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Abstract

The Opalinus Clay is considered a suitable host-rock for the disposal of nuclear
waste, because of its self-sealing property, which is caused by swelling clay min-
erals such as smectite. The aim of this thesis is to investigate if this self-sealing
property is influenced by the formation of fault zones. In this study, samples from
both fault rock and undeformed wall rock were analysed for their mineralogical
properties using x-ray diffraction analysis (XRD). Furthermore, the total carbon
content and the cation exchange capacity were measured. To determine changes in
the microstructure, the specimens were examined using a digital microscope and
scanning electron microscope. Based on the measured length of grooves behind
ploughing clasts, displacements of less than 4 mm can be identified. Furthermore,
a mechanical grain size reduction can be identified on the shiny slip surfaces. The
deformation occurs only on a narrow section and produces a decomposition of
the clay minerals. On one sample the slickenside is covered with spherical nano-
particles, which are post-tectonic in origin. Despite low slip rates, a direction of
movement is recognizable on some samples. The results show that there is no
difference in bulk mineralogy, but there is a minor difference in clay mineralogy,
total organic carbon, and cation exchange capacity between the samples from the
wall rock and the samples from the fault rock. XRD indicates an increase of il-
lite in illite/smectite (I/S) mixed layer minerals of fault rocks, compared to wall
rocks. Wall rock samples consist of (R1) I/S containing 73-74 % illite, whereas
fault rock samples consist of (R1) I/S containing 77-80 % illite. Finally, samples
from fault zones have a lower cation exchange capacity and a higher organic carbon
content. The wall rock specimen shows CEC values of 35 mEq/100g, compared to
the adjacent fault rock, which shows CEC values of 17 and 26 mEq/100g.
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Zusammenfassung

Der Opalinuston ist aufgrund seiner quellfahigen Tonminerale wie Smektit ein
vielversprechendes Wirtsgestein fiir die Endlagerung von radioaktiven Abféllen.
Im Rahmen dieser Masterarbeit wurden Gesteine aus Storungszonen und nicht de-
formierten Bereichen des Opalinuston untersucht, um zur Klarung der Frage beizu-
tragen, ob Gesteine in Storungszonen weniger quellfahig sind und somit eine poten-
zielle Schwachstelle fiir die Langzeitlagerung von radioaktiven Abfallen darstellen.
Die Proben wurden mit Rontgendiffraktometrie untersucht, um gesamtmineralo-
gische und tonmineralogische Anderungen festzustellen. Weiters wurde der gesamte
organische Kohlenstoff und die Kationenaustauschkapazitat bestimmt. Fir die
Identifizierung von Mikrostrukturen im Tonstein wurden die Proben mit einem
Digitalmikroskop und Rasterelektronenmikroskop untersucht. Die Ergebnisse zeigen
keine Anderung in der Gesamtmineralogie, jedoch eine geringfiigige Anderung in
der Tonmineralogie. Gesteine von Storungszonen haben ,, Mixed-Layer-Tonminerale “
mit einem hoheren Illitgehalt (77-80 %) als undeformierte Gesteine (73-74 %),
was auf eine Verminderung der Quellfahigkeit hinweist. Des Weiteren haben
Gesteine von Storungszonen eine niedrigere Kationenaustauschkapazitat und einen
hoheren Gehalt an organischem Kohlenstoff. Die Kationenaustauschkapazitat
betrdagt 17 und 26 mEq/100g fir Storungsgesteine und 35 mEq/100g fiir unde-
formierte Gesteine. Mikrostrukturelle Anderungen sind nur direkt auf der Scherflache
von Storungszonen erkennbar und zeigen eine mechanische Zerlegung der Tonmin-
erale. Dariiber hinaus sind Versatze von weniger als 4 mm und Bewegungsrich-

tungen erkennbar.
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Chapter 1

Introduction

1.1 Importance of clays in the radioactive waste

disposal

Clays are one of the most essential raw materials and are used in countless ap-
plications all over the world. In the past few years, clay has become a significant
player as a suitable host-rock for a nuclear waste repository (IAEA| 2003)).

In Switzerland, it was decided to use the Jurassic Opalinus Clay as a host
rock for high-level radioactive waste (NAGRA| 2002a). Not only because of the
low hydraulic permeability /conductivity but also because of the high retention of
radionuclides clay is an excellent host rock (Lee and Tank] [1985; NAGRA| 2002d).
Another well-known property of clay is that some clay minerals are swellable. Sev-
eral experiments have shown that the Opalinus Clay contains these minerals and,
therefore, has a high swelling capacity (Zhang et al. 2007; Crisci et al., 2018]).
One of these swelling clay minerals is called smectite, which is the group name for
several minerals like montmorillonite, saponite, nontronite, and hectorite (Mur-
ray, 2006a). Smectites are so-called three-layer minerals consisting of two silica
tetrahedral (T') sheets, which surround one octahedral (O) sheet. A negative layer
charge of about -0.66 per unit cell occurs, because of the substitution of trivalent
cations (AI*T, Fe*") by divalent cations (Fe*T, Mg*") (Grim, 1962). This charge
is balanced by exchangeable cations like sodium or calcium, which are hydrated by
one (for sodium) or two (for calcium) molecular water layers (Grim) |1962). Conse-
quently, an expansion of the smectite mineral occurs. Therefore host rocks like the
Opalinus Clay have a self-sealing property, which can seal preferential flow-paths
like fault zones and zones which got disturbed due to excavation (NAGRA| |20020).

However, the amount of smectite is dependent on temperature, time, and wa-
ter chemistry (Hower et al., (1976 Pytte and Reynolds, |1989; Whitney| [1990). For

instance, bentonite at 100 °C over a period of 100 years causes a loss in smectite
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of 1-8 % (Zheng et al., 2015). During this process, also called smectite illitiza-
tion, smectite is becoming more ”illitic”, resulting in loss of swelling capacity due
to the non-expandability of illite (Ohazuruike and Lee, |2023)). This illitization
process progresses in phases, generating mixed-layer minerals increasing in order
(Nadeau, [1981). During this diagenesis process in a K-rich environment, smectite
and mixed-layer of illite-smectite (I/S) changes as follows (Schoonheydt and John-
ston, 2006)):

smecitite — 1/S RO — I/S R1 — 1/S R3 — Illite — muscovite

The illite content increases in the mixed-layer mineral with I/S RO having 0-60
% illite layers, 1/S R1 65-85 % illite layers, and R3 I/S 85-100 % illite layers
(Schoonheydt and Johnston, 2006).

Most studies on porosity and mineralogy of fault rocks in the Opalinus Clay were
carried out, using sample material from the main fault at the Mont Terri Labora-
tory (Gaucher et al.| [2003; Keller et al.; 2013; |Orellana et al., 2022). Furthermore,
recent studies have shown that the porosity in fault rocks is higher than in intact
clays (Orellana et al., 2022)). A suspected smectite-illite transformation in the
main fault of the Opalinus Clay (Laurich et al.| [2014)) makes further investigations

even more critical.

1.2 Aim of this study

The research question of this thesis is whether the swelling/self-sealing proper-
ties of the Opalinus Clay change due to the formation of fault rocks. Therefore,
properties such as bulk mineralogy, clay mineralogy, cation-exchange capacity and
total organic carbon concentration were analyzed in detail in the undeformed wall
rocks, as well as in the deformed fault rocks. Furthermore, structural investi-
gations within the fault rocks and in the transition zone to the wall rock were
carried out using a high-resolution digital microscope and electron microscope.
Understanding the deformation processes on a microscopic scale should also help
explain changes in mineralogy, porosity, and permeability. These detailed studies
are of great importance, as the encapsulation of nuclear wastes must be ensured

over a timescale of one million years.
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1.3 (Geological setting

The Opalinus Clay investigated in this study originated from three different bore-
holes BAC1-1, RHE1-1, and STA2-1, which are located in the Folded Jura in
northern Switzerland (Figure 1.2). Geographically, borehole RHE 1-1 is located
between Schaffhausen and Eglisau and boreholes STA 2-1 and BAC1-1 are located
east of it, between Eglisau and Baden (Figure 1.2). The Opalinus Clay was de-
posited in the lower Dogger (about 174 Ma ago) and consists of sandy shales, and
grey, silty, micaceous clays, with an average thickness between 80 m and 120 m
(NAGRA] 2002b; Nussbaum et al., 2011). Further, the Opalinus Clay can be di-
vided into five sub-units of three facies from the bottom to the top (Blasi et al.,
1991}, Hostettler et al. 2017)): dark-grey shaly facies, carbonate-rich sandy facies,
sandy facies with sandstone lenses, dark-grey shaly facies with mica and pyrite,
and light-grey sandy facies (Figure 1.1]). These different facies can be explained by
changes in depositional conditions, in the shallow-marine epicontinental sea (Lau-
per et al., [2018). Above the Opalinus Clay Formation is the Passwang Formation,
which contains oolitic limestones with lithoclasts in the lower part (Hostettler
et al. 2017). Further east from Jura where the borehole BAC1-1 is located, there
is the Murchisonae-Oolith Formation, an equivalent of the Passwang Formation
(Burkhalter et al.| [1997; Blasi et al [2013) (Figure 1.1)). Below the Opalinus Clay
Formation is the Staffelegg Formation, composed of brownish-black silty mudstone

in the lower part, and grey marls in the upper part (Hostettler et al.| 2017).
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Figure 1.1: Section of stratigraphy of Nagra’s deep borehole Bachs (BAC1-1).
The final depth is 1306 m. In this borehole, the Opalinus Clay is located between
808 m and 914 m and can be divided into four subunits.

