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Abstract

Square centimetres sized polished fault surfaces are exposed in the vicinity of a seismic fault in the Obir Caves (Northern
Karawanks, Carinthia, Austria). Microtectonic studies reveal that contrary to published natural and experimental fault mir-
rors, these small-scale faults record almost no displacement. Based on our findings, we propose a new process, in which
during the passage of seismic waves, small shaking movements along the slip surfaces with hardly any offset caused the
development of polished slickensides. The Obir Caves in the Hochobir massif are located just north of the seismogenic
ESE striking, dextral Periadriatic Fault System, which forms the boundary between the Eastern and the Southern Alps. The
cave was partially formed along the sinistral Obir Fault, close to which a high density of centimetres to decimetres long
polished slickensides have been observed. The knife-sharp slip surfaces are associated with millimetre to centimetre thin
layers of ultracataclasites, in either hardly deformed or protocataclastic rocks. The highly mature ultracataclasites record
angular to rounded clasts, which are truncated along the polished slickensides, but clear kinematic indicators are gen-
erally missing. Injection of the ultracataclasites into the protocataclastic host rocks along millimetre-wide apophysis can
be locally observed. Some of the older cataclasite generations are overprinted by stylolites and calcite veins suggesting
dissolution precipitation processes after cataclastic flow. The only several centimetres-long polished slickensides with
varying properties and orientations cannot have accumulated large displacements but the observed microstructures as
well as the geological position in an area with several active faults suggest that the investigated fault surfaces in the Obir
Caves formed during seismic slip.

1. Introduction fault surfaces with grooves and gouge striations as well

Fault mirrors, also known as mirror slickensides or pol-
ished slickensides, are naturally polished light-reflective
slip surfaces. They occur mostly in carbonate rocks of the
shallow crust but have also been reported in tourmaline
(Viti et al., 2016). Research on natural fault mirrors in seis-
mically active areas (Smith et al., 2011; Siman-Tov et al.,
2013; Kuo et al., 2016; Smeraglia et al., 2017; Ohl et al., 2020)
or on laboratory scales (Fondriest et al, 2013; Siman-Tov
et al.,, 2015; Tesei et al., 2017) reported highly-reflective

as microstructures such as clast-cortex grains, truncated
grains, ultracataclastic sub-layers and bulbous protrusion
of ultracataclastic material as evidence for fluidisation.
Opposing to these studies, friction experiments under
aseismic velocity conditions of Verberne et al. (2014) did
also result in the formation of patchy, mirror-like surfac-
es. The authors concluded that polished slickensides in
calcite(-rich) fault rocks cannot be used as a reliable in-
dicator for palaeoseismic slip. Pozzi et al. (2018) integrat-
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ed mechanical data and microstructural observations to
develop a new conceptual model of mirror slickensides
throughout the weakening history of calcite gouges
sheared at seismic velocities. As a result, they presented
polished slickensides as a marker of rheological contrast,
across which an extremely sharp strain gradient was ob-
served. They concluded that mirror slickensides are not
frictional slip surfaces in the classical sense, but seismic
slip velocities and coinciding shear heating make their
formation more likely. All these investigations suggest
that different deformation mechanisms may lead to sim-
ilar structures, so that fault mirrors generally cannot be
defined as being formed at seismic slip rates (Billi and Di
Toro, 2008; Han and Hirose, 2012; Rempe et al., 2014; Pi-
ane etal., 2017).

This study focuses on understanding the processes
responsible for the formation of small-scale mirror slick-
ensides by integrating microstructural observations with
field data collected both within and around the Obir
Caves (Northern Karawanks, Austria). Our findings culmi-
nate in a conceptual model proposing that small-scale
fault mirrors are structures formed in close proximity to
an earthquake’s epicentre.

