electron microprobe WDS mapping
Wavelength-dispersive spectroscopy (WDS) mapping
was performed on a JEOL 8200 superprobe instrument
at the Institute of Geological Sciences, University of Bern
operated at 15 kV acceleration voltage and 3e-8 A probe
current. For the maps with size of 500x 500 pm, we used
a step size in x- and y-direction of 1.75 um and a dwell
time of 150 ms. For data processing, we used XMapTools
4 (Lanari et al., 2014, 2019).

3.4.3 Synchrotron X-ray fluorescence microscopy (XFM)

For the XFM experiment, a thin section (thickness of
30 um) was mounted on a high-purity fused quartz slide
(50.8 X 25.4 mm) without cover slip (Schrank et al., 2021)
and mapped at the XFM beamline of the ANSTO Aus-
tralian Synchrotron (Howard et al., 2020) on a standard
sample mount. A region of interest containing fibrous
veins and slickenfibres (9.628 mmXx5.302 mm) was
scanned with a dwell time of 1 ms and a pixel size of
2 pum with an 18.5 keV X-ray beam focused to a~2 pm
spot at the sample, using a Kirkpatrick-Baez mirror pair.
The total scan time amounted to 214 min. Excited X-ray
fluorescence photons were recorded in event mode with
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the Maia (Rev D) detector system (Ryan et al., 2018; Sid-
dons et al,, 2014) in its usual backscatter geometry. The
Dynamic Analysis method (Ryan & Jamieson, 1993)
implemented in GeoPIXE (Ryan et al., 2005) was used for
spectral deconvolution. Calibration with metallic foils of
known composition yielded quantitative concentration
maps from K to Zr.

3.5 U-Pb dating of secondary calcite

U-Pb laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) analyses were conducted at
ETH Zirich using an ASI RESOlution S-155, excimer
(ArF, 193 nm) laser ablation system coupled to a Thermo
Element XR sector-field ICP-MS on polished thick sec-
tions (thickness of 100 pm). The analytical and data
reduction procedures follow Roberts et al. (2017) using
NIST SRM614 and WC-1 calcite as primary reference
materials and Guillong et al. (2020) using spot sizes of
110 and 163 pm and pulse rates of 5 and 7.4 Hz, respec-
tively, ensuring a constant aspect ratio of the ablation cra-
ters. U-Pb dates were calculated from Tera-Wasserburg
concordia lower intercepts using the IsoplotR software
package (Vermeesch, 2018), and a long-term excess vari-
ance of 2% relative was propagated by quadratic addition
to the uncertainty of the individual lower intercept dates
(Guillong et al., 2020). The secondary reference materials
ASH-15D (Nuriel et al., 2021), JT (Guillong et al., 2020),
and an additional in-house reference material (PDF-9B)
were analyzed for validation (Additional file 1: Fig. S8).
Correction for matrix effects with WC-1 was done with
anchoring the **’Pb/2%Pb initial-lead ratio to 0.85, while
samples and secondary reference materials were not
anchored. No disequilibrium correction was applied. All
uncertainties are reported at the 95% confidence level.
Prior to and after LA-ICP-MS measurements, the sam-
ples were analyzed by cathodoluminescence light micros-
copy to identify growth zonings and to detect misplaced
ablation spots which were then excluded from the data.

3.6 Clumped isotopes

Clumped isotope measurements were conducted on
1-2 mg of calcite powder per sample at ETH Zurich
using a Thermo Scientific Kiel IV carbonate device cou-
pled to a Thermo Scientific MAT253 or a MAT253 Plus
isotope ratio mass spectrometer (IRMS) based on the
methods described by Meckler et al. (2014) and Mil-
ler et al. (2017). In addition to the removal of water and
noncondensable gases by the Kiel IV carbonate device,
potential isobaric contaminations were removed by a
Porapak Q resin held at—40 °C. Backgrounds on m/z
44-47 were determined at the beginning of each ana-
lytical session by high-voltage peak scans at five differ-
ent intensities between 10 and 30 V (Bernasconi et al.,
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2013). Data reduction was carried out with the Easotope
software package (John & Bowen, 2016). Oxygen and
carbon isotope ratios are reported relative to VPDB and
are within analytical uncertainty of+0.10 %o for §°C
and+0.20 %o for 80 (x1 std. dev). Clumped isotope
data are reported in the I-CDES scale (Bernasconi et al,,
2021). A,, temperatures are calculated using the Ander-
son et al. (2021) calibration and the oxygen isotopic
compositions of the precipitating fluids §'%0y,;,) are cal-
culated using the calibration of Kim and O’Neil (1997).
Measurements failing outlier tests and with a deviation
from the median A,; value of the sample of>0.070%o
(3% of all measurements) were not considered. Analytical
errors in A,, temperatures are reported at the 95% confi-
dence level (Fernandez et al., 2017).

4 Results

4.1 Macroscopic deformation structures

In general, the Opalinus Clay is macroscopically weakly
deformed compared to the more competent units above
and below (e.g., the above-lying limestones of the Malm
group or the underlying Keuper (cf. Figs. 1 and 2). In fact,
the average frequency of fractures within the Opalinus
Clay ranges between 0.4 and 1.6 fractures/core meter.
The average fracture frequency in the entire drillings
over all lithologies ranges between 1.4 and 2.8 fractures/
core m. By comparison, in the Bénkerjoch Fm., which is
part of the Keuper group, the fracture frequency varies
between 3.8 and 7.7 fractures/core m.
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4.1.1 Terminology

A full inventory of the encountered macroscopic
structures in the Opalinus Clay per borehole is given
in Table 1. We use the term fracture to overarchingly
describe any brittle structural discontinuity (Ebert
& Decker, 2019). The macroscopic drill core mapping
allowed us to distinguish five types of natural fractures
(Fig. 3, Table 1).

i) Joints: barren, closed fractures on which no measur-
able slip is observed at the scale of observation (Han-
cock 1985).

ii) Tension gashes: extensional fractures showing no
macroscopic signs of shear deformation, hence pre-
sumably dilatational but featuring secondary miner-
alization.

iii) Mirror-like fault planes: single fractures with
smoothed, polished or shiny surfaces with striation
implying shear deformation but typically not featur-
ing secondary mineralization.

iv) Fault planes: single, striated fractures with clear signs
of shear failure (Peacock et al., 2016) and most often
also featuring secondary mineralization.

v) Fault zone: composite deformation zones with mac-
roscopically recognizable shear component con-
stituted by various natural fractures types, some of
them featuring secondary mineralization (tension
gashes, mirror-like and mineralized fault planes).

Tension gash

Fig. 2 Three core segments showing the general appearance of the Opalinus Clay and the typically sampled structures (core diameter is 95 mm). a
This core is from STA2-1 at 821.53-822.45 m MD (core depth). b Core from BOZ2-1 at 541.33-542.25 m MD (core depth). ¢ Core from BOZ2-1,510.02

t0 510.70 m MD (core depth)
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Table 1 Inventory of macroscopic fractures per borehole
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BOZ2-1 BOZ1-1 BAC1-1 STA2-1 STA3-1 BUL1-1 MAR1-1 TRU1-1
OPA Thickness 122.14 121.11 106.57 105.53 108.68 104.15 115.05 111.49
[m]
Number % Number % Number % Number % Number % Number % Number % Number %
J 0 0 0 0 1 1 0 0 O 0 O 0 1 1 0 0
TG 28 14 25 19 42 39 40 51 24 33 1 2 20 12 1 2
MirFP 84 43 62 46 31 29 19 24 1 15 18 40 52 32 45 87
FP 78 40 45 34 32 30 18 23 35 49 24 53 87 53 4 8
FZ 4 1 1 1 0 3 2
UF 0 0 1 1 0 0 O 0 0 0 0 0 1 1 0 0
Count 194 134 107 78 72 45 164 52
Count/corem 16 1.1 1.0 0.7 0.7 04 14 0.5
Veins/corem  0.23 0.21 039 038 0.22 0.01 017 0.01
Shear sense
Up 57 68 29 76 17 65 6 100 12 55 8 100 5 7 0 0
Down 24 29 6 16 8 31 0 0 10 45 0 0 63 89 19 95
Strike-slip 3 3 3 8 1 4 0 0 0 0 0 0 3 4 1 5
Counts 84 38 26 6 22 8 71 20

J Joint, TG Tension gash, MirfP mirror-like fault plane, FP fault plane, FZ fault zone, UF unassigned fracture, Up reverse shear sense; Down normal shear sense; Strike slip
strike-slip shear sense. Faults of syn-sedimentary origin were excluded from kinematic analysis

«Calcite veins»

Joints

Macroscopic

Mineralization
Calcite veins
Calcite vein textures

Microscopic

Calcite slickenfibres

cm
mm

um

Mirror-like fault planes Fault zones

Fig. 3 Overview of analysed structure types. The upper part presents the five types of macroscopically described structures with fault zones
representing composite zones constituted by various natural fracture types (see Fig. 4). The lower part shows the types of microscopically analysed
“veins” (tension gashes and mineralized fault planes) including the microstructural texture and approximated average vein width

The term “veins” is used here in a phenomenological
sense, applied to all types of the above-mentioned frac-
tures that feature secondary mineralization. It is these
so-called veins, including apparent tension gashes and
fault planes that were targeted for microstructural anal-
ysis. The vast majority of veins have thicknesses below
1 mm but occasionally significantly thicker veins were

also observed (e.g., in BAC1-1 up to 10 mm or in BOZ2-1
a singular mineralized fault plane with a width up to
15 mm). Further microstructural analysis of veins is out-
lined in Sect. 4.2.

The remaining fracture types not further analyzed
microstructurally are joints, mirror-like fault planes, and
fault zones. Joints are only very rarely observed in the



8 Page 8 of 28

Opalinus Clay (cf. Table 1) and were not further inves-
tigated here because they lack any mineralization and
therefore are out of the scope of this study. Mirror-like
fault planes were also not further analyzed microstruc-
turally because of the requirement for additional prepa-
ration techniques (e.g., BIB polishing) to account for their
fine-grained nature. Typically, mirror-like fault planes are
non-dilative fractures that occur with solely clay miner-
als that make striated shiny surfaces (Fig. 4a,b). From
the few observed fault zones (e.g., Fig. 4d,e) only small
selected areas could be investigated. They were found
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to be constituted by multiple individual fault planes and
mirror-like fault planes (Fig. 4d). In addition, calcite veins
with blocky textures (Fig. 4e) and dilation/tectonic brec-
cias with dismembered clasts are present in such fault
zones.

4.1.2 Fracture distribution across the formation

In all studied drill cores, except for STA2-1, fault planes
(including mirror-like fault planes) are the most promi-
nent fracture type (relative abundance 47-94%), fol-
lowed by tension gashes (relative abundance 2-51%).

Fig. 4 Macro and microphotographs of mirror fault planes and fault zones. a, b Mirror-like fault planes with striated clay minerals. ¢ Fault plane

2

with striations and calcite slickenfibres. d Macroscopic photograph of a core including a several cm-wide fault zone (orange line). @ Microscopic
photograph of cm-scale area in (d) showing an individual fault plane within the fault zone. Note that the latter is a composite deformation structure

which is also associated with calcite veins and dismembered clasts
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By comparison, joints and fault zones are only rarely
observed within the Opalinus Clay (cf. Table 1).

In most boreholes (BAC1-1, STA3-1, STA2-1, BUL1-1,
MARI1-1 and TRU1-1) these fractures occur clustered,
resulting in narrow more strongly fractured zones within
the Opalinus Clay and are separated by larger sections
practically free of natural fractures (Figs. 2 and 5). Only in
the two boreholes in the west of the study area (BOZ1-1
and BOZ2-1) fractures occur more pervasively across the
formation (Fig. 5).

4.1.3 Observations on fault-slip kinematics

and displacements
Fault planes and mirror-like fault planes pre-dominantly
strike from N to E with a dominate strike 70° from N or
ENE-WSW (Decker et al., 2022). The predominant sense
of shear of the fault planes and mirror-like fault planes
varies between the boreholes (Table 1). In boreholes
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BOZ1-1, BOZ2-1, STA2-1, and BUL1-1, reverse shear
senses dominate. In STA3-1, reverse (55%) as well as
normal shear senses (45%) were common. In boreholes
MAR1-1 and TRUI1-1, a dominance of normal shear
senses was recorded. The proportion of strike-slip shear
sense is low across all boreholes (below 5%). However,
this might be due to the well-known underestimation of
steep fault planes in a vertical borehole. The dip of nor-
mal faults in the cores is on average 25° of thrust fault
planes 14°, and of fault planes with a strike-slip compo-
nent 53°.

