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Abstract

The Opalinus Clay (OPA) formation is considered a suitable host rock candidate for nuclear waste storage. However, the seal-
ing integrity and long-term safety of OPA are potentially compromised by pre-existing natural or artificially induced faults.
Therefore, characterizing the mechanical behavior and microscale deformation mechanisms of faults and the surrounding rock
is relevant for predicting repository damage evolution. In this study, we performed triaxial tests using saw-cut samples of the
shaly and sandy facies of OPA to investigate the influence of pressure and mineral composition on the deformation behavior
during fault reactivation. Dried samples were hydrostatically pre-compacted at 50 MPa and then deformed at constant strain
rate, drained conditions and confining pressures (p.) of 5-35 MPa. Mechanical data from triaxial tests was complemented
by local strain measurements to determine the relative contribution of bulk deformation and fault slip, as well as by acoustic
emission (AE) monitoring, and elastic P-wave velocity measurements using ultrasonic transmissions. With increasing p,, we
observe a transition from brittle deformation behavior with highly localized fault slip to semi-brittle behavior characterized
by non-linear strain hardening with increasing delocalization of deformation. We find that brittle localization behavior is
limited by p, at which fault strength exceeds matrix yield strength. AEs were only detected in tests performed on sandy facies
samples, and activity decreased with increasing p_. Microstructural analysis of deformed samples revealed a positive correla-
tion between increasing p, and gouge layer thickness. This goes along with a change from brittle fragmentation and frictional
sliding to the development of shear zones with a higher contribution of cataclastic and granular flow. Friction coefficient at
fault reactivation is only slightly higher for the sandy (u~0.48) compared to the shaly facies (u~0.4). Slide-hold-slide tests
performed after ~6 mm axial shortening suggest stable creeping and long-term weakness of faults at the applied conditions.
Our results demonstrate that the mode of fault reactivation highly depends on the present stress field and burial history.
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Highlights

e Fault slip behavior of sandy and shaly facies samples of
Opalinus Clay is highly pressure sensitive.

e Brittle localization behavior is limited to the confining
pressures at which fault strength exceeds matrix yield
strength.

e With increasing confining pressure, gouge layer width
increases and anastomosing shear plane networks
develop during shear dominated by cataclastic (sandy
facies) and granular (shaly facies) flow.

e Restrengthening of shaly and sandy facies Opalinus Clay
is minor.

Keywords Opalinus Clay - Triaxial deformation - Strain partitioning - Fault reactivation - Microstructures

List of Symbols

u Amonton’s friction coefficient

L Sample length

0 Angle between saw-cut plane and samples axis

Sq Root mean square (RMS) roughness

p Bulk density

7 Porosity

De Confining pressure

Dy Total axial shortening of the specimen

Dyypr Piston (LVDT) displacement

Erot Total axial strain

Eax Axial matrix strain

S¢ Slip along the saw-cut plane

Eyol Volumetric matrix strain

0, Maximum principal stress

T Shear stress

o, Normal stress

t Hold period

Au, Creep relaxation

Ay, Frictional strengthening

Au,, Frictional weakening

d, Slip weakening distance

o4 Differential stress

oy Yield stress bulk matrix

o¢ Stress at onset of fault slip

€rad Radial matrix strain

Vs Slip rate along the saw-cut plane

& Transformed fault-parallel strain

oy Differential stress at the start of Slide-Hold-Slide
tests

B Creep relaxation rate

B Frictional healing rate

p Mean effective pressure

v Specific volume

g Friction coefficient at onset of fault slip

ko, Compliance of the testing machine

£ Specimen relaxation strain rate

O Uniaxial compressive strength (UCS)

¢ Friction angle

c Cohesion

m; Material-specific constant
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Omanix  Matrix failure/flow strength

kg Specimen compliance

Ly Conversion factor

€eep  Creep strain rate

n Power-law stress exponent

g Exponential law stress gradient
o Stress rate

1 Introduction

Characterized by a low hydraulic permeability (107°-1072!
m?), high self-sealing potential as well as sorption and reten-
tion capacity, the Opalinus Clay (OPA) formation has been
selected as a suitable host rock for deep geological storage
of nuclear waste in Switzerland (NAGRA 2002; Bossart
and Milnes 2017). At any future repository site, the host
rock is required to maintain integrity as a geological barrier
over long time scales. However, the presence of pre-existing
natural fractures and faults will alter the mechanical and
hydraulic properties of the formation, thereby compromising
its sealing capacity (Tsang et al. 2012). During the construc-
tion and lifetime of a repository, structural discontinuities
can destabilize by changes in the effective stress field and
may potentially trigger seismic hazard and damage to under-
ground facilities. In the context of deep geological storage of
nuclear waste, changes in the stress field may be induced by
construction measures (e.g., tunneling activity) that can lead
to the failure of the intact rock and/or to reactivation of bed-
ding planes and faults (Lisjak et al. 2015; Amann et al. 2018;
Rinaldi and Urpi 2020; Hopp et al. 2022). Furthermore, the
alteration of in-situ pore pressure can change the effective
stress state. After waste emplacement, nuclear decay pro-
cesses will generate heat that can lead to the formation of
excess pore pressure caused by the thermally induced expan-
sion of the pore fluid in the low-permeable host rock (ther-
mal pressurization; e.g., Gens et al. 2007; Ghabezloo and
Sulem 2009; Urpi et al. 2019). Gas formation due to anaero-
bic microbial corrosion of emplaced steel canisters (Ortiz
et al. 2002) as well as dynamic strains induced by natural
distant earthquakes (Barbour 2015) can also locally change
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pore pressure. With increasing pore pressure, the effective
normal stress acting on fault planes will decrease, which can
lead to fault reactivation if the shear stress resolved on the
fault plane exceeds the shear strength. Reactivation of faults
may not only result in seismicity but can also lead to the
creation of permeable fluid flow paths along faults and frac-
tures. These may provide an opportunity for the release and
migration of radioactive nuclides if they remain hydrauli-
cally conductive. Therefore, an important aspect of the long-
term safety of future repository sites is the risk assessment
for fault activation caused by stress perturbations.

Tectonic structures in OPA and other clay-rich host rocks
may be detected by in-situ geophysical methods (e.g., Jaeggi
et al. 2017; Schuster et al. 2017). However, on a regional
scale, a resolution is limited due to a low impedance con-
trast (e.g., Mazzoldi et al. 2012), as a composition of fault
material and host rock may be similar, both being dominated
by phyllosilicates. Analysis of microseismic activity follow-
ing hydraulic stimulation in unconventional reservoirs has
shown that induced inelastic damage is underestimated as
clay-rich faults deform predominantly by aseismic slow slip
(Zoback et al. 2012). Therefore, deformation of fault zones,
induced damage and potential fluid migration pathways may
remain undetected by seismicity measurements (Zoback and
Gorelick 2012; Guglielmi et al. 2020, 2021). This increases
uncertainties in hazard assessment during the site characteri-
zation process in this type of host rock. To better assess the
evolution of mechanical and hydraulic properties during site
operations, a detailed knowledge of the deformation behav-
ior of phyllosilicate-dominated faults intersecting clay-rich
rock formations and the underlying deformation mechanisms
is required.

OPA has been studied extensively under in-situ conditions
at the Underground Rock Laboratory (URL) Mont Terri
(Thury and Bossart 1999; Bossart and Milnes 2017). There,
the "Main Fault" crossing the URL provides an opportunity
to study the structural, petrophysical and hydro-mechanical
properties of representative tectonic structures. The het-
erogeneous architecture of the up to 5 m thick fault zone
constitutes scaly clay (Vannucchi et al. 2003), slickensides
on fractures, mineralized veins, anastomosing networks of
pum-thin shear zones and fault gouge (Nussbaum et al. 2011;
Laurich et al. 2014, 2017, 2018; Jaeggi et al. 2017), result-
ing in complex fault rupture behavior and modification of
hydraulic properties when reactivated by gallery excavation
and fluid injection (e.g., Guglielmi et al. 2017, 2020, 2021,
Wenning et al. 2021; Hopp et al. 2022).

In several upper crustal fault zones located in different
tectonic settings, the presence of clay minerals has been
found to influence hydro-mechanical and frictional prop-
erties, fault weakness and strain accumulation by aseismic
creep and slow slip (e.g., Faulkner et al. 2003; Fagereng and

Sibson 2010; Schleicher et al. 2010; Collettini et al. 2019).
Laboratory friction experiments have been performed on a
variety of natural and synthetic fault gouges with varying
proportions of different phyllosilicates showing that these
minerals exhibit a low friction coefficient (u=0.03-0.5)
relative to other rock types (e.g., granite, sandstone), whose
friction coefficients are generally in the range of u=0.6-0.85
(Byerlee 1978). In addition, the frictional strength of the
gouge decreases with increasing clay fraction (e.g., Logan
and Rauenzahn 1987; Crawford et al. 2008; Tembe et al.
2010; Giorgetti et al. 2015; Ruggieri et al. 2021). In the
framework of rate and state constitutive friction laws (e.g.,
Dieterich 1972; Ruina 1983; Marone 1998), the majority
of clays revealed velocity-strengthening behavior at slid-
ing velocities < 1 cm/s as well as limited frictional healing,
suggesting that these minerals have a stabilizing effect on
faults, inhibiting earthquake nucleation and rupture propaga-
tion (Bos and Spiers 2000; Niemeijer and Spiers 2006; Tesei
et al. 2012; Giorgetti et al. 2015; Carpenter et al. 2016; Rug-
gieri et al. 2021). However, the frictional behavior of clays
is complex and depends on several factors such as crystal
structure, presence and chemistry of fluids, stress, tempera-
ture and strain rate (e.g., Saffer and Marone 2003; Moore
and Lockner 2004; Ikari et al. 2007, 2009; Behnsen and
Faulkner 2012; den Hartog et al. 2012a, b). Due to their low
permeability, water-saturated clay-rich rocks may be further
weakened at seismic slip rates by thermal pressurization and/
or fluid pressurization induced by shear-enhanced compac-
tion, causing high fluid pressures (e.g., Faulkner et al. 2011;
Behnsen and Faulkner 2012; Bullock et al. 2015). Clay min-
erals also influence the fabric of crustal faults (e.g., Faulkner
et al. 2003; Vannucchi et al. 2003; Collettini et al. 2009b;
Fagereng and Sibson 2010; see Collettini et al. 2019 and
reference therein) and promote the development of intercon-
nected, anastomosing shear zones. Increasing fabric inten-
sity further reduces frictional strength when compared to
pulverized gouge produced from the same natural material,
as was shown in laboratory tests (e.g., Collettini et al. 2009a;
Niemeijer et al. 2010; Orellana et al. 2018a).

In accordance with previous laboratory friction experi-
ments, wet gouge and scaly clay from OPA revealed low
frictional strength (u<0.5), a lack of re-strengthening and
velocity-strengthening behavior (Orellana et al. 2018a, b,
2019), suggesting that faults in OPA could be easily reac-
tivated and slip via aseismic creep. On the other hand, dry
OPA gouge revealed velocity-weakening behavior and
unstable sliding at shear velocities < 10 um/s (Orellana
et al. 2019). Even though natural fault zones are barely dry,
desaturation of the host-rock is expected during the open
drift stage of the repository and due to heat-generation as
a result of radioactive decay of the emplaced nuclear waste
(Tsang et al. 2012).

@ Springer
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The mechanical behavior of intact OPA is strongly
dependent on water saturation, with strength and stiffness
increasing as the degree of saturation decreases, favoring
brittle deformation (e.g., Niiesch 1991; Wild et al. 2015;
Zhang and Laurich 2019; Schuster et al. 2021). Embrittle-
ment reduces the sealing capacity of clay-rich cap-rocks and
increases the leakage along potential faults (Ingram and Urai
1999) as well as the risk for seismicity during fault reactiva-
tion (Rutqvist et al. 2016). Brittle deformation of clay-rich
rocks is favored with decreasing clay mineral content and
is further influenced by the present stress field and burial
history (e.g., Gutierrez et al. 1996; Ingram and Urai 1999;
Nygard et al. 2006; Bourg 2015). At the Mont Terri URL,
several sub-units have been distinguished within the for-
mation, which vary in grainsize, color as well as the pro-
portions of the main mineral components: phyllosilicates,
quartz and carbonates (Hostettler et al. 2017; Lauper et al.
2018, 2021; Kneuker and Furche 2021). Accordingly, OPA
is generally subdivided into a carbonate-rich sandy, a shaly
and a sandy lithofacies type at the URL (Thury and Bossart
1999; Pearson et al. 2003). The compositional variability is
also reflected in the rock properties of the different facies.
Hence, the quartz-rich sandy facies displays a higher shear
strength and stiffness compared to the clay-rich shaly facies
(Popp and Salzer 2007; Siegesmund et al. 2014; Schuster
et al. 2021).

As shown in the Mont Terri URL, discontinuities and
mineralogical heterogeneity are to be expected in a future
repository in OPA. Consequently, a detailed knowledge of
the mechanical and frictional behavior of faults or fractures
and their interaction with the different surrounding lithofa-
cies types is required to predict construction-related damage
and long-term integrity. To date, few experimental studies
have focused on host-rock heterogeneity and characterized
the mechanical properties of the sandy facies of OPA (Zhang
and Laurich 2019; Crisci et al. 2021; Schuster et al. 2021).
In addition, most deformation experiments on OPA are lim-
ited to intact rock samples (e.g., Niiesch 1991; Amann et al.
2012; Wild and Amann 2018; Zhang and Laurich 2019;
Schuster et al. 2021), resulting in a lack of laboratory stud-
ies characterizing the mechanical properties of faulted OPA
taking compositional heterogeneities into account.

Here we performed a series of triaxial tests to investigate
the impact of mineral composition and confining pressure
on fault reactivation and deformation behavior of dry OPA,
using cylindrical saw-cut samples from the shaly and sandy
facies. Macroscopic observations, elastic P-wave velocity
and AE measurements, and microscopic analysis using elec-
tron microscopy were combined to describe the deformation
behavior, fault stability, gouge production, strain partition-
ing between localized fault slip and distributed off-fault
matrix deformation as well as to study the prevailing micro-
deformation mechanisms. After a fixed shear displacement,
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slide-hold-slide tests were additionally performed to study
fault healing and restrengthening.