2. Geological and tectonic setting

The main tectonic structure of the study area is the
seismically active Periadriatic Fault System. With its 700
km in length, it is a first-order tectonic boundary within
the Alps (Schmid et al., 1989; Marton et al., 2006). This ma-
jor fault was described by Suess (1901) who interpreted
the structure as the suture between Europe and Africa
(Suess, 1901; Clar, 1953; Kober, 1955). More recent works
place the origin of the Periadriatic Fault System in the
early Lower Cretaceous and the formation of its current
form in the Oligocene with the intrusion of Periadriatic
plutons (Sprenger, 1996; Mancktelow et al., 2001; Muller
et al.,, 2001). On the contrary, Schénlaub and Schuster
(2015), suggest a Late Jurassic origin with several reacti-
vation periods.

The amount of right lateral displacement along the
Periadriatic Lineament has been discussed for decades
and estimates range between 300 and 500 km (e.g.
Laubscher, 1973; Bogel, 1975; Tollmann, 1977; Bauer and
Schermann, 1984; Frisch et al., 1998). Vrabec et al. (2006)
pointed out that a dextral separation of 300-500 km of
formerly assumed palaeogeographic markers in the Pa-
leozoic-Mesozoic as well as Cenozoic (Paleogene and
Neogene) along the Periadriatic Fault are not realistic.

The fault zone is up to several kilometres wide and
comprises elongated, fault-parallel shear lenses and
strike-slip duplexes (Fig. 1). These duplexes consist of
strongly deformed Paleo- to Cenozoic rocks (Vrabec et
al., 2006). In the area of interest, the Periadriatic Fault
System divides the Karawanks mountain range into the
Northern and Southern Karawanks. The study area is
located 4 km north to this division in the Northern Kar-
awanks within a transpressional zone of the main fault
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strand. The investigated Obir Caves are developed near
the mining area of the Untere Schéfleralm on the east-
ern slopes of the Hochobir mountain (summit: 2139 m
a.s.l). This mountain range is part of the Drauzug-Gurktal
Nappe System (Krainer 1998; Froitzheim et al., 2008) and
is mainly built up of Middle Triassic limestone and dolo-
stone of the Wetterstein Formation. It is dissected by the
NE-SW striking sinistral Obir Fault system offsetting flu-
vial channels and forming a system of scarps and linea-
ments in the recent topography, which was subsequent-
ly affected by a younger deep-seated gravitational slope
deformation (Baron et al., 2019a, 2019b, 2022a).

The Obir Caves consist of approximately a dozen caves
with a total length of 5 km and were discovered during
the mining of lead and zinc ore (Jahne, 1929). Parts of
the caves and mines were developed as show caves. The
caves have a hypogenic origin due to rising carbonic
acid and were formed below the water table with later
localized overprinting above the water table (Spotl et
al., 2023). The genesis of the cave passages is controlled
by faults of the Obir Fault System. Offset of the original
dissolution morphology and deformed speleothems
in several parts of the caves indicate reactivation of the
fault and reveal the micro-kinematic activity to the pres-
ent day (Baron et al., 2019a; 2019b, 2022a). In addition to
three potentially strong prehistoric earthquakes there is
evidence of at least 41 cm of sinistral fault slip, 3 cm of
dextral oblique reverse fault slip and further speleothem
damage occurring in several events over the last 43 ka in
the Obir Caves (Baron et al., 2022a).

The main investigation site of this study is located
in the part of the Obir Caves known as Wartburg Cave,
where nearly parallel galleries formed along NE-SW and
ENE-WSW trending fault planes. The exact location of the
exposure with the much smaller, naturally polished slick-
ensides is shown in Figure 2.

3. Methods

It is noted that the terms slip surface and slip zone are
used according to Smith et al. (2011), who followed the
classification scheme of Sibson (1977): the slip surface
corresponds to the fault plane itself, which is marked by
surface striae and polished slickensides; the slip zone lies
immediately below the slip surface and contains variably
developed fault rock material.