The absence of strain markers at the cm- to mm scale
of observation in the relatively homogeneous Opalinus
Clay precludes firm statements on typical displace-
ments along slickensides. However, for the majority of
the analyzed fault planes, the lengths of syn-kinematic
calcite fibres with long axes oriented parallel to the
shear direction indicate slip distances of several mm
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Fig.5 Spacing analysis of macroscopic natural fractures across the Opalinus Clay in the investigated boreholes. Fp fault plane, Mifp mirror-like fault
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to few cm at most. Mineralized fault zones within the
Opalinus Clay, such as in STA2-1, might indicate dis-
placements larger than the core diameter (>95 mm).
Given the ‘1D’ nature of the drill cores, no information
about the lateral dimensions of the investigated frac-
tures exists. However, the measured fracture widths
allow at least a qualitative discrimination of the frac-
tures in terms of their relative dimensions (Fig. 3).

4.2 Microscopic deformation structures

For microstructural analysis, samples were selected
from mineralized fracture types including tension
gashes and mineralized fault planes, generally referred
to as veins (Fig. 3). These structures were distinguished
during macroscopic characterization of the cores and
occur in all boreholes. Table 2 and Additional file 1:
Fig. S2 provide an overview of presented key samples
and an overview with all studied samples can be found
in Additional file 1: Table S1.

Microscopic analysis of the veins revealed three
types of deformation features at thin-section scale: (1)
Dilative tension gashes with different orientations and
secondary mineral phases (calcite) showing a variety
of textures, (2) faults including normal, strike-slip, and
thrust faults with calcite and celestite slickenfibres and

Table 2 Structural measurements of the selected samples

1. V. Akker et al.

(3) micron-veinlets that are consistently found in rela-
tion to thrust faulting.

4.2.1 Dilative tension gashes

Dilative tension gashes are predominantly filled with
calcite and show different structural orientations
and microfabrics. Considering their orientation with
respect to the bedding, we distinguish vertical ten-
sion gashes with a wiggly shape, oblique tension gashes
with straight walls, and sub-horizontal tension gashes
with straight walls.

Wiggly-shaped vertical tension gashes typically have
widths of about 0.5 mm (Fig. 6a,b). Tension gashes of
this type show an internal antithetic fibrous texture,
with fibres growing horizontally in two directions from
the median line. The median line includes small micron-
sized inclusions (e.g., calcite and clay particles). Despite
the irregular nature of the vein walls, calcite fibres are
straight, undeformed, and bedding-parallel.

Oblique tension gashes with straight vein walls have
thicknesses up to ca. 0.5 mm. These tension gashes are
often filled with calcite and the fracture planes form
angles of 10 to 45° with the bedding. The internal texture
of these so-called composite veins shows typical antitax-
ial crack-seal microfabrics (Fig. 6¢,d; Ramsay, 1980; Ram-
say et al., 1983). The cores of these tension gashes show

Borehole Depth[m] Structure Fault Fault plane Lineation Lineation Shearsense Interpreted Deformation
plane Dip [] Azimuth [°] Plunge [°] phase
Dip
direction
[’1
BOZ1_1 61965 Strike-slip fault 237 56 155 25 Up/dextral ~ N-Sshortening
BOZ2_1 482.70 Thrust fault 154 30 180 25 NNW-SSE shortening
BOZ2_1 507.70 Thrust fault 305 34 20 20 Up
BOZ2_1 527.87 Thrust fault 171 12 142 8 NNW-SSE shortening
BOZ2_1 53177 Thrust fault 155 17 155 15 Up NNW-SSE shortening
BOZ2_1 541.82 Tension gash—uvertical 236 83 - - - E-W extension
wiggly
BOZ2_1 546.69 Tension gash—vertical 207 75 - - - NW-SE extension
wiggly
STA2_1 793.15 Normal fault 356 15 - - - NW-SE extension
STA3_1 830.87 Tension gash—Inclined 77 25 - - - N-S shortening
straight
STA3_1 851.27 Thrust fault 136 5 182 2 Up NNW-SSE shortening
MAR1_1 668.85 Normal fault 186 31 181 29 Down -
MAR1_1  676.56 Tension gash 102 7 - - - SSW-NNE or SSE-NNW
shortening
MAR1_1  676.56 Normal fault 230 33 - - Down E-W extension
TRUT_1 846.70 Normal fault 96 59 10 15 Sin -
TRUT_1 849.70B Normal fault - - - - - -
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—
Fig. 6 Overview of microscopic images of three different types of tension gashes filled with calcite (“veins”). a, b Optical light micrographs of
vertical veins with wiggly walls. Calcite fibres are oriented parallel to the bedding (S0) (sample BOZ2_1_541.82 (a) and BOZ2_1_546.69 (b)). c, d
Optical light micrographs of a network of oblique veins with straight walls showing elongate-blocky calcite veins with crack-seal microfabrics.

The veins cut the bedding (S0) under a 45° high angle (sample STA3_1_830.87). e, f Optical light micrographs of sub-horizontal tension gash with
straight walls. This gash is crosscut by oblique tension gashes with straight walls (sample MAR1_1_676.56). Microphotograph in (f) is an inset of (e)
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(elongate)-blocky microfabrics (red arrow in Fig. 6d) and
the rim a fibrous texture. The fibres are perpendicular to
the vein wall (blue arrow in Fig. 6d).

Sub-horizontal tension gashes with straight walls are
up to 1.5 mm in thickness and also show a typical anti-
taxial crack-seal microfabric (Fig. 6e,f). These veins are
mostly fibrous, with fibres oriented perpendicular to
the vein wall as well as bedding plane and occur in rela-
tion with calcite slickenfibres. This relationship is further
described in Sect. 4.2.2.

4.2.2 Fault planes

4.2.2.1 Normal faults The observed normal faults have
dip angles between 15 and 60°. The microstructural inves-
tigation reveals three different types of normal faults, with
and without macroscopically visible mineralization: (i)
Normal faults without mineralization that are character-
ized by a change in the shape-preferred orientation of the
clay minerals within the fault and a reduction in grain size
relative to the surrounding matrix (Fig. 7a, b). (ii) Miner-
alized normal faults that only comprise calcite crack-seal
veins parallel to the fault plane (Fig. 7c, d). (iii) Normal
faults containing thick (up to 15 mm) secondary precipi-
tates on their fault planes (Fig. 7e—g). These fault planes
comprise coarse-grained calcite and quartz-calcite veins,
coarse-grained calcite ribbons, and thin celestite ribbons
(Fig. 7g). In some cases, these ribbons are deformed (bou-
dinaged). The originally sub-horizontal bedding layers
are, in parts, sheared into the fault plane.

4.2.2.2 Strike-slip faults Strike-slip faults with typical
dip of about 60° are associated with calcite slickenfibres
on their surfaces (Fig. 8a,b). The fault planes typically
comprise a 2-3 mm-thick layer of coarse-grained vein
calcite, calcite slickenfibres as well as pieces of fibrous
calcite veins (Fig. 8c). The slickenfibres with very straight
boundaries localize on calcite veins (Fig. 8c). This points
towards a multiple deformation/slip-history along these
fault planes.

4.2.2.3 Thrust faults Thrust faults commonly overprint
pre-existing subhorizontal veins (Fig. 9a—c). In these
cases, the thrust-related slickensides with calcite slicken-
fibres are often observed to localize and thus overprint
the former rim of a calcite vein (Figs. 9d—g). However, the
slickensides are also observed to overprint the center of
the subhorizontal veins (Fig. 9e). The calcite fibres con-
stituting the subhorizontal veins are perpendicular to the
slickenfibres and in some cases are bent, indicating a pro-
gressive growth in a changing orientation (Ramsay et al.,
1983).

1. V. Akker et al.

4.2.3 Micron-veinlets

Micron-veinlets occur in context with thrust faults and
strike-slip faults and have thicknesses between 10 and
100 um and a wiggly appearance. The micron-veinlets
overprint slickenfibres (Fig. 10a) but are also bounded by
slickensides and small individual slip planes (Fig. 10b).
The micron-veinlets are well visualized by CL microscopy
revealing that they overprint slickensides associated with
thrust faults and strike-slip faults (Fig. 11). Some micron-
veinlets extend outside the slickenfibres into the matrix
(Fig. 11d, f). Within the matrix, micron-veinlets can be
sheared (Fig. 11f) due to thin slip surfaces. Figure 10e dis-
plays microprobe element maps of a micron-veinlet. The
region of interest (red box in Fig. 10d) includes a blocky
calcite vein and calcite micron-veinlets.

4.3 Vein and slickenfibre geochemistry

EDX point data from the various calcite vein fillings and
slickenfibres are shown in Fig. 12. The minor element
chemistry (Mg and Fe) reflects two distinct groups of
calcite mineralization that also have different structural
characteristics: slickenfibres and tension gash fillings.
Thereby, slickenfibres in all three samples show by ten-
dency higher Fe and Mg values in calcite compared to
tension gash fillings.

The XFM maps provide information about the distribu-
tion of Sr and Fe in slickenfibres or veins (Fig. 13). For
sample BOZ2_1_531.77, which contains both slicken-
fibres and fibrous veins, the XFM maps show that cal-
cite slickenfibres yield higher values for both Sr and Fe
compared to the fibrous calcite vein directly adjacent
(Fig. 13a, b). The distribution of Sr and Fe is homogene-
ous within the slickenfibres. Within the fibrous parts of
the vein, the individual fibres display differences in con-
centration values as evidenced in the Fe map with dif-
ferent purple values between the fibres. However, the
antitaxial fibrous calcite veins show homogeneous con-
centrations in their ‘growth direction’ The micron-vein-
lets are also well displayed within the synchrotron maps
and appear as wiggly stripes with similar concentration
values for Sr and Fe as the slickenfibres.

4.4 U-Pb calcite dating
To obtain U-Pb ages of faulting and secondary calcite
precipitation, a total of 39 calcites from normal faults,
thrust faults, strike-slip faults, and dilative tension gashes
were analyzed by LA-ICP-MS. The data are presented
in Additional file 1: Table S2 and Additional file 1: Figs.
S3-S8.

Unfortunately, all dating attempts were unsuccessful for
the following reasons: (a) the isochron did not provide a
lower intercept age, (b) large absolute uncertainty, (c) the
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crack

Fig. 7 Overview of macro- and microphotographs from normal faults. a Microphotograph of normal fault without mineralization. b BSE SEM image
of (@) shows grain size reduction within the normal fault as well as a change in the shape preferred orientation of the clay minerals, relative to the
surrounding Opalinus Clay matrix. ¢, d Microphotograph of normal fault with parallel calcite vein cutting the matrix at high angle. e Macroscopic
image of fault plane with calcite precipitates. f Microphotograph of thin section of (e) showing the normal fault. Horizontal bedding layers are
dragged into the fault plane. g Microphotograph of fault plane shows: calcite veins, coarse-grained calcite (CC) and quartz (Q2), celestite (CT)
ribbons and coarse-grained CC ribbon. Samples (a, b) TRU1_1_849.708, (c, d) MAR1_1_668.85, (e, f, g) TRU1_1_846.70
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Fig. 8 Macrophotographs and microphotographs of strike-slip fault. a Macrophotograph of sample BOZ1_1_619.65 with steep strike-slip fault

1. V. Akker et al.

)

1 Slickenfibres
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(dextral). b Macrophotograph of strike-slip fault plane with slickenfibres (CC) and lineation (L1). ¢ Microphotograph of sample BOZ1_1_619.65
shows that the strike-slip fault plane consists of a layer of coarse-grained calcite and slickenfibres (CC) that localise on calcite veins

lower intercept age was older than the depositional age of
the host rock, (d) insufficient robustness of the age trend.

The analysed samples are unsuitable for calcite U-Pb
dating because of their consistently low U concentrations
and high Pb contents dominated by common (initial) Pb.
In these cases, high concentrations of Pb incorporated
during calcite precipitation obscure the small amounts
of radiogenic Pb produced from decay of U in the time
elapsed since the dated event. This effect is evident as the
samples in most cases yield ***U/?*Pb ratios between 0
and 2 and 2°7Pb/?%Pb ratios above 0.8 (Additional file 1:
Figs. S1-S5). For comparison, the analysed reference
materials yield higher ***U/**Pb and lower 2*’Pb/2%Pb
ratios (Additional file 1: Fig. S6) allowing to define pre-
cise lower intercept ages. In our experience, secondary
carbonates from clay-rich host rocks in most cases yield
low U and high common Pb contents and thus, are diffi-
cult to date by U-Pb and U-Th geochronology.

4.5 Carbonate clumped isotope thermometry

The stable and clumped isotope data of a representative
subset of 18 calcite mineralisations from different struc-
ture types and deformation phases across all boreholes
are shown in Fig. 14 and Additional file 1: Table S3 in
the appendix. Because of their small sizes, no micron-
veinlets could be sampled. Reconstructed A,, tempera-
tures range between 46+ 8 and 104+ 9 °C and calculated
8"80g 4 values between — 4.7+0.6 and+3.6+0.9 %o.
The A,, temperatures and 8'80y,; compositions show
substantial variability within individual structure types
while across different structure types, the two param-
eters show largely overlapping ranges with no conclusive
pattern (Additional file 1: Table S3). Also, when group-
ing the samples by compatible deformation phases, A,;
temperatures and §'®0y,,; compositions show more vari-
ation within the same deformation phase than between
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Fig. 9 Three examples of thrust faults associated with subhorizontal and fibrous veins. White arrows indicate downhole arrows. a-c Macroscopic
photographs of thrust faults (with slickenfibres) parallel to fibrous calcite veins (a: sample STA2_1_793.15, b: sample STA3_1_851.27, ¢: sample
BOZ2_1_531.77).d Optical light micrograph showing fibrous crack-seal vein, with calcite fibres perpendicular to the slickensides on the upper slip
surface (sample BOZ2_1_527.87). e-f Optical light micrographs showing fibrous veins disrupted by slickensides (in (e) sample BOZ2_1_531.77,in
(f) sample STA2_1_793.15). g Optical light micrograph shows multiple slickensides localised on the dip slip surface of a fibrous calcite vein (sample
BOZ2_1_531.77)

different deformation phases (Fig. 14). Nevertheless, A,;,  deformation phases. However, as the dataset is very lim-
temperatures of structures associated with local NE-SW ited with only two samples covering NE-SW extension at
extension are tendentially lower than those of the other  two drill sites, this observation is not well constrained.
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low to high

Fig. 10 Overview of optical light micrographs of cm-thick thrust faults showing multiple deformation by formation of veins, slickensides and
micron-veinlets. a Thin section view of thrust fault constituted by fibrous veins, slickensides as well as micron-veinlets. b Zoom in on (a) shows
slickensides and wiggly micron-veinlets that are bounded by the slickensides. a, b Includes sample BOZ2_1_482.70A. c Thin section view of thrust
fault with blocky calcite vein and micron-veinlets bound by small slip planes. d Zoom in on (c) shows how the micron-veinlets, are sheared by
thin slip planes. ¢, d includes sample BOZ2_1_507.70. e Results of WDS microprobe mapping of red area in (d) showing the different element
distributions
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Slickenfibres (CC)

500 pum

Fig. 11 Micron-veinlets (small white arrow) imaged with optical light microscopy (a, ¢, ) and identical positions imaged by CL microscopy (b, d, f).
a, b Strike-slip fault, with dextral sense of shear. The calcite slickenfibres are overprinted by many wiggly micron-veinlets (sample BOZ1_1_619.65).
¢, d Thrust fault associated with a fibrous calcite vein. The slickensides on the fault plane are overprinted by wiggly calcite micron-veinlets (sample
BOZ2_1_507.70). e, f Thrust fault with micron-veinlets sheared by slip planes in the matrix (sample BOZ2_1_482.70A)
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Fig. 12 EDX point data of microstructures including calcite mineralization. a, b Calcite slickensides show distinct group of compositions with
higher Fe and Mg values than calcite in other tension gash fillings. TG: tension gash. Data included from the following samples: BOZ2_1_527.87,
BOZ2_1_530.16,B0Z2_1_548.59,BOZ2_1_541.82, STA3_1_830.87,BOZ1_1_544.69,B0Z2_1_531.77,B0Z1_1_613.58. c—f Local microstructural
analyses of sample BOZ2_1_531.77 and sample BOZ1_1_544.69 show similar groups of: calcite slickensides on thrust faults with higher Mg and Fe
values compared to fibrous calcite veins directly adjacent to the slickensides
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Fig. 13 XFM trace element maps. a-b Srand Fe map of sample BOZ2_1_531.77. Concentration values according colour bar: dark colours for

low concentration values, bright colours for high concentration values. The image displays calcite slickensides with relative high Srand Fe

values compared to the fibrous calcite veins (see confirmation by histograms in c¢—d). The calcite fibres do show homogeneous trace element
concentrations (both Sr and Fe) along their growth direction. The micron-veinlets are displays as wiggly stripes cross cutting both slickensides and
veins and appear in similar trace element concentrations compared to the slickensides

5 Discussion

5.1 Formation of structure types in the Opalinus Clay

In this section, we discuss the formation mechanisms
and timing as well as mineralization temperatures for the
different structure types. Regarding deformation timing,
U-Pb dating did not provide meaningful absolute defor-
mation ages. However, microstructural imaging revealed
evidence for the cyclicity of fracturing processes and
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subsequent mineralization, thus providing relative age
constraints.

5.1.1 Early extensional fractures

Micro-scale tension gashes were identified in all analyzed
Opalinus Clay drill core sections. These are dilative brit-
tle structures indicative for the presence of fluids and
mineralization after fracturing that led to their complete
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Fig. 14 A, temperatures and 6'05,,; compositions of analysed secondary calcites arranged by corresponding deformation phases. The colour

coding indicates different drill sites (cf. Fig. 1 for location)
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closure. Three types of tension gashes were observed:
(i) vertical wiggly, (ii) bedding-parallel sub-horizontal
straight and (iii) inclined straight types.

(i) The first type includes vertical fibrous veins with a
wiggly appearance that do occur in all studied drill cores.
These vein types are antitaxial and the repeated crack-
seal fracturing occurred at the interface between calcite
and Opalinus Clay. Although this wiggly appearance at
first glance yields the impression of ptygmatic folding
(Fig. 6a,b), deformation by folding can be discarded. In
case of folding, one would expect the calcite fibres to be
deformed around the apparent ‘fold hinges’ Instead, the
fibres are consistently horizontal, oriented bedding-par-
allel and parallel to each other. This observation together
with the vertical tension gash orientation implies a con-
stant kinematic framework with vertical sigma 1 and
horizontal sigma 3 allowing for horizontal tension gash

IE‘ Normal faults

1. V. Akker et al.

opening during their formation. It is therefore proposed
that the wiggly shape of these mineralized tension gashes
derives from the initial fracture and crack propagation
process in a sediment compaction framework. At this
stage, obstacles such as quartz and feldspar grains in the
Opalinus Clay matrix served as mechanical stiff inclu-
sions with compaction-induced stress concentrations in
their vicinity. Crack propagation occurred therefore in
the mechanically weak clay matrix by deflecting around
the rigid obstacles. Clumped isotopes show that these
fractures must have formed at temperatures around 70 °C
(Additional file 1: Table S3) sometime between early
soft sediment compaction and the second type of veins
(see below). Low temperature fracturing and associ-
ated calcite precipitation (<80 °C) in clay units is known
from paleo-accretionary wedges (Dielforder et al., 2015,
2016, 2022). However, under the fluid saturated, highly
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Fig. 15 Sketch of main fault pane types related to the different tectonic regimes and interpretive relative timing of deformation phases
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dynamic and critically stressed conditions in accretionary
wedges, commonly straight and planar vein rims occur,
pointing to fast fracture processes. This contrasts to the
wiggly veins observed in the Opalinus Clay. It is therefore
assumed that slow crack propagation and fracture open-
ing allow cracks to migrate around obstacles instead of
dissecting them.

The second group of tension gashes are the (ii) sub-
horizontal types, which show microstructural/geo-
chemical similarities with the third group (iii) that
include inclined tension gashes showing angles <50°to
the bedding. The mineralization of tension gashes from
group (ii) and (iii) both consists either of elongate-
blocky shaped calcite or fibrous calcite and are inter-
preted as antitaxial crack-seal calcite veins (Fig. 6¢—f).
The geochemical composition measured of both groups
of tension gashes is very similar as evidenced by their
narrow grouping in the EDS data plots (Fig. 12).

The sub-horizontal veins point to a vertical extension
and a horizontal shortening direction, which requires a
change in stress field with respect to the formation kin-
ematics of the vertical wiggly tension gashes (i). The Opa-
linus Clay’s internal weak compositional anisotropies
affected the formation of these tension gashes as inferred
from their bedding (sub)parallel nature. Opalinus Clay
with pore fluid pressures being close to lithostatic load-
ing conditions could have favoured bedding (sub)parallel
initial fracturing and subsequent tension gash opening
(e.g., Sibson, 1981). The crack-seal texture of the sub-
horizontal tension gashes indicates a repeated and cyclic
fracturing and healing by precipitation of fibrous calcite
(e.g., Bons et al,, 2012; Ramsay, 1980). In general, aperture
opening during individual fracturing events are small,
followed by precipitation of calcite. Hence, it is probable
that for all observed crack-seal veins, the crack-sealing
mechanisms occur rather slow (e.g., Muller et al., 2000).
The inclined tension gashes often form as dilative struc-
ture on normal fault planes and therefore their kinematic
framework is related to the formation of faults (Fig. 15).

5.1.2 Small-scale faults

The observed faults share the common characteristic
of non-coaxial but highly localized deformation. Under
such conditions, claystones, such as the Opalinus Clay,
represent preferential sites for detachment horizons
owing to their low mechanical strengths. These faults
are also called ‘décollement zones’ and are found in clay-
rich sediments of accretionary prisms such as Barbados
(Housen et al., 1996; Labaume et al., 1997), the Tohoku
subduction zone (Chester et al., 2013) and in the Euro-
pean Alps (Dielforder et al.,, 2015, 2016). A prominent
and intensely studied example is the Opalinus Clay
hosted ‘Main Fault’ in the Mont Terri rock laboratory
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(Jaeggi et al., 2018; Laurich et al., 2014, 2017, 2018; Orel-
lana et al.,, 2022; Wenning et al.,, 2021). There, diagnos-
tic deformations structures such as clay gouge, scaly clay,
mirror-like fault planes, slickenfibres and veins have been
described (Laurich et al., 2014, 2017, 2018). In our study,
however, we did not observe fault gouges in the studied
Opalinus Clay drill cores and also scaly clay was macro-
scopically not detectable. Hence, deformation structures
indicative of non-coaxial deformation exclusively consist
of fault planes with slickenfibres (Figs. 8, 9, 10, 11, 12,
13, 14). They appear as cm-sized discrete fault planes,
either without (mirror-like fault planes) or with mineral
precipitates (slickenfibres: calcite and minor celestite).
In the case of mirror-like fault planes, the clay mineral
enriched thin (<100-10 um) seams represent the princi-
pal slip planes as indicated by the striae on their slip sur-
faces. In addition, the grain sizes must be reduced, and
the clay content increased in the mirror-like fault planes
compared to the Opalinus Clay matrix. For these rea-
sons, a combination of re-orientation of clay minerals,
pressure solution, shearing and grain size reduction is
inferred to be occurring during formation of the mirror-
like fault planes (Laurich et al., 2014). Hence, mirror-like
fault planes can be considered to represent compactional
domains which formed under the presence of fluids and
shearing but without or with only limited dilatational
deformation. This contrasts calcite and celestine slick-
enfibres clearly indicating dilatational deformation com-
bined with mineral precipitation during shearing. Being
dilative they are certainly underpressured relative to the
adjacent matrix, which both promotes supersaturation
and calcite precipitation but also fluid movement into the
dilatant fault zone. Slickenfibres always occur together
with the clay-rich seams already described in the case
of mirror-like fault planes but also with bedding parallel
and inclined tension gashes. This fits with observations
of Guglielmi et al., (2015, 2017) that show that shear fail-
ure only occurs once the injection pressure reached lev-
els that would be conducive to local dilatant opening. We
assume a strong mechanical control on the nucleation of
slickenfibres in the case of Opalinus Clay as observed by
Leflevre et al. (2016) for a Toarcian shale (Fig. 15b). The
strength contrast between the rheologically weak Opa-
linus Clay and calcite-bearing, and therefore compara-
tively stiffer veins, obviously controlled nucleation, and
strain localization of the slickenfibres. Slickenfibres pre-
cipitate in small pull apart structures. Due to progressive
shear parallel to the bedding, pore space is provided in
which calcite precipitates on pre-existing calcite grains
(Fig. 15b, c). In this way, long but thin single crystals
evolve in the shear veins (e.g., Passchier & Trouw, 2005;
Peacock & Sanderson, 1995). Incipient deformation in
claystones is thought to localize in very thin (micro-scale)
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zones that form a mechanical weakness (Agar et al., 1989;
Dehandschutter et al., 2004; Ishii, 2012; Laurich et al.,
2014, 2017; Winhausen et al., 2021, 2022).

Closely related to the slickenfibres on fault planes is
the appearance of micron-veinlets reflecting late-stage
tension gashes (Fig. 15c). the micro-veinlets are only
developed within the calcite (slickenfibre) veins, ca. per-
pendicular to the vein wall, and do not extend into the
Opalinus Clay matrix. This would be explained by the
expected refraction of the principal stress axes into orien-
tations nearly perpendicular and parallel to the interface
between a strong layer and a weak matrix that is being
stretched, as well as the dynamic or tectonic "underpres-
sure" in the stretched stronger layer, promoting mode
I extensional brittle failure (Mancktelow, 1993, 2008).
The fact that they perpendicularly dissect (sub)horizon-
tal bedding parallel veins (Fig. 11) implies horizontal
stretching of the latter most likely simultaneous to shear-
ing along slickensides/mirror-like fault planes. In some
cases, even slickensides themselves become dissected by
micron-veinlets (Fig. 11). This is interpreted as earlier
slickenfibre generations, the shear deformation of which
was deactivated and exposing the slickenfibres to hori-
zontal stretching, while shear deformation occurred on a
different slip level above or below (Fig. 11). This inference
is corroborated by the observation that micron-veinlets
are occasionally being found to be sheared themselves
along an even younger generation of slickensides.

Hence, although micron-veinlets always represent the
youngest dilative veining event within an individual sub-
horizontal vein structure, their orientation being perpen-
dicular to the slickenfibre (veins) does suggest that there
needs to be a switch in the principal stress axes indicating
two kinematically separated events for these two orthog-
onally oriented vein types.

The pronounced differences in element distribu-
tions between fibrous veins and slickensides, with the
increased Mg, Fe, and Sr concentrations in the latter
(Figs. 12 and 13), can have two potential causes: (1) Dif-
ferent fluid sources with a different original geochemi-
cal signal or (2) differences in the precipitation kinetics
of calcite. Fluids can be intraformational or externally
derived and it is known that the degree of oversatura-
tion of fluids depends on the opening rate and associ-
ated drop in pore fluid pressure as well as on the growth
kinetics of calcite (Berger & Herwegh, 2019; Pacquette
& Reeder, 1995; Teng et al., 2000; Vernon, 2004). At the
current stage, however, we do not have enough data to
promote or exclude one of the two scenarios and this
will be discussed in detail elsewhere. While fibrous veins
document small incremental openings (Bons et al., 2012;
Ramsay, 1980), slickenfibres might relate to stages of
instantaneous slip with associated fast drops in pore fluid
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pressures, potentially yielding in enhanced incorpora-
tion of Fe, Mg, and Sr. Independently of which of the two
scenarios holds, the fact that these elemental differences
are consistent over all three sitings would either indicate
a regional behavior in the case of (1) or a consistent phe-
nomenological precipitation behavior in the case of (2).

5.2 Calcite trace element geochemistry, burial
temperatures, and 6180 compositions of precipitating
fluids

The wide range of fluid temperatures and oxygen isotopic

compositions (§'%0y,;y) calculated from vein calcites in

the Opalinus Clay results from the complex burial history
of central northern Switzerland including two cycles of
burial and exhumation since deposition of the Opalinus

Clay.

Previous estimates for maximum temperatures during
the first interval of deep-burial during the Late Jurassic
and Cretaceous range between 85 °C for the top of the
Opalinus Clay (Mazurek et al., 2006) and around 115 °C
for the lower part of the Staffelegg Formation, few tens
of metres below the Opalinus Clay (Looser, 2022). The
differing maximum burial temperature estimates mainly
reflect the different proxies used in the two studies. Tem-
perature estimates of Mazurek et al. (2006) are based
on combined apatite fission tracks, vitrinite reflectance,
and maturation-dependent biomarkers, all of which
yielding integrated temperature signals recorded over
longer time periods of the burial history. Accordingly,
temperature signals recorded by these proxies may be
influenced by later burial, which makes temperature
estimates in early stages of the burial history challeng-
ing and short-lived thermal events are not always detect-
able. In contrast, clumped isotope thermometry provides
burial temperatures at specific points in time and thus
allows to record short-lived temperature anomalies not
recorded by other geochronometers, provided that sec-
ondary carbonates formed during such events (e.g.,
Brigaud et al, 2020). Temperatures ranging between
69+ 8 and 104+9 °C obtained from structures compat-
ible with regional NN'W-SSE extension (Fig. 13), which
coincides with the first burial interval during Late Juras-
sic to Cretaceous times, are thus in agreement with the
previous burial temperature estimates of Mazurek et al.
(2006) and Looser (2022). Estimates for maximum bur-
ial temperatures of the Opalinus Clay during the second
interval of deep-burial during Late Miocene are approxi-
mately 65 °C (Mazurek et al., 2006). This was confirmed
by Looser et al. (2021) who reconstructed formation tem-
peratures between 50 and 80 °C of calcite mineralisations
on thrusts and strike-slip faults hosted by Middle Juras-
sic and Middle Triassic rocks in the eastern Jura Moun-
tains. Temperatures from structures in the Opalinus
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Clay compatible with N-S shortening and E-W exten-
sion coinciding with the second interval of deep burial,
yield temperatures between 70+5 and 94+12 °C. This
temperature range is higher than previous temperature
estimates for this time interval. The formation timing of
horizontal tension gashes remains unconstrained and a
sound interpretation of A,, temperatures is thus impos-
sible. Similarly, grouping into deformation phases for
structures compatible with local NE-SW extension is not
unequivocally clear and interpretations of A,, tempera-
tures remain speculative.

Regarding §'80p,, the obtained values between
— 4.7+0.6 and+3.6+0.9 %o across all deformation
phases reflect a wide range of different fluid composi-
tions. In some cases, negative 8'%0 signatures of mete-
oric waters are at least partly preserved whereas in other
cases, positive values reflect extensive fluid-rock interac-
tion at elevated temperatures. As there are no systematic
differences in §'0g,,, between deformation phases, and
the timing of vein formation can only be qualitatively
estimated, no conclusions regarding the source of fluid
(internally vs. externally derived) can be drawn at this
point. A fluid interacting with the same host rock at dif-
ferent temperatures will show different §'*0j,;; compo-
sitions (i.e., more heavy values at higher temperatures).
Accordingly, a local fluid that evolves within the Opalinus
Clay, will show different §'0y,, values during different
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stages of the thermal history and variations in 80y,
do not necessarily reflect different fluid sources. There-
fore, for the Opalinus Clay in central northern Switzer-
land, §'®0y,;4 alone is not an unambiguous proxy for the
fluid source. It should be combined with other geochemi-
cal tracers such as C and Sr isotopes as well as coupled
U-Pb-§'%0y,;4 datasets from the confining units and
interpreted within the context of the local and regional
paleo-hydrogeological evolution.

5.3 Structural geological interpretation

The investigated boreholes provide a unique opportunity
to investigate the spatial distribution of natural fractures
within Opalinus Clay. It should be noted that all bore-
holes were drilled more than 100 m away from known
regional fault zones (Fig. 1) Nevertheless, it is valuable to
mention that hardly any discrete larger-scale faults that
transect the bedding with displacements exceeding the
dm scale were encountered in the drill cores. Reported
offsets are consistently below 30 mm with an average of
about 10 mm (58 offset measurements). This is in stark
contrast to other more brittle units that comprise rocks
with higher cohesion compared to the Opalinus Clay
(Nagra, 2021a, 2021b, 2021c, 2022a, 2022b, 2022c, 2022d,
2022e, 2022f). The units at least sporadically show defor-
mation structurs with larger displacemnets. These obser-
vations hint towards a specific deformation behaviour
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Fig. 16 Conceptual structural geological sketches for the deformation style of Opalinus Clay for the far eastern and western parts of the study area.
Note that these sketches focus on m-scale zones within the over 100 m thick formation that is elsewhere often free of natural fractures over several
tens of m
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of Opalinus Clay also observed at larger scale (e.g., in
seismic data; Roche et al., 2020). It is inferred that this is
due to this rock’s rheological/geomechanical properties
and possibly the local stress conditions in northern Swit-
zerland. According to numerical stress models (Hergert
et al., 2015), the pronounced mechanical stratigraphy in
this region of the external Alpine foreland leads to stress
concentrations in the rheologically more competent units
above and below the Opalinus Clay rather than within
the Opalinus Clay itself. Despite this setting a wide vari-
ety of small-scale natural fractures were recognized in
the drill cores investigated here, whose structural geolog-
ical significance requires further discussion.

The only occasionally observed vertical wiggly veins
were most often found to be of short extent. Tectonically,
these fractures are therefore considered to be of minor
significance. The other mineralized tension gashes and
small-scale fault types exceed the core diameter (95 mm)
so their lateral extent (e.g., length) remains unknown.
With the exception of the two boreholes in the very west
of the study area (BOZ-1 and BOZ-2; cf. Figs. 1 and 5)
they occur clustered within diffuse deformation zones
whose apparent width is in the range of several m (BAC1-
1, STA3-1, STA2-1, BUL1-1, MARI1-1 and TRUI1-1;
Fig. 5). In this regard, there are no indications that this
deformation is bound to certain lithostratigraphic units
within the Opalinus Clay. Beside the above-mentioned
“veins’, another frequent natural fracture type within
the Opalinus Clay that does not feature secondary min-
eralization and was not investigated microstructurally
in the context of this study are mirror-like fault planes
typically developed parallel to the sedimentary bedding.
These structure types were recognized over the entire
cores and appear slightly less strongly clustered than the
aforementioned veins. Because of their bedding paral-
lel orientation, the lack of markers and the limitation of
the diameter of the drill core, no indications on the lat-
eral extent of these structures can be drawn from the
drillcores.

The integrative interpretation of these individual
observations at drillcore-scale lead us to suggest a larger
scale structural geological model for the Opalinus Clay
of central northern Switzerland illustrated in Fig. 16. It
is suggested that strain is expressed by occasional occur-
rence of deformation zones within the formation that
are characterized by the clustered occurrence of small-
scale fractures with secondary calcite mineralization. It
is presumed that this clustering of “veins” is due to the
repeated reactivation of these rheological discontinui-
ties within the Opalinus Clay during the polyphase tec-
tonic evolution of the region as also suggested by the
geochemical differences observed when comparing
veins and slickenfibres in direct vicinity. Evidence for the
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importance of brittle strain relocation along pre-exiting
discontinuities in the otherwise rheologically weak Opa-
linus Clay is given by observations at the microscopic
scale (Fig. 6e, f in MAR1-1) and on the macroscopic scale
(for example within the occasionally encountered more
complex fault zones featuring multiple slip increments cf.
Sect. 4.1; zones at around 911 m MD in BACI-1, around
850 m MD in STA 2-1; Decker et al., 2022; Nagra, 2022d,
2022e) and very frequently at the microscopic scale
(Fig. 6e, fin MAR1-1).

On the regional scale, some differences in deformation
style can be observed. Towards the eastern boundary of
the study area, extensional deformation zones appear to
be more common, likely due to the increasing proxim-
ity to the transtensional Hegau-Lake Constance Graben
(Egli et al, 2017). In contrast, the western part of the
study area is dominated by horizontal shortening (com-
pressional) structures with subhorizontal principal stress
direction that is largely related to the formation of the
Jura fold-and-thrust belt further to the south (Madritsch,
2015). In the very west (characterized by the boreholes
BOZ-1 and BOZ-2), the Opalinus Clay appears to be
more pervasively deformed by these structures. This
may be an indication that the Opalinus Clay in this area
is more strongly tectonically overprinted, which is in line
with the independent observation that regional shorten-
ing in relation to Alpine foreland convergence gradually
increases from east to west (Burkhard, 1990; Malz et al.,
2016).

6 Conclusion

An extensive drilling campaign aiming at further charac-
terizing the Mid-Jurassic Opalinus Clay for radioactive
waste disposal resulted in a unique drill core data set to
study natural deformation structures, both macroscopi-
cally and microscopically. Locally, small-scale (cm-sized)
fractures occur in the drill cores that are sometimes
associated with secondary mineral precipitates. The lat-
ter are generally referred to as veins and encompass vari-
ous types of tension gashes and small-scale mineralized
faults.

The microstructures as well as the chemical compo-
sition of these veins indicate polyphase deformation.
While a direct dating attempt of the secondary calcite
by U-Pb dating failed, the detailed structural mapping
allows for the discrimination of relative age constraints
from the structural orientations and fault slip kinemat-
ics. Accordingly, the earliest veins formed already dur-
ing sediment compaction (Jurassic times), while the
relatively youngest ones are likely to relate to Neogene
Alpine foreland deformation. It appears that during this
late tectonic event, fault slip localised on pre-existing and
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rheologically stiff discontinuities in the otherwise compa-
rably weak Opalinus Clay.

The significance of the structural drill core observations
for the larger scale is intrinsically limited. A conceptual
model is proposed which suggests local and occasional
occurrences of deformed intervals within the Opalinus
Clay. Such deformation zones are characterized by the
clustered occurrence of small-scale fractures partly with
secondary calcite mineralization. It is further presumed
that this clustering of veins is due to the repeated reac-
tivation of these rheological discontinuities within the
Opalinus Clay during the polyphase tectonic evolution of
the region.

Differences in deformation style observed across the
various boreholes can be related to variations in the
regional tectonic setting. While in the east, close to the
transtensional Hegau-Lake Constance Graben, exten-
sional deformation zones appear to be more common,
the western part of the study area close to the Jura Main
Thrust show a more pervasive overprint by compres-
sional structures.

Our study provides sound evidence for cyclic defor-
mation within the Opalinus Clay during past tectonic
events. However, the clumped isotope dataset presented
here does not allow to reconstruct the origin of the flu-
ids from which the vein-filling mineralizations in the
Opalinus Clay precipitated. Further investigations in this
regard will require more detailed geochemical analyses of
samples not only from the Opalinus Clay but also from
its confining units, as well as their interpretation within
the context of the local and regional paleo-hydrogeologi-
cal evolution.
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