For the total stratigraphic chart see [Figure A.T]
Adapted from NAGRA| (2021)).

From north to south, the thickness of the Jura belt increases, reaching a maxi-

mum thickness of 3 km (Biichi et al.,|1965). During the Cretaceous burial temper-
ature of the Opalinus Clay were between 75 °C to 90 °C (Mazurek et al., [2006).
Studies have shown that during the thin-skinned deformation of the Jura belt, the
temperatures never exceeded 100 °C (Gehring et al., |1991)).

This thin-skinned Jura fold-and-thrust belt propagated to the north and got
detached at the mechanically weak, salt and anhydrite-bearing Zenglingen For-
mation (Nussbaum et al) 2017). Geologically, the northern part of the folded
Jura borders to the Upper Rhine Graben, the western part to the Bresse Graben,

and the southern part to the Molasse Basin. The Mont Terri area is character-
ized by NNE striking faults from the Oligocene and ENE striking faults from the
late Variscan (Nussbaum et al., 2011). Earthquakes along the WSW-ENE-striking

faults indicate tectonic activities (Kastrup et al.,2004). Structural analysis of the

Nagra drill cores revealed two distinct thrust-type deformation related to SSW-
NNE- and SSE-NNW-directed shortening, respectively (Decker et al 2022). In
the regional tectonic context, all faults are assorted to Neogene shortening of the
Deformed Tabular Jura (Decker et al. 2022) (Figure 1.2)). In the vicinity of the
boreholes, there are WSW-ENE-striking faults as can be seen in the map

e 1),
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Figure 1.2: Geological overview of the study area showing the location of the
boreholes BAC1-1, STA2-1, and RHE1-1. Note that all boreholes are located in
the deformed Tabular Jura. The Mesozoic sediments are overlain by Paleogene
to Neogene Molasse deposits. The black line shows the trace of the cross-section
Note the almost parallel WSW-ENE-striking faults in the whole area.
Adapted from NAGRA| (2021) and |Decker et al. (2022).

SSE

< Deformed Tabular Jura —» | <«—— Folded Jura

Siglistorf Anticline BIH BAC1-1 (proj.) Laegern Anticline
1080 3D seismic coverage .
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Opalinus Clay
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(Rupélien-Aquitanian)

10 12 km
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Figure 1.3: Cross-section through the study area. Note location of BAC1-1 in
the deformed Tabular Jura and the Opalinus Clay between 808 m and 914 m (dark

grey). The entire stratigraphic record of borehole can be seen in [Figure A.1{
Adapted from NAGRA| (2021) and Decker et al, (2022).




Chapter 2

Methodology

2.1 Sample material and sample selection

In total, Nagra provided 15 pairs of rock samples from oriented drill cores for the

analyses performed in this study (Figure 2.1} [Figure 2.2). Each pair of the sample

consists of a fault rock sample (labeled FR in the following) and a sample from
wall rock (WR) collected from undeformed claystone next to the fault. Samples
derive from the Opalinus Clay (7 pairs of samples) and similar clay-rich sediments
from the formations above (Murchinsonae Oolith Fm., Wedelsandstein Fm., Var-
iansmergel Fm.) and below the Opalinus Clay (Staffelegg Fm.). Samples derive
from Nagra’s deep boreholes Bachs = BAC1-1, Rheinau = RHW1-1, Stadel =
STA-2-1 and STA3-3. All of the sampled fault rocks are clay gouges formed in
shallow-dipping or sub-horizontal faults and thin fault zones with apparently low
displacement (Decker et al., 2022)). The thicknesses of the fault zones observed in
the Opalinus Clay typically range from less than one millimetre to about 3 cen-
timeters. Thicknesses of the analysed clay gouges in this study are between several
tens of a millimeter and about 2 mm. Fault zones are defined by a volume of clay
gouge, a series of closely-spaced sub-parallel slip surfaces combining to anastomos-
ing networks, or by a combination of both. The spacing of the slip surfaces is less
than 1 mm. By far most of the observed slip surfaces have a polished and shiny
appearance (“mirror-like slickensides”). Slip surfaces are striated with striations
partly formed by grooves of sand- or silt-sized ploughing clasts. In addition, many
slip surfaces are overgrown by syn-kinematic mineral fibres mostly formed by cal-
cite. Slip surfaces also form the sharp borders between fault rock and wall rock

making a visual differentiation possible.
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Figure 2.1: Top: Core photograph of sample STA2-1 843.38. The red rectangle
shows an approximately 1,5 cm thick fault zone composed of a series of sub-parallel
fault planes; on the right-hand side there is the slip surface from this zone. The
striated surface is partly overgrown by syn-kinematic calcite.

Bottom: Core photograph of sample RHE1-1 637.93. Fault plane delimiting the
sampled clay gouge from undeformed wall rock of the Opalinus Clay. The striated
fault plane is partly coated with fibrous minerals (calcite and/or celestine). Fibers
are less than 3 mm long indicating very small displacement along the fault plane
of less than about 1 cm.

Adapted from Decker et al.| (2022).
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Figure 2.2: Top: Core photograph of sample BAC1-1 827.60 and 827.75. (1):
Sub-parallel polished and striated slip surfaces with syn-kinematic calcite over-
growing the fault plane behind small releasing steps. The maximum length of
fibers is about 7 mm (2): Finely striated fault plane with a knobby surface on one
part.

Bottom: Core photograph of sample BACI1-1 859.08 (3): Closely-spaced shiny
“mirror-like” slickensides combining to an anastomosing network. No growth of
syn-kinematic fibrous minerals. (4): Rough knobby striated slip surface displaying
multiple, up to 4 mm long steps. The orientation of steps is about perpendicular
to the striation.

Adapted from Decker et al.| (2022).
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Out of the 15 pairs of fault rock and wall rock samples five pairs were se-
lected from three different wells. All samples are from the Opalinus clay in order
to obtain a homogeneous mineralogical composition of the samples. In addition,
samples containing more material were preferred. In total, there are five wall rock
and five fault rock samples, each in a depth ranging from 550 m to 859 m. All
of the sampled faults and fault zones are shallow-dipping or sub-horizontal with
SSW-NNE- or SSE-NNW-trending slickenlines (Decker et al., 2022). Available
shear sense indicators such as fibrous mineralisation and ploughing clasts prove
top-NNE- or top-NNW-directed slip (Decker et al., 2022). Fault slip data from
the analysed fault zones are shown in the attachments and [A.3]

The sample material, mostly consisting of mm- to about 1 c¢m sized rock frag-
ments, was hand-sorted using tweezers under a Nikon stereo microscope with mag-
nification ranging from 7.5x to 75x. Due to the shiny surface of the fault rocks,
it was possible to distinguish fault rocks from wall rocks. Under the microscope,
the contamination of the respective sample was removed to obtain clean samples
of fault rock and wall rock.

High-resolution images from selected samples were taken using a Keyence digital
microscope with a VH-ZST dual objective zoom lens (20x - 2000x). Consequently,
surface roughness and scratches were observed using different illumination tech-
niques and an optical shadow effect mode on the microscope. In addition, the
lengths of grooves on two different slickensides were measured and statistically

analyzed.

List of analyzed samples
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Sample material and sample selection
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2.2 Scanning electron microscopy

2.2.1 Ton milling and sample preparation

Samples were prepared for scanning electron microscopy (SEM) using the Broad
Ion-Beam (BIB) technique. During this process, the sample is bombarded with
Argon ions, which interact with the surface atoms of the sample. As a result,
sample atoms get ejected (sputtering), and a smooth examination surface can
be created. This polished surface is necessary to detect grain boundaries and
microstructures. For the preparation, a Hitachi ArBlade 5000 broad ion beam
polisher with an Ar ion beam was used. Each sample was milled for 2.5 to 3
hours at a beam energy of 8kV. Furthermore, some unpolished samples were used
to analyse surface structures like slickensides and slickenfibres. Then, all samples
were carbon coated using a Leica EM SCD500 high vacuum sputter coater. Some
samples were coated from more than one side in order to prevent the charging of
the specimens. SEM observations were done in an FEI Quanta 3D FEG operated
at 10 kV. The same instrument was also equipped for energy-dispersive X-ray

spectroscopy (EDS), making elemental analysis possible.

11
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2.3 Bulk rock X-ray diffraction analysis

Each sample was ground by hand using an agate mortar and pestle, until a ho-
mogeneous powder with a particle size of approximately 5-10 um was obtained.
Between each grinding process, the mortar and pestle were thoroughly cleaned
with deionized water and acetone to avoid any contamination of the sample.

The specimen was prepared for X-ray diffraction (XRD)-Analysis using a back-
loading technique. The sample holder was clamped onto a preparation table and
filled with the powder specimen. Then the powder was pressed using a pow-
der press block. After the sample surplus was removed, the bottom of the sample
holder was clamped onto the holder ring. Samples were measured using a Panalyt-
ical PW 3040/60 X "Pert Pro X-Ray diffractometer. XRD patterns were obtained
using CuKa radiation at 40 kV and 40 mA with a scan step size of 0.00167° and
a time of 5 s per step.