In course of this study, a total of 41 polished slicken-
sides were documented in the field. 18 of them were
situated in the Wartburg Cave from which we took nine
oriented samples. Besides spatial measurements of their
orientation, the following main characteristics of pol-
ished slickensides were documented: polishing grade,
size and the occurrence of truncated grains (size and
number). The visual classification of the polishing grade
of the fault surface was done in five classes: 1 — no visi-
ble polished spots (none-reflective), 2 - isolated square
millimetre sized polished spots, 3 - isolated as well as
connected square centimetre sized polished spots,
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Figure 1: Tectonic setting of the study area shown on a map of the Eastern and Southern Alps transition. Thick lines indicate the dextral Periadriatic,
Sava and Lavanttal Fault systems. Insert shows the location of the greater study area, the Karawanks (magenta box) within Central Europe (Map based
on SRTM USGS/NASA and 10-m Lidar DEM; after Baron et al. 2022a, 2022b).

4 — mostly polished with isolated non-polished millime-
tre sized spots, 5 — the whole fault surface is polished and
highly reflective.

Twelve polished thin sections with a thickness of 30 um
were prepared from seven of the oriented samples. Due
to the high porosity of the rock, all samples were impreg-
nated with resin prior to cutting perpendicular to the
polished slickenside and parallel to the lineation. Three
thin sections were selected to identify the cataclastic ma-
turity of the deformed bedrock. This was done based on
the various shapes of the grains bigger than 1.3 x 1.7 mm,
whereas angular ones indicate a low and rounded ones
a high grade of maturity, i.e. deformation. In a first sub-
division, the grains were categorised into three groups:
angular, rounded and subrounded/subangular. A further
subdivision was made when the grains were broken into
fragments or showed additional offset. Apart from that
a group called “highly fractured” was used to delimit ar-
eas of grain fragments, which could be easily put back
together to their original form.

The stages of cataclastic deformation were identified
for some samples. Based on the works of Sibson (1977),

Loucks (1999), Woodcock and Mort (2008) and Billi (2010)
six stages of cataclastic maturity were distinguished:
0 - undeformed bedrock, | — angular grains show little
evidence of rotation but are separated by thin ultracat-
aclastic seams, Il - greater separation of fine-grained
matrix between grains + more rotation + many jigsaw fit
fragments, lll - fragmented clasts can hardly be reassem-
bled to their original form + more fine-grained matrix,
IV - fragmented clasts cannot be reassembled + fine-
grained matrix and clasts have roughly the same share,
V - less fragmented clasts that cannot be reassembled
+ ultracataclastic matrix exceeds the proportion of clasts.

High-resolution digital microscope images (Keyence
Digital VHX-5000) were automatically stitched to maps of
the thin sections. 3D surface topography models of three
polished hand specimen were calculated from max. 200
pictures per sample at a step size between 0.1 and 0.5 ym.

The mineralogy of the rock was investigated by X-ray
diffraction (XRD; Panalytical X'Pert Pro diffractometer,
Department of Geology, University of Vienna) on powder
from one of the samples.
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Figure 2: (a) Map of the Wartburg Cave, modified from Thaler et al. (1970) and Baron et al. (2019a). Red lines mark fault planes observed in the Obir
Fault System. The sample site is marked in green. (b) Detail of the map with the investigated exposure and the location of the photographs showing
the observed slickensides. (c) and (d) Photographs documenting the polished slickensides (OB1 to OB18).
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Figure 3: (a) Overview of the cliffs along which the investigated outcrops of the western scree of shattered carbonate rock are located. Photo was
taken at outcrop SR5. (b) Orthophotograph of the screes of shattered rock 1 and 2 (Source: geoland.at). Orange dots show locations of measurements.
Coordinate system: UTM 33N. (c) Curved polished slickenside from outcrop SR2 on yellowish cataclasites. (d) Left boundary of a yellow cataclastic
band in SR4. Small clasts show maximum apparent lengths of 4 x 10 mm. Some have intragranular fractures filled with the surrounding yellowish

matrix.

4, Results
4.1. Field observations
4.1.1. Eastern slope of Hochobir Mountain

At the surface outcrops (1) along the gravel road from
Zauchen to the entrance of the Obir Caves, (2) along
steep rock cliffs above screes of shattered carbonate
rock, which are located to the northeast of the tourist
entrance of the Obir Caves, (3) around the adit mouth of
“Markusstollen”, where the guided tour through the Obir
Caves ends, and (4) near the entrance of the mining tun-
nel directly above the “Markusstollen” were investigated.
The source areas of the screes consist of highly fractured
steep rock cliffs (Fig. 3a, b). Fault mirrors mostly occurred
at the boundary of fault zones, where yellowish ultracat-
aclastic material appeared as bands within the bedrock
(see Fig. 3¢, d).

The stereographic projection of the fault surfaces
shows that most of them are steeply dipping (Fig. 4a).
There is a weak preferred dip direction towards SE and
NW. The orientation of the main fault surface observed
in the mining tunnel above Markusstollen is 296/80 (dip
direction/dip). Most of the investigated fault surfaces
showed polishing grades around 2. Their diameters were
in a range of some centimetres up to several metres. The
variation of the degree of polishing of slickensides within
an outcrop was random and in Figure 4a the colour-cod-
ed polishing degree shows no correlation between the
dip direction of the surfaces and their polishing grades.

4.1.2. Wartburg Cave
The sampling site is located in the southern part of the

Wartburg Cave about 40 m beneath the ground surface

119



Fault mirrors in the process zone of a seismogenic fault (Karawanks, Eastern Alps)

/ main fault N

polishing grade
no data

00000 P>
A wN =

(a)

S

Figure 4: Pole points of all fault planes measured (a) at the surface and (b) in Wartburg Cave. Colour according to their polishing grade (projection on
lower hemisphere, density calculation: Fisher distribution). If a surface has more than one polishing grade, the highest grade is shown. The polishing
grade could not be determined for all surfaces. The main faults (a) from the mining tunnel and (b) of the Wartburg Cave are shown as great circles.

(Fig. 2). There a block with a diameter of 5 m is situated
between two strands of the Obir Fault System (hereaf-
ter referred to as “main faults”). The southern bordering
main fault strikes ENE-WSW with a dip angle of around
70 degrees. A post-speleogenetic sinistral offset of about
13 cm was described in Baron et al. (2019a). The northern
main fault strikes in a nearly parallel direction but wasn't
accessible for direct investigation. The block is exposed
NE to SE and hosts numerous secondary faults, which ex-
hibit polished surfaces. On average, the fault planes on
these sub-surface exposures appeared more polished
than on the surface outcrops which is ascribed to limited
atmospheric weathering processes inside the cave.
Eighteen slickensides were documented (Fig. 2) and
from four of them we took nine oriented hand samples
containing slickensides with different properties (e.g.,
size, colour, polishing grade). Six of them were taken
from sample point OB5 (Fig. 2d), where more polished
surfaces appeared underneath as the first sample was
taken. While most samples show fault mirrors localized
in cataclasites, sample site OB10 showed the polished
bedrock. Some hand samples are almost completely cov-
ered with fault mirrors, e.g. sample OB5.3, which has the
most polished slickensides of all. It was collected from a
minor fault zone, which appeared as an up to 40 cm wide
band consisting mostly of ultracataclasites (in Fig. 2d its
location is shown as a connecting line between sampling
points OB5 and OB7). The sample is shown in Figure 5,
where different polished slickensides are mapped in dif-
ferent colours and lineations are indicated as red lines.
Most of the fault surfaces at the exposure in Wartburg
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cave are steeply dipping (Fig. 4b). The weakly preferred
orientations of the slip surfaces show strike directions
between WNW and ENE. The orientation of the main
fault observed in the cave is 140/74. The colouring of
the pole points shows no distinct correlation between
orientation and their polishing grades. Comparing the
macroscopic observations reveals distinct differences
between the individual polished slickensides. The size
of the slip surfaces varies from a few cm up to meters in
diameter. The spatial orientation of the slip surfaces and
slicken lineations do not record strong preferred orienta-
tions. Adjacent polished slickensides can show different
orientation and lineation directions (Fig. 5). The polishing
grade varies from 1 to 5 (see section 3), whereas the pro-
portion of polished surface area goes hand in hand with
reflectivity. The shape of the slip surfaces can be straight,
curved, corrugated or rarely rough. Varying combina-
tions of these properties occur at the exposure. Most of
the slip surfaces are found in ultracataclastic fault rocks
with dark-yellow, beige-yellow, pale-yellow, white and
reddish-brown colours of the polished slickensides. They
predominantly show grains truncated by fault mirrors.
These truncated grains differ in size (up to a few mm) and
distribution (Fig. 6a, b).

4.2. Microstructures

The samples selected for thin section analysis exhib-
it polished slickensides with a predominant polishing
grade of 3 to 5 (cf. sections 3 and 4.1). Most thin sec-
tions show knife-sharp slip surfaces, although some
are slightly curved or corrugated (Figs. 7 and 8a). One
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Figure 5: Photographs of the different sides of the hand sample OB5.3. Distinctly polished slickensides are outlined in different colours.
Lineation directions are marked in red. Adjacent polished slickensides of different orientation sometimes show deviating lineation
directions.
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Figure 6: Examples for differences between the individual polished slickensides documented in the Wartburg Cave. They range in size from a few
centimetres up to 1 m. For their localisation see Figure 2. (a) and (b) Truncated grains vary in distribution and size. (a’) and (b’) Sizes from 0.25 to 14
mm are delineated in the photographs below. (c) and (d) Different colours (from white to reddish-brown) of the ultracataclasite can be distinguished

on the polished surfaces.

sample, OB10, was collected from polished bedrock and
consists almost entirely of undeformed rock. From the
transition zone, thin section OB8 gives a good overview
of the different cataclastic deformation stages. All other
samples were taken from deformed rock. A detailed
documentation of all samples is given in Koppensteiner
(2027).

4.2.1. Slip surfaces, types of cataclasites and cataclastic
maturity

The straight (Fig. 8i) or curved (Fig. 8a) slip surfaces
cut through various types of cataclasites, from proto- to
ultracataclasite. Depending on the maturity of the cata-
clasite the clasts appear in sizes from less than 0.1 up to
6 mm. They show different shapes from angular to almost
perfectly rounded (Fig. 9). Ultracataclasites with rounded
clasts often accumulate directly under the principal slip
surface or fill the interstices between fragmented grains
or fractures. With the optical microscope it was possible
to distinguish minimum grain lengths of 0.01 mm, but
these grains are embedded in even more fine-grained
material.

To identify the cataclastic maturity of the deformed
bedrock, three thin sections were selected according to
the polishing grade of the hand samples (intermediate
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and highly polished slickensides; cf. section 3). Parallel
offsets and V-shaped zones of deformation separating
the clasts as well as rotations of fragments occur. Some of
the remaining grains have straight grain boundaries on
one side while they are rounded to subrounded on the
other sides.

Sample OB3a (Fig. 9) shows the cataclasites of a slip
zone bordered by an irregular slip surface, which cuts
several clasts (see section 4.2.2). The up to several mil-
limetres large clasts are separated by a fine-grained ma-
trix, which also fills the gaps between fractured grains.
Most of the clasts are subangular but close to the slip
surface there is an up to 3 mm thick layer of ultracatacla-
site with several up to max. T mm large, rounded clasts.
This sample shows mostly average maturity of the host
rock, with the uppermost part just below the mirror sur-
face being more mature. In terms of the stages of cat-
aclastic deformation (see section 3), the deformed rock
correlates with stages two and three while stage four oc-
curs only directly beneath the mirror surface with mostly
rounded grains. Significant differences in cataclastic de-
formation were observed in thin section OB8. It shows
the evolution from undeformed bedrock to completely
comminuted rock fragments embedded in an ultracata-
clasite (Fig. 7).
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Figure 7: The thin section of the sample OB8 gives a good overview of the different stages of cataclastic deformation from the undeformed bedrock

(stage 0) to completely comminuted rock fragments (stage 5).

4.2.2. Truncated grains

In all thin sections, grains of different sizes and shapes
are cut by the knife-sharp, polished slip surfaces (Fig. 8a,
i). The truncated sides of the grains are either smooth or
corrugated depending on the texture of the slip surface
that cuts them. Grains are truncated not only by the pol-
ished slip surfaces, but also by small fractures.

4.2.3. Clasts

Clasts can originate not only from the bedrock, but
also from older cataclasites or vein calcites. These clasts
are comminuted by Mode | and Mode Il fractures. Frag-
ments of fractured grains can show parallel fracture
planes or show a V-shaped zone of deformation be-
tween them (Fig. 8¢, d). The V-shaped microstructures
occur only locally, where adjacent areas and grains show
mostly different displacement directions or no evidence
of displacement at all.

4.2.4. Fractures and slip surfaces within the slip zone
Fractures cross-cut the ultracataclasite, the bedrock
and clasts of the bedrock. They occur in four different
variations: open, sealed by ultracataclasite, sealed by
blocky calcite crystals or sealed by intensely twinned cal-
cite crystals. Systematic fracture networks crosscut some
of the investigated samples, e.g. OB3b, where the ultra-

cataclasite is cut by further slip surfaces at angles similar
to Rand R’,and by other, apparently younger slip surfaces
in a third direction (Fig. 10).

4.2.5. Pressure solution seams

Pressure solution seams traverse the ultracataclastic
matrix of most of the thin sections. They appear in the
form of small areas or along the boundaries of fragment-
ed grains, where they often cover them (Fig. 8i). The pres-
sure solution seams occasionally develop as a SC/SCC’
cleavage and can be described as a pressure solution
cleavage, which can occur as connecting elements be-
tween the steps of a relay (Fig. 11a). It also occurs at high
angles to systematic fracture networks that cross-cut the
protocataclasite (Fig. 11b, b').

4.2.6. Rhombohedral dolomite crystals

Almost perfectly rhombohedral dolomite crystals oc-
cur in several thin sections in different amounts. They
appear scattered, cumulated beneath the slip surface,
clustered between grains and cumulated in other parts
of the thin sections. Bigger crystals are partly broken and
show distinct zoning and/or fluid inclusions (Fig. 8e). In
veins or at the edges of ultracataclastic injection veins
rhombohedral dolomite crystals with distinct zoning
and mostly bent grain boundaries occur (Fig. 8f). Brighter
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Figure 8: Compilation of the most important features of the thin sections examined under PPL (red arrows indicate the microstructures investigated).
(a) The partly curved polished slickenside truncates grains. (b) Grain in the centre with triple junction (photo taken under cross-polarised light). (c)
and (d) Parallel offsets and V-shaped deformation zones between fragments of grains, which are partly shifted as well. (e) Broken fragment of a rhom-
bohedral dolomite crystal with zoning and fluid inclusions. (f) Rhombohedral dolomite crystals with surrounding very fine-grained material. The one
in the lower left corner shows slightly bent crystal boundaries. (g) and (h) Injections of ultracataclastic material around grain fragments. (i) Pressure
solution seams as orange-brown lines traversing the ultracataclasite and accumulating along fractures and around grains. Note the knife-sharp pol-

ished slickenside truncating one of the grains.

crystals with less fluid inclusions show angular to sub-
rounded shapes and partly lobate grain boundaries. Tri-
ple junctions appear under XPL in many of these crystals
(Fig. 8Db).

4.2.7. Dilation

Dilation is visible in veins, V-shaped deformation zones
and ultracataclastic injections. Injections or injection
veins of ultracataclastic material occur in different shapes
and extent within almost every thin section (Fig. 8g, h).
They surround parts of one grain, several grain frag-
ments or fill up bigger areas. Some of these areas were
also observed with the digital microscope, which could
resolve minimum grain sizes of 5 um. These grains are
embedded in even more fine-grained ultracataclasite.
These processes are fluid-assisted and lead to a volume
increase of the fault rock (cf. Schuck et al., 2018). The de-
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velopment of isolated V-shaped deformation structures
can only take place under fluidisation. The orientations of
the openings of the offsets at hand can therefore not be
used as shear-sense indicators as in Hippertt (1993), who
worked on feldspar porphyroclasts in granite mylonites
at low metamorphic grades.

4.2.8. Surface topography models

The smoothness of the polished surfaces and of the
lineations of three highly polished samples were exam-
ined using surface topography models (Fig. 12). The in-
vestigated fault mirrors are partly corrugated parallel to
the striation and show truncated grains of the cataclastic
host rocks. The 3D surface topography models revealed
a maximum vertical distance of 17 to 62 um between the
highest and lowest surface points. As the profiles had a
maximum height difference of 3.5 and 22 um in the di-
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Figure 9: Map of cataclastic maturity of thin section OB3a. Different colours indicate different grains shapes and highlight different degrees of matu-
rity. In areas without coloured grains, the grain sizes were too small to be considered or there were no clear boundaries between grains. Subangular/
subrounded grains are the most common and most evenly distributed. The dotted arrow of the slip zone indicates the area directly beneath the slip

surface, which is mostly composed of ultracataclasite and rounded grains.

rection of the lineation, the striae can be described as
completely polished.

4.3. Mineral composition

An XRD analysis was conducted on material from a
sample containing numerous truncated grains smaller
1 mm? appearing along mirror surfaces with polishing
grades of 5. The results showed that dolomite is the main
component, and calcite occurs only in traces.

5. Interpretation and discussion
5.1. Relation of the investigated outcrops to the Obir
Fault

Fault planes measured in the Wartburg Cave and at the
surface show a wide range of dips, with clusters of steep-
ly dipping planes in SE and NW directions, respectively.
Thus, the mean strike in NE-SW direction (Fig. 4) fits the
main ENE-WSW orientation of the Obir Fault as described
in Baron et al. (2019b). All faults have moderately steep to
steep dip angles and no (sub-) horizontal fault surfaces
were observed. This pattern correlates with a strike-slip
fault system with secondary faults in a damage zone (Syl-
vester, 1988; Wilcox et al., 1973; Woodcock and Schubert,
1994; Fossen, 2016).

The polished slickensides at the investigated exposure
in the Wartburg Cave occur within a wall section of about
10 min length, directly adjacent to two main fault planes
striking across the cave. The ones found near the en-
trance of the mining tunnel directly above the “Markus-
stollen” were also located around a main fault surface. No
other occurrences of polished slickensides were found
nearby inside the cave and the mining tunnels. Thus,
the proximity of the polished slickensides to main fault
planes seems essential for their formation.

Schrockenfuchs et al. (2015) studied a strike-slip fault
zone in dolomite rocks and showed that mirror slicken-
sides occur commonly in cataclastic slip zones. They are
located within fractured wall-rock as well as in transition
of damage zones and fault cores. The striated mirror
slickensides observed in this study occur in three differ-
ent forms: directly in the bedrock, mostly covered by pol-
ished cataclastic material or in cataclastic slip zones (sam-
ples of exposure OB5). We suggest that the formation of
the polished slickensides found on the surface and un-
derground in the area of the Untere Schafleralm is relat-
ed to movements of the Obir Fault and that the surface
outcrops and sub-surface exposures with the polished
slickensides are the damage zones or fault cores of minor
fault zones within the Obir Fault System.
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w 0B3b E
B Rshears N Younger fracture set

M R‘shears

B Main slip surface
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Figure 10: Secondary faults marked in a stitched high-resolution photomicrograph of OB3b, taken under plane-polarised light. Different colours
were used: 39 R-fractures (light blue) and 10 R’-fractures (dark blue) indicating dextral shear sense, 21 younger fractures (yellow) and seven fractures
sub-parallel to the polished slickenside. Although not visible in the matrix, the fractures are assumed to continue through the thin section and into

the adjacent rock.

5.2. s the Obir Fault seismically active?

The investigated fault rocks show alternating episodes
of dilation, slip, cataclasis and sealing processes, indi-
cating that the rock has undergone periods of different
rheological behaviour. Examples are the synthetic and
antithetic Riedel fault surfaces, which are the only reli-
able indicators of the different shear senses identified
in this study (Fig. 10). In contrast, the absence of strain
shadows within the ultracataclasite next to rotated clasts,
parallel offsets or V-shaped deformation zones between
grain fragments is only possible if the rock has been flu-
idised allowing the matrix to behave like a suspension.
The presence of rounded grains next to angular ones as
well as the re-fracturing of rounded grains shows the dif-
ferent degrees of deformational maturity of the rock. To
achieve such diversity, several events of cataclastic com-
minution are necessary. Some observations from this
study are then discussed in terms of their implications for
the above question.

5.2.1. Polished slickensides

The polished surfaces presented are characterized by
pervasive areas of a few square centimetres in size, part-
ly irregular, with different orientations and lineations
(Fig. 5) and offset in the order of a millimetre. The diver-
sity of so many centimetres-sized and polished slicken-
sides occurring in such a confined area close to a major
fault is not consistent with tens of meters large fault mir-
rors (Siman-Tov et al., 2013) or with displacements in ro-
tary shear experiments in the order of tens of centimetres
to metres (Siman-Tov et al., 2015).
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5.2.2. Cataclasis and cataclastic flow

Cataclasis and cataclastic flow are the main deforma-
tion processes, in which grain fragmentation subsequent-
ly causes compaction and rearrangement (sliding and
rotation) of the new fragments within the pre-existing
pore space (Sibson, 1977; Evans, 1988; Blenkinsop 1991;
Rutter and Hadizadeh, 1991; Lin, 2001; Passchier and
Trouw, 2005). This leads to strain hardening, which is
typical of the cataclastic flow regime (Renner and Rum-
mel, 1996; Kenkmann, 2003; Kohlmayer and Grasemann,
2012). During cataclasis further fracturing and crushing
of grains is coupled with frictional sliding that can occur
along grain boundaries (Fossen, 2016). Power and Tullis
(1989) investigated cataclastically deformed principal slip
zones and suggested that the cataclasis occurred at high
strain rates during seismic slip.

5.2.3. Truncated grains

Along the slip surfaces many grains are truncated
knife-sharp without any further signs of deformation
like fracturing or twinning. This is typical of principal slip
surfaces and polished fault surfaces, which are attribut-
ed to seismic slip (Fondriest et al., 2013; Siman-Tov et al.,
2013; Verberne et al., 2014; Kuo et al., 2016). The truncat-
ed grains along highly polished principal slip surfaces as
well as fluidised ultracataclasites are comparable to po-
tential seismic markers, which were described in other
fault zones (Demurtas et al., 2016; Tschegg et al., 2020;
Ferraro et al., 2018; Vignaroli et al., 2020).
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Figure 11: Photomicrographs highlighting the characteristics of ultracataclastic fluidisation, pressure solution seams and illuviated calcite crystals
of the principal slip zones associated to the Obir Fault. (a) SC/SCC’ cleavages of pressure solution seams as steps in a relay marked with red arrows in
thin section OB5.1.1. (b) and (b’) Cataclastically heterogeneous slip zone in thin section OB5.1.2. The protocataclasite of the slip zone is cross-cut by
systematic fracture networks (marked in yellow) while the cataclasite is traversed by pressure solution seams (marked in red) at high angles to the
dominant fracture set.

5.2.4. Calcite crystals

Larger calcite crystals with partly lobate grain bound-
aries and only few fluid inclusions occur in about half of
the investigated thin sections. