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Abstract Over the last 18 years we have extensively
studied an intra-Opalinus Clay fault zone that crops out
within the Mont Terri rock laboratory in NW-Switzerland.
We performed micro- and macrostructural characterization
on four outcrops of this so-called “Main Fault”, which
crosscuts the entire Mont Terri rock laboratory. Combining
detailed structural mapping, analysis down to the
nanometer-scale, and geophysical investigations leads to a
better understanding of fault zones within clay-dominated
lithologies. The multi-scale, multi-technique approach that
we applied in this study on four individual outcrops is
critical for describing such a complex system. In these four
outcrops, we differentiate five macroscopic structural ele-
ments of the Main Fault and have studied their occurrence
and spatial distribution. In general, scaly clay, including S—
C bands (S = “schistosité” = cleavage, C = “cisaille-
ment” = shear parallel to shear zone boundaries) and
microfolds, occurs in isolated, sharply bound lenses and in
larger zones at the top and bottom of the Main Fault. A cm-
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thin, continuous layer of gouge runs along the upper
boundary of the fault zone. The non-scaly part shows rather
low strain and consists of rhombohedral blocks of unde-
formed rock (horses), bound by slickensides. The pm-thin
shear zones are considered to be elementary building
blocks for the structural elements of the Main Fault. Direct
comparison of the four studied outcrops to each other
highlights the significant lateral variability of the Main
Fault. In addition to a reduction in thickness from west to
east, size and distribution of structural elements are highly
variable. Correlation of these structural elements between
closely spaced outcrops is not possible. Fortunately, the
upper and lower boundary of the Main Fault, as well as
thicker sheets of scaly clay, can be recognized using seis-
mic attributes and thus yield indirect information about size
and internal structure of fault zones in clay.

Keywords Mont Terri rock laboratory - Structural
elements - Scaly clay - Microstructure - Clay gouge -
p-wave velocity

1 Introduction

The Mont Terri Project is an international research
organisation, which aims to investigate and analyse the
hydrogeological, geochemical and rock mechanical prop-
erties of the argillaceous Opalinus Clay Formation. This
formation has been selected in Switzerland as the preferred
host rock for the disposal of high-level radioactive waste.
Furthermore its properties, described in detail in Bossart
and Thury (2008) and Bossart et al. (2017), are ideal for
experiments dealing with borehole integrity and CO,
sequestration. Beside the inherent properties of the host
rock, e.g. low permeability, high retention capacity for
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radio-nuclides, and self-sealing of artificially induced
fractures, faults and fault zones are important elements that
might influence the evolution of a repository. Examples of
large-scale fault settings in shales exist from studies of
décollement zones of clay-rich accretionary prisms and
tectonic mélanges: in the Barbados e.g. Housen et al.
(1996), Labaume et al. (1997), and more recently in the
Tohoku subduction zone e.g. Chester et al. (2013) and in
the Alps e.g. Dielforder et al. (2015). Recent work focusing
on the small-scale geometry and petrophysical properties
of a fault zone in shale is available from the Tournemire
site, e.g. Dick et al. (2016). These authors show that strain
inferred from anisotropy of magnetic susceptibility indicate
heterogeneous structural fabrics within the fault core. In the
Opalinus Clay, faults and fault zones were investigated
hydraulically by Marschall et al. (2004; 2005) who showed
that permeability of faulted Opalinus Clay does not differ
significantly from the undisturbed rock.

Faults and fault zones have a significant influence on the
stability of galleries and the geometry of the excavation
damaged zone (EDZ) (Yong et al. 2010; Thoeny 2014). The
EDZ develops during the excavation of new galleries and is
a zone where stress redistribution and subsequent rock
convergence result in a network of unloading fractures.
Geophysical investigations, e.g. ultrasonic measurements,
have aided in the detection of high fault densities and fault
zones (Schuster 2012). Further investigations have con-
centrated on macroscopic structure and the evolution of the
faults and fault zones in the local and regional tectonic
setting (Nussbaum et al. 2001, 2011). Recently, within the
framework of the PS (Petrofabric and Strain) experiment,
work focused on pore structure (Houben et al. 2013) and
assessment of microscale to nanoscale characterisation of
faults and fault zones. Laurich et al. (2014) found that the
elementary building blocks of the Main Fault are thin
localized shear zones of <4 pum width. They also found that
with progressive deformation, number and density of
slickenside shear surfaces increases, generating tectonically
derived scaly clay and more homogeneous gouge. In all
deformed elements of the Main Fault porosity is reduced
compared to undeformed Opalinus Clay, resulting in local
permeability barriers for pore water pressure dissipation.
During the formation/activity of the Main Fault, such per-
meability barriers could have led to differential pore water
pressures, which in turn could have controlled the evolution
and distribution of structural elements.

The present study integrates the microstructural
knowledge from the comprehensive work of Laurich
(2015) with the macroscopic structure observed at the
outcrop-scale (Nussbaum et al. 2001, 2011) in order to
generate a synthetic geometrical model of a fault zone in
Opalinus Clay. The final part of this study attempts to
correlate the observed structural elements with ultrasonic

Fig. 1 a Location of Mont Terri rock laboratory, b tectonic overview p
of the Mont Terri area, ¢ location of the Mont Terri rock laboratory on
the geological cross section

and structural data from a borehole crossing the Main Fault
close to one of the studied outcrops. Characterising the
lateral variation and distribution of structural elements
within a fault zone and recognising their signature on
geophysical logs is critical for understanding overall rock-
mass behaviour and repository evolution.

2 Geological setting

The Mont Terri rock laboratory is located in the Toarcian—
Aalenian Opalinus Clay in the southern limb of the Mont
Terri anticline about 300 m below the surface. The Opalinus
Clay can be divided into a shaly facies, a sandy facies, and a
carbonate-rich sandy facies (Blaesi et al. 1996; Bossart and
Thury 2008; Hostettler et al. 2017) with varying contents of
clay minerals, quartz, and carbonate. Bedding dips SSE
between 50° in the southern part to 30° in the northern part.
The anticline, which formed in the Late Miocene and Plio-
cene, is regarded as a fault-bend fold developed above a
frontal ramp and features an overturned forelimb. This
forelimb is affected by a complex pattern of thrust faults,
extensional faults, and strike-slip faults (Nussbaum et al.
2011). The main detachment is located within the Middle
Triassic evaporites; Zeglingen Formation (Fig. 1). Towards
the WNW, the fold axis is approximately perpendicular to
the SSE > NNW principal horizontal stress direction, pre-
sent during the Middle Miocene Jura thrusting phase.
Towards the WSW, the anticline bifurcates into two anti-
clines, of which the northern branch is intersected by a
sinistral strike-slip fault. The two branches form a lateral or
oblique ramp towards the west. Three major fault systems are
present in the Mont Terri rock laboratory: SSE-dipping faults
that run parallel or sub-parallel to the bedding, flat to SW-
dipping faults, and steep N-NE-striking faults (Fig. 2).

The most prominent tectonic feature of the rock labo-
ratory is the so-called Main Fault, a thrust fault located in
the shaly facies of the Opalinus Clay with shear movement
towards NNW. The Main Fault crosses the two galleries
Ga08 and Ga98 at almost right angles (Fig. 2). These two
galleries are trending SSE-NNW and are oriented
approximately perpendicular to fold axis and strike of
bedding. According to Nussbaum et al. (2011), the Main
Fault zone consists of several architectonic elements: fault
gouge, S-C bands (S = “schistosité” = cleavage,
C = “cisaillement” = shear parallel to shear zone
boundaries), meso-scale folds, microfolds, numerous fault
planes, and apparently undeformed segments. The thick-
ness of the fault zone varies laterally between 1 and 4.5 m.
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Upper and lower fault boundaries dip 40°—45° towards SSE
in Ga08 and 50°-55° towards SSE in Ga98. In the footwall
of the fault, mainly subhorizontal fault planes are present,
whereas SW-dipping faults are found in the hanging wall.
For more detailed information about the geological context
the reader is referred to Nussbaum et al. (2011) and
Hostettler et al. (2017).

3 Materials and methods
3.1 Structural mapping of outcrops

We investigated the outcrops by structural small-scale
mapping. Mapping was aided by applying a grid overlay to
each exposure. The size of the grid elements ranged from
1.0 to 0.2 m depending on the exposure’s surface area
(size). Before mapping, the rock surface was carefully
cleaned of dust and shotcrete patches. We photographed
the entire outcrop surface and directly marked structural
features on the photos. For easier comparison of size,

variability and distribution of structural elements, the out-
crop images are all presented at the same scale and are
viewed from SW to NE. Thus, outcrops on the eastern side
of the gallery are viewed from the gallery (“view towards
rock™) and outcrops on the opposite, western, side of the
gallery are viewed from within the rock (“view towards
gallery”). Their maps are, by necessity, horizontally mir-
rored. The outcrops on opposite sides of a gallery are 4 m
apart and the two galleries Ga98 and Ga08 are 40 m apart.

3.2 Microscopic analysis

We extracted resin-stabilized drillcores and hand speci-
mens from the different outcrops of the Main Fault. Exact
sampling locations and detailed descriptions of the applied
methods are given in Laurich et al. (2014) and Laurich
(2015). Samples were investigated by optical and scanning
electron microscopy (SEM) in surface (i.e. looking on the
fault plane) and section views. Samples were split along
slickensides, cut by hand, polished and water-immersed for
2 s. Water immersion results in a fine decoration of the
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foliation by the swelling clay matrix and thus helps to
highlight fine structures. Ultra-thin sections followed by
hand-polishing were produced. Finally, broad-ion beam
polishing (BIB) and cutting transmission electron micro-
scopy (TEM) lamellae by focused ion beam (FIB) were the
methods used to investigate the microstructure.

3.3 Seismic characterization of fault zones by means
of ultrasonic measurements

Continuous single-hole ultrasonic interval velocity mea-
surements (IVM) were performed in borehole BRC-2
immediately after drilling. A BGR mini-sonic probe was
utilized as shown in Fig. 3a. The centre frequency of the
emitted signal was 50 kHz. The probe consists of four
linearly distributed piezoelectric transducers. One trans-
ducer is used as the seismic source with the remaining three
used as receivers at distances of 10, 20 and 30 cm from the
source. Coupling of the transducers at the borehole wall
was done using pneumatic cylinders. Measurements were
conducted from top to bottom of the borehole and located
at intervals of 10 cm. The borehole was oriented horizon-
tally with an azimuth of 144°, consequently cutting the
bedding at an angle of 40°. Inside the borehole the tool was
orientated at 3 o’clock, thus measuring horizontally into
the borehole wall towards Ga08 (Fig. 2).

Seismic velocities and amplitudes derived from initial p-
and s-wave arrivals were calculated according to travel-
times and distances, assuming straight ray propagation
(Fig. 3b, c). As an unavoidable result of the drilling, we
had to take into account a borehole disturbed zone (BdZ)
with radial velocity gradients (Schuster et al. 2017).
Therefore, these velocities are treated as apparent veloci-
ties. Differences between these apparent velocities allow

Fig. 3 Principle of interval-
velocity measurements (IVM).
a BGR 4KUBS ultrasonic
borehole probe, b seismic-ray
propagation (schematic),

¢ single shot section with
P-wave arrivals (P) and
vertically polarised shear-wave
arrivals (Sv)

calculation of a BdZ corrected Vp, which enables investi-
gation of the region beyond the BdZ. The BdZ-corrected
Vp represents the Vp of the intact rock. The extent of the
BdZ can reach several cm (Schuster 2012). Additionally,
we calculated elastodynamic parameters like dynamic
Young’s modulus via receiver R3 (30 cm distance) data,
which are generally very close to the BdZ-corrected
parameters.

In the shaly facies of the anisotropic Opalinus Clay, Vp
perpendicular to bedding is 2600 m/s and parallel to bed-
ding 3400 m/s. With borehole orientation of BRC-2 per-
pendicular to the strike of the bedding and the tool
measuring horizontally along the 40° dipping beds, a Vp of
2700 m/s is a good average value for undisturbed Opalinus
Clay (Schuster et al. 2017). Any deviation from average
values, is an indication of a change in elastic rock prop-
erties, such as micro- and macroscopic disturbances or
damage, lithological changes and tectonised structures.
Furthermore in strongly tectonised sections, such as scaly
clay, the orientation of the foliation can change dramati-
cally, which could in turn affect Vp.

4 Characteristics of the fault zones in the Mont
Terri rock laboratory

4.1 Structural elements observed on the Main Fault
and microscopic structure

Deformation in compacted clay sediments is usually
localized in pm-thin shear zones and corresponding slick-
ensides. Haines et al. (2013) describe the evolution of a
thin shear zone with increasing shear. At the end of the
linear part of the stress—strain curve, en echelon Riedel-

A
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shears (R-shears) and shear-sense parallel Y-shears
develop. These initially propagate towards the boundaries
of the deformed layer and rotate further during post-peak
stress or strain softening. During stable sliding at residual
shear strength, where the material exhibits a perfectly
plastic behaviour, a pervasive network of R-shears and
Y-shears develops (Passchier and Trouw 1996). During
further straining, the R-shears become undulatory and
internal deformation occurs within the shear bounded
packages. The rheology of shales appears to be scale
dependent and thus phenomenological terms like “brittle”
and “ductile” are a function of scale (Ismat 2013) and
strain rate. Heterogeneities, such as larger pores or stiffer
particles within the clay matrix act to localize early
deformation. In the Opalinus Clay, fractures initiate mainly
at grain boundaries and edges of coarse shell fragments
(Klinkenberg et al. 2009). The mechanical behaviour of
Opalinus Clay is strongly dependent on the content and
distribution of bioclastic and detritic material. Furthermore,
it is different for each lithofacies type. In the shaly facies,
heterogeneities of bioclastic material act as nuclei for
fracture growth and thus reduce the strength of the rock. In
contrast, higher carbonate content in the sandy facies leads
to increased rock-mechanical strength (Gschwind 2013).
Laurich et al. (2014) found indicators for at least five dif-
ferent deformation mechanisms: (1) dissolution and pre-
cipitation creep, (2) rigid body rotation and particle sliding,
(3) cataclasis, (4) intra-crystalline plasticity, and (5) new
formation of clay minerals. In the next section, we describe
the main structural elements observed in Opalinus Clay:
isolated slickensides, gouges and scaly clay comprising
microfolds, and S—C bands.

4.1.1 Slickensides (and thin shear zones)

Shiny, striated slickensided surfaces (sensu Blenkinsop
2000) occur especially in fault zones throughout the
Opalinus Clay at Mont Terri (Fig. 2) and are present as
smooth planar surfaces (Fig. 4a, b). Magnifications of up to
100 kx SEM show sub-pm to nm-sized clay particles
aligned parallel to slickensides in section view (Fig. 4c, d).
According to Clauer et al. (2017), chemical and isotopic
analyses suggest that some of these clay particles can be
interpreted as newly formed illite. The lateral extent of the
slickensides ranges between pm and 1 m. Laurich (2015)
presented eight slickenside kinematic indicators, such as
different kinds of grooves, steps, and striae, all of which are
consistent with a compressive regime. With increasing
spatial frequency of slickensides, they become more curved
and undulating, forming microfolds, S—C shear bands, and
crenulation cleavage (sensu Passchier and Trouw 1996) in
scaly clay aggregates. In section, slickensides are associ-
ated with pm-wide shear zones of parallel-aligned clay

particles (Fig. 4c, d). There, the shear zone internal
porosity is drastically reduced when compared to the
undeformed host rock.

Slickensides exhibit polished, dark, and shiny areas as
well as more bright, ragged, and dull parts. These spatial
variations are caused by variation in calcite content, which
is low in restraining and high in releasing parts of the
slickensided surfaces (Laurich et al. 2014; Laurich 2015).
The latter manifest as risers of slickenside steps (Doblas
et al. 1997), at which patches of calcite form (Fig. 4a).
Occasionally slickenfibers and concentric growth patterns
can be seen, indicating syntectonic calcite growth. Fur-
thermore, aligned clay particles usually cover the calcite
patches, suggesting movement along pm-shear zones made
of clay, while the calcite forms in a crack-seal manner
(Koehn and Passchier 2000). Despite the patches, calcite
and, more rarely celestite veins are often associated with
slickensides. Conversely, wide-aperture veins within the
Main Fault are rare and crosscutting relationships are not
observed. In addition to calcite precipitations, agglomera-
tions of pyrite can be found along the shear zones.
According to Laurich (2015), micron-wide shear zones
(Fig. 4c, d) and nano particles on slickensides are common
structures and shear zones probably initiated and evolved
as en-echelon networks of shear fractures.

4.1.2 Fault gouge

Fault gouge is found in up to 2 cm-thick continuous bands
along the upper boundary of the Main Fault. Furthermore,
it occurs as less prominent thin discontinuous bands and
lenses in other parts of the Main Fault, but always related
to scaly clay (Fig. 4e, f). Fault gouge is known to accom-
modate high strain particularly in parts with high offset. In
the Opalinus Clay, the dark colour of gouge compared to
the host rock is conspicuous. Based on microscopic anal-
ysis Laurich et al. (2014) found that the darker colour
originates from decreased calcite content, finer particle
size, and reduced porosity (Fig. 4e). Polished and shiny
slickensides are often present at the gouge-wall rock
boundary. We also found slickensides within the gouge. If
the gouge material is crushed, it disintegrates into a fine
powder along a set of anastomosing and overlapping shear
zones (Laurich et al. 2014). The gouge is clearly depleted
in calcite compared to the host rock or the neighbouring
scaly clay. This is in marked contrast to non-gouge slick-
ensides, where calcite is present at risers. Inside the gouge
a P-foliation pattern with high fabric intensity is present.
Laurich et al. (2014) differentiated gouge with a high angle
between P-foliation and shear-zone dip (type 1) from
gouge with almost parallel angle between P-foliation and
shear zone dip (type 2). Veins are rare inside the gouge but
they also occur frequently along the gouge boundary.
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Fig. 4 a SEM micrograph of a polished surface with slickensides in
top view. A slickenside riser perpendicular to shear direction can be
seen in the upper part of the image with linear striae visible (arrow
b) parallel to slip direction. b High-resolution SEM micrograph of
a showing nm-wide, platy clay particles aligned parallel to the
slickensided surface. ¢ BIB-SEM micrograph of a pm-thin shear zone
in side view (above dashed line). Note the shear zone-parallel
alignment of clay minerals. Authigenic illite can be seen as thin curvy

fibres above the dashed line. Location of micrograph is given in
Fig. 5d. d SEM image showing side view of a slickenside with a
nano-sized thin band of clay particles (indicated by arrows), possibly
authigenic illite. e Photograph and f sketch of a gouge band from the
upper boundary of the Main Fault. The darker gouge is sharply
separated by pm-thin shear zones from bordering scaly clay. Note the
brighter clasts of scaly clay within the gouge. Dark lines in f are
traced shears
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Fig. 5 a Photograph of outcrop in gallery 98, view direction towards
ENE. I Mostly undeformed Opalinus Clay sectioned by solitary
slickensides, 2 highly fissile scaly clay (=high degree of “scaliness”),
3 S—C band, width up to 10 cm. b Photograph of loose scaly clay
microlithons with shiny polished surfaces. ¢ Photograph of a water-

Laurich et al. (2014) analyzed 8 gouge samples with XRD.
All samples revealed a significant reduction in calcite
content, while all other mineral phases remain comparable
to the host rock.

Gouge microstructures revealed indicators for cataclas-
tic evolution accompanied by calcite pressure solution,
strong particle reorientation, and formation of internal thin
shear zones, presumably at later stages of gouge formation
(Laurich et al. 2014). The occurrence of frequently healed
and occasionally strained calcite veins in the surrounding
of gouge indicates that during the evolution of the gouge,
the deformation mechanism changed from purely frictional
cataclasis to frictional-viscous pressure solution. The sharp
boundaries of gouge are explained by intensive straining of
the pm-thin shear zones that border the gouge, leading to
abrasion and calcite dissolution of a thin layer of wall rock.
We hypothesise that the decreased grain size within the
gouge amplifies pressure-solution compared to the host
rock (Gratier et al. 2014) and that the calcite re-precipitated
as veins in the gouge surroundings. However, recent iso-
tope analysis indicates that gouge-associated fluids might
also have played a role in calcite dissolution (Clauer et al.
2017).

immersed sample showing the anastomosing shear-zone network that
encapsulates microlithons of various sizes. d BIB-SEM micrograph
of the internal structure of a microlithon. The fabric resembles that of
undeformed shaly Opalinus Clay. White inset is shown in Fig. 4c

4.1.3 Scaly clay (microfolds, S—C bands)

Highly strained Opalinus Clay aggregates from the Main
Fault can be broken by hand into progressively smaller
lensoid flakes that are bound by shiny polished slickensided
surfaces (Fig. 5b). This fabric is called scaly clay (sensu
Vannucchi et al. 2003). According to Laurich (2015), it
consists of a tangled, interconnected web of slickensides
that bound largely unaltered microlithons (Figs. 4c, 5d).
Thus, the scaly clay formed by finely distributed shear,
leaving a ductile impression of microfolds and S—C bands
at the macroscopic scale (Fig. 5a). The retrieval of scaly
clay samples that maintain their integrity is difficult and
rarely achieved. Within the rock mass, scaly clay is sub-
jected to in situ stress, where at rock lab level sigma 1 is
controlled by the overburden. Once samples of scaly clay
are extracted from the rock mass, stress relief and desic-
cation lead to fast decomposition of the material. Subjected
to the in situ stress, scaly clay, and fault zones in general
exhibit a hydraulic permeability, which does not differ
significantly from the host rock (Marschall et al. 2004).
Zones with scaly clay fabric range from 0.01 to 1 m
thickness. Scaly clay aggregates are sharply separated from
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«Fig. 6 Comparison of macrostructures observed at four different
outcrops of the Main Fault. Views are drawn at the same scale and
oriented the same way for comparison with fault dip from upper left
towards lower right. a Main Fault GaO8W (view towards tunnel), note
that upper fault boundary is just above the right corner behind
shotcrete, b Main Fault GaO8E (view towards rock), ¢ Main Fault
Ga98W (view towards tunnel), d Main Fault Ga98E (view towards
rock)

the non-scaly fault parts by pm-thin shears. The formation
of scaly clay is interpreted as a product of continuous
deformation within local relays of linking shear zones
(Laurich 2015). Three macroscopically different appear-
ances of scaly clay can be observed: (1) anastomosing
fabric with branching shears mostly subparallel to the
borders of the fault zone with internal rotation of bedding
foliation (Fig. 5c), (2) S—C fabrics, where particle reori-
entation between two opposite single shears led to promi-
nent sigmoidal structures (Fig. 5a), and (3) microfolds
(Fig. 6b). Many of these S—C fabrics show internal rigid
blocks with larger undeformed domains. Calcite veins are
commonly present in scaly clay, occurring as intact, frac-
tured and strained morphologies suggesting early to syn-
tectonic vein precipitation. By means of *’St/*°Sr isotopic
analysis, Clauer et al. (2017) could show that some of the
veins observed in Opalinus Clay formed before the
development of the Mont Terri anticline. Furthermore,
from studies of accretionary prisms it is known that the
combined effects of compaction and calcite cementation in
overpressured and mechanically weak rocks, such as a
shale, can lead to coseismic formation of veins (Dielforder
et al. 2015).

As discussed above, due to shearing, the thin shear
zones are less porous, thus reducing porosity. In a rock
with very low permeability, where on the short-term pore
water cannot escape, further shearing leads to localized
increase of pore water pressure. This localized pressure
build-up can hypothetically be a cause for the development
of a dense shear zone network, while in other parts of the
Main Fault there is no scaly clay, even where the miner-
alogy is very similar.

4.2 Macroscopic structural description of the Main
Fault in Ga08

4.2.1 Outcrop in Ga08 Western side (view towards tunnel)

The windowed exposure on the western side of Ga08 does
not contain the entire Main Fault since the upper fault
boundary is now behind shotcrete. Fortunately, the upper
fault boundary can be extrapolated from neighbouring
windows quite precisely to the upper SSE-corner of the
main window (Fig. 6a). The rectangular window is 5 m
wide and 4 m high. The approximately 4.5 m thick Main
Fault covers about 85% of the window, showing scaly clay
and a zone of isolated slickensides. The upper part mainly
consists of scaly clay with anastomosing structures, with no
clear signs of microfolding or S—C bands. This zone
exhibits a thickness of more than 2 m and covers about
53% of the area of the entire Main Fault (Table 1). The
lower boundary, towards the zone of isolated slickensides,
shows a reduction in dip from bottom to top of the window
from 80° to 60°, respectively. The lower part (47%) of the
Main Fault in this westernmost outcrop consists of a
broadly spanned network of slickensides building rhom-
bohedral and internally undeformed blocks of 0.1-1 m
size. This zone exhibits a thickness varying from 2 m at the
lower part to 3 m in the upper part of the outcrop. The
lower fault boundary has an average dip of 46°. In the NW-
part of the lower boundary a 10 cm-thick non-continuous
band of scaly clay is present.

4.2.2 Outcrop in Ga08 Eastern side (view towards rock)

The outcrop in Ga08 Eastern side is located about 4 m
eastwards. The window covers an area of 3.8 x 3.3 m and
shows the entire Main Fault. Lower and upper fault
boundaries dip with 40°—45° to the SSE. The beds in the
hanging wall and the footwall dip less than the shear-zone
boundary. The thickness of the Main Fault here is about
2.7 m, significantly less than on the western side of the
gallery 4 m away. At the eastern exposure we differentiate

Table 1 Relative-area percentages of structural elements for the four different outcrops of the Main Fault in the Mont Terri rock laboratory

Outcrop Fault zone Scaly clay (incl. microfolds Isolated slickensides (%) Microfolds (%) S—C bands (%)
width (m) + S—C bands) (%)

Ga08 W 4.5 53 47 - -

Ga08 E 2.7 42 58 5 1

Ga9%8 W 1.0 37 63 2 4

Ga98 E 0.9 20 80 4 3

The entire area of the Main Fault at individual outcrops is equal to 100%. Percentage of scaly clay area includes anastomosing scaly clay and the
inherent zones of microfolding and S—C bands. For the outcrop in GaO8W, the non-visible part of the Main Fault was included in the total surface

area for consistency
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five structural elements (Fig. 6b). The upper fault boundary
consists of a cm-thick gouge marking the sharp transition
from undeformed host rock to highly deformed scaly clay.
The fault gouge is continuous and the internal structure is
macroscopically poorly visible. Further into the Main
Fault, there is a 1-1.5 m-thick zone of scaly clay, which is
separated from the lower part by a distinctive reverse fault.
The internal structure of the scaly clay is mainly anasto-
mosing, evidencing occasional regions of microfolds with
folded axes. Microfolds compose approximately 5% of the
entire Main Fault area in this exposure (Table 1). Crenu-
lation cleavage is also present. The next lower 1.5-2 m of
the Main Fault is characterised by 0.01-0.1 m-scale
rhombohedral undeformed blocks bounded by single
sinistral slickensides. At some locations the morphologies
expressed resemble incipient S—-C bands, with some
P-shears. No scaly clay occurs in this section of the Fault.
Below the intra-fault section adjacent to the footwall, the
outcrop consists of a 10 cm-thick continuous band of scaly
clay with a sharp transition to the undeformed footwall.
Here, the scaly clay exhibits zones with sigmoidal shapes
indicating S—C banding.

In summary, shear bands comprise less than 1% of the
entire Main Fault surface. Scaly clay, including shear
bands and microfolds, covers about 42% of the entire Main
Fault surface and isolated slickensides building rhombo-
hedral blocks cover about 58%.

4.3 Macroscopic structural description of the Main
Fault in Ga98

4.3.1 Outcrop in Ga98 Western side (view towards tunnel)

This horseshoe-shaped outcrop has the most complicated
internal structure of the Main Fault exposed in the Mont Terri
rock laboratory. The outcrop is 3.9 m wide and 2.3 m high
with the Main Fault zone approximately 1.0 m thick repre-
senting undulating upper and lower boundaries. The upper
fault boundary dips at 45° whilst the lower one dips at 52°.
The lower fault boundary appears to flatten out towards the
NNW (Fig. 6¢). Bedding in the footwall is less inclined (30°—
35°) than in the hanging wall (42°—46°). The upper fault
boundary is characterised by a cm-thick gouge that occurs on
top of a continuous band of scaly clay. The thickness of this
scaly-clay band varies between 5 and 20 cm. Internally, other
than an anastomosing fabric, we detect no specific features.
Below, there is a 60-70 cm-thick heterogeneous zone of
undeformed, mostly rhombohedral, 0.01-0.1 m-scale blocks
bound by slickensides. Two major internal faults sub-parallel
to the fault zone boundaries and a third interconnecting fault
are also present. Unlike the Ga08 exposure, scaly clay occurs
within this central part and includes regions of microfolding
and S—C bands. Scaly clay is mainly concentrated along the

internal major faults emphasising the importance of these
internal major faults. Towards the footwall, the Main Fault
zone is bordered by discontinuous scaly clay. In the upper left
corner, a well-developed S—C band occurs, where the lower
fault boundary bifurcates into two faults, one with a 20° dip
and the other exhibiting 60° dip. This geometry is interpreted
to result from the indentation of an undeformed wedge, which
led to increased strain at the triple point and consequently the
development of the S—C band. S—C bands comprise up to ca.
4% of the Main Fault area, and microfolds approximately 2%
(Table 1). Scaly clay, including shear bands and microfolds,
represents an area of 37%. The rest of the Main Fault consists
of rhombohedral blocks bound by slickensides.

4.3.2 Outcrop in Ga98 Eastern side (view towards rock)

The horseshoe-shaped easternmost outcrop is 3.5 m wide
and about 1.8 m high, has lower and upper fault boundaries
with 55°-60° dip to the SSE and a thickness of the Main
Fault of approximately 0.9 m (Fig. 6d). At the upper fault
boundary there is a distinct cm-thick continuous fault
gouge. Then, a max. 20 cm-thick zone of scaly clay occurs,
generally with an anastomosing internal fabric and occa-
sional regions of microfolding. In the lower right part of
the scaly clay, slickensides with P-shear orientations are
present, whereas in the upper part Y-shears seem to dom-
inate. Below, a 50-60 cm-thick zone of isolated slicken-
sides forming rhombohedral undeformed blocks of
0.01-0.1 m-scale occurs. At one location (x/y = 2.5/
1.2 m), scaly clay from the upper part of the Main Fault
branches into the zone of isolated slickensides. The scaly
clay here encompasses a large internally undeformed
block, which acted again as an indenter. At some other
locations (e.g. x/y = 3.1/0.5 m) strain seems high enough
for the formation of incipient scaly clay. The bottom part of
the Main Fault comprises 20 cm-thick scaly clay. This
band is interrupted by undeformed blocks. The region close
to the undeformed footwall exhibits well-developed
microfolds and a 0.8 m-long S—-C band. This shear band
has an internal structure with undeformed blocks (mi-
crolithons) bounded by sigmoidal slickensides. S—C bands
and microfolds occupy 3 and 4% of the entire Main Fault,
respectively (Table 1). Scaly clay, including microfolds
and S—C bands, represents about 20% of the entire area.
Rhombohedral blocks bound by isolated slickensides
comprise the largest area of the fault.

4.4 Seismic parameter responses of fault zones
in Opalinus Clay

Interval velocity measurements (IVM) react very sensi-
tively to the occurrence and generation of microcracks
(Schuster et al. 2017). Furthermore in strongly tectonised
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sections, such as scaly clay, orientation of foliation and
thus orientation relative to the anisotropic material can
change dramatically, which could also affect Vp. We
therefore assume that many of the structural elements
identified within the Main Fault (scaly clay, shear bands,
microfolds) modify this geophysical signal since they are
small-scale discontinuities.

4.4.1 Borehole BRC-2

We analysed seismic responses (Vp, amplitude) along the
BRC-2 borehole placing emphasis on the section crossing
the Main Fault (Fig. 2). Borehole BRC-2 was drilled in
April 2008 at GM94.5 along Gallery 08. The 131 mm-
diameter borehole trends almost horizontally towards 152°
with a slight dip of 1°. The 29.2 m long borehole crosses
bedding at an angle of ca. 40° and is located ca. 3.5-4.0 m
behind the GaO8E outcrop of the Main Fault. The Main
Fault is encountered between drilling depths 18.3 and
21.5 m and has a dynamic Young’s Modulus of <5GPa and
a fault frequency of 20 faults/m (Thoeny 2014). Intact
Opalinus Clay in the direction of borehole BRC-2 typically
has a Vp of 2700 m/s (Schuster et al. 2017). Vp along the
BRC-2 borehole varies between 2500 and 2700 m/s cor-
responding in general to undisturbed rock with a maxima
of 2800 m/s and minima of 1900 m/s. Thoeny (2014) and
Baur (2014) correlated the minima to single faults or fault
zones. The maxima could, however, at least partly be
correlated to accumulations of carbonate sands, containing
bioclastic material (mostly bivalve debris). Periodic
decrease of Vp by several hundreds of m/s and over several
m length could be related to an upwards decrease in car-
bonate particle size and abundance. It is known from other
boreholes crossing the sandy or carbonate-rich sandy facies
that Vp can reach values of 4500 m/s due to increased
stiffness associated with mineralogy, different sedimentary
fabric, and cementation (Schuster et al. 2017). In core
material, detection of major fault zones is sometimes
challenging and not always clear. However, direct corre-
lation of the borehole to the large outcrop of the Main Fault
in GaOS8E, just 3.5-4.0 m apart, is a unique opportunity to
study the seismic behaviour in fault zones in more detail.

4.4.2 Correlation of seismic parameters in response
to structural elements

With the unique configuration of a borehole located close
and sub-parallel to a well-described fault zone, more
detailed analysis of fault structure and fault geometry is
possible than from core description or optical borehole
images alone. Figure 7 shows Vp and the common offset
gather (COF) including travel times and colour coded
amplitudes of borehole BRC-2 in comparison with the

structural map of the outcrop in GaO8E. Borehole BRC-2 is
located about 3.5-4.0 m behind the outcrop at a projected
level of about 2.1 m in the gallery. On core material and
optical borehole imager, the Main Fault was encountered
between 18.3 and 21.5 m depth. Two zones of scaly clay
could be detected. A thin zone at the basis extends from
18.3 to 18.5 m and a second thicker one at the top of the
Main Fault from 19.5 to 21.5 m. In the middle part,
undisturbed blocks bound by single slickensides are pre-
sent. Before considering Vp values, we note that BdZ-
corrected Vp accounts for the stronger attenuation of Vp
due to the enhanced pore space in the near field of the
borehole. The corrected or improved Vp signal simulta-
neously allows for a higher penetration depth per time
increment. Treated accordingly, the Vp signal of undis-
turbed Opalinus Clay yields values between 2400 and
2700 m/s at an angle of 40° between borehole and bedding
planes. Between 18.3 and 18.5 m, a sudden decrease
towards 2200 m/s is present. By investigating core material
we were able to identify this as scaly clay that builds the
lower fault boundary of the Main Fault. Below from 18.5 to
19.5 m single slickensides could be detected on core
material, which yield a Vp of 2400 m/s. Then between 19.5
and 21.5 m, Vp is again mostly low, reaching values below
2000 m/s. On core material this zone can be attributed to a
thick zone of scaly clay, which comprises the upper part of
the Main Fault. On the COF the strong attenuation of the
amplitude within these two zones of scaly clay is clearly
highlighted (Fig. 7). At outcrop GaO8E, we can differen-
tiate six different domains: undeformed foot- and hanging
wall rock, scaly clay, S—C bands, microfolds, rhombohe-
dral blocks bound by slickensides, and fault gouge. Scaly
clay in the top part of the Main Fault of this outcrop is
more than a metre thick and thus a prominent structural
element. Furthermore, scaly clay of the lower fault
boundary can also be identified clearly on IVM data.
Microfolds, S—C bands, and gouges are too small and too
patchy for reliable correlation to seismic responses.
Comparing borehole and outcrop data shows that fault
boundaries and main structural elements can be correlated
over a distance of 3.5-4.0 m. Within the Main Fault, the
order of structural elements persists with a thin zone of
scaly clay at the basis and a thick zone of scaly clay at the
top with a separating zone of rhombohedral blocks in
between, but their thicknesses varies considerably. Even
though direct correlation of structural elements from an
outcrop to a borehole located nearby seems to be simple, we
note that the Main Fault features are highly non-planar. This
is especially true for scaly clay, S—C bands, and microfolds.
Patchy occurrence and lateral boudinage are quite common.
A comparison of the GaO8E outcrop with the GaO8W out-
crop (Fig. 6) shows the pronounced lateral variability that
occurs along the Main Fault. Despite these restrictions, we
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can make some important findings: Vp, normalised ampli-
tudes and elastodynamic parameters within the Main Fault
are clearly reduced compared to undeformed Opalinus
Clay. Also, upper and lower boundaries of the Main Fault
can be recognised on the ultrasonic log. Thick zones of
scaly clay (>0.2 m) exhibit lower Vp than the zone of
rhombohedral blocks bound by slickensides. Consequently,
at least for the Main Fault in Ga0O8, resolution of the
ultrasonic measurements is sufficient for detection of
internal boundaries within the Main Fault structure.

5 Interpretation and discussion
5.1 Structural elements of the Main Fault
The four outcrops of the Main Fault in the Mont Terri rock

laboratory exhibit five macroscopic structural elements
characterizing this Opalinus Clay fault zone. These are (1)

alarger depth of penetration (Vp on left vertical axis). Upper horizontal
axis marks borehole metre of BRC-2. In the background, a common
offset gather (COF) is given, showing traveltime (us) on the right
vertical axis and relative colour coded amplitudes

scaly clay with (2) microfolds and (3) S—C bands, (4)
gouge, and (5) rhombohedral blocks bound by slickensides.
Slickensides are found in all the five structural elements
and thus represent a major part of such fault zones.
Slickensides are characterised by reduced porosity, aligned
clay particles and patchy calcite as well as risers (Laurich
2015). Indicators of pressure solution are present at steps
(e.g. truncated shell fragments).

Scaly clay is interpreted to be a product of continuous
strain at geometrically locked positions, which occur
within relays of two linking shears. Laurich (2015) showed
that shear zone density increases with increasing strain. We
observe no mineralogical change compared to the host
rock. Scaly clay represents the highest strained parts of the
Main Fault and occurs on all four outcrops especially at the
upper and lower fault boundary. For the Main Fault, this
geometrical occurrence of scaly clay at the fault boundaries
implies that the fault core with highest strains is located at
fault boundaries; whereas the central parts have
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accommodated much less strain. Investigations performed
on the Tournemire shale support this observation (Dick
et al. 2016). Those authors reported that strain inferred
from anisotropy of magnetic susceptibility measurements
on a 1.5 m-thick fault zone indicated heterogeneous
structural fabrics within the core of the fault zone. This
core also exhibits subparallel, strongly deformed zones,
such as gouge bands and scaly clay with isolated lenses of
undeformed rock. A comparison of fault zone geometry
between siliclastic sediments and siltstones yielded thinner
deformation bands in the siltstones (Johansen and Fossen
2008). These authors furthermore reported that deforma-
tion bands, such as gouges or scaly clay, are unevenly
distributed throughout the damage zone. At the outcrops in
Ga98, scaly clay is present in the inner part of the fault.
The abundance of scaly clay reduces gradually from the
westernmost outcrop GaO8W (53%) to the outcrop Ga98E
(20%). Table 1 clearly shows the correlation between
thickness of the fault zone and areal coverage by scaly
clay. The thinner the fault zone, the less abundant the scaly
clay. This observation is somewhat contradictory for out-
crops that are only 50 m apart and which should contain
the same fault zone. Thus if similar strain rates or offsets
for all four outcrops are assumed, the strain could, for
instance, be more localized in the fault-gouge layers. Fault
gouge might contribute differently to strain accommoda-
tion from one outcrop to the other. Alternatively, strain and
total offset could decrease from western to eastern outcrops
and partly be accommodated by rock matrix or by faults or
fault zones parallel to the Main Fault. Different fault zone
widths and area percentages of scaly clay suggest that (1)
the major offset is accommodated by the thin gouge band
leaving a highly variable macroscopic strain and (2) there
are unrecognized, Main Fault parallel, fault zones in Ga98
that partly accommodate the offset. These deductions agree
with observations in other galleries and boreholes where it
is difficult to correlate the Main Fault over even short
distances. At several locations in the rock lab (e.g. Gallery
FE; Jaeggi et al. 2013) and in borehole BFE-ES (Jaeggi
et al. 2014), comparable fault zones with identical orien-
tations and structural elements have been found, although it
was impossible to correlate them laterally over larger dis-
tances. We postulate that fault zones in clay rocks
exhibiting low stiffness and pronounced bedding aniso-
tropy are inherently discontinuous and probably distribute
offset along several parallel fault strands, each with a
highly variable internal structure. At this larger scale, clay/
shale fault zones probably have similar internal structures
compared to those observed within the Mont Terri Main
Fault, i.e. they consist of higher and lower-strained regions
bounded by slickenside-dominated shear surfaces.

Scaly clay includes S—C bands and microfolds. Com-
paring the four outcrops shows that with reducing thickness

of the fault zone, complexity of internal structure increases.
In contrast, scaly clay in GaO8W exhibits only an anasto-
mosing network of slickensides. We can detect no pre-
ferred orientation of the shears. Microfolds and S—C bands
are present in the thinner exposures further east. Laurich
(2015) showed that scaly clay internal microlithons are
largely undeformed. Generally, scaly clay and its associ-
ated microfolds and shear bands occur at the upper and
lower boundary of the fault zone. The Ga98W exposure
presents an exception, where these structural elements are
present within the central zone of rhombohedral blocks
bound by slickensides. This exposure has three major
internal faults subparallel to the Main Fault boundaries, and
the internal structure is much more undulating, where it is
difficult to determine the lower fault boundary. We pos-
tulate that the undulating behaviour together with the
internal major faults parallel to the boundaries led to
geometric locking with subsequent strain concentrations at
internal locations. This enabled the formation of scaly clay
and associated deformation structures.

Fault gouge is associated with the scaly clay and is
commonly located at the upper boundary of the Main Fault
(hanging wall) with highest strain occurring in very narrow
bands. Microscopic investigations by Laurich (2015) have
shown that the dark colour of the gouge results from grain
size reduction, reduced porosity, and calcite depletion.
Veins inside the gouge are rare, but occur frequently along
gouge boundaries. This could indicate that gouge acts as a
low permeability zone (permeability barrier) during for-
mation of fault zones. Furthermore, Laurich (2015)
demonstrated that these veins are frequently healed and
occasionally strained, suggesting a frictional-viscous
deformation mechanism assisted by pressure solution.
Macroscopically, only fault gouges at the upper boundary
of the Main Fault are mappable. Microscopically, gouge is
also found in scaly clay samples far from fault zone
boundaries (Laurich 2015).

In their work on the Barbados prism, Housen et al.
(1996) proposed that most strain in the décollement has
been accumulated by the volumetrically minor component
of shear zones. We can confirm this statement at Mont
Terri on a much smaller scale, where we observe the
occurrence of a low area percentage of highly deformed
scaly clay and gouge compared to zones of undeformed
host rock within the Main Fault. At Mont Terri, the internal
zones of the Main Fault are characterized by mostly
undeformed rhombohedral blocks bound by pm-thick
slickensides. A comparison of the different outcrops clearly
shows reduction of block size from the largest in GaO8W
towards those in Ga98. Furthermore, the area percentage of
the zone with isolated slickensides clearly increases with
decreasing thickness of the fault zone: 47% for GaO8W vs.
80% for Ga98E. The abundance of scaly clay in turn



Mont Terri, paper #3: tectonic structure, “Main Fault”

81

decreases. This behaviour is not straightforward since the
zone with blocks bound by slickensides accommodates
much less strain than scaly clay. However, the reduction in
block size with decreasing thickness of the fault zone can
be explained by strain accommodated across a much
thinner zone. We note that the mapping detail possible at
Ga0O8W was less than for the other exposures, which could
at least partly explain the larger block size of the internal
zone.

Calcite veins, pm-shear zones, and gouge show
decreased porosity and are thought to act as local seals
during evolution of the fault zone (Laurich et al. 2014;
Laurich 2015). In a rock with very low-permeability where
on the short-term pore water cannot escape, further
shearing leads to localized increase of the pore water
pressure. An increase in pore-water pressure shifts the
Mohr’s stress circle to the left or towards failure at smaller
normal stresses, favouring generation of new shears
(Gudmundsson 2001). This localized pressure build-up can
hypothetically cause development of a dense shear zone
network, as for scaly clay (Vannucchi et al. 2003). Thus in
parts of the Main Fault, these seals might have led to intra-
fault pore pressure increase that finally caused formation of
the complex anastomosing shear zone network of scaly
clay. Laurich et al. (2016) propose a model to explain the
progressive formation of a self-similar network of anasto-
mosing thin shear zones during continuous deformation.
According to these authors, evolution of the initial seg-
ments of the Main Fault can be explained by localized
deformation that has interacted with slip along rotated
bedding foliation. Due to fault geometry, geometric lock-
ing leads to stress concentrations, initiating new shear
zones. Laurich et al. (2016) propose that these initial shear
zone networks develop into fault segments, which coalesce
during further fault movement. Such an evolution leads
inevitably to the assumed heterogeneous strain distribution
across the Main Fault. Based on our geometrical observa-
tions on the Main Fault with varying fault zone thickness
and strain localization in structural elements such as gouge
and scaly clay, we furthermore propose that geometric
locking leads to microcracking and dilatancy, which pro-
voked intermittent local pore pressure drops. During such
pressure drops, lateral stress transfer across the undeformed
rock matrix to domains out of the mapped Main Fault zone
could have occurred. There again similar fault geometries
could have developed at parallel fault strands initiated by
bedding-parallel slip combined with rotation of bedding
foliation.

P-wave velocity (Vp) of borehole BRC-2 can clearly
be correlated to the internal structure of the Main Fault in
Ga08. From 18.3 to 21.5 m Vp is consistently reduced
with respect to undeformed Opalinus Clay (Fig. 7). The
scaly clay at the lower fault boundary (footwall) leads to

a pronounced decrease of Vp and a change in the COF
trace plot. Geophysical investigations can therefore
resolve scaly clay of 20 cm thickness in borehole BRC-2,
which probably is close to the theoretical upper limit of
resolution. Rhombohedral blocks bound by slickensides
are damping amplitude and decreasing seismic velocity
when compared to the undeformed host rock. However,
Vp is still higher than in scaly clay. It is not surprising
that the thick zone of scaly clay with highest density of
slickensides in various orientations exhibits the lowest
seismic velocities. The anastomosing, uncemented struc-
ture attenuates ultrasonic waves, despite decreased
porosity. In addition to mineralogy and cementation,
fabric has a major influence on ultrasonic signals
(Schuster et al. 2017). We postulate that thicker zones of
scaly clay (>0.2 m) and rhombohedral blocks bound by
slickensides can be detected and distinguished with
ultrasonic measurement. Thus, under ideal circumstances
these geophysical tools can resolve the internal structure
of the Main Fault.

5.2 Generic block model of the Main Fault at Mont
Terri

Macroscopic comparison of the four exposures combined
with microscopic investigations by Laurich (2015) enables
us to derive a generic model for the Main Fault of the Mont
Terri rock laboratory. The block model shows the most
important features of the Main Fault (Fig. 8). It is repre-
sentative for the Main Fault in Ga08 and Ga98E. Ga98W is
more complex with a slightly different spatial distribution
of structural elements. Upper and lower fault boundaries
are bound by structural elements, which probably accom-
modated most of the strain. The gouge at the top of the
Main Fault is continuous. Microscopic investigations of
different exposures of gouge have shown sharp boundaries
with the host rock emphasising host rock abrasion and
calcite dissolution in a pm-thin, gouge-bounding Y-shear.
Two types of gouge have been found, differing in P-foli-
ation angle. The type with P-foliation subparallel to the
shear zone dip is inferred to represent a mature gouge,
while the type with P-foliation oblique to the shear zone
dip is interpreted as young gouge. In agreement with this
interpretation, the latter type has more unreworked host
rock clasts than the first type. Scaly clay is always adjacent
to gouge, occasionally in aggregates as thick as 1 m. It is
appealing to hypothesise that gouge has formed by ongoing
deformation of the scaly clay. Apart from rather small
regions of microfolds and S—C bands, anastomosing net-
works of shear zones dominate the internal structure of
scaly clay. For all these structural elements, slickensides
are the elementary building blocks. Except for the thick
upper zone of scaly clay in Ga08, there is a much thinner
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Fig. 8 Generic block model of the Main Fault in the Opalinus Clay
of the Mont Terri rock laboratory showing the structural elements and
their distribution. Close-ups: a S-C bands with internal sigmoidal

(<20 cm) zone of scaly clay at the lower boundary of the
Main Fault. At the base (footwall) of the Main Fault, S—-C
bands are common and contain internal, largely unde-
formed microlithons. Again, except for the exposure in
Ga08W this lower band of scaly clay seems to be contin-
uous. The colours of the model (Fig. 8) highlight the
amount of strain accommodated, which is highest for the
dark red (gouge), intermediate to high for light red (scaly
clay and associated microfolds and S—C bands), and lowest
for the uncoloured parts, such as rhombohedral blocks
bound by slickensides and the undeformed wall rock.

6 Conclusions
We can identify five structural elements at outcrop scale

and have established a generic block model that encom-
passes the observed macroscopic features of a fault zone

(with internal blocks of low deformation)

structure, b microfolds within scaly clay, ¢ gouge as observed at
upper boundary of Main Fault (adapted after Laurich 2015)

within the Opalinus Clay. Scaly clay is observed as isolated
aggregates within the Main Fault and at its upper (hanging
wall) and lower (footwall) boundaries. Scaly clay includes
microfolds and S—C bands. A continuous gouge band of up
to 2 cm thickness runs along the upper boundary of the
Main Fault. The non-scaly, inner part of the Main Fault
consists of rhombohedral blocks bound by slickensides.

We found identical orientations and structural elements
throughout the rock laboratory. However, lateral correla-
tion of structural elements over larger distances is impos-
sible. Comparison of relative area percentages of structural
elements among the four exposures analysed shows that
with decreasing fault zone thickness, the area percentage of
the zone with isolated slickensides increases, whilst the
abundance of scaly clay decreases. Reduction of block size
with decreasing thickness of the fault zone can be
explained by the amount of strain accommodated across a
much thinner zone.
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We postulate that fault zones in clay rocks with low
stiffness and pronounced bedding anisotropy are inherently
discontinuous and probably distribute offset along several
parallel fault strands, each with a highly variable internal
structure. A model for the evolution of such fault zones,
which is consistent with our observations on fault geometry
and distribution of structural elements, is proposed by
Laurich et al. (2016).

Correlation of Vp with structural elements of the GaO8E
outcrop shows a clear relationship to the internal structure
of the Main Fault. Given the strong correlation between
outcrop and geophysical borehole data, we can use ultra-
sonic geophysical measurements to deduce the internal
structure of the Mont Terri Main Fault to a high degree of
fidelity.
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