2 Materials and Methods
2.1 Sample Characterization and Preparation

Samples from the shaly and sandy facies were obtained from
the OPA formation collected at a depth of approximately
300 m in the Mont Terri URL (Thury and Bossart 1999;
Hostettler et al. 2017). The Jurassic-aged OPA (Toarcian to
Aalenian) was deposited in a shallow-marine environment
and experienced a maximum burial depth of 1.35 km and
a maximum temperature of 85 °C (Mazurek et al. 2000).
Therefore, OPA exposed at the Mont Terri URL is over-con-
solidated. Core material of OPA was provided by Swisstopo
(Federal Office for Topography, Wabern, Switzerland) and
originates from borehole BMA-4 (shaly facies) and BCL-2
(sandy facies) at the Mont Terri URL. Drill cores of 101 mm
diameter were recovered under dry conditions using com-
pressed air as a cooling agent. After extraction, the cores
were stored in plastic liners and vacuum-sealed in aluminum
foil preventing desaturation.

The shaly facies (Fig. 1b, d) is composed of rather homo-
geneous, dark-grey, laminated, argillaceous claystones
mainly consisting of clay minerals (illite, illite—smectite
kaolinite and chlorite) with silt to fine-sand sized bioclasts
(e.g., fossil shells) and detrital quartz and feldspar grains
dispersed throughout the clay-rich matrix (Kneuker and
Furche 2021; Lauper et al. 2021). The OPA sandy facies
(Fig. 1a, c) is a heterogeneous, siliceous-argillaceous clay-
stone, characterized by an alternation of dark-grey, clay-rich
layers and undulating lenses and layers of silt to sand-sized
quartz and feldspar grains, cemented by carbonates (Lauper
et al. 2018, 2021; Schuster et al. 2021). Well-pronounced
bedding planes of OPA are caused by the preferential align-
ment of phyllosilicates, leading to a transverse isotropy of
petrophysical, mechanical and hydraulic properties (e.g.,
NAGRA 2002; Wenk et al. 2008; Siegesmund et al. 2014;
Favero et al. 2018; Schuster et al. 2021).

For each facies type, cylindrical samples with a final
diameter of 50 mm were drilled perpendicular to the bed-
ding. Cylindrical specimens were precision ground to
102 mm length and cut in half at an angle of §=30° ori-
ented to the cylinder axis. Cutting and polishing of fault
surfaces resulted in a final sample length of L=101+ 1 mm.
Roughness of the saw-cut fault planes was produced by hand
polishing using #180 grit silicon carbide abrasive grinding
paper. To ensure a comparable initial roughness of the sam-
ples, roughened surfaces were scanned using a 3D optical
profilometer. Average RMS (root mean square) roughness
was §;=7.9+2.0 um (cf., chapter 2.3). All preparation steps
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Fig. 1 Backscattered electron microscope images of undeformed
Opalinus Clay of the sandy (a, ¢) and shaly facies (b, d), showing
microstructural differences in both facies’ types as well as predomi-
nant mineral phases. a Sand layer of the sandy facies, character-
ized by a grain-supported framework of clastic mineral phases with
barely compacted clay matrix filling the interparticle space. b The
shaly facies is more homogeneous compared to the sandy facies with

were performed under dry conditions, keeping exposure to
the laboratory environment to a minimum.

After preparation, the specimens and several sub-samples,
prepared from the remaining core material, were dried in
an oven at a temperature of 50 °C with a relative humid-
ity of 22 +5% until a constant weight was reached. Resid-
ual water content was determined by drying sub-samples
at 110 °C for>48 h. It is on average ~ 1.0 wt% for shaly
and ~ 0.4 wt% for the sandy facies’ samples, respectively.
Sub-samples were used to estimate the connected porosity

PR S
¢ Microcracks. ="~

"y, . - /o~
- Siderite - (l’

smaller grain sizes of clastic minerals. ¢ Mineral grains in clay layers
of the sandy facies display a smaller grain size compared to sand lay-
ers and are surrounded by clay matrix. Microstructures of clay layers
of the sandy (c) and the shaly facies (d) appear similar. However, clay
layers of the sandy facies display a higher content of quartz, whereas
calcite is more abundant in the shaly facies

(@) of samples from both facies’ types, determined from
skeletal and bulk density. Grain density was measured
using a He-pycnometer (Micrometrics, AccuPyc 1340) and
bulk density (p) was determined from the ratio of sample
weight and volume. Bulk density is 2.30 +0.02 g/cm? for
the shaly facies and 2.37 +0.01 g/cm? for the sandy facies
with connected porosities ¢ of 15.7+1.3 and 11.1+1.1
vol%, respectively. At the microscale, we observe several
bedding-plane-parallel intergranular microcracks (Fig. 1b) in
the undeformed samples, especially in shaly facies’ samples,

@ Springer
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Table 1 Bulk mineralogy of the sandy and shaly facies of Opalinus
Clay obtained from sub-samples of used core sections

Opalinus Clay (wt%) Quartz Carbon-  Feldspar Pyrite
Clay (Wt%) ates (Wt%) (Wt%)
(Wt%)
Sandy 36 42 10 11 <1
facies
Shaly 74 9 11 5 <1
facies

that potentially originate from stress relaxation during core
drilling (e.g., Corkum and Martin 2007) and/or drying (e.g.,
Soe et al. 2009). These microcracks can account for up to
28 vol.% of porosity (Houben et al. 2013, 2014) and may be
effectively closed under laboratory conditions at confining
pressures > 6 MPa (e.g., Winhausen et al. 2020).

Bulk mineralogy was determined using a PANalyti-
cal Empyrean X-ray diffractometer (XRD), operating
at 40 kV and 40 mA with Cu-Ka radiation and a step
size of 0.013°26 from 4.6° to 85°. Major mineralogical
phases were determined with the program EVA by Bruker
(version 11.0.0.3) and quantified (+3 wt%) by Rietveld
refinement using BGMN software and Profex (version
3.10.2, Doebelin and Kleeberg 2015). Determined bulk
mineralogical composition of both facies is listed in
Table 1. Consistent with previous studies (e.g., Thury
and Bossart 1999; Pearson et al. 2003; Bossart and Milnes
2017), the sandy facies reveals a higher content of quartz
(42 wt%) and feldspars (11 wt%) with a lower proportion
of clay minerals (36wt%) compared to the shaly facies
of OPA.

A pair of biaxial stacked rosette strain gauges was glued
on the sample surface at the center of the upper and lower
block of each specimen, which allowed the recording of the
bulk vertical and radial matrix strain during axial deforma-
tion. Four additional single strain gauges were attached to
the lower sample block at a distance of 3 mm to the saw-cut
plane to monitor local strains parallel and perpendicular to
the saw-cut fault plane (see Fig. S1a, b of the supporting
material). To prevent intrusion of o0il (confining medium),
the saw-cut sample blocks were inserted into a neoprene
jacket of 2 mm thickness. Acoustic emissions (AE) and
ultrasonic velocities were measured with 14 piezoelectric
P-wave transducers (1 MHz resonant frequency) encapsu-
lated into brass housings of 1 cm diameter that were glued
on the sample surface at perforations of the neoprene jacket
using epoxy (see Fig. Sla). An additional pair of P-wave
transducers was installed in the top and bottom steel plugs
of the triaxial cell. This sensor setup ensured the recording
of elastic P-wave velocities along different ray paths through
the sample and AE localization.

@ Springer

2.2 Experimental Setup and Procedure

Triaxial deformation tests were performed at room tempera-
ture using a servo-hydraulic loading frame (Material Testing
Systems, MTS; Stanchits et al. 2011). Prior to applying axial
load, all tested saw-cut samples were hydrostatically pre-
compacted at 50 MPa pressure for 18 h to ensure comparable
initial asperity damage and matrix compaction for each sam-
ple. Subsequently, each saw-cut sample was unloaded to the
respective target confining pressure (p,=5, 20 or 35 MPa)
at a similar rate (1 MPa/min) as during loading. With the
chosen confining pressure range, we intended to simulate
the target depths of future repository sites (< 1000 m depth).
Triaxial tests were conducted at a constant axial piston dis-
placement rate of 1 um/s. The total axial shortening of the
specimen (D,,) was determined from the piston displace-
ment (D;ypr) measured externally by a linear-variable
displacement transducer (LVDT). Experiments were ter-
minated after D;ypr & 6.75 mm to prevent slip-induced
jacket rupture and reduce geometry effects leading to stress
and or strain inhomogeneities. Piston displacement read-
ings were corrected for both system compliance and stift-
ness of the loading frame (x0.67-0.7 MN/mm) resulting in
a true sample axial deformation rate of ~0.88 um/s. Total
axial strain (g, =D, /L X 100%) was determined from the
initial sample length (L) and corrected axial shortening of
the specimen (D,,). Axial strain was partitioned into matrix
strain of the saw-cut blocks ¢, measured with strain gauges
and slip (s;) along the saw-cut given by s;= (D, — €, X L)/
cos 0 (see Fig. S1b). Strain partitioning (%) is expressed
by the ratio of matrix strain &,, to a total axial strain of the
sample €. Volumetric matrix strain was calculated by
Eyol = Eax 2 X £,q from averaged axial and radial stain gauge
readings of the saw-cut blocks. Axial stress (¢;) was meas-
ured with a resolution of about+ 0.5 MPa by an external
load cell corrected for sealing friction of the loading piston.
Stiffness and friction were determined in calibration runs
at relevant confining pressures using stainless steel cylin-
ders. Shear (7) and normal stress (o,) acting on the fault
plane were derived from principal stresses using 7=%2X (o,
—p)xsin 20 and o,=%2X[(6;+p,) — (6; — p.) X cos 20].
Shear and normal stresses were corrected for the progres-
sively reducing contact area along the inclined saw-cut dur-
ing deformation (Tembe et al. 2010). Amonton’s friction
coefficient (u) resolved on the saw-cut plane was determined
by the ratio of shear to normal stress assuming no cohesion.
Mechanical data were sampled at a rate of 10 Hz during
axial deformation.

In an effort to evaluate creep relaxation and static fric-
tional strengthening characteristics of artificially fractured
OPA, we performed slide-hold-slide (SHS) tests (e.g., Diet-
erich 1972; Beeler et al. 1994; Marone 1998; Carpenter et al.
2016) for each sample. Axial displacement was first stopped
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after a piston displacement of Dy ypt ~# 6 mm for a holding
period of #, =60 s. Subsequently, samples were re-sheared
for Dy ypr=0.25 mm at an axial displacement rate of 1 um/s,
followed by a second and third holding period of 600 and
6000 s, respectively. For the sample of the sandy facies that
was deformed at p, =5 MPa, the piston was stopped at Dy ypr
~ 7 mm. Furthermore, for technical reasons, the experiment
was interrupted during the third holding period, which is
why only the first two periods were conducted. Following
Karner et al. (1997) and Marone (1998), we determined from
SHS tests (1) the reduction of friction (Au,) due to stress
relaxation (difference between pre-hold friction coefficient
and the value attained at the end of the hold period), (2)
frictional strengthening (Au,,) after reloading (difference
between peak friction upon re-shear and the friction value
prior to hold, corrected for strain hardening trends by linear
trend lines connecting slide phases) and (3) frictional weak-
ening Au,, and the respective weakening distance d, (see
Fig. S2a, b of the supporting material).

Full waveform AE signals as well as ultrasonic veloc-
ity signals were recorded at a sampling rate of 10 MHz
and an amplitude resolution of 16 bits with a 16-channel
transient recording system (DAXBox, Prokel). P-wave
velocity measurements were performed using seven sen-
sor pairs located on opposite sides of the sample surface
and one pair on the top/bottom of the sample (see Fig.
S1). Active ultrasonic transmission (UT) measurements
were performed every 15 s throughout the whole experi-
ment. P-wave travel times were picked using the Akaike
information criterion (AIC) criterion and corrected for
sample deformation and fault slip. UT measurements pro-
vided time-dependent quasi-anisotropic P-wave velocity
model composed of five horizontal and one vertical layer
that was further used to locate AE events (e.g., Stanchits
et al. 2011; Goebel et al. 2014; Kwiatek et al. 2014). For
AE localization, signals were first amplified by 40 dB and
high-pass filtered at 100 kHz (Physical Acoustic Corpo-
ration). P-wave arrival times were automatically picked
using AIC and convolutional neural network (e.g., Ross
et al. 2018). To locate AE events, we used the Equivalent
Differential Time method (e.g., Font et al. 2004), with the
inverse problem solved using a combination of grid search
followed by a simplex search technique. The average AE
hypocenter location accuracy is +2 mm (Stanchits et al.
2011).

2.3 Microstructural Imaging

Top and bottom saw-cut fault surface topography of
each sample was measured before and after deformation
using a high resolution (0.1 um) white light optical pro-
filometer (Keyence VR3200) with a Z-axis measurement

accuracy of +3 pum. Microtopography areas of 50 x40 mm?
(1062 x 850 px) were acquired at the same starting points to
evaluate surface evolution.

Using a scanning electron microscope (FEI Quanta
3D Dual Beam), microstructural imaging was performed
on samples that were selected from deformed specimens
prepared parallel to shear displacement. The fault area
of interest was first covered with epoxy resin to maintain
microstructures (gouge and off-fault microstructures). Rec-
tangular-shaped specimens (11 x 8 x3 mm?®) were then cut
and pre-polished by hand with SiC grinding paper down to
P4000 grit for subsequent broad ion beam (BIB) polishing
(JEOL IB-19520CCP). BIB polishing for 2 h at 8 kV, 200
pA and 6 h at 6 kV, 150 pA, removed a layer of approxi-
mately 100 um thickness on an area of ~2.5 mm?. Additional
samples of the (unpolished) fault surface were prepared to
examine topography microstructures. Scanning electron
microscopy (SEM) was performed on carbon-coated sam-
ples at an acceleration voltage of 20 kV and a working dis-
tance of 5 mm. Mineral phases were determined with an
attached EDAX energy-dispersive X-ray analyzer (EDX).

3 Results

In total, we conducted six triaxial deformation tests on saw-
cut samples of OPA. Samples from the sandy and shaly
facies were deformed at confining pressures of p.=5, 20 and
35 MPa with axial deformation rates of ~0.88 pm/s. Tests
were performed at room temperature on cylindrical samples
drilled perpendicular to bedding orientation and containing
a saw-cut fault plane inclined at 30° to the loading direction.
This set of experiments allows us to investigate the influence
of sample composition and confining pressure on the locali-
zation behavior during reactivation of the fault plane, includ-
ing AE activity as well as P-wave velocity evolution during
deformation, and creep relaxation during hold periods.

3.1 Mechanical Data
3.1.1 Fault Reactivation and Frictional Behavior

The stress—strain behavior of samples from both facies types
is strongly affected by the applied confining pressure. The
differential stress (c64=0,; — p.) of the assembly significantly
increases with pressure and exhibits pronounced strain hard-
ening at p, =20 and 35 MPa (Fig. 2a, b, Table 2). The initial
phase of elastic loading up to the yield stress o, (marked
with stars in Fig. 2a, b) persists up to a total axial strain
between ¢,,,=0.14-1.2%. The yield stress indicates the onset
of plastic deformation of sample blocks.
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Fig.2 Mechanical data of fault reactivation experiments performed
on the shaly (left column) and sandy facies (right column) of Opa-
linus Clay. Differential stress-total axial strain curves (a, b) showing
the influence of confining pressure on deformation behavior. Yield
stress o, is indicated by stars (enlarged section). Vertical matrix strain

y
measured by strain gauges is plotted against total strain (¢, d), indi-
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cating the degree of strain partitioning between fault slip and matrix
compaction. Black dashed line represents a slope of 1, which cor-
responds to a fully locked fault. Black dots represent stress o at the
onset of slip-along saw-cut faults. Plots of Amonton’s friction coeffi-
cient u versus total axial strain (e, f) highlights the influence of facies
type and confining pressure on strain hardening
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At 5 MPa confining pressure, axial matrix strain ¢

n "ﬁi ax>
g < inferred from axial strain gauges glued to the saw-cut
g S gauges g
;‘f/z S I I N e S blocks, increases initially at a similar rate as total axial
£ strain €. (Fig. 2c, d), i.e. the fault is locked. At stress ¢
= tot g f
— 2 fault slip initiates, and axial shortening is progressivel
P g 15 prog y
; E’ accommodated by fault slip (marked with dots in Fig. 2c,
< |[F5 02 F = d). For the samples deformed at p, =5 MPa, o; closely
o g corresponds to yield stress o, (Fig. 2). We observe a small
£ s stress drop of ~0.3 and ~ 1 MPa for sandy facies and shaly
% g - - o v g facies samples, respectively (Fig. 2a, b, Table 2). Subse-
ac|ls="Z2s ! o quently, the shaly facies sample shows minor strain hard-
z ening until a second stress drop of ~0.5 MPa occurs at
o . . .
o 8 & 5 q 5 €t~ 1%, followed by a progressive decrease in hardening
§ ﬁ I T '% to an almost steady state stress level. The sandy facies
) 5 3 5 5 .
E= Falithy | Balithy . = sample also hardens up to ¢, ~ 1.1%, but without a stress
« - -« %‘ drop. Subsequently, strain hardening is decreasing with
5 increasing strain. Beyond ¢, ~1.1-1.2% matrix strain
' = g Y tot
‘é@ ‘*‘f\ stops increasing and sample shortening is predominantly
& 5 accommodated by fault slip (Fig. 2c, d). Friction coeffi-
< . . .
& E e T ® = £ cients at fault reactivation u are ~0.62 for shaly and 0.57
= Q
s for sandy facies samples, respectively (Fig. 2e, f).
[=5 .
o Z Samples that were deformed at confining pressures of
£ g 20 and 35 MPa display yielding (stars in Fig. 2a, b) fol-
;;‘ EEE: = 2 lowed by continuous strain hardening. Yield stress o, and
3 <+ NS < 35| 8 stress level at onset of slip o; progressively deviate with
= 6 O o~ v o | R . . . . .
e increasing confining pressure with o;> o,. After fault slip
. g starts at stress oy, vertical matrix strain increases at a pro-
E & gressively declining rate. Consequently, strain partitioning
~ = . . . .
Qg = into matrix deformation of saw-cut blocks and fault slip
< .
3 T 2380 9 % §~ evolves nonlinearly. No stress drops were observed except
S T2eeE G2 & for the sandy facies sample deformed at p, =20 MPa. For
= k=Y this sample, the axial matrix strain stays constant after a
% é stress drop of ~ 1.5 MPa at ¢, ~3.3%, and sample shorten-
5= & ing occurred by localized fault sliding only.
s |3 Tlo @ o " =~ g Up to stress oy at which sliding starts (dots in Fig. 2c, d),
< s B 7 . . .
Slas[=2882 8T £ the fault remains almost completely locked and matrix strain
g & increases at almost the same rate as the total axial strain.
£ g 6 During this initial deformation ~95% shortening is accom-
g2 0 o < - 0 ‘g_ modated by the deformation of the sample blocks. With
o N A v ~ 0 . . . . .
g © N IR I3 increasing confining pressure, the accumulated axial matrix
£ § strain and the stress at fault reactivation increase for sam-
2z a2 ples from both facies. Partitioning of total sample strain into
% = I e 3 axial matrix strain increases (Fig. 2c, d). The ratio of shear
- e =~ 2 . . .
E © - = = = 3 %’ stress to normal stress (friction coefficient u) decreases with
g < & increasing confining pressure, in particular for shaly facies
'é g 2 :> samples (Fig. 2e, f). The friction coefficients at fault reacti-
5 S - bf’ g vation of the sandy facies at p,=20 and 35 MPa are u~0.53
E B £ § and 0.49 respectively, slightly higher compared to the shaly
‘g 8 'a facies at similar pressures (u~0.45 and 0.43, respectively).
E § 588 g 2 2 gg At 5 and 20 MPa confining pressure, we observed a few
: 2 S8 88 EZE|E % stick-slip events with small stress drops. Slip rates of events
2|3 —E‘ —E‘ —E‘ 2 22 § i did not significantly exceed stable slip rates and ranged
s | & S SHB B ol <F between 1.1 and 1.5 pm/s, corresponding to slip rates along
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the fault of v;=1.3-1.7 um/s. Stable slip rates along the
fault range between 1.0 and 0.8 um/s for the shaly facies
and between 1.2 and 0.9 um/s for the sandy facies saw-cuts,
once slip is dominantly accommodating deformation, but
depending on strain partitioning. In all samples, fault slip
rates decrease with increasing confining pressure. We used
four single strain gauges attached to the lower sample block
in order to measure localized deformation parallel (SGF1-3)
and perpendicular (SGF4) to the fault at a distance of 3 mm
(Fig. 3, see Fig. S1a). As observed for the axial strain gauges
(Fig. 2a, c), strain along the fault increases linearly with total
axial strain g, at the beginning, independent of the applied
confining pressure and in all facies, indicating a locked fault.
At 5 MPa confining pressure, we observe an abrupt release
of strain measured on all fault strain gauges for both facies
at reactivation. On the other hand, at elevated pressure no
dynamic strain release is observed as the fault starts sliding
(Fig. 3c—f). Instead, measured fault strain starts to develop
nonlinearly with increasing total axial strain when stress
o; is reached. Generally, the onset of fault slip determined
from axial strain readings (dots in Fig. 2c, d) agrees with the
beginning of this non-linear increase in fault strain (Fig. 3
vertical lines).

Assuming homogeneous deformation of the sample
blocks, we transformed the measured axial €,, and radial
€44 Strain to predict fault parallel strain using the expression
E=Ey X €OS 20+ €,,4X cos 20 (Jaeger et al. 2007). Before
sliding is initiated, we find the transformed strain in good
agreement with the strain measured by the parallel-oriented
strain gauges, suggesting homogeneous strain distribution
within the sample. After reactivation, we observe a uniform
behavior of the strain gauges oriented parallel to the fault
in all samples. With continuing total axial shortening after
reactivation, fault parallel strain measured at the top and in
the middle of the sample increases with a decreasing rate,
while the strain gauges attached at the bottom of the fault
show a release of strain. Furthermore, parallel strain trans-
formed from axial and radial strain readings increasingly
deviates after reactivation and with increasing confining
pressure. The measurements suggest a heterogeneous strain
and probably stress distribution along the saw-cut fault plane
with non-uniform amounts of local slip being accommodate
once slip is initiated. In addition, the deviation from trans-
formed and measured parallel strain suggests higher strain
relaxation close to the fault than in the sample blocks.

3.1.2 Slide-Hold-Slide Test

With the exception of the sandy facies sample deformed at
5 MPa confining pressure (D;ypr~7 mm), we performed
slide-hold-slide (SHS) tests on each specimen after a total
piston displacement of D;ypp~6 mm. Due to the applied

confining pressure and different strain hardening behavior
of the samples, differential stress reached at the start of SHS
test (oHd) varies. Hold times were 60, 600 and 6000 s and
axial displacement after each hold period was 0.25 mm. Dur-
ing each period, the differential stress relaxed nonlinearly as
elastic strain stored in the specimen and loading frame was
released, resulting in sample creep (Fig. 4). Note, that in our
experimental setup both the normal and shear stresses acting
on the fault plane decreased during each hold period.

For samples from both facies types deformed at vary-
ing confining pressures, differential stresses decrease with
increasing hold time, with increasing confining pressure
and with larger initial ¢"; (Fig. 4). After each hold period,
elastic loading is terminated by a small stress drop once slid-
ing on the saw-cut fault is activated (Table 3). Peak stresses
achieved during loading increase with hold time, confining
pressure and 6" ;. However, at confining pressure of 35 MPa
(Fig. 4e, f) initial peaks and stress drops become less promi-
nent for the shaly facies sample.

Stress relaxation was similar for all hold periods last-
ing different time intervals. Here, we focus on the effect
of confining pressure on the hold period of 6000 s (Fig. 5)
and measure axial and volumetric matrix strain and differ-
ential stress during the hold periods. Positive strain repre-
sents compaction and negative strain indicates dilatancy.
The shaly facies sample deformed at 5 MPa confining
pressure and the sandy facies samples deformed at 5 and
20 MPa confining pressure started dilating prior to SHS tests
(Fig. 2). During stress relaxation, these specimens continue
to dilate (Fig. 5a—d). This is in contrast to shaly facies sam-
ples deformed at 20 and 35 MPa confining pressure. During
relaxation, axial and volumetric strain change from dilation
to compaction within < 1000 s. Similar behavior is observed
for the sandy facies sample deformed at 35 MPa confining
pressure.

For sandy and shaly facies samples, we observed increas-
ing creep relaxation Ay, with increasing hold time but
smaller Ay, at higher confining pressures (Figs. 4, 6a, b).
Samples from sandy and shaly facies behaved similar at
comparable conditions unlike sample response to reloading
that depended on OPA facies type. For the shaly facies of
Opalinus Clay, strengthening Ay, is negative independent
of hold time and confining pressure (Fig. 6¢) and the total
amount of frictional strengthening decreases with increasing
confining pressure but increases with increasing hold time.
For the sandy facies frictional strengthening is negative at
p.=35 MPa but close to zero at higher confinement at hold
times of 60 and 600 s (Fig. 6d). At 6000 s, strengthening at
p.=20 and 35 MPa is again slightly negative.

With the exception of the two experiments on sandy
facies samples, creep relaxation and frictional strengthen-
ing follow a linear dependence with increasing hold time on
semilogarithmic scale (Fig. 6). Following previous studies
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Fig.4 Slide-hold-slide tests performed on the shaly and sandy facies
of Opalinus Clay deformed at confining pressures of p,=5, 20 and
35 MPa. During each hold period, ranging from 60 to 6000 s (indi-
cated by grey areas and numbers), differential stress decreases as elas-
tic strain stored in the sample and loading frame is relaxed. Note that
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differential stress Ao, and time are all normalized to the start condi-
tions of the first hold (60 s). Furthermore, note the broken time axis
and different scales for Acy axis. Different initial differential stresses
at the start of SHS tests (") are due to confining pressure and strain-

hardening behavior
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Table 3 Summary of mechanical data from the observed stress drops
that followed each hold period

Opalinus p. (MPa) Hold time  Stress d,, (um) vy (um/s)
Clay sequence drop
(s) (MPa)
Sandy facies 5 60 0.1 10.6 1.2
600 0.2 15.3 1.5
Sandy facies 20 60 0.4 20.4 1.5
600 1.0 319 2.3
6000 1.6 37.0 3.7
Sandy facies 35 60 0.3 28.0 1.0
600 0.7 319 1.5
6000 0.9 412 1.6
Shaly facies 5 60 0.1 10.1 1.2
600 0.2 13.1 1.5
6000 0.3 18.6 1.5
Shaly facies 20 60 0.2 16.2 1.3
600 0.6 24.3 1.7
6000 0.7 30.9 1.8
Shaly facies 35 60 0.0 3.7 0.9
600 0.1 16.2 1.1
6000 0.1 20.3 1.1

p. confining pressure, d,, slip weakening distance, v slip rate

where SHS tests were performed on bare rock surfaces or
natural and synthetic fault gouges of different compositions
(e.g., Dieterich 1972; Marone 1998; Carpenter et al. 2016),
creep relaxation rates (f,) and frictional strengthening rates
(By) may be expressed as ., =d(4u, ,)/d(log;o(1)). Both
rates obtained are negative for the conducted experiments
(Fig. 6e, f). Measured creep relaxation rates of the shaly
facies are lower compared to those of the sandy facies at
p.>20 MPa and tend to decrease with increasing confining
pressure, whereas f, of the sandy facies is less affected by
confining pressure (Fig. 6e). In contrast, frictional strength-
ening rates of both facies seem to increase slightly with
increasing confining pressure (Fig. 6f), where f3, values of
the sandy facies are higher compared to the shaly facies.
We observe a distinct peak in frictional strength upon
reloading followed by a stress drop as fault slip starts. In
general, the amount of frictional weakening Au,, and slip
d,, are correlated as absolute values of both increase with
increasing hold time (Fig. 7a, b). For all samples, weakening
Ay, is less with increasing confining pressure and JHd. For
the sandy facies of OPA, slip weakening distance increases
with increasing confining pressure, as for shaly facies sam-
ples deformed at p,=35 and 20 MPa. Furthermore, sandy
facies samples displayed stronger frictional weakening Ay,

and slip d,, at p,=20 and 35 MPa compared to the shaly
facies.

To estimate the stability of the observed fault slips (dur-
ing constant strain rate deformation and SHS tests), we have
determined the unloading fault stiffness of OPA (k;=-A7/
Asy) during each slip event, resulting in values between 4
and 34 MPa/mm. Instability may be promoted if the fault
stiffness becomes greater than the system stiffness, i.e., a
stiffness ratio k=k/k; <1 (Rice 1983). To compare the given
fault and system stiffness values, we projected k; along the
loading direction to obtain the equivalent axial stiffness
of the fault, yielding values from 10 to 90 MPa/mm. For
k, both the given machine stiffness (k,, = 0.67-0.7 MN/
mm, corresponding to ~341-356 MPa/mm) and elastic rock
matrix stiffness (k,) have to be considered. Therefore, we
determined Young’s modulus E of each sample between
the onset of deformation and yield stress. For the sandy
and shaly facies, we obtain E=11-14 GPa and 6-8 GPa,
respectively, comparable to previous deformation experi-
ments performed on OPA (e.g., Niiesch 1991; Schuster et al.
2021). Stiffness of the loading system is calculated via k,=1/
(1/k.+ 1/k,,), where rock matrix stiffness is estimated using
the expression k, = E/L. Depending on the facies type and
confining pressure, loading system stiffness ranges between
ky=52-100 MPa/mm. At none of the applied confining pres-
sures the condition k=k/k,< 1 was met. We can therefore
conclude that fault slip is stable and accommodated by slow
slip.

3.2 Ultrasonic Velocities and AE Activity

We monitored elastic P-wave velocity evolution and AE
activity during fault reactivation and present here three dif-
ferent velocity traces (see Fig. S1a, Fig. 8). P-wave velocity
was measured parallel to the sample axis crossing the saw-
cut plane, providing the velocity normal to bedding orienta-
tion V,(90°) (see Fig. Sla, sensor pairs: Z16-L15). P-wave
velocity parallel to bedding orientation V,,(0°) and perpen-
dicular to the cylinder axis was measured at the top (VTP)
and bottom (VBP) part of the sample at an offset of ~1.5 cm
from the fault plane (see Fig. Sla, sensor pairs: I5-W7 and
C11-R13).

P-wave velocity parallel to the bedding is higher than per-
pendicular to it (Fig. 8). Using the ratio of measured initial
velocities parallel and perpendicular to foliation as a meas-
ure of anisotropy (V,(0°)/V,,(90°)), the anisotropy of shaly
facies samples (~ 1.7-1.9) exceeds that of sandy facies sam-
ples (~ 1.3—-1.6). The differences between Vp(0°) and Vp(90°)
decrease at elevated confining pressures and axial shorten-
ing. In comparison to previous axial deformation, sample
relaxation and fault reactivation during SHS tests have no
significant effect on P-wave velocities.
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Fig.5 Normalized axial ¢,, (a, b) and volumetric &, (¢, d) strain
and differential stress o, as a function of time during stress relaxa-
tion with a hold period of 6000 s of the shaly (left column) and sandy

At 5 MPa confining pressure, bulk horizontal velocity
VB’Tp (0°) of all samples ranges between 3.6 and 3.7 km/s
and displays no significant change during axial deformation
(Fig. 8a, b). In contrast, P-wave velocities measured parallel
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facies (right column) of Opalinus Clay. Note that the test of the sandy
facies sample deformed at a confining pressure of 5 MPa was inter-
rupted after ~2000s due to technical issues

to the sample axis and normal to bedding V,, (90°) increase
with increasing axial load. Initial velocity increase is about
180 m/s for the shaly and ~75 m/s for the sandy facies’ sam-
ples, respectively, up to fault reactivation and stress drop.
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Subsequently, with increasing axial shortening and fault slip
the velocity changes increasingly less.

At 20 and 35 MPa confining pressure, initial horizontal
velocity increased slightly by about 4 m/s/MPa for the
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between 5 and 35 MPa. Resulting creep relaxation f, (e) and fric-
tional strengthening g, (f) rates of both facies are shown as a function
of confining pressure p,

MPa in average). Interestingly, the V%' (0°) progressively
decreases during deformation (Fig. 8c—f). The observed
velocity decrease is distinctly stronger for the sandy facies
(~200 m/s) compared to the shaly facies (~20 m/s). The
evolution of V, (90°) with ongoing deformation shows the
same trend as described for the experiments performed
at 5 MPa confining pressure. However, the difference
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Fig.7 Frictional weakening Ay, versus slip weakening distance d,, of the shaly (a) and sandy facies (b) of Opalinus Clay measured at re-sliding

after hold periods of 60, 600 and 6000 s (indicated by numbers)

between the initial velocity and the velocity at fault reac-
tivation increases with increasing confining pressure and is
higher for the sandy (~200 m/s at p, =20 MPa and 280 m/s
at p, =35 MPa) than for the shaly facies (150 and 200 m/s,
respectively). Simultaneously, the accumulated volumetric
strain prior to fault reactivation increases with increasing
confining pressure. Increasing vertical velocity coincides
with increasing stress and volumetric strain, except for the
sandy facies at p,=20 MPa, where the volumetric strain
decreases after the stress drop (Fig. 8d). This suggests that
the vertical velocity increase is caused by sample bulk
deformation and limited by the onset of shear displace-
ment along the fault.

AEs were detected only during deformation tests per-
formed on sandy facies samples. AE cumulative number
increased with increasing load, depending on confining
pressure and strain partitioning (Fig. 8b, d, f). At 5 MPa
confining pressure, AE activity is correlated with fault
sliding and starts at fault reactivation (Fig. 8b). With
increasing deformation, AE activity decreased. During
hold periods in SHS tests, no AEs were recorded for all
specimens. However, as piston displacement resumed,
AE activity simultaneously continued. With increasing
confining pressure, the cumulative number of recorded
AE decreased drastically (note different scales in Fig. 8).
At p.=20 and 35 MPa, the onset of AE coincided with
the yield stress. AE hypocenters from sandy facies sam-
ples are dominantly located along the saw-cut fault plane
(see Fig. S3 of the supporting material), with the largest
density of events surrounding the fault core of the sample
deformed at 5 MPa confining pressure (~ 10 mm).
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3.3 Deformation Structures

After each experiment, the fault surface topography of
deformed samples was measured using surface profilom-
etry. Subsequent microstructural observation of the fault
topography was performed using SEM imaging of cm-sized
blocks cut from one sample block. In addition, BIB-polished
cross sections oriented perpendicular to the shear direction
were prepared to characterize deformation structures of the
interface between the fault surface and the wall rock and
associated gouge development.

3.3.1 Surface Topography

In general, fault structures of deformed samples depend on
confining pressure and sample facies. The roughness of the
sheared fault surfaces increased compared to the starting
saw-cut. Sandy facies samples display sliding surfaces that
are rougher compared to the shaly facies samples deformed
at similar conditions (Fig. 9). Root mean square roughness
S also increased with increasing confining pressure. Tiny
groove patterns created during sample preparation of the
fault (Fig. 9a, b) were overprinted by shear deformation.
Samples of the sandy and shaly facies deformed at
5 MPa confining pressure display mating fault surfaces
covered with finely pulverized wear particles (light grey
colored in Fig. 9c, d). Gouge particles are distributed
rather homogeneously on the surface, with several elon-
gated topographic elevations formed by accumulated
gouge. These asperities are smaller and flatter for the
shaly facies, but larger and patchier for the sandy facies.
Elongated heights on faults of sandy facies samples with
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Fig.8 Temporal evolution of shear stress (black), volumetric strain
(green), cummulative acoustic emission (AE) activity (yellow) as
well as horizontal (0°,bulk) and vertical (90°, crossing the saw-cut)
P-wave velocity (blue and red, respectively) for the shaly (left col-

their long axis oriented perpendicular to the displacement
direction represent sheared sand layers of the wall rock.
Topographic lows lack gouge particles and show evidence
of striation characterized by grooves oriented in the sense
of shear.

Gouge layers changed with increasing confining pres-
sure depending on starting material. At confining pres-
sures > 5 MPa slickensides developed and pulverized wear
particles on the surfaces decrease gradually. Samples of the
shaly facies revealed cohesive, platy, fragmented gouge, that

umn) and sandy facies (right column) of Opalinus Clay deformed at
a confining pressure of 5 MPa (a, b), 20 MPa (c, d) and 35 MPa (e,
f). Note the different scales. Vertical lines indicate sample yielding,
the onset of fault slip and the start of the slide-hold-slide test protocol

is shinier and less pulverized at higher confining pressure
(Fig. 9d, g). Topographic lows are characterized by shiny,
polished, uniformly flattened and striated slickenside sur-
faces. Fault surfaces from sandy facies samples show the
development of a stepped topography of undulating, asym-
metric asperities that are elongated perpendicular to the slid-
ing direction (Fig. 9f, h). Roughness S of faults from sandy
facies samples was larger compared to shaly facies faults.
It is important to note that the overall surface roughness
of the samples deformed at confining pressures >5 MPa
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Fig.9 Optical image of fault
surface structures (footwall
sample) with respective
microtopography map and
average RMS surface rough-
ness S, (measured by 3D optical
profilometry) before (a, b) and
after triaxial tests on Opalinus
Clay at confining pressures of
p.=3, 20 and 35 MPa (top to
bottom). Initial roughness was
in average $;=7.9+2.0 um.
Deformed samples from the
shaly facies (left column) reveal
smoother surfaces than those of
the sandy facies (right column).
The color bar on the right
shows the elevation of asperities
on the fault surface. Arrows
indicate movement of missing
block. Microtopography maps
were acquired on an area of

50 x40 mm? located at the same
position for each sample (see
inset in a, b)

[V

Table 4 Root mean square (RMS) surface roughness S, of wall rock
and gouge surfaces of the shaly and sandy facies of Opalinus Clay
deformed at 20 and 35 MPa confining pressure (p,)

Opalinus Clay p.=20 MPa p.=35MPa
Sq Wallrock S, Gouge S, Wall rock S,
(um) (pm) (um) Gouge
(um)
Shaly facies 12 36 11 38
Sandy facies 26 64 26 50

P, confining pressure
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Shaly Facies

Sandy Facies

increases as larger asperities are formed by broken gouge.
For these samples, we analyzed separately the topography
that has been developed on the surfaces of the wall rock and
gouge (Table 4). For both facies, RMS surface roughness
of slickensides on the wall rock are lower than that of the
gouge, and for the sandy facies the roughness of both surface
types is distinctly lower compared to the complete analyzed
fault surface (Fig. 9c—h). As for the whole surface (Fig. 9),
the sandy facies has a higher roughness compared to the
shaly facies for both types of surfaces.

Microscopic observations of the developed surface topog-
raphies are consistent down to the SEM-scale (Fig. 10).
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Sandy Facies
pec =5 MPa

Shaly Facies
pc = 35 MPa

Fig. 10 SEM image of representative fault surface structures of the
sandy facies (a) deformed at 5 MPa confining pressure. As shown in
b at high magnification (inset of a), matte, pulverized wear shows an
accumulation of fragmented clastic and clay minerals with a lower
fabric intensity compared to slickenside surfaces. In areas with lit-
tle gouge covering (c), clastic grains display fractures and signs of
rotation in the sense of shear (inset of a). Fault surface of the shaly
facies sample deformed at 35 MPa confining pressure (d) showing

the development of slickensides and striations on gouge surfaces and
along the boundary between the fault zone and wall rock. Polished
surfaces are marked by highly laminated clay particles forming a
connected smooth covering interrupted by grooves (e). At the edges
where the cohesive gouge was broken apart after sample separation,
several phyllosilicate minerals are aligned in parallel (f). Arrows in a
and d indicate movement of the missing block

Table 5 Mineralogical

= Opalinus Clay p. (MPa) Clay (Wt%) Quartz (Wt%) Carbonates Feldspar ~ Pyrite (wt%)
composition qf produced gouge (Wt%) (Wt%)
after deformation of the shaly
and sandy faci.es of Opalinus Sandy facies 5 65 24 5 6 <1
g‘;ys a;znﬁmng pressures p. Of g, 1 dy facies 20 68 21 6 6 <1
Sandy facies 35 66 20 4 10 <1
Shaly facies 5 72 17 1 <1
Shaly facies 20 76 8 12 3 <1
Shaly facies 35 79 9 2 <1

D, confining pressure
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«Fig. 11 Micrographs of microstructures developed in gouge of the
shaly (a, ¢, e) and sandy (b, d, f) facies of Opalinus Clay deformed at
p.=5-35 MPa showing the development of several Riedel-, bound-
ary- and Y-shear planes. Longest axis of phyllosilicate minerals pref-
erentially aligns parallel to P-orientation. In comparison to the shaly
facies, gouge development in the sandy facies is dominated by active
cataclasis indicated by several broken clastic minerals and grain frag-
mentation. Instead, several distributed um-thin shear zones accommo-
date strain in the gouge of the shaly facies with only minor cataclasis.
Confining pressure, bedding plane orientation of the wall rock as well
as shear and loading direction are indicated in the black boxes at the
bottom left of each picture. Further details (also labeled by numbers)
can be found in the text (chapter 3.3.2)

Comminuted clastic and phyllosilicate minerals forming
pulverized gouge layers show grain sizes in the submicron
range (Fig. 10a, b). Smooth and polished slickenside sur-
faces with low topography reveal a homogeneous coating
of highly aligned clay particles oriented parallel to the shear
surface with striations (Fig. 10d, e). We also observed an
increase in gouge layer width with increasing pressures. For
the sandy facies of OPA deformed at 5 MPa confining pres-
sure, in areas with little gouge several clastic grains in sand
layers of the wall rock are visible showing microcracks and
rotation in the direction of slip (Fig. 10c1). At high confin-
ing pressure no comparable structures were found in both
facies types. Instead, the wall rock was covered homogene-
ously with slickensides formed by oriented clay particles.
In addition, we observed a stepped topography of multiple
layers of clay minerals stacked parallel to the slip direction
at the edges where the cohesive gouge was broken up after
the separation of the sample halves (Fig. 10d, f). Some of
these “steps” with larger exposed surface areas also show
slickensides (Fig. 10f1). This suggests the development of
several parallel-oriented shear planes within the fault gouge.
Fault surfaces developed at 20 MPa confining pressure show
transitional structures compared to samples deformed at 5
and 35 MPa.

Finally, we determined the mineralogical composition of
produced gouge from all samples. To this end, a spatula was
used to carefully remove the top layer of the sheared fault
surface for subsequent XRD analysis (Table 5). Compared
to the bulk composition of undeformed material (Table 1),
gouge of the sandy facies displays a clear depletion of quartz
(~21 wt%) content, whereas we observe an enrichment of
clay minerals (+~30 wt%). On the other hand, there is no
significant compositional difference between the bulk and
gouge composition of the shaly facies.

3.3.2 Microstructural Observations of Wall Rock and Fault
Interface

The gouge and damage in the adjacent host rock after defor-
mation was observed using BIB-polished cross-sections pre-
pared parallel to the direction of the slip and perpendicular

to the fault plane. In reflected light microscopy, the gouge
appears darker compared to the wall rock, probably due to
grain size reduction, with occasional light-colored gouge
appearing in lenses. At SEM-scale, brightness difference
of these gouge lenses can be attributed to an enrichment
of fragmented calcite mineral grains identified by EDX.
Note that epoxy resin intruded between the gouge and wall
rock interface due to the preferred orientation of particles
at shear. Furthermore, SEM analysis of BIB-cross-sections
reveals several microstructural elements that developed
within the gouge. Following Logan et al. (1979) (see Fig.
S4 of the supporting material) structures may be identified as
Riedel, Y, P and boundary shear planes, which opened upon
unloading but show signs of offset. We find deformation
structures indicating cataclasis, frictional granular flow and
intracrystalline plasticity of phyllosilicates as major acting
mechanisms accommodating gouge deformation.
Structural fabric elements developed in the gouge of the
two facies types are similar for each applied confining pres-
sure (Fig. 11) with deformation microstructures generally
characterized by grain size reduction of non-clay minerals,
a higher fabric intensity compared to the wall rock as well
as a strong shape-preferred orientation of clastic and clay
minerals that distinctly differs from bedding plane orienta-
tion. The clay matrix anastomoses around clastic grains and
exhibits a dominant foliation in P-orientation (sub-perpen-
dicular to o-direction), which is frequently interrupted by
several R; and Y shears. The longest (< 150 um), continuous
R, shear planes formed in samples deformed at p.=5 MPa
(Fig. 11a, b). Largest clastic particles in the gouge mostly
consist of quartz and display grain sizes <50 pm in the sandy
and < 15 pm in the shaly facies samples. The sub-rounded
grains show low sphericity and align parallel to clay matrix
foliation (P- and R;-shear planes). Particles in the gouge
indicate a wide grain size distribution ranging from sub-
micron to several tens of microns. Gouge layer thickness is
heterogenous and a function of confining pressure and facies
type revealing layers between 60 and 70 um for samples
deformed at 5 MPa confining pressure up to 200 and 280 um
for samples from sandy facies and 100 and 150 um for shaly
facies samples deformed at p, =20 and 35 MPa, respectively.
In gouge layers of the shaly facies of OPA (Fig. 11a, c,
e), clasts are fully matrix-supported and display smaller
grain sizes compared to the sandy facies (Fig. 11b, d, f).
P- and Riedel shear planes may be identified by reopened
fractures after unloading, revealing pm-thin shear zones with
nanometer-sized clay minerals bent or aligned parallel to
the local shear direction. Mineral clasts generally align with
their longest axis parallel to gouge foliation. Shear zones
anastomose around small clastic grains, resulting in a dense
network of distributed shear planes. In both facies’ types
we find former framboidal pyrite (Fig. 11a3, f1) distributed
along Riedel and P-shear planes as well as mica delaminated
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and bent in slip direction (Fig. 11f3). Active fragmentation
by cataclasis inside the gouge is indicative for calcite grains
forming trails of broken clasts and spalling (Fig. 11a4, cl,
el). Fossils, which are abundant in the undeformed material
and wall rock of the shaly facies, are absent in the developed
gouge and have probably completely disintegrated. Samples
of the shaly facies that were deformed at confining pressures
of 20 and 35 MPa, reveal several Y-shears that intersect with
P- and R;-shear planes forming an undulating array of len-
toid microlithons of varying size with sigmoidal-shaped
shear boundaries (Fig. 11c2, e). Y-shears seem to be less
abundant in gouge produced at 5 MPa confining pressure.

Gouge of sandy facies samples is characterized by a
larger number of mineral clasts of different sizes, resulting
in a broader grain size distribution, a more heterogeneous
appearance as well as a higher porosity. Larger clasts coated
with clay minerals often show particles rotated between
adjacent R,-shear planes (Fig. 11b1, d1). Furthermore, we
find broken feldspar and quartz grains, which either dis-
play single fractures open subparallel to the o;-direction
(Fig. 11d3, f2) or are highly comminuted (Fig. 11d2, f)
resulting in angular fragments < 1 um with large interparti-
cle porosity. With progressive strain, clastic fragments may
become more spherical and rounded as a result of abra-
sion and flaking, whereas interparticle pore space seems to
decrease as clasts are reworked in the clay matrix. In sandy
facies gouge, cataclasis increases with increasing confining
pressure shown by an increasing amount of broken clastic
grains with no or little offset as well as trails of fragmented
grains. Slip also localized in R,-shear planes in samples
deformed at a confinement of 35 MPa (see Fig. S5c of the
supporting material). Comparable to the shaly facies, the
abundancy of Y-shears seems to be lowest at 5 MPa confin-
ing pressure. Furthermore, Y-shears seem to develop prefer-
entially in areas of increased clay matrix content.

In the shaly facies but also in clay-rich areas of the sandy
facies, gouge is bordered by very discrete, thin boundary
shears (<5 um width) in which clay minerals align parallel
to the fault surface (Fig. 11a2, b3, e2), creating a sharp con-
tact to the bedding plane orientation of the wall rock (Fig.
S5d1, S5el). On the other hand, larger calcite grains in the
shaly facies or clasts in grain-supported (sand layers) layers
in the sandy facies frequently display inter- and intragranular
fractures close to the gouge-wall rock boundary. The frac-
tures are oriented sub-parallel to the o;-direction, indicating
Mode I fracturing and stress concentration at grain contact
surfaces (Fig. 11al, Figs. S5al, S5b1). Fractured grains
often display matching grain boundaries without visible
offset and apertures of several micrometers wide.

In general, and irrespective of confining pressure, the
width of the damage zone adjacent to the saw-cut faults is
very limited and does not exceed about 0.5 mm in sandy
facies samples and is less than 0.2 mm wide in shaly facies
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samples. However, approaching the gouge-wall rock inter-
face, a gradual fabric transition is sometimes indicated by
fractured grains rotated towards the shear zone in sense of
slip. This is shown by asymmetric opened apertures and
bending and delamination of micas (Fig. 11b4, Fig. S5d1).
Mineral clasts that are close to boundary shears are commi-
nuted or flaked and dragged into the gouge (Fig. 11a5, Fig.
S5a2). In the sandy facies, intergranular fractures are abun-
dant in sand-layers, with almost undeformed clay-minerals
filling the interparticle pore space (Fig. S5b3). Boundary
shears pass through this porous, comminuted zone (Fig.
S5b4) eroding the wall rock and supplying the gouge mate-
rial. With increasing confining pressure, the thickness of the
damaged zone decreases and the gouge-wall rock-interface
becomes smoother and sharper (cf. Fig. S5a, Fig. S5b2, Fig.
S5c1). This agrees with our macroscopic observation that
the number of polished surfaces increased with increasing
confinement.

Strain accumulation in the wall rock of both facies’
types is indicated by pore collapse of the clay matrix, as
shown by compacted clay minerals that align parallel to
bedding and around larger clasts. We also found stretched
organic matter and collapsed framboidal pyrite (Fig. 11b2
and 5, Figs. S5f, S5g1). With increasing confining pres-
sure (p,>5 MPa), we observe enhanced alignment and
compaction of clay platelets in the matrix as well as col-
lapsed fossils in the shaly facies (Fig. S5g2). Sand lay-
ers in sandy facies wall rock show occasionally trans- or
intergranular cracks opened sub-parallel to the maximum
o, stress direction. Furthermore, clay particles in the inter-
particle pore space of grain-supported areas show no signs
of compaction (random particle orientation) in comparison
to matrix-supported domains.

4 Discussion

Triaxial deformation on saw-cut samples from the shaly and
sandy facies of Opalinus Clay performed at confining pres-
sures between 5 and 35 MPa reveal a combination of elastic
and inelastic deformation. Strain is partitioned between fault
slip and bulk rock deformation. With increasing confining
pressure, bulk deformation increases at the expense of local-
ized fault slip. At 5 MPa pressure, all samples show brittle
deformation with small stress drops initiating fault slip and
subsequent shearing at almost constant shear stress. With
increasing confining pressure, stress—strain curves show
non-linear strain hardening without dynamic localization
upon fault reactivation. Shear strength at fault reactivation
increases with increasing confining pressure, whereas the
friction coefficient decreases. Friction coefficients at fault
reactivation of the sandy facies are slightly higher (u=0.57
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—0.49) compared to the shaly facies (u=0.62 — 0.43). SHS
tests reveal negligible strengthening and negative or close
to zero healing rates. After relaxation, stress drops upon
reloading become less sharp with increasing confining
pressure. At all conditions, gouge is produced and gouge
layer thickness increases with confining pressure. Micro-
structural observations suggest a complex combination of
deformation mechanisms operating concurrently. Catacla-
sis and brittle creep involving fragmentation and rotation of
quartz, feldspar and calcite, frictional granular flow of clastic
and phyllosilicate minerals grains is dominant assisted by
intracrystalline plasticity of phyllosilicates. With increasing
confining pressure, we observe a shift in strain partitioning
from dominantly localized fault slip towards ductile defor-
mation of the wall rock with reduced slip along the saw-
cut. This is corroborated by microstructural observations in
conjunction with the recorded mechanical and acoustic data.
In the following, we summarize and combine the obtained
experimental results to explain the observed change in the
deformation behavior of faulted OPA from the sandy and
shaly facies with increasing confining pressure. The results
are compared to previous laboratory studies and implica-
tions for the mechanical behavior and mode of reactivation
of faults in clay-rich host rocks will be discussed. Finally,
deformation mechanisms during stress relaxation leading to
frictional strengthening are examined to evaluate long-term
stability of faults in OPA.

4.1 Fault Slip Behavior
4.1.1 Deformation Mechanisms and Behavior

For the samples deformed at 5 MPa confining pressure, we
observe a rapid increase in bedding-perpendicular P-wave
velocity at the beginning of axial loading (Fig. 8a, b). This
indicates increasing contact area of surface asperities, result-
ing in better fault coupling as well as the closure of cracks
and pores in the rock matrix. Compaction of bedding-parallel
aligned pores has also been reported from experiments per-
formed on intact shaly and sandy facies samples loaded per-
pendicular to bedding (Popp and Salzer 2007; Siegesmund
et al. 2014). With further loading, the saw-cut fault starts
slipping once the shear strength of the contact asperities is
reached, resulting in a small stress drop. At 5 MPa confining
pressure, yield stress of the bulk matrix o, is almost equal
to the stress at reactivation o;. At the onset of fault slip, the
slope of P-wave velocity perpendicular to bedding vs. time
decreases. In sandy facies samples, the onset of fault slip is
accompanied by acoustic emission activity, localizing on
and near the saw-cut surface area (Fig. 8b, Fig. S3). Both
observations suggest damage initiation and fragmentation
of asperity contacts at the fault surface by microcracking
of rigid minerals (dominating in the sandy facies) and grain

rotation. In accordance with Popp and Salzer (2007) and
Siegesmund et al. (2014), bedding-parallel P-wave velocity
of the matrix is almost constant and increases at a much
lower rate than perpendicular to it.

The concurrent increase of stress and vertical P-wave
velocity at a relatively high rate indicates ongoing compac-
tion of pore space, grain reorganization and particle rota-
tion, presumably parallel to P-shear orientation. For both
facies, the onset of brittle creep beyond yield stress is associ-
ated with strain hardening (accompanied by a second stress
drop for the shaly facies sample). Matrix deformation and
fault slip is accompanied by the formation of boundary and
R;-shear planes, which may contribute to the observed hard-
ening (Haines et al. 2013). With continuing fault slip, the
vertical P-wave velocity is almost constant and increases
at a low, steady rate, suggesting a nearly stable microstruc-
tural configuration of the gouge. The increase in vertical
P-wave velocity is likely due to gouge compaction by poros-
ity reduction and grain fragmentation.

Axial matrix strain accounts for about 3 and 5% of the
total deformation of the sandy facies and shaly facies sam-
ples, respectively. In turn, this indicates fault slip is strongly
localized. This is consistent with our microstructural obser-
vations showing the formation of P- and Riedel shear planes
(Fig. 11). The relatively high friction coefficients (u~0.85,
cf., Fig. 2e, f) and the development of incohesive and granu-
lar gouge (Fig. 9) indicate the dominance of dilatant cata-
clastic deformation mechanisms involving transgranular
microcracking, abrasion and grain rotation of mineral grains
as well as frictional sliding of phyllosilicates orienting par-
allel to shear planes. The observed friction coefficients
are similar to commonly observed values (Byerlee 1978).
Similarly, high friction coefficients (peak and residual) in
the range of u=0.85 were also reported for the shaly facies
by Wild and Amann (2018) at mean effective pressures
P.<5 MPa as well as for the sandy facies by Zhang and Lau-
rich (2019) at p, <25 MPa. Also, interlayer bond strength of
basal (001) planes of clay minerals increases with decreasing
water content and may enhance brittle wear and abrasion
(e.g., Moore and Lockner 2004; Morrow et al. 2017).

Similar to the experiments performed at 5 MPa confine-
ment, all samples deformed at 20 and 35 MPa confining
pressure show a strong initial increase in bedding-perpendic-
ular P-wave velocity due to elastic compaction. Hardening
beyond yield stress is associated with further but smaller
velocity increase related to progressive closure of the saw-
cut fault and compaction of bedding parallel aligned pores
(Fig. 8c—f). P-wave velocity parallel to the bedding plane
remains relatively constant for the shaly facies. On the other
hand, bedding-parallel P-wave velocity starts decreasing
more significantly above yield stress in the sandy facies
(Fig. 8d, f). Fortin et al. (2006) attributed the P-wave veloc-
ity reduction in experimentally deformed sandstones to the
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crushing of clastic mineral grains that dominate pore col-
lapse and compaction. Due to the higher quartz and feldspar
content of the sandy facies, damage in the bulk seems to be
dominantly accommodated by microcracking, compared to
the shaly facies, where pore collapse seems to dominate.
This is consistent with the triaxial deformation tests on OPA
performed by Popp and Salzer (2007) and Siegesmund et al.
(2014), which show a higher loading-induced decrease of
bedding parallel P-wave velocities for sandy compared to
shaly facies. Note, that strain gauges on the upper and lower
saw-cut blocks show bulk compaction in accordance with
increasing axial velocity, whereas bedding-parallel P-wave
velocities suggest local dilation by microcrack formation.

As no stress drop is observed at fault reactivation, we
suspect developed shear fabrics to be immature and not
pervasive. This may be explained by the continuing defor-
mation of the bulk matrix at fault reactivation, resulting in
low fault displacement that inhibits localized shear fabric
development in the gouge but may also indicate a change of
deformation mechanism towards an increasing contribution
of viscous processes. The latter assumption is supported by
the decrease of total acoustic emission activity (Fig. 8) in
the sandy facies with increasing confining pressure as well
as the generally decreasing friction coefficient of both facies
(Fig. 2e, f). With increasing confining pressure, the fault
contact area of the two saw-cut surfaces increases. Dilatant
microfracturing of asperities is increasingly suppressed
during fault slip assisting fault creep and the development
of ductile shear zones as more space is needed for strain
accommodation. This agrees with the findings of Moore
and Lockner (2004) who suggested that clay gouge fric-
tion may decrease with increasing confining pressure due to
the progressive alignment of weak (001) basal planes with
shear planes. Shear-induced particle rotation close to the
saw-cut surface may also enhance gouge layer thickness as
a particle are incorporated into the shear zone. This may
result in the development of boundary shear planes and
eventually the formation of a sharp contact with the wall
rock (Fig. 11, see Fig. S5). Cataclastic (grain fragmentation)
and granular (grain rotation) flow with particle sliding along
anastomosing um-thin shear zones of aligned clay particles
control deformation. This agrees with slickenside surfaces
(Fig. 10d) that developed adjacent to gouge and wall rock in
samples deformed at confining pressures > 5 MPa.

Another factor potentially contributing to the reduction
of friction coefficient with increasing confining pressure is
the residual water content remaining in the samples after
drying at 50 °C (see chapter 2.1). Friction of clay minerals
is strongly influenced by adsorbed water (e.g., Ikari et al.
2007, 2009). Given the fixed residual water content of the
sandy (~0.4 wt%) and shaly (~ 1.0 wt%) facies, the degree of
saturation depends on porosity, which closes progressively
with increasing confining pressure and strain. Therefore, the
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degree of saturation of the samples is potentially increasing
with increasing confining pressure. As a result, the reduc-
tion in friction due to clay mineral alignment and changing
deformation mechanisms may be further enhanced by water-
aided surface lubrication of clay minerals. Furthermore, with
decreasing porosity water can fill the available pore space,
which can alter the effective stress state (e.g., Saffer and
Marone 2003; Ikari et al. 2007; Morrow et al. 2017).

We observe continuing strain hardening and non-linear
increase of vertical P-wave velocity with progressive slip.
At elevated pressures, more strain is accumulated in the bulk
matrix, leading to compaction. For the shaly facies sam-
ples, we estimate 28 and 41% of total deformation being
accommodated in the bulk at 20 and 35 MPa respectively.
For sandy facies samples, the bulk strain is 18 and 34% at 20
and 35 MPa, respectively. In addition, hardening may result
from shear-enhanced compaction involving comminution
and cataclasis. Strain hardening has been associated with
an increasing gouge layer thickness (Morrow et al. 2017).

Interestingly, for the sandy facies deformed at a confining
pressure of 20 MPa (Fig. 8d), a stress drop was observed
after ~4000 s (corresponding to a total axial strain of ~3.5%),
after which the bulk strain gauges show dilatancy. Differen-
tial stress and vertical P-wave velocity continue to increase,
as observed for samples deformed at 5 MPa. We posit that
with shear and compaction the gouge strengthens causing
abrupt localized failure, once the strength is exceeded (Baud
et al. 2006). Likely, at p.=35 MPa, the pressure was suffi-
ciently high to suppress the dilatant behavior of the matrix,
which is in line with the minor increase of axial velocity
(Fig. 8f). Dilatancy of the bulk is therefore an important
mechanism, affecting the partitioning of the fault and matrix
deformation. Due to the higher content of clastic minerals in
the sandy facies, dilatant microcracking is more active in the
sandy facies, whereas matrix compaction and pore collapse
are more active in the clay-rich shaly facies.

Microstructure analyses of deformed samples show
microfracturing, abrasion and grain rotation of clastic min-
erals, intracrystalline plasticity of phyllosilicates includ-
ing bending, kinking and boudinage as well as frictional
sliding of clay and non-clay mineral grains all contribute
to sample deformation and strain localization on the saw-
cut surface. The relative contribution of each mechanism
to deformation depends on the mineralogic composition as
well as on the applied confining pressure. Our observations
suggest that grain crushing, frictional sliding and rigid body
grain rotation along slip surfaces are dominant at low confin-
ing pressure in all samples. At elevated pressures strain is
accommodated by cataclastic flow in the sandy facies and
by granular flow in the shaly facies. Shear zone formation
controlled by the frictional sliding of phyllosilicates leads
to connected shear networks. Increasing contribution of
cataclasis, number of undulating shear networks and gouge
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layer thickness indicates continuous delocalization of strain
within the developed gouge with increasing confining pres-
sure. Therefore, the fault architecture of OPA changes with
increasing confining pressure and/or decreasing overconsoli-
dation. At 5 MPa confinement, a thin, central slip surface
develops. This is in contrast to a thick, viscous shear zone
produced at elevated pressures, where slip is accommodated
on boundary shears at the interface between gouge and wall
rock and along distributed shear planes within the gouge
(cf., Fagereng and Sibson 2010). The obtained mechanical
and acoustic data as well as the developed microstructures
indicate a transition from brittle towards ductile deformation
of OPA with increasing confining pressure at the applied
conditions.

Our experimental observations show similarity to grain-
scale deformation mechanisms identified in the “Main
Fault” at the Mont Terri URL (Laurich et al. 2014, 2017,
2018), in particular grain size reduction by cataclasis and
abrasion, frictional granular flow as well as bending of
phyllosilicates. However, due to the short time scale of our
experiments performed on dried sample material, other
processes observed under natural conditions such as pres-
sure solution/mineral precipitation and mineral formation
(Laurich et al. 2014) are not captured. Microfabrics devel-
oped in the shaly facies samples deformed at confining pres-
sures > 5 MPa show great similarity to the main structural
elements of the “Main Fault” exposed in Mont Terri URL
(cf. Laurich et al. 2014, 2017, 2018; Jaeggi et al. 2017).
There, the fault gouge displays sigmoidal P-foliation (S-C
fabric) and an anastomosing network of um-thick shear
zones most in Y and R, orientation, which is bordered by
sharp Y-shears forming slickenside surfaces. Comparing
the in-situ gouge fabric at Mont Terri URL, formed by
faulting of a slightly overconsolidated protolith (max. bur-
ial ~1350 m) at an overburden of ~ 1000 m (Nussbaum et al.
2011, 2017), with the experimentally developed microfab-
rics, we infer ductile, aseismic deformation behavior of the
“Main Fault”, in agreement with field studies (Laurich et al.
2017, 2018; Hopp et al. 2022).

Interestingly, XRD analysis of sheared gouge material
of the sandy facies shows a clear enrichment of the clay
mineral fraction in comparison to the bulk material, sug-
gesting a stronger incorporation of clay into the gouge
material compared to the more competent sand-rich lay-
ers. These observations may have important implications
for the clay smear potential (e.g., Vrolijk et al. 2016) and
the sealing efficiency of fractures in the OPA sandy facies.
In contrast, gouge produced in the shaly facies has a similar
mineralogic composition compared to the starting mate-
rial. This has also been reported for natural gouge from
the “Main Fault” and the surrounding shaly facies host
rock at the Mont Terri URL (Laurich et al. 2017; Wenning
et al. 2021).

4.1.2 Fault Strength and Strain Localization

OPA shares deformation features of both weak rock and stiff
soil (NAGRA 2002). As such, petrophysical (e.g., poros-
ity, density) and mechanical properties (e.g., strength, com-
pressibility and stiffness) depend on the maximum burial
depth and diagenesis experienced during geological history.
When a sedimentary layer is subjected to unloading after
burial compaction, e.g., by geological uplift, it remains
over-consolidated due to residual plastic volumetric strain.
The over-consolidation ratio (OCR), expressed as the ratio
of effective preconsolidation pressure to present effective
vertical stress (Azizi 1999), may be used to characterize
the burial history of sediment and predict its deformation
behavior (Paterson and Wong 2005) when chemical cemen-
tation and horizontal tectonic compression are negligible
(e.g., Ingram and Urai 1999). In the following, we discuss
the obtained results in the framework of critical state theory
(e.g., Cam-Clay-Model; Schofield and Wroth 1968; Roscoe
and Burland 1968) and analyze volumetric strain changes
in the mean effective stress (p=(o;+2 p.)/3) and differ-
ential stress (64=0, — p.) space in an effort to explain the
observed mode of fault reactivation and strain partitioning
of the tested saw-cut samples.

In critical state models, the yielding of a porous mate-
rial follows an approximately elliptically shaped, “capped”
surface in the p-o4 space, which is limited by prior normal
consolidation (e.g., Schofield and Wroth 1968; Wood 1990).
The yield surface expands with increasing normal consolida-
tion or decreasing porosity, whereas elastic deformation is
restricted to overconsolidated materials (Azizi 1999). It is
divided by the critical state line that separates dilatant, brittle
deformation including strain softening and shear localiza-
tion (Hvorslev line) from compacting, ductile deformation
involving strain hardening and shear-enhanced compaction
(Roscoe line). With progressive shearing beyond yielding,
the load path will terminate in both cases when the critical
state is reached, hence when shear deformation occurs at
constant volume, effective differential or mean stress, irre-
spective of the loading history. Describing the deformation
and failure mode depending on effective stress and porosity,
critical state, cap models were also applied in characterizing
the constitutive behavior of several porous rocks such as
sandstone, limestone, tuff and porous basalt (e.g., Scott and
Nielsen 1991a, b; Wong et al. 1997; Cuss et al. 2003; Loaiza
et al. 2012; Rutter and Glover 2012; Wong and Baud 2012;
Nicolas et al. 2016). Failure of siliciclastic, porous rocks
across the brittle-ductile transition is primarily determined
by pressure-sensitive cataclastic deformation mechanisms
(cf., Rutter and Hadizadeh, 1991).

For simplicity, we assume identical initial porosity of the
tested samples of the shaly (@ gy facies = 15.7 £ 1.3v01%) and
the sandy facies (@gpqy facies = 1 1.1 £ 1.1v01%). Furthermore,
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Fig. 12 Stress paths of the shaly (a) and sandy (b) facies of Opalinus
Clay deformed at p,=5 (blue), 20 (green) and 35 MPa (red) projected
in the three-dimensional space of mean stress — differential stress —
specific volume. The use of the hydrostatic unloading curve in con-

we assume that the volumetric strain measured by the strain
gauges (average of SGV1/2, SGH1/2 in Fig. S1a) records a
change of total porosity (d¢ = ((Vgmpie X @) = €01 X Vampie//
Vample)- Following Azizi (1999), we calculated the evolution
of the specific volume via the expression v=1+((¢p —dp)/(1
— (@ — dgp)) to represent porosity changes associated with the
stress path in the p-o4-v space (Fig. 12). We further neglect
any potential pore pressure changes since the samples were
dried before testing and exposed to drained boundary condi-
tions during hydrostatic and axial deformation. Figures 12a,
b show hydrostatic loading curves (solid line) of the shaly
and sandy facies derived from volumetric strain measure-
ments of the specimens deformed triaxially at a confining
pressure of 35 MPa. Hydrostatic pre-compaction may rep-
resent normal consolidation (Azizi 1999) and resulted in
higher volume reduction in the shaly compared to the sandy
facies. During a hold phase of ~ 18 h duration at 50 MPa con-
fining pressure, we observe creep compaction of the shaly
facies and subsequent permanent specific volume reduc-
tion after unloading for both facies. Hydrostatic unloading
curves (dashed line in Fig. 12) were interpolated from the
final volumetric deformation obtained for each sample after
reducing the confining pressure to 20 and 5 MPa, respec-
tively. Due to the higher content of strong mineral phases
(e.g., quartz, carbonates, feldspar) and lower porosity, the
sandy facies generally displays higher elastic stiffness and
strength parameters compared to the shaly facies, as has
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junction with the determined yield point of the bulk, fault reactivation
and matrix dilation stress allowed mapping of the observed deforma-
tion modes. Stress at the onset of fault slip is indicated by black dots.
Matrix dilation is indicated by black triangles

also been shown in previous experimental studies on OPA
(cf., Popp and Salzer 2007; Grisle and Plischke 2010, 2011;
Siegesmund et al. 2014; Wild and Amann 2018; Favero et al.
2018; Zhang and Laurich 2019; Crisci et al. 2021; Schus-
ter et al. 2021). As confining pressures were reduced for
subsequent testing, samples become overconsolidated. Dur-
ing subsequent loading, the elastic strain component of a
specific stress path depends on OCR, limited by the yield
point, forming a so-called elastic wall for different stress
paths (Azizi 1999). In our experiments, the elastic wall (blue
area in Fig. 12) is bounded by the unloading curve in the
p-v space and the yield stress of the bulk matrix. In this
framework, it is assumed that the elastic wall is limited by
maximum normal consolidation (Azizi 1999), which is why
we extrapolated the upper limit of the wall to the p—v condi-
tion before unloading.

The differential stress paths of the tests as well as the
determined yield stress and stress at fault reactivation are
displayed schematically in p-o4-v space (Fig. 12). Elastic
deformation is limited by a capped yield surface. For the
specimens deformed at 5 MPa and OCR = 10, the stress
at fault slip (indicated by black dots in Fig. 12) coincides
with the yield stress and the upper limit of elastic matrix
deformation. The release of stored elastic strain energy upon
failure resulted in a stress drop (e.g., Byerlee 1970; Diet-
erich 1972) via stable slow slip (c.f., chapter 3.1.2). With
ongoing axial shortening, deformation is first accommodated
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by a combination of fault slip and matrix compaction until
fault slip and dilatancy dominate (Fig. 12; blue stress path).
An increase in differential stress after the onset of dilation
was also observed in triaxial tests performed on full cylin-
der samples of OPA from both facies (e.g., Naumann et al.
2007; Amann et al. 2012; Wild and Amann 2018; Zhang
and Laurich 2019; Winhausen et al. 2022), where the dila-
tion threshold of the matrix was in the range of ~ 80-90%
of peak stress. These studies also showed that dilatancy is
suppressed with increasing confining pressure indicating a
transition of failure mode from brittle to ductile.

For all samples deformed at confining pressures >5 MPa,
the bulk matrix yields before fault slip starts, resulting in
strain-hardening matrix compaction. The stress paths (red
and green paths, Fig. 12) approximately follow the Roscoe
surface (red area Fig. 12). After the onset of fault slip, defor-
mation occurs by a combination of fault slip and matrix com-
paction. All tested samples showed strain hardening and did
not reach a critical state. This is also reflected in the gouge
microstructures that evolve continuously without reaching
a steady state (c.f., Haines et al. 2013; Morrow et al. 2017).

Stress at the onset of fault slip oy, increases linearly with
increasing mean stress (Fig. 12). We use o; to fit a linear
Mohr-Coulomb (MC) failure envelope and determine the
friction coefficient at fault reactivation u;. In p-o,4 space,
stress at fault reactivation may be expressed as o;=a+M X p,
where a is the intercept with the o4 axis and M is the slope.
Both parameters are transformed to the Mohr—Coulomb
parameters friction angle (¢) and cohesion (c) using the
expressions: ¢ = tan™! u=sin~1((3xM)/(6 + M)) and
c=(aXtan ¢)/M (Azizi 1999). Least square regression
yields M, =0.85 and M4, = 1.01 (Table 6) correspond-
ing to ¢p=22° and 26°, respectively. The resulting friction
angles ¢ correspond well to the angle of the saw-cut with
the loading direction, @ (e.g., Jaeger 1960; Sibson 1985).
From 6=45° — ¢/2 (Jaeger et al. 2007), we infer 0, =34°
and 6,4, = 32°. The corresponding friction coefficients are
Hy=0.4 and 0.48, respectively (Table 6), in good agreement
with experimentally determined sliding friction coefficients
for the shaly facies of u=0.36 obtained by Orellana et al.

Table 6 Frictional parameters of the shaly and sandy facies of Opa-
linus Clay determined at fault reactivation using a linear Mohr—Cou-
lomb failure criterion

Opalinus Fault reactivation
Clay

MI-] a[MPa] ¢[°] Hel-] ¢ MPa]
Shaly 0.85+0.02 3.5+0.7 22+1 0.4+0.01 1.7+0.4
facies
Sandy 1.01+0.01 14+02 26+<1 048+ <0.01 0.6+0.1
facies

¢ friction angle, u, friction coefficient at fault reactivation, ¢ cohesion

(2019) on dried artificial gouge of OPA. For the sandy
facies, Ferrari et al. (2020) report friction coefficients at
peak strength of 1=0.64-0.73 performed at p.<1 MPa
and Orellana et al. (2020) report of u=0.38 at a normal
stress of ~8 MPa, both under wet conditions. The slightly
higher friction coefficient of the sandy facies compared to
the shaly facies maybe is related to the higher quartz content
and reduced clay content of the sandy facies.

Our experimental results demonstrate the gradual transi-
tion from brittle to ductile deformation with increasing con-
fining pressure for OPA. Brittle, highly localized fault slip is
generally present as long as matrix yield strength is similar
or larger than fault strength. Once fault strength exceeds
matrix yield strength, semi-brittle deformation behavior
is initiated with increasing delocalization of strain, which
is progressively partitioned into the wall rock. This was
also observed in deformation experiments on faulted Berea
sandstone (Scott and Nielsen 1991a, b) and Carrara marble
(Meyer et al. 2019; Aubry et al. 2020). Meyer et al. (2019)
described the influence of bulk yield stress o, fault strength
or and matrix failure/flow stress o, On strain partition-
ing of Carrara Marble. The authors found that the relative
contribution of fault slip is proportional to the stress ratio
(61 — 6 /(O manix — 0y)- Therefore, the pressure at which the
frictional strength of the fault exceeds bulk strength defines
the brittle-ductile transition, as suggested by Byerlee (1968),
giving the pressure limit for strain partitioning beyond which
the fault should remain permanently locked and all strain is
accommodated by diffusive matrix deformation.

To determine the pressure at the transition to ductile
deformation, we compare the frictional strength of the
saw-cut faults from this study with peak strength data
of cylindrical samples obtained in triaxial deformation
tests from several studies performed on unsaturated OPA
from the shaly (water content < 6.3 wt%) and the sandy
facies (water content < 4.5 wt%) deformed parallel and
perpendicular to bedding orientation (Fig. 13). The data
for shaly OPA are measured by Niiesch (1991) , Rummel
and Weber (1999), Rummel et al. (1999) and Grisle and
Plischke (2010). Data for sandy OPA are adopted from
Siegesmund et al. (2014), Zhang and Laurich (2019) and
Schuster et al. (2021).

The peak strength envelope for all samples in the range of
applied confining pressures may be described by non-linear
failure criteria (e.g., Niiesch 1991; Naumann et al. 2007;
Amann et al. 2012; Wild and Amann 2018). Assuming that
the investigated range of strain rates, temperatures and water
contents has no significant influence on peak strength at fail-
ure for dried samples (Schuster et al. 2021), we applied least
square regression to fit the data to the empirically derived
Hoek—Brown (HB) failure criterion for intact rock proper-
ties: 6,=p, +0,; (m; (p/o;)+ 1)*, which relates o, at peak
to confining pressure p., uniaxial compressive strength
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Fig. 13 Peak strength as a function of confining pressure for the shaly
(a) and sandy facies of Opalinus Clay deformed parallel (||) and per-
pendicular (=) to bedding orientation. Results of the shaly facies
reported from Niiesch (1991) were obtained from samples with a
water content of 1.8 wt% deformed at room temperature and strain
rates of 1.3x107-8.4x 107 s7!. Data selected from Rummel et al.
(1999) and Rummel and Weber (1999) was limited to samples with
a water content of <2.1 wt% that were deformed at room tempera-
ture and strain rates of 107 s~!. Shaly facies samples denoted as dry
(water content<6.3 wt%) by Grisle and Plischke (2010) were also
deformed at room temperature and strain rates of 10°° s™!. Results
of the sandy facies (b) reported from Zhang and Laurich (2019)
were obtained using samples with a water content<3.9 wt% that
were deformed at room temperature and a strain rate of 7x 1077 s\,

(UCS) o and a material-specific constant m; (Hoek and
Brown 2019). Obtained m; for shaly facies samples (Fig. 13a)
corresponds well to previous work reporting m; =7 +2 for
siltstones (Hoek 2007). Also, o,; agrees with UCS of unsatu-
rated shaly facies OPA (o,;=20-25 MPa, NAGRA 2002)
and/or OPA with low porosity (o,;=31-34 MPa, Jahns
2013). For the sandy facies’ samples (Fig. 13b), m; is larger
compared to the shaly facies with m; values close to those
reported for sandstones (m; =17 +4; Hoek 2007).

Stress data at the onset of fault slip, o, were fit with a
linear MC envelope, o;+p. =06, =np_+ o, where the slope
n is related to u; by the equation yy=(n-1 )/(2\n) (Zoback
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Siegesmund et al. (2014) performed true triaxial experiments with
0,=o03 at room temperature and a load rate of 0.2 MPa/min on pre-
sumably unsaturated cubic samples of the sandy facies. Experimen-
tal results from Schuster et al. (2021) were obtained at temperatures
of 100 °C and strain rates of 5x 107 s~! using dried samples from
the sandy facies with a residual water content of ~0.4 wt%. Peak
strengths of the shaly and sandy facies were fit to a non-linear Hoek—
Brown (HB) failure criterion. Furthermore, the stress at fault reactiva-
tion obtained from this study was fit to a linear Mohr—Coulomb (MC)
failure criterion. The intersection of both criterions for peak strength
and fault reactivation marks the transition to ductile deformation, i.e.
the confining pressure at which a pre-existing fault should remain
locked

2007). Due to the limited data available, we assume the
validity of a linear MC criterion for fault reactivation, hence
constant u with increasing confining pressure, and extrap-
olate the intersection of the fault reactivation and matrix
failure envelope. We obtain a confining pressure of about
p.=165 MPa and p.= 186 MPa at the intersection for the
shaly and sandy facies of OPA, respectively (Fig. 13a). Shaly
facies samples become ductile at lower pressures compared
to sandy facies samples in agreement with the observed dif-
ference in strength. This is likely due to the high clay content
of the shaly facies.
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Fig. 14 Fault slip contribution to total axial shortening of the shaly
and sandy facies of Opalinus Clay as a function of the ratio (o; — 6,)/
(Omauix — 0y) after Meyer et al. (2019). Furthermore, we compare the
obtained data of Opalinus Clay with results from Meyer et al. 2019,
who performed similar experiments with Carrara Marble at confining
pressures p.=10-80 MPa and strain rates £ between 10~ and 107 5!

Finally, we use the obtained HB-failure envelope to
extrapolate o, for OPA and calculate the relative slip
contribution, where both fault slip and matrix compaction
contribute to total deformation. Following Meyer et al.
(2019), we find that slip partitioning is in good agreement
with the stress ratio (o — 6, /(6 p,,4ix — 0y) (Fig. 14). As also
observed by Meyer et al. (2019), we find increasing shear
zone thickness with increasing confining pressure.

For OPA, our results show that brittle fault slip is
expected to be promoted at high OCRs. In laboratory
experiments a transition from brittle to ductile deformation
behavior of weakly cemented clays, clay-rich shales as well
as for OPA was found with increasing effective confining
pressure, i.e. decreasing OCR towards normal consolida-
tion (OCR=1) (e.g., Niiesch 1991; Gutierrez et al. 1996;
Nygérd et al. 2006). Furthermore, increasing strength of
OPA with increasing OCR and decreasing porosity was
shown experimentally in triaxial and uniaxial deformation
tests, performed on samples originating from different sites
with varying burial and present depths (Jahns 2010, 2013;
Favero et al. 2016; Ferrari et al. 2018; Crisci et al. 2019).
Based on oedometer tests and basin modelling, the maxi-
mum effective burial stress of OPA at the Mont Terri site
was estimated to be 17 +5 MPa, which results in an OCR
of ~3-5 (NAGRA 2002; Mazurek et al. 2006). In our experi-
mental design, we performed hydrostatic pre-conditioning
up to a confining pressure of 50 MPa, aimed to minimize
micro-fissures potentially introduced by preparation artefacts
and sample drying. Subsequent testing at confining pres-
sures of p.=5, 20 and 35 MPa resulted in OCRs of 10, 2.5
and 1.4, respectively. We conclude that the mode of fault

reactivation depends on sedimentary burial, geological uplift
and erosion.

The presented experiments were performed under dry
conditions. However, fault zones in nature are barely dry and
the frictional strength of clay minerals and of OPA highly
depends on the degree of water saturation (e.g., Moore
and Lockner 2004; Behnsen and Faulkner 2012; Morrow
et al. 2017; Orellana et al. 2019). Therefore, a lower fric-
tion coefficient for the same given yield and failure enve-
lope would increase the confining pressure where o;<o,,
favoring brittle, highly localized fault reactivation as well as
the pressure at the brittle-ductile transition where 6;> 6,,,,ix
(Byerlee 1968). For saturated gouge, reactivation would
probably result in a slow stable slip as shown by Orellana
et al. (2018a). However, decameter, field-scale fault injec-
tion experiments of the “Main Fault” at the Mont Terri URL
revealed complex slip behavior (Guglielmi et al. 2020).

4.2 Stress Relaxation and Frictional Healing

For all samples, SHS tests were started at an axial piston
displacement of ~6 mm, i.e. an axial strain of about 6%.
Total fault slip at the start of the SHS tests was differ-
ent, as resolved fault slip decreased with confining pres-
sure (Fig. 14). In general, SHS tests show minor frictional
strengthening (Fig. 6¢, d) and confining pressure-depend-
ent fault slip (Fig. 7). Frictional strengthening rate in our
study agrees with previous experiments performed on arti-
ficial gouge and intact samples of OPA (Orellana et al.
2018b, 2019). Generally, frictional healing arises from
several time- and/or slip-dependent processes at asper-
ity contacts and was shown to be influenced by mineral
composition, temperature, pressure, presence and chem-
istry of pore fluids, sliding velocity, porosity, shear fabric,
grainsize distribution and shape of grains (Beeler et al.
1994; Dieterich and Kilgore 1994; Hickman and Evans
1995; Karner et al. 1997; Marone 1998; Bos and Spiers
2002; Yasuhara et al. 2005; Niemeijer and Spiers 2006;
Niemeijer et al. 2008; Renard et al. 2012; Carpenter et al.
2016). Following these studies, frictional strengthening
of granular gouge (e.g., pure quartz or calcite mineral
grains) may result from increasing compaction and fault
closure by pore collapse, growth of grain contact area and
increase of asperity contact strength. Pore space may be
reduced by cataclasis, intercrystalline plasticity of phyllo-
silicates, frictional intergranular sliding and rotation (e.g.,
Schutjens 1991; Wong et al. 1997; Nakatani 1998; Rutter
and Wanten 2000), or by time- and temperature-dependent
creep accommodated by pressure solution (e.g., Bos and
Spiers 2000), stress corrosion (e.g., Heap et al. 2009a, b),
or dislocation activity (e.g., Renner et al. 2002).

For each hold period in the SHS runs, the piston was fixed
and axial stress was allowed to relax (Figs. 4, 5). We observe
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time-dependent deformation of OPA accommodated by fault
slip and matrix deformation that may involve a mixture of
the presented mechanisms being active along the saw-cut
and/or in the matrix (depending on confining pressure).
Based on our microstructural observations, we found no
evidence for solution-precipitation driven compaction and
contact strengthening, such as grain indentation, solution
seams or mineral overgrowths, nor indicators for significant
dislocation motion. Therefore, we infer that time-dependent
creep during relaxation is mainly due to brittle/frictional
mechanisms such as grain crushing, pore collapse and grain
rearrangement caused by intercrystalline plasticity of phyl-
losilicates, intergranular particle sliding and microcracking.

In an ideal stress relaxation experiment using an infinite
stiff loading frame, stored elastic strain energy in the speci-
men is dissipated through permanent deformation resulting
in the decay of stress as a function of time (Guiu and Pratt
1964; Schmid 1976; Rutter and Mainprice 1978; Rutter
et al. 1978). At any time during relaxation, the resulting
permanent strain rate is proportional to the stress relaxa-
tion rate and depends on the rheological properties of the
tested material. However, due to the compliance of the test-
ing machine (k,,), there is an additional portion of elastic
strain energy release during stress relaxation that has to be
dissipated by permanent deformation in the specimen during
the hold period. Therefore, during relaxation the strain rate
of the specimen (&) is related to the stress rate (‘31—':) via the
expression: £ = —(kyl, + k) ‘fl—'t’, where k, is the specimen
compliance and [, relates machine compliance to sample
strain (Guiu and Pratt 1964).

With an emphasis on sample relaxation of 6000 s, we
further characterize the different deformation behavior

a 100 1 \ 1 1 L
" Shaly Facies
+ |
- 107 ° 4 +
» e A E
4 . &
g 10?4
= A 4
3 A T
€ 10° ol
2 A F
2 L 4
B 10 ] o
¢ 10 8°®
10-5 T l\\\\l T T T T T
15 2060 65 70 75

Differential Stress [MPa]

and the underlying acting deformation mechanisms and
analyze the stress dependence of the stress relaxation
rates. To determine the stress rates, stress data were first
divided into 12-time intervals (1-2.5, 2.5-5, 5-10, 10-25,
25-50, 50-100, 100-250, 250-500, 500-1000, 1000-2500,
2500-5000, 5000-6000 s). Subsequently, stress rates were
determined by linear fitting for the respective time inter-
vals. Time-dependent creep may be described either by a
power-law in the form of ¢, = A(c,)" or an exponential
formé ., = CePes commonly used to relate creep strain rate
(€creep) to applied differential stress (o4) (e.g., Lockner 1993;
Heap et al. 2009a, b; Geng et al. 2018), where the stress
exponent n or the exponential law gradient S is indicative
of a characteristic deformation mechanism. As shown by
Schmid (1976) and Rutter et al. (1978), the stress rate in
relaxation experiments can be converted into a strain rate
if the machine and specimen stiffness are known. Since we
could not accurately determine the relevant elastic param-
eters prior to the performed SHS tests, we keep the stress
rate as it can be used equivalently as a proxy for the strain
rate and should show identical stress dependence (Rutter
et al. 1978; Rutter and Mainprice 1978).

In Fig. 15 we plot the determined stress rates to the
respective differential stress during relaxation in semi-
logarithmic scale. Least square fitting was applied for all
determined stress rates to obtain n and S of the presented
creep laws (Table 7). Obtained stress exponents range from
n=92 to 76 for the shaly facies and from n =180 to 80 for
the sandy facies and decrease with increasing applied confin-
ing pressure. The same applies to f showing higher values
at low confining pressure ranging between f=4.9-1.2 for
the shaly and f#=5.9-0.9 for the sandy facies. The resulting

b |\\\| 1 1 1 1 1 1 L
Sandy Facies [
[ ] A F
A % I
3 ° + F
. N Fi
° A + |
3 A E
E L d E
. A I b
3 ) A + 3
[ ] + [
] ® ‘ N I
i e
\\

T LA | LUN B B B B B B

15 206065 70 75 80 85 90 95

Differential Stress [MPa]

® 5MPa A 20MPa + 35MPa

Fig. 15 Stress relaxation rate of the shaly (a) and sandy (b) facies of
Opalinus Clay from SHS test at a hold period of 6000 s. Stress rate
and stress data are fitted to a power-law model to obtain the slope
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TabIg? Experimcnta}l . Opalinus Clay ~ p,(MPa)  ¢",(MPa) n Power law fitR>  § Exponential
conditions at the beginning of law fit R2
the 6000 s hold period with the
regression analysis for power Sandy facies 5 17.7 100+4 0.986 59403 0984
i’ﬁisixr‘;?? Zﬁiﬁﬁ!ﬁﬁﬁﬁilt‘iiis 104+16%  0.937* 63+0.9%  0.937*
during relaxation Sandy facies 20 68.9 117+5 0.980 1.8+0.1 0.979
116+13*  0.939*% 1.8+0.2%  0.941%*
Sandy facies 35 91.5 80+3 0.988 0.9+0.0 0.988
80 2% 0.997* 0.9+0.0%  0.998*
Shaly facies 5 19.5 92+11 0.898 49+0.6 0.895
92+30%  0.697* 51+1.7%  0.699*
Shaly facies 20 68.0 77+6 0.938 1.2+0.1 0.942
56+ 6% 0.957* 0.8+0.1*  0.958*
Shaly facies 35 73.4 806 0.955 1.1+0.1 0.958
55+£3% 0.989* 09+0.1*%  0.962*

The gradients n and § were determined over the full relaxation period of 6000 s (see text for details)

Gradients marked with a * were determined at hold times between 100 and 6000 s

p. confining pressure, o' initial differential stress at the start of SHS test, R correlation coefficient

stress exponents are significantly higher compared to the
characteristic stress exponents (n < 5) for pressure solution
(Rutter and Mainprice 1978; Schutjens 1991; Zhang and
Spiers 2005; Zhang et al. 2010; Geng et al. 2018) or stress
exponents inferred for dislocation creep in calcite or quartz
(Hirth and Tullis 1992; Renner et al. 2002). Stress expo-
nents with n> 10 were used to describe the brittle creep of
different sandstones with n =20 — 70 (Rutter and Mainprice
1978; Heap et al. 2009a, b), Tavel limestone with n=40-66
(Nicolas et al. 2017), Westerly granite n=59-64 (Lockner
1993) and Tournemire shale with n=27-63 (Geng et al.
2018; Geng et al. 2021). These studies interpret determined
stress exponents to be indicative of stress- and temperature-
dependent, sub-critical crack growth by stress corrosion
(Atkinson 1984) as governing deformation mechanism. Ren-
ner et al. (2000) determined stress exponents of n=45-110
for shaly facies OPA specimens deformed perpendicular to
bedding in creep and relaxation tests at 35 MPa confining
pressure, which was also interpreted as sub-critical crack
growth as the main acting deformation mechanism. Micro-
structural analysis indicates that stress relaxation occurs by
several micromechanisms, which may act in parallel. The
high-stress sensitivity in combination with microstructures
may indicate dominating brittle/frictional processes such
as microcracking, pore collapse, grain rotation, intergranu-
lar slip with a contribution of intercrystalline plasticity of
phyllosilicates.

As described earlier, we observe continuing dilation
of the shaly facies sample deformed at 5 MPa confining
pressure and the sandy facies samples deformed at 5 and
20 MPa confining pressure. This suggests that the combined
elastic strain of sample and machine is released by shear
displacement along the saw-cut and/or gouge compaction.

On the other hand, the shaly facies samples deformed at 20
and 35 MPa confining pressure and the sandy facies sam-
ple deformed at 35 MPa confining pressure show a change
of axial and volumetric strain from dilation to compaction
within < 1000 s. This suggests stress relaxation occurred by
a combination of fault slip and matrix shortening. Therefore,
we suspect that deformation in the early stage of relaxa-
tion (< 100 s) is dominated by slip along the saw-cut, which
presumably decreases with increasing hold time. To inves-
tigate whether the stress sensitivity changes as soon as the
dominating influence of slip decreases, we have determined
n and S values as described before also for hold times> 100 s
(Table 7 marked by *). We find a significant reduction of
n and g for the shaly facies samples deformed at 20 and
35 MPa confining pressure, supporting our previous assump-
tion that strain partitioning changes during a relaxation for
both samples from slip to matrix compaction. On the other
hand, determined gradients stay relatively constant for the
remaining samples, suggesting no change in contributing
deformation mechanism.

In general, our results confirm the contention from
previous studies on clay-rich gouge that phyllosilicates
reduce contact strengthening. Instead, clay-rich gouges
may remain weak displaying stable, aseismic creep (Nie-
meijer et al. 2008; Tesei et al. 2012; Giorgetti et al. 2015;
Carpenter et al. 2016; Ruggieri et al. 2021). However,
upon reloading we find higher frictional weakening in the
sandy facies compared to the shaly facies with increas-
ing confinement. Clay-rich gouges and bulk rocks are
expected to display a broad spectrum of deformation
behavior related to composition and fluid content (Nie-
meijer and Spiers 2006; Niemeijer et al. 2010; Tesei et al.
2012; Giorgetti et al. 2015; Carpenter et al. 2016). For
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example, the higher phyllosilicate content of the shaly
facies samples may limit compaction at confining pres-
sure > 5 MPa, as the intensity of shear foliation fabrics
is higher compared to the sandy facies samples, allowing
rapid saturation of asperity contact areas (Bos and Spiers
2000; Saffer and Marone 2003; Niemeijer and Spiers 2006;
Niemeijer et al. 2008; Tesei et al. 2012; Giorgetti et al.
2015; Carpenter et al. 2016). Upon reload strain localizes
in the interconnected shear surfaces developed in the shaly
facies resulting in the observed stable reactivation with
low frictional weakening (Niemeijer and Spiers 2006).
Sandy facies samples display greater gouge heterogeneity
and fraction of competent mineral clasts (e.g., quartz, car-
bonates) compared to the shaly facies possibly promoting
frictional weakening and dilation by grain rearrangement
after re-loading (cf., Fagereng and Sibson 2010). Kohli
and Zoback (2013) found that a critical phyllosilicate con-
tent of less than ~ 30wt% is required for unstable frictional
behavior of shale gouge. XRD-analysis of the produced
gouge material of the sandy facies (Table 5) revealed much
greater clay content, suggesting stable behavior. However,
the heterogeneity of the sandy facies (Schuster et al. 2021)
causes variations in the composition of the gouge. This
may result in unstable slip patches. Finally, the amount
of calcite in natural and artificial fault gouge was found
to increase strength recovery (Tesei et al. 2012; Giorgetti
et al. 2015; Carpenter et al. 2016; Ruggieri et al. 2021)
related to increased pressure solution processes at shallow
crustal conditions even at room temperature. For a fault
system in OPA, this may imply higher frictional strength
recovery for shear zones crossing the carbonate-rich sandy
facies of OPA composed of up to 40wt% calcite (Pearson
et al. 2003).

5 Conclusion

Fault reactivation, strain partitioning and frictional heal-
ing properties of saw-cut samples of OPA from the shaly
and sandy facies were investigated in triaxial deformation
tests. After hydrostatic pre-consolidation of 18 h at 50 MPa,
constant strain rate experiments were performed at confin-
ing pressures of 5, 20 and 35 MPa at dry conditions. With
increasing confinement, we observe a transition from highly
localized, brittle to distributed, semi-brittle deformation
behavior. At the lowest pressure, the fault slip of both facies
is initiated by a small stress drop, with the subsequent strain
being primarily accommodated by fault slip (>95%). This
behavior changes as pressure increases: deformation reveals
non-linear strain hardening and is increasingly partitioned
from stable frictional sliding towards distributed bulk defor-
mation. The upper-pressure limit for brittle localization and
the onset of strain partitioning was identified at the stress at
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which fault reactivation strength exceeds matrix yield stress.
Shear stress at reactivation increased with increasing con-
fining pressure. Consequently, the slip contribution to total
deformation decreased with increasing confinement as yield
stress and fault strength gradually diverge.

The transition in deformation behavior with confining
pressure is accompanied by an increasing gouge layer thick-
ness. Microstructural observation reveals that brittle frag-
mentation with frictional granular sliding and grain rotation
dominate deformation at low confinement. With increasing
confining pressure, we observe the formation of shear zones
characterized by a higher contribution of cataclastic (sandy
facies) and granular (shaly facies) flow, combined with the
development of anastomosing shear plane networks, delo-
calizing strain within the gouge layer. AE activity during
fault reactivation experiments decreased with increasing
confining pressure and was only detected in sandy facies
samples. Furthermore, P-wave velocity changes were more
drastic in the sandy facies and became more pronounced
with increasing confinement, indicating microcrack opening
parallel to the stress axis and matrix compaction and pore
collapse perpendicular to it.

The friction coefficient determined at fault reactivation is
slightly lower for the shaly (u~0.4) compared to the sandy
facies (u~0.48) and suggests relatively weak faults. Com-
pared to the initial sample composition, XRD analysis of
post-deformation fault gouge shows no changes in the shaly
facies, but a significant depletion of quartz and enrichment
of clay minerals in the sandy facies’ samples, explaining
the minor difference in frictional strength. Furthermore, the
fractionation of clay minerals in the gouge implies increased
sealing capacity of fault systems in the sandy facies. Slide-
hold-slide tests (60—-6000 s) performed after ~6 mm axial
shortening reveal negative or negligible frictional strength-
ening of both facies indicating stable creep and long-term
weakness at the applied conditions. However, sandy facies
samples showed rapid frictional weakening after reload,
which is why dynamic reactivation cannot be ruled out for
faults in this facies type.

Our results demonstrate that the mode of fault reacti-
vation in OPA highly depends on the sedimentary history
and present stress field. Brittle fault reactivation may be
favored at high overconsolidation ratios and at shallow depth
increasing the risk for creating permeable flow paths and
seismicity.
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