In order to obtain a quantitative analysis of mineral phases, it is necessary to
prepare the samples with randomly oriented grains. For the platy clay minerals,
this random orientation was achieved by using sandpaper on the sample surface.
Finally, the samples were measured using the parameters specified above (40 kV
and 40 mA). The quantitative interpretation of mineralogical composition was con-
ducted using the method of (1964). For this method, the intensity (counts)

of the main diffraction peaks were used and corrected with a specific factor.

Figure 2.3: Sample holders for XRD analysis, filled with the powder specimen.

12
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Principles of X-ray powder diffraction

X-ray diffraction can be used to determine the crystal structure and thus to identify
mineral phases. The powder diffraction method is used to study clay minerals. X-
rays are generated by heating a filament, which produces electrons. These electrons
hit the anode and can remove the inner shell electrons of the anode material.
Outer shell electrons can fill the vacancy, releasing characteristic X-rays. After
monochromatization of the radiation, X-rays will hit the sample at different 26
angles. Constructive interference occurs if the path difference is an integer multiple
of the wavelength (Ewald, 1962)). The relationship between wavelength A, distance
of crystal lattice d ,and diffraction angle 26 can be described with Bragg’s law (2.1)).

n A\ = 2d sinf (2.1)

Resulting patterns are plotted as intensity versus different angles 26.

2.4 Clay mineral analysis

< 2 pm Fraction

To start with, 13 g of each sample was chemically treated with a mixture of 200 ml
Hy05 : H,O =1 : 1 for a period of seven days. During that time, the samples were
stirred several times. HyO, can oxidize organic material in the samples following
the simplified reaction C' + 2H,09 — C' Oy + 2H50.

After the reaction stopped, the suspensions were treated with an ultrasonic
probe, operating at 400 W, for 2 minutes. Then, the dispersed samples were poured
into an Atterberg-cylinder and filled with deionized water until a 30 cm water
column was reached. To prevent aggregation/flocculation during sedimentation, a
spatula-tip sodium triphosphate was added.

The sedimentation velocity can be calculated according to Stokes (1851) as follows:

o 2

n
Hence the sedimentation velocity V' depends on the specific mass of colloidal ma-
terial p, and fluid py, earth’s acceleration g, the radius of the particles a and the
viscosity of the fluid n. However, clay minerals are flaky and heterogeneous which
must be taken into account when calculating the sedimentation time (Gee and Or|
2002). Therefore the settling time for < 2 pum clay particles in a 30 cm water
column is 24 hours and 33 minutes at a room temperature of 20 °C (Koster} [1964)).

After that time, particles with a size coarser than 2pm are settled to the bottom

13
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of the cylinder due to their higher settling velocity. The fraction that remained in
the suspension was drained into a bowl . Thereafter, the suspensions
were dried in the oven at 40 °C. Next, the dried clay was ground with an agate
mortar and pestle, until a homogeneous powder was achieved. For each sample,
two centrifuge tubes were filled with 50 mg of the sample. One centrifuge tube was
filled with K Cl, and the other with M gC'l,. The resulting concentration of the clay
suspension was 1 mg/ml. Saturated samples were rotated in an overhead shaker
for 23 hours. Then samples were centrifuged for 5 minutes at 1500 revolutions
per minute (rpm). After the remaining liquid was drained, the centrifuge tubes
were filled with deionized water, shaken, and centrifuged again for 10 minutes at
4000 rpm. As a result of this, excess KCl and M gCly were removed. Finally, the
vessel was filled with 5 ml deionized water, ultrasonically disaggregated (1 min,
21 % amplitude), and pipetted onto petrographic glass slides. For each K- and

Mg-saturated sample, two slides containing 1 ml of the suspension (with a clay
concentration of 10 mg/ml) were prepared and air-dried (Figure 2.5)).

Figure 2.4: Atterberg-cylinder with drained < 2 pum fraction on the left, and
with < 2 um fraction still in suspension on the right. Particles that exceed 2 um
are on the bottom of the cylinder.
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< 0.2 pm fraction

In order to analyse mixed-layer minerals like illite/smectite (I/S), it is necessary
to obtain a finer (< 0.2 um) clay fraction. In the beginning, the remaining <
2 pm clay fraction was dissolved in deionized water. Thereafter, the samples were
ultrasonically dispersed at 400 W for 2 minutes. Then each sample was filled
in a centrifuge bottle and topped with deionized water to the 600 ml marking.
This marking represents a specific water column, which must be considered for

the calculation of centrifuge rpm and operating time. For this study an operating

time of 16.3 min at 3800 rpm was calculated specifically (Tanner and Jackson)
1948). This calculation relies on Stokes’law ([2.2)), with consideration of higher

gravity determined by rotational speed and radius of the centrifuge. Afterwards,

the fraction that stayed in suspension (< 0.2 pm) was filled in a bowl and dried.
The remaining clay fraction was dispersed in water and centrifuged again, in order
to obtain more fine clay fraction. For each sample, a centrifuge tube was filled
with 25 mg of the clay fraction. Every centrifuge tube was treated with 25 ml
MgCls. The tubes were rotated in the overhead shaker for 23 hours and prepared
like the 2 um fraction afterwards. This time only 2.5 ml deionized water was used
to reach the concentration of 10 mg clay per ml water.

Due to the fact that the already ground < 2 pum fraction was used, a reduction
in particle size may have occurred. This reduction prevented the separation of finer
mixed-layer minerals from coarser clay minerals like illite and chlorite. Therefore,

the experiment was repeated using original sample material.

Figure 2.5: Preparation of the clay fraction on glass slides (containing 1 ml of
the clay fraction) for XRD measurement.
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Identification of clay minerals

In order to identify clay minerals, a special pre-treatment of the specimens with
KCl and MgCl, is necessary. In the absence of this treatment, the basal spacing
of smectite can vary from 10 to 20 A, making the interpretation of the XRD pat-
terns difficult (Borchardt], |1989). For example, a Mg-saturated smectite shows a
peak at 15 A at 54 % relative humidity. After saturating the sample with ethylene
glycol (EG), this peak will shift to 17 A because of expansion. A Mg-saturated
vermiculite has a peak at 14 A, whereas a saturation with K would produce a
peak at 10 A (Douglas, 1989). Non-swelling minerals like illite and chlorite are not
affected by these treatments and have constant peaks at 10 A for illite, and 14 A
for chlorite. Kaolinite is identified by the peak at 7.2 A, which can be eliminated
by heating at 550°C (Dixon and Weed, [1989).

For the identification of mixed-layer clay minerals, it is useful to treat the sam-
ples with EG. The most common mixed-layer clay mineral is illite/smectite (I/S)
(Moore and Reynolds Jr, [1989). In order to identify these minerals, the method
of Mering (1949) can be used, in which reflections between the position of the 001
peaks of both mineral end members of the mixed-layer mineral are used (Moore
and Reynolds Jr, [1989)). As the illite content in the mixed-layer mineral increases,
the peak position will move to a higher 20 angle (Moore and Reynolds Jr} [1989).
Calculated mixed-layer mineral patterns from (Moore and Reynolds Jr, |[1989) were

used to quantify measured samples.
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2.5 Total carbon

Total carbon (TC) is the sum of total organic carbon (TOC) and total inorganic
carbon (TIC). Organic carbon is formed by the decomposition of plants and ani-
mals, whereas inorganic carbon originates mainly from carbonates such as calcite
(CaCOs), and dolomite (CaM g(COs),). Organic carbon will decompose between
150 °C to 450 °C, and inorganic carbon below 1000 °C (Leco-Corporation, 2018).
With this assumption, it is possible to measure TOC and TIC. This temperature-
dependent method does not require any pre-treatment of the samples. Samples
were measured using the Leco RC612 Multiphase Determinator. For the calibra-
tion, the reference material Leco LCRM 502-902 Carbon % 11.99 =+ 0.05, 502-905
Carbon % 4.99 4+ 0.05, and 502-696 Carbon % 1.02 + 0.03 was used

For analysis, 0.100 g (£ 0.0005 g) of finely ground samples were weighed into
a clean crucible. This procedure was done twice for each specimen to avoid any
errors and to increase accuracy. Finally, the crucible was placed into the appro-
priate auto-loader. The measurement was performed automatically. The samples
were inserted into the combustion tube of the furnace. Thereafter, the produced
gas flows through an afterburner furnace and furnace catalyst. Finally, the gas

gets measured by a solid-state infrared detector.
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2.6 Cation exchange capacity

The surface of clay minerals is usually negatively charged and can therefore at-
tract cations. Exchangeable cations between the silicate layers can be measured as
milliequivalents (mEq) per 100 g (Murray} 20060). The cation exchange capacity
(CEC) depends on the type of clay mineral. Illite and chlorite have an exchange
capacity of 10-40 mEq per 100 g, and kaolinite 3-15 mEq per 100 g, whereas the
exchange capacity of smectite is much higher with 80-150 mEq per 100 g (Grim),
1968). A high cation exchange capacity is indicative of a high smectite content.
The cation exchange capacity of clay loam ranges from 15 to 30 mEq per 100 g,
and for pure clay it is more than 30 mEq per 100 g.
The cation exchange capacitity was determined using a Cu(II) ethylendiamine
complex, and measured using a Spectroquant Prove 300 UV /VIS spectrophotome-
ter at a wavelength of 585 nm (Figure 2.6). Clay minerals have a high affinity for
Cu, and therefore ion concentration decreases in the solution after exchange (Meier
and Kahr,|1999). The light absorption decreases with decreasing ion concentration
in exchanging solution, which can be measured with the spectrophotometer.
Cu(II) ethylendiamine complex was prepared, dissolving 1.463 g of triethylenete-
tramine in 100 ml deionized water and 1.596 g of Cu(II) sulfate in 1 | water (Meier
and Kahr, 1999). Then both solutions were mixed together. First, 200 mg (£
0.5 mg) of each clay specimen (< 2 pum) was put into a beaker. Next, 50 ml
of deionized water was added and samples were stirred for 2 minutes and ultra-
sonically dispersed for one minute. After adding 10 ml of Cu(II) ethylendiamine
complex to each sample, all samples were stirred for another 3 minutes and then
transferred to centrifuge tubes. The samples were centrifuged for 10 minutes at
4000 rpm, and afterwards filled into a beaker. The sample liquid was filled into a
20 mm rectangular sample cell and measured 5 times with the spectrophotometer.
To avoid any cross contamination the cuvette was rinsed two times between each
measurement. Furthermore, a blank value with deionized water and a reference
value with a standard sample (Hennersdorf) was measured.
The CEC can be calculated from the measured absorbance (extinction) according
to (Meier and Kahrj [1999) as follows:

100
Eb
Therefore, the CEC in mmol/100g depends on Eb = Extinction without sample
and Em = Extinction of the sample solution (Meier and Kahr, 1999). For the
standard sample (Hennersdorf), 500 mg of sample material was used, and therefore
the result was divided by 2.5.

CEC(mmol/lOOg) = (Eb - Em) (23)
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Figure 2.6: Spectrophotometer with Cu-complex solution of samples. Differences
in ion concentration are measured with the Spectrophotometer.
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Chapter 3

Results

3.1 Digital surface images

With the high-resolution digital microscope, the sample surface is clearly visible,
and fault rocks can be recognized without doubt. All samples have a fine-grained
texture and dark grey color; however, the surface of all wall rocks appears coarse-
crystalline. It is noticeable that all fault rocks have a shiny surface
with high topography, whereas the surface of the undamaged rocks
appears dull and homogeneous. At a high magnification of the fault rocks, steps,

striated ridges and grooves are visible, which can be used to identify the direction

of movement (Figure 3.2} [Figure 3.3)).

(a) Slickenside on fault rock (b) Wall rock

Figure 3.1: High-resolution image from sample pair STA2-1 843.89, shows clearly
the difference between fault rock and wall rock in top view. Further, parallel
grooves on fault rock are visible. All fault rock samples are charac-
terized by their glossy surface.
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(b) Sketch of grooves with clasts from fault
rock (left picture).

(a) Fault rock with grooves.

Figure 3.2: Magnified image of fault rock (sample STA2-1 843.38 FR) shows
deep groves. The black arrow indicates the direction of movement from the missing
block. The presence of clasts at the end of each groove cannot be confirmed due
to the low image resolution, but the shape of the grooves indicates the direction
of movement.

The grooves on two different slickensides from the sample STA2-1 843.38 FR
show substantial variation in length. The beginning and end of each groove are
clearly visible and can be measured precisely, but in areas with high groove den-
sity, grooves can overlap and can not be measured accurately . The
statistical analysis of the two slickensides from sample STA2-1 843.38 FR shows
that the length varies between 559 pum and 2588 pm with a mean of 1467 um for
one specimen and between 25 um and 217 pm with a mean of 123
pum for the other one (Figure 3.5b]). The slickensides from sample BAC1-1 827.52
FR are quit similar with a length between 525 pum and 4022 pm and a mean of
1924 pm for one sample and a length between 751 pm and 3442 um

with a mean of 2072 ym (Figure 3.6al) for the other one.
Furthermore, all slickensides show a different distribution in groove length (Fig-|

lure A.8 [Figure A.9| |[Figure A.10| and [Figure A.11)) .
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(a) Fault rock with slickenside risers crystal (blue circle).

Figure 3.3: Slickenside risers on fault rock (sample BACI-1 859.08 FR) are
perpendicular to the shear direction. The blue arrow indicates the direction of

movement from the missing block. Wall rock (sample BAC1-1 834.89 WR) has a
dull, coarse-crystalline surface.
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(a) Sample with long grooves. (b) Sample with short grooves.

Figure 3.4: Surface roughness image of mapped grooves from sample STA2-1
843.38 FR. Blue lines indicate the selected objects. X- and y-axis each show the
length in micrometers.
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A direct comparison of the groove length with other specimens shows that most

grooves have a length between 1000 pm and 2500 um (Figure 3.5ajand [Figure 3.6]).

Only one sample (Figure 3.5b|) has significantly shorter grooves, with most grooves
ranging between 100 pum and 150 pum. All measured data are right-skewed. Due

to high groove density and insufficient exposure of the shear surface, it was not

possible to collect more data about groove length from other samples.

N=82

300 600 900 1200 1500 1800 2100 2400 2700 3000 0 20 40 60 80 100 120 140 160 180 200 220 240
groove length [um] groove length [um]

(a) Distribution of lengths of long grooves. (b) Distribution of lengths of long grooves.

Figure 3.5: The histograms show the distribution of mapped grooves from sample
STA2-1 843.38 FR. Both distributions are right-skewed. Data set is
gamma distributed or log-normally distributed, whereas data set with
short grooves is normally distributed.
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(a) Distribution of groove length. (b) Distribution of groove length.
Figure 3.6: The histograms show the distribution of mapped grooves from sam-
ple BAC1-1 827.52 FR. Both distributions are right-skewed. Data set

is gamma distributed distributed, whereas data set is normally dis-
tributed.
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Histogram [Figure 3.5a] Histogram [Figure 3.5b|
Groove length Log groove length Groove length Log groove length
Range 2029.56 1.5324 192.0544 2.1644
Mean 1467.0162 7.2341 123.239 4.7641
Median 1336.457 7.1978 122.7449 4.8101
Skewness 0.38637 -0.25613 0.24803 -1.4141
Kurtosis 2.2692 2.5229 3.5838 7.5407

Table 3.1: Properties of statistical distributions of two samples from STA2-1
843.38 FR ([Figure 3.4a and [Figure 3.4b)). Note the mean groove length between
both samples varies by a factor of eleven.

Histogram [Figure 3.6a Histogram [Figure 3.6b
Groove length Log groove length Groove length Log groove length
Range 3496.8185 2.0358 2690.9568 1.5221
Mean 1924.8006 7.4792 2072.6493 7.5996
Median 1844.6489 7.5199 2083.7406 7.6419
Skewness 0.56486 -0.48405 0.26887 -0.76197
Kurtosis 2.9612 3.1444 3.2526 4.4395

Table 3.2: Properties of statistical distributions of two different slickensides from
sample BAC1-1 827.52 FR.. Note that both slickenside have similar statistical prop-
erties.
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3.2 Scanning electron microscopy

Looking at the samples with a higher magnification, several details, such as single
grains and grain-boundaries, shear zones, and fractures, become visible. Due to
the unidirectional carbon coating of the specimens, some irregular parts like pores,
cracks, and edges are less conductive and, therefore, visible in a lower resolution.
Besides, oblique striations resulting from the ion milling makes identifying micro-

structures rather difficult.

3.2.1 Surface view on slickensides

Slickensides are recognizable by their shiny surface. However, the high topography
makes it difficult to analyse them with the SEM. As on small scale, kinematic
indicators such as grain traces are also visible on a bigger scale. Lateral breakouts
at these grooves show the direction of movement.

Further, every slickenside surface is covered with nanometer-sized clay particles,
which represent the remains of crushed large clay minerals. Sometimes heavier

minerals such as celestite or pyrite, (which appear brighter) can shine through

this layer of clay minerals (Figure 3.7]- [Figure 3.9).
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'fD mau ] hpot Hu HF"."

Figure 3.7: SEM images in orthogonal view of a slickenside of the sample BAC1-1
859.08 FR. Two grooves with different directions make a 15° angle. Images 2 and
3 are insets of top left image, showing a large mica crystal with a groove across.
Note, that whole slickenside surface consists of fragments of larger mica crystals,
which are mechanically disintegrated during the displacement process. Red arrows
show the movement of the missing block.
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1/18/2023  det WD |mag = spot HV HFW —— 20 pm 1/18/2023 | det WD |mag = spot HV HFW

12:49:41 PM ETD 10.4 mm 1 750 x 1.0 10.00 kV 85.3 ym 1:01:46 PM ETD 10.4 mm 17 500 x 1.0 10.00 kV 8.53 ym

Figure 3.8: SEM images in orthogonal view of a slickenside of the sample BAC1-
1 859.08 FR. Right image is located within the red rectangle. Whole sample is
covered with nanometer-sized clay particles, below this layer are: (1) euhedral
pyrite crystals which form pyrite framboids; (2) euhedral celestite crystals with
typical prismatic crystal habit. (3) Dark spots are organic matter or pore space.
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One sample (RHE1-1 639.94 FR) is covered with spherical nano-particles with
a size of less than 250 nm . This nano-particle layer varies in thick-
ness and particle shape across the slickenside surface, and does not show any signs
of deformation. As a result of this, there are areas where the heavier celestite
crystals from underneath are visible. Also, a preferred celestite orientation can
be diagnosed on the slickenside surface. Looking at another part of this sample,
the nano-particle cover gets thicker, and single particles become more spherical.
Additionally, not only the slickenside surface but also pore spaces are covered by

nano-particles.
In the SEM image of sample BAC1-1 859.08 FR there is also multi-branching

tree-like patterns on the slickenside surface (Figure 3.10). These crystal aggre-
gates show dendritic shapes. Unfortunately, accurate EDX measurement of these

dendrites is not possible, because the interaction volume of the spot is too large.
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Figure 3.9: SEM images in orthogonal view of a slickenside of the sample RHE1-
1 639.94 FR. Slickenside is completely coverd with spherical nano-particles. (2) is
enlargement of a part of the image shown in (1), showing biotite crystal covered
with nano-particles. (3) is an inset of (2), showing pore space, with nano-sized
particles. (4) at the same specimen there are areas with less developed particles,
below this particle layer are euhedral celestite crystals.
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Figure 3.10: SEM images in orthogonal view of a slickenside of the sample BAC1-
1 859.08 FR, showing tree-like patterns (dendrites) with a maximum extension of
30 pm . Right image is located within the red rectangle, showing dendrites growing
from the pores out to the slickenside. There is no preferred direction of growth
visible on the slickenside surface.
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3.2.2 View on polished surface

All BIB-milled specimens are cross-sections parallel to the kinematic indicators.
First, analysed samples are characterised by open fractures parallel to the shear
plane. These fractures have a maximum aperture width of less than 5 um and
do not have any sedimentary or mineral filling. Besides, all fractures follow the
direction parallel to the bedding and do not cut through individual mineral grains.
Further, some fractures form boundaries between different textures, such as areas
with coarse and fine grains. Hence, the boundary between carbonate-rich and
clay-rich areas within the upper part of the sample is very sharp.

Further, in one sample cross section (RHE1-1 637.94), a homogeneous layer of ce-
lestite on the shear surface is visible. Below this layer, there is a sharp transition
to the underlying carbonate-rich minerals. In some places, there are also prismatic
celestite crystals, which are apparently aligned parallel to the fault surface
lure 3.14b). Overall, the most common minerals are stacked platy clay particles,

that do not show any sign of tectonic deformation, but are bent around larger

homogeneous quartz and calcite grains (Figure 3.11|- [Figure 3.14]). Between these

stacked clay minerals are large grains of quartz, calcite, pyrite, siderite/dolomite

and feldspar. In addition, all samples contain evenly distributed organic matter, in

various sizes and shapes (Figure 3.11|-|Figure 3.14)). Another notable feature is the

abundance of pyrite, which appear brighter due to the presence of elements with a
higher atomic number. Pyrite occurs as large grains, small euhedral micro-crystals,
and pyrite clusters so-called framboids (Figure 3.14J).
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Figure 3.11: Top left image shows sample RHE1-1 637.94 FR under a stereo
dissecting microscope. Note polished cross-section with an extension of 1 mm?.
The cross-section is oriented parallel to the macroscopic slickenline. Image to the
right shows the polished surface under the SEM. Bottom images are magnified
sections, showing massive celestite on top of the slickenside. Below this celestite
layer is a horizon with carbonates, and isolated quartz grains, which is separated
by a fracture from the underlying clay rich horizon.
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Celestite
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1/19/2023 det WD 'mag = spot HV  HFW |
10:20:11 AM ETD 10.2 mm 750 x ' 1.5 |10.00 kV 199 ym

Figure 3.12: Image shows sample RHE1-1 637.94 FR under the SEM. Ca =
calcite; Qz = quartz; The top of the slickenside is covered by celestite. Between
the massive celestite and the carbonates are isolated (tabular) celestite crystals
visible. Note that there are no shear sense indicators visible.
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50 pm

Figure 3.13: Top left image (1) of sample shows overview of sample BAC1-1
827.52 cut parallel to slickenline. (2) is a magnified image of upper part of the
sample contains big calcite (E) and quartz (D) grains. Organic material (A) shows
deformation by compaction due to overburden. (3) is a magnified image of lower
part of the sample. Clay minerals in lower part of the sample (3) and (4) seem
to be less disturbed than clay minerals in the upper part (2). Further, pyrite (C)
and fossil remnants are visible in some areas of the sample. Vertical striation on
all images is a results of sample preparation.
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det| WD |mag M |spot| HV fe— 1 111 Re—) det | WD H | spot Sy
109 mm| 1500 x | 1.0 |10.00 kV ETD[11.1 mm 1.0 [10.00 kV
(a) Transition from pyrite (b) Dolomite with Fe-rich
framboids to coarser crystals of pyrite. overgrowth (ankerite)

Figure 3.14: SEM images of sample BAC1-1 827.52 showing pyrite and dolomite.
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3.3 Mineralogy of whole rock samples

To determine variations in the mineralogical composition, X-ray diffraction pat-

terns of fault rock and wall rock samples are compared below (Figure 3.15| - [Fig-|
ure 3.18)). The XRD analysis shows, that all samples consist of the same minerals.

The major components of the Opalinus Clay are: clay minerals (kaolinite, chlorite),

quartz, carbonates (calcite, ankerite and siderite), feldspars (albite, microcline),
sulphides (pyrite) and mica (muscovite). These minerals can be found in all sam-
ples, however, pyrite seems to be the least abundant mineral. The sample BAC1-1
828.26 FR has the highest pyrite concentration of all samples. Similarly, the wall
rock part from this sample also contains a higher pyrite concentration than other
wall rock samples . The lowest pyrite concentration can be found
in the fault rock samples BAC1-1 834.89 FR, RHE1-1 637.94 FR and WR and
STA2-1 843,38 FR, where it is present only in traces. Furthermore, siderite and
ankerite can be found in low concentrations in all samples. Two sample pairs
(RHE1-1 637.94 and STA2-1 843.38) show a higher amount of siderite, than the
rest of the analyzed samples. The siderite concentration of sample STA2-1 843.38
WR is more than 17 %, and therefore, remarkably high.

Quantitative analysis shows that the composition of all samples consists of 21 %
to 38 % quartz, 2% to 3 % k-feldspar, 2% to 3 % plagioclase, 5 % to 18 % calcite, 1
% to 2 % ankerite, 0 % to 17 % siderite, 0 % to 4 % pyrite, and 40 % to 62 % clay
minerals . A closer look at adjacent sample pairs shows that there is
no noticeable difference in mineralogical composition between fault rock and wall
rock samples. However, most fault rock samples contain slightly less quartz but

more clay minerals.
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Figure 3.15: Whole rock XRD patterns of all wall rock samples. The direct
comparison shows that there is no difference in mineralogical composition between
these samples. All samples contain: chlorite, muscovite, kaolinite, quartz, micro-
cline, albite, calcite, ankerite, siderite, pyrite;
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Figure 3.16: Whole rock XRD patterns of all fault rock samples. Note that
there is no variation in mineralogical composition between different fault rock

samples. All samples contain: chlorite, muscovite, kaolinite, quartz, microcline,
albite, calcite, ankerite, siderite, pyrite;
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Figure 3.17: Whole rock XRD patterns of sample STA2-1 843.38 shows no de-
viation in mineralogical composition between wall rock (upper blue pattern) and

fault rock (lower pink pattern). All samples contain: chlorite, muscovite, kaolinite,
quartz, microcline, albite, calcite, ankerite, siderite, pyrite;
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Figure 3.18: Results of quantitative determination of total amounts of quartz,
k-feldspar, plagioclase, calcite, ankerite, siderite, pyrite and clay minerals of all
samples. The average clay mineral concentration is approximately 53 %. Note that
there is only one sample STA2-1 843.38 WR showing a high amount of siderite.
There is no no systematic differences in composition between fault rock and wall
rock samples.
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3.4 Mineralogy of clay fractions

The results of the XRD analysis of the clay fraction show that all samples contain
the same clay minerals: kaolinite, illite, chlorite, and illite/smectite mixed-layer.
The basal reflection of illite is at d(001) = 10 A, producing 001-peaks at 10 A, 5 A,
and 3.3 A. Chlorite produces peaks at 14.2 A, 7,1 A, 4.73 A, and 3.56 A. Kaolinite
peaks can be found at 7.1 A, and 3.5 A. Finally, a peak at approximately 11.9 A in
the Mg-saturated sample could be from the illite/smectite mixed-layer minerals,

because it would represent a fraction of the sum of the smectite (14 A) and illite

(10 A) spacing (green pattern in [Figure 3.19] and [Figure 3.20). No difference can

be found when comparing the stacked XRD patterns from wall rock and fault rock
(Figure 3.19| - [Figure 3.21]).
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Figure 3.19: XRD patterns of sample STA2-1 843.38 WR: Mg-saturated (green),
K-saturated (red), Mg-Gly-saturated (blue), K-EG-saturated (pink), and K-
saturated and heated to 550 °C (black). d-values in A; X-axis represents measured
angle in 260, and y-axis intensity in counts per second.

When looking closer at XRD pattern from fault rock and wall rock, the peak
intensities and positions are very similar. Only at lower 260 angles between 0 © and
9 © peaks differ in width and intensity. With exception of sample BAC1-1 828.26

FR, all fault rock samples have higher intensities in the low angle regions than the

wall rock samples at this low 26 diffraction angle (Figure 3.22, [Figure 3.23)).
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Figure 3.20: XRD patterns of sample STA2-1 843.38 FR: Mg-saturated (green),
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Figure 3.21: XRD patterns of all samples saturated with Mg and EG. Note
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Mineralogy of < 0.2 um Fraction

Usually, mixed-layer clay minerals can be better identified in the fine clay fraction
(< 0.2 wm fraction). Hence, the fine clay fraction of two sample pairs (RHE1-
1 637,94 and BACI1-1 834,89) was analysed. The measurement results from the
< 0.2 pm fraction differ from the < 2 ym fraction only marginally. Clay minerals
like illite and chlorite are still present in the sample, making identification and
quantification of mixed-layer minerals rather difficult.
Nevertheless, the < 0.2 um fraction shows slightly lower peak intensities compared
to the < 2 um fraction . In addition, XRD patterns have a high back-
ground, resulting in unclear peaks. However, broad peaks are visible between 6°
20 and 10° 26 indicating, illite/smectite mixed-layer clay minerals. It seems that
most peaks are at around 12 A in Mg saturated and 13 A in Mg-EG saturated
samples. This gives evidence for a regular interstratified R1 I/S mixed layer min-
eral. The 13 A peak position in the Mg-EG saturated sample can be calculated
from 17 A EG-smectite plus 10 A illite divided by two.

In sample BAC1-1 834.890 WR Mg-EG-saturated, there are 2 small peaks (at
17.19 ° 20 and 9.6 ° 20) within the illite peak visible (Figure 3.25| [Figure 3.26]).

From the angular difference of these two peaks, it can be deduced that ordered

(R1) illite/smectite, containing approximately 74 % illite is present (Moore and
Reynolds Jr, [1989). This angular difference is slightly higher in sample BAC1-1
834.89 FR Mg-EG-saturated, which indicates (R1) illite/smectite, containing 80
% illite.

In sample RHE1-1 637,94 the angular difference is also higher in the fault rock
sample than in the wall rock sample, resulting in (R1) illite/smectite containing
73 % illite for the wall rock sample, and (R1) illite/smectite containing 77 % illite
for the fault rock sample (Table 3.3)).

Finally, the collapse of smectite to 10 A in heated samples clearly indicated the

existence of smectite.
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Sample °A20 % Illite

RHEI-1 63794 WR 7.52 73
RHEI-1 63794 FR 7.74 77
BAC1-1 834.89 WR 7.59 74
BAC1-1834.89 FR 7.9 80

Table 3.3: Angular difference for estimation of percent illite/smectite in samples
RHE1-1 637.94 and BAC1-1 834.89. Note that both fault rock samples have a
higher percentage of illite compared to the wall rock sample. The samples from
the deeper part of the drill core (834 m) contains more illite, than the sample from
627 m.
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Figure 3.24: XRD patterns of sample BAC1-1 834.89 wall rock < 0.2um fraction
(blue) compared to < 2.0pum fraction (pink) both saturated with Mg and EG. Note
that for the sample with smaller clay fraction (blue pattern), the peak intensity of
illite and chlorite is lower, and thus a peak representative for illite/smectite mixed-
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Figure 3.25: XRD patterns of sample BAC1-1 834,89 wall rock, Mg-saturated
(pink), Mg and EG saturated (blue), heated to 550 °C (black), and BAC1-1 834,89
fault rock Mg and EG saturated (green). Note, labeled diffraction peaks at approx-
imately 13 A, 11.8 A, and 3.18 A are an indicator for illite/smectite mixed-layer
clay minerals. The upper XRD-pattern (black) shows higher intensities due to the
collapse of smectite. In the wall rock the angular difference between the peaks at
9.6 °20 and 17.19 °26 is 7.6 °26, and is an indicator for an ordered illite/smectite
containing 74 % illite. Looking at the fault rock, the angular difference is with 7.9
°20 higher than in the wall rock, resulting in an illite/smectite containing 80 %

illite
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high noise level imperceptible.

Ll I N R N
25.00

Ll I O S I
30.00

I N I A e 14
5.00 10.00 35.00

, / |
,ﬁ‘ m K||_ s w h ‘Iflh
L d e
| |1 17.12 il
AP B L
/4‘ % A % I"JHI'I 1163794 WR_0.2_Mq1EG 0 (637.94_WR_0.2_MgiEGxrdm)
< Y L}HH ”Frw i &; qxiﬁh{f 637.94_FR_0.2_MglEG 0 (637.94_FR_0.2_Mg1EG.xrdml)
LT “; ; f s |
R _f’“'f” ‘‘‘‘‘ o e e ilt”«’)fﬁhufn'um%ﬁw,{”... ”
10.00 12.00 14.00 16.00 18.00 n

Intensity [¢ounts]

T S S S T S T R ST T A S S S

500 | kaflw \\

_m_aqqq%

0||||-\||\\|||\\\|\|||||\\-||l\||\\\||||\|||\||||\-||:\|\||\\||\||||\\
5.00 10.00 15.00 20.00 25.00 30.00 35.00

Diffraction Angle [°28]

Figure 3.27: XRD patterns of sample RHE1-1 637.94 wall rock (pink) and fault
rock (blue), both saturated with Mg and EG. There are peaks at around 9.6 and
17.12 °26. The angular difference between these peaks is 7.52 °26 for the wall rock
and 7.74 °26 for the fault rock sample, resulting in an illite concentration of 73 %
for the wall rock and 77 % illite for the fault rock.
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3.5 Total carbon

The results of the total carbon analysis are summarised in table below.
All results are rounded to one decimal place since the reference material has a
maximum accuracy of + 0.05 %. All samples were measured twice in order to
exclude errors in both the preparation and the measurement.

There is a minor difference in TOC content between fault rock and wall rock
samples. It is noticeable that the TOC content is slightly higher in all fault rock
samples. This is also visible in |Figure 3.28| where the average of both measure-
ments is shown. The organic carbon concentration ranges from 0.7 % to 1 % for
all samples.

In comparison, values for the TIC content fluctuate significantly and range from
0.7 % to 2.1 %. A closer look reveals that samples BAC1-1 859.08 FR and STA2-1
843.38 FR have lower TIC contents (0.7 to 0.9 %) compared to the adjacent wall
rock with 1.7 to 2.1 %. Furthermore, sample RHE1-1 637.94 FR has a notably
lower TIC content (1.2-1.3 %) compared to the surrounding rock with 1.8 %. In
two samples BAC1-1 834.89 and BAC1-1 828.26 no significant difference in TIC
content can be measured. The results confirm the accuracy of the XRD analysis,
and show that sample BAC1-1 859.08 FR has the lowest TIC concentration and
calcite concentration, whereas sample BAC1-1 859.08 WR has the higest conce-
tration of both calcite and TIC (Table 3.4] and [Figure 3.18)).

Additionally, only one sample (BAC1-1 828.26) shows the same values in TOC
and TIC for fault rock and wall rock.
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Total carbon analysis of wall and fault rocks

828.26 FR L
828.26 WR i
859.08 'R
859.08 WR
834.89 FR

Sample

834.890 WR :
843.38 FR 1
843.38 WR |
637.94 FR |

637.94 WR :

0.0 0.5 1.0 1.5 2.0 2.5

wt.% (@)
oTIC oTOC

Figure 3.28: The bar chart shows the average TOC and TIC in wt.% from each
sample. Note, that the TOC content is higher in fault rock samples, than in wall
rock samples. There is no clear pattern in the TIC content recognizable. The
concentration of TIC reflects the measured calcite content from the XRD analysis

in [Figure 3,19,
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Well Core depth / Rock type

TOC [wt%] TIC [wt%]

RHE1-1 637.94 WR
RHE1-1 637.94 WR
RHE1-1 637.94 FR
RHE1-1 637.94 FR
STA2-1 843.38 WR
STA2-1 843.38 WR
STA2-1 843.38 FR
STA2-1 843.38 FR
BACI-1 834.89 WR
BAC1-1 834.89 WR
BAC1-1 834.89 FR
BAC1-1 834.89 FR
BACI-1 859.08 WR
BAC1-1 859.08 WR
BAC1-1 859.08 FR
BACI-1 859.08 FR
BACI-1 828.26 WR
BACI-1 828.26 WR
BAC1-1 828.26 FR
BAC1-1 828.26 FR

0.9
1.0
1.0
1.0
0.8
0.8
1.0
1.0
0.8
0.8
0.9
1.0
0.7
0.8
1.0
1.0
1.0
1.0
1.0
1.0

1.3
1.2
1.8
1.8
1.7
1.7
0.8
0.8
1.7
1.7
1.8
1.8
2.1
2.1
0.7
0.7
1.0
1.0
1.0
1.0

Table 3.4: Total organic carbon and total inorganic carbon in percentage by
weight of all samples. All fault rocks are shaded in red and all wall rocks are shaded
in blue. Note that TOC content fluctuates very little between adjacent rocks,
whereas TIC content varies more. Overall, fault rock samples have a slightly higher
TOC content, than wall rock samples. The TIC values do not follow any clear
pattern. Only one sample (BAC1-1 828.26) has no variation in carbon content.
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3.6 Cation exchange capacity

The cation exchange capacity (CEC) was measured five times, and the mean value
was calculated for each sample in order to avoid measurement errors. All final
results can be seen in the bar chart . For better illustration, the
results of fault rock and wall rock CEC are highlighted in different colors. The
CEC of the standard sample ” Hennersdorf” is 14 mEq/100g, and is therefore within
the range of the standard. All measured values are between 17 and 35 mEq/100g
and are therefore characteristic of clay samples. In two samples (BAC1-1 828.26
and STA2-1 843.38) the wall rock specimen shows significantly higher CEC values
of 35 mEq/100g, compared to the adjacent fault rock, which shows CEC values
of 17 and 26 mEq/100g. However, one sample pair BACI-1 859.08 shows equal
values of about 26 mEq/100g for both (wall and fault rock) specimens.

Cation-exchange Capacity

BACI1-1 828.26 FR

BACI-1 828.26 WR

STA2-1843.38 FR

Sample

STA2-1 843.38 WR

BACI-1 859.08 FR

BACI-1 859.08 WR

0.000 5.000 10.000 15.000 20.000 25.000 30.000 35.000 40.000
CEC [mmol/100g]

Figure 3.29: The bar chart shows the results of the CEC measurement for three
pairs of samples. X-axis shows CEC in mmol/100g which is equal to mEq/100g.
Note, the significant difference between fault rock and wall rock in sample pair
BAC1-1 828.26 and STA2-1 843.38.
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Chapter 4

Discussion

4.1 Slickensides and microstructures

During this thesis, kinematic indicators formed by ploughing clasts from three dif-
ferent fault rock samples of the OPA where statistically analyzed regarding slip
distance. The most important finding is that slip distances of the fault planes
can be identified on some slickenside surfaces under the microscope. Although
this study could not identify the maximum displacement at the faults, it can be
assumed, that displacements on individual slip surfaces are in the single-digit mil-
limeter (mm) range (with most grooves ranging between 1000 gm and 2500 pm).
Further, the statistical analysis has shown that the length of the displacement
indicators on each sample does not vary much, and therefore the offset can be
assumed to be representative. The different lengths of the grooves can be caused
by the premature disintegration of the grains, which cause grooves or by several
individual movements. The latter can be confirmed by the overlapping of grooves,
and deviation of the directions of movement.

The observations of this study are in agreement with studies of the main fault in
the Mt-Terri laboratory, where displacements in the millimetre range was identi-
fied (Laurich et al) 2014). Looking at the surface under the SEM confirms the
short displacement and the disintegration of large clay minerals on the slicken-
side surface due to harder grains. Other kinematic indicators like steps could not
be analysed under the SEM, because of the high relief. As already discussed in
Laurich et al.| (2014), the surface of slickensides does not differ much with higher
magnification. That is to say, fault surfaces are covered homogeneously with clay
minerals with a size of less than 250 nm, and are therefore not resolvable. This
would also explain the high amount of small clay particles in the < 0.2 pum clay
fraction.

Further, these small clay particles produced by friction sliding are typical for pol-
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ished slickensides as already described by several authors (Laurich et al., 2014]).

Finally, slickensides, which are covered with spherical nano-particles or den-
drites do not show any sign of deformation. Consequently, these structures must
necessarily been post-tectonic in origin. Due to the lack of chemical characteriza-
tion, the exact formation of the nano-particles and dendrites can only be specu-
lated. The most probable cause of the nano-particles is a deposition of material
resulting from preparation, because specimens which are unprepared (not BIB
milled) do not have these particles on the slickenside surface. The dendrites can
also be found on unprepared specimens and could have originated naturally. The
development of these dendrites out of the pore space could indicate a post-tectonic
fluid transport. Dendrites usually form when supersaturated solutions penetrate
the rock and precipitate on surfaces like cracks, which are exposed to air (Chopard
et al., [1991). Indeed, this would contribute to the observed dendrites on the fault
surface.

One of the most notable features from the BIB-milled specimens are the frac-
tures which are parallel to the shear plane. These fractures are visible in all the
examined specimens and are located close to the slickenside surface. It is regarded
possible that these fractures are shear zones, which propagate between the clay
minerals (Laurich et al., 2014). However, since no particle orientation can be seen
on the shear surfaces, and fractures do not penetrate grains, it is more likely that
these are stress relief fractures that occurred during drill core extraction.

Finally, calcite and celestite enrichment can be found in one fault rock sample.
Previous studies on the main fault have shown that calcite and celestite mineral
precipitation occurred syntectonically during the Jura folding (de Haller et al.
2014). This would also explain the calcite and celestite enrichment below the
slickenside. Overall, no shear movement can be detected in the cross-section view
of the observed samples, which can be explained due to the low offset of less than 5
mm. The absence of grains with cracks and deformed grains indicates a ductile de-
formation below the slickenside, which is common behavior of clay-rich fault rocks
(Haines et al., 2013). However, in the analysed samples no deformation structures

such as shear bands or dissolution-precipitation structures were identified.
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4.2 Mineralogy and composition

As previously mentioned, the bulk mineralogy (kaolinite, chlorite, quartz, calcite,
ankerite, siderite, albite, microcline, pyrite, and muscovite) does not show any
systematic difference between fault rock and wall rock samples. The results are in
agreement with previous studies, however, an absence of calcite in fault rocks, as
mentioned by Orellana et al.| (2022) could not be confirmed. One sample RHE1-1
637.94 FR has more calcite than the undeformed wall rock, which is due to the
celestite and calcite precipitation previously described. In this sample, the celestite
is also clearly visible under the SEM. Therefore, it can be deduced that not all
fault rock samples contain calcite and celestite precipitations.

As already mentioned in the results, the XRD of the < 2 um clay fraction,
does not show any changes in mineralogy between fault rock and wall rock. All
analysed samples contain the same clay minerals: kaolinite, illite, chlorite, and
illite/smectite mixed-layer. By extracting the finer clay fraction, it is possible to
detect differences in the composition of mixed layer minerals. However, this proved
to be difficult with these samples. The main reason for the poor resolution is the
fine grain size of the OPA which makes it difficult to remove unwanted coarser
clay minerals for analysis. However, in four samples it was possible to quantify
the illite/smectite, indicating R1 I/S mixed layer minerals with an illite content
between 73 % and 80 %. Both faul rock sample RHE1-1 637.94 and BAC1-1
834.89 show a small increase of illite (77 % and 88 %) in the mixed layer minerals
compared to the undeformed wall rock ( 73 % and 74 %). This result would confirm
the illite aggregates in shear zones |[Laurich et al. (2014) and thus an illitization
in fault rocks of the OPA. Finally, an increase of the illitization with depth could
occure, because in the analyzed samples the illite content is higher in samples from
834.89 m than in samples from 637.94 m.

The organic carbon concentration of less than 1 wt. % is similar to the mea-
sured values at the main fault (Laurich et al., 2017). Further, slightly higher TOC
concentrations in fault rocks can not explain the darker colour of the fault rocks
(Laurich et al., [2017), but could be caused due to organic fluid diffusion. How-
ever, this statement must be supported by a larger number of samples. Finally,
measured inorganic carbon concentration is congruent with the semi-quantitative
analysis from X-ray powder patterns.

The results of the cation exchange capacity measurement show a significantly
increased exchange capacity in the two wall rocks (BACI-1 828.26 and STA2-1
843.38 FR) compared to the fault rocks. As a result of this, only a variation in

the illite/smectite content of the mixed-layer could cause the variation in CEC.
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Chapter 5

Implications and Conclusions

Within the scope of this work, five sample pairs (consisting of fault rock and wall

rock samples) of the Opalinus Clay, were analyzed in detail in terms of their clay

mineralogical and structural geological properties. The aim of this work was to

identify if the properties (self-sealing/self-healing) of the Opalinus Clay are differ-

ent in fault rocks, compared to the undeformed wall rock. Using Powder XRD,

high-resolution digital microscope, and SEM, the samples were analyzed in detail.

Further, the cation exchange capacity and the total carbon concentration was

determined. The following implications and conclusions derive from this research:

Slightly higher TOC concentration in fault rock samples, and dendrite on

slickenside surface, could indicate fluid migration along faults.

The wall rock specimen shows CEC values of 35 mEq/100g, compared to the
adjacent fault rock, which shows CEC values of 17 and 26 mEq/100g.

Slip distances of less than 5 mm are measured from imprints of ploughing
clasts on three typical slip surfaces. Additionally, the direction of movement

is ascertainable.

Clay particles in nanometer size are formed on the slickenside surface by brit-
tle deformation. However, there are no signs of brittle deformation directly

below the slickenside surface.

The slickenside of one sample is covered with spherical nano-particles, which

are post-tectonic in origin.

There is a transition from smectite to illite, which is however very small and
only limited to the adjacent area of the shear plane. This smectite to illite
transition shows that (R1) I/S mixed layer minerals in fault rocks contain
slightly more illite (77-80 %) compared to I/S mixed layer minerals in wall
rocks (73-74 %).
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CHAPTER 5. IMPLICATIONS AND CONCLUSIONS

e The study of cation exchange capacity shows promising results in the deter-
mination of illite in mixed layer minerals of wall rock and fault rock samples,
and therefore it would be recommended to carry out further studies using
this method with a larger sample size. Further, XRD analysis using the
< 0.1 pum fraction could provide better I/S composite peak resolution for
the identification of mixed-layer minerals and would help to support the
outcome of the study. Finally, transmission electron microscopy technique

could help to make the illite transition zone visible.
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A.1. Geology and Introduction
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Figure A.1: BACI1-1 borehole stratigraphy. (]NAGRA|, |2021[)
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A.2 Geology and Introduction
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A.2. Geology and Introduction
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Figure A.2: Schmidt’s net plots from the analyzed fault zones from borehole
BACI1-1 show that all of the sampled faults and fault zones are shallow-dipping

or sub-horizontal with SSW-NNE- or SSE-NNW-trending slickenlines. Available
shear sense indicators such as fibrous mineralisation and ploughing clasts prove

top-NNE- or top-NNW-directed slip.
Adapted from Decker et al.| (2022).
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A.3 Geology and Introduction
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Figure A.3: Schmidt’s net plots from the analyzed fault zones from boreholes
RHE1-1 and STA2-1 show that all of the sampled faults and fault zones are
shallow-dipping or sub-horizontal with SSW-NNE- or SSE-NNW-trending slicken-
lines. Available shear sense indicators such as fibrous mineralisation and ploughing
clasts prove top-NNE- or top-NNW-directed slip.

Adapted from Decker et al.| (2022).
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Figure A.4: left: Atterberg-cylinder with clay particles in suspension (stable clay
suspension). right: Atterberg-cylinder with flocculated/aggregated clay particles
on the bottom (unstable clay suspension).
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Figure A.5: RC612 Multiphase Determinator with filled crucible for TOC/TIC
analysis.
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A.5 Surface images

Figure A.6: Digital image of mapped sample (STA2-1 843.38) shows long grooves
in x-direction. Note that the missing block moved towards the east.
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Figure A.7: Digital image of mapped sample (STA2-1 843.38) shows short
grooves in x-direction. Note that the missing Block moved towards the north-
east.
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A.6 KS-Test

H = 1 if the test rejects the null hypothesis at the 5% significance level, or H = 0 otherwise

1 1 1 1 1 1 1 1 1 1 1
L
0.8 / r
=
2
o 0.6 1 L
=
g
o
=
®
2 0.4 -
- |
o
0.2 A ; F
o — normal (H=0, p=0.34175)
_ — log-normal (H=0, p=0.88198)
[ — gamma (H = 0, p = 0.83276)
0 T T T T T

500 700 900 1100 1300 1500 1700 1800 2100 2300 2500
groove length (um)

Figure A.8: Kolmogorov—Smirnov test from sample STA2-1 843.38 FR with long
grooves shows that gamma distribution and log-normal distribution fits better to
data.
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H = 1 if the test rejects the null hypothesis at the 5% significance level, or H = 0 otherwise
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Figure A.9: Kolmogorov—Smirnov test from sample STA2-1 843.38 FR with short
grooves indicates that data are normally distributed.

H = 1 if the test rejects the null hypothesis at the 5% significance level, or H = 0 otherwise
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Figure A.10: Kolmogorov—Smirnov test from sample BAC1-1 827.52 FR indi-
cates that data are gamma distributed.
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H =1 if the test rejects the null hypothesis at the 5% significance level, or H = 0 otherwise
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Figure A.11: Kolmogorov-Smirnov test from sample STA2-1 843.38 FR indicates
that data are normally distributed.
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A.7 Histograms groove length
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Figure A.12: Histogram of sample BAC1-1 827.52 FR with probability distribu-
tion.
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Figure A.13: Histogram of sample BAC1-1 827.52 FR with probability distribu-
tion.
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A.8 SEM images

10:44:26 AM |[ETD|11.2 mm| 6 500 x | 1.0 [10.00 kV

Figure A.14: Dendrites of sample BAC1-1 859.09 FR.
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Figure A.15: Merged images of sample BAC1-1 827.52 FR.
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Figure A.17: Sample BAC1-1 827.52 FR. Note contact between feldspar (left)
and calcite (right).
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1/19/2023 det' WD |mag = spot HV HFW —5 pm ——
12:41:58 PM ETD 10.9 mm 6 000 x| 1.0 |10.00 kV 24.9 pm

Figure A.18: Sample BACI1-1 827.52 FR, showing big quartz grain overlapped
by k-feldspar grain in the top right corner.
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Figure A.19: Surface of slickenside of sample RHE1-1 637.94 FR with celestite

and baryte minerals (white).
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Figure A.20: EDS spectrum of the white minerals of sample RHE1-1 637.94 FR.
Results show composition of celestite/baryte minerals.
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Figure A.21: Surface of sample RHEI1-1 637.94 FR showing celestite/baryte
minerals.
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A.9 Total mineralogy
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Figure A.22: XRD pattern of the mineralogical composition of sample BAC1-1
828.26 wall rock (blue) and fault rock (pink).
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Figure A.23: XRD pattern of the mineralogical composition of sample BAC1-1
834.89 wall rock (blue) and fault rock (pink).
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Figure A.24: XRD pattern of the mineralogical composition of sample RHE1-1

637.94 wall rock (blue) and fault rock (pink).
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Figure A.25: XRD pattern of the mineralogical composition of sample BAC1-1

859.08 wall rock (blue) and fault rock (pink).
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A.10 clay mineralogy
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Figure A.26: Combined XRD patterns of sample RHE1-1 637.94 WR.
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Figure A.27: Combined XRD patterns of sample RHE1-1 637.94 FR.
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Figure A.28: Combined XRD patterns of sample BAC1-1 828.26 WR
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Figure A.29: Combined XRD patterns of sample BAC1-1 828.26 FR.
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Figure A.30: Combined XRD patterns of sample BAC1-1 834.89 WR.

93



A.10. clay mineralogy

APPENDIX A. APPENDIX

4000

1000 4

b
‘"MW"MWWMWMW»WMWWW'A\WM

238

WMWMWWWMWM

WWWW»WWM
%

2Theta ()

Figure A.31: Combined XRD patterns of sample BAC1-1 834.89 Fr.
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Figure A.32: Combined XRD patterns of sample BAC1-1 859.08 WR.
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Figure A.33: Combined XRD patterns of sample BAC1-1 859.08 FR.
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A.11 Fault/wall rock
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Figure A.34: XRD pattern of Mg and EG saturated sample BAC1-1 828.26 wall
rock (blue) and fault rock (pink).

96



A.11. Fault/wall rock

APPENDIX A. APPENDIX

843.38_ WR_MgEG 0

843.38_FR_MgEG.xrdml

1500

i fault rock
1000

Intensity [counts]

500

wall rock

— 843.38_WR_MgEG 0 (843.38_WR_MgEG.xrdml)
843.38_FR_MgEG 0 (843.38_FR_MgEG.xrdml)

20.00
Diffraction Angle [°26]

Figure A.35: XRD pattern of Mg and EG saturated sample STA2-1 843.38 wall

rock (blue) and fault rock (pink).
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Figure A.36: XRD pattern of Mg and EG saturated sample BAC1-1 850.08 wall

rock (blue) and fault rock (pink).
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Figure A.37: XRD pattern of sample BAC1-1 834.89 fault rock saturated with
Mg and EG (blue), Mg (pink), and heated.
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Figure A.38: XRD pattern of sample RHE1-1 637.94 wall rock saturated with
Mg and EG (blue), Mg (pink), and heated. Note, hump between 12.1 A and 11.1
A indicates a I /S mixed layer clay mineral.
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Figure A.39: XRD pattern of sample RHE1-1 637.94 fault rock saturated with
Mg and EG (blue), Mg (pink), and heated.
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A.12 Cation exchange capacity

Well Core depth / type 1 2 3 4 5 average CEC (mmol/100g)
STA2-1 843.38 WR 0.276 0.276 0.276 0.276 0.276 0.276 35.664
STA2-1 843.38 FR 0.317 0.316 0.317 0.318 0.317 0.317 26.107
BACI1-1 859.08 WR 0.316 0.316 0.316 0.316 0.316 0.316 26.340
BACI-1 859.08 FR 0.310 0.310 0.310 0.310 0.310 0.310 27.738
BAC1-1 828.26 WR 0.276 0.276 0.276 0.277 0.275 0.276 35.664
BACI-1 828.26 FR 0.355 0.358 0.355 0.356 0.354 0.356 17.109

Eb 0.429 0.429 0.429 0.429 0.429 0.429
Hennersdorf Standard 0.279 0.279 0.278 0.279 0.278 0.279 14.023

Table A.1: Results of every absorbance measurement and average of all mea-
surements, used for calcualtion of cation exchange capacity. Eb = blank value
(deionized water). Hennersdorf Standard sample to check the correctness of mea-
surement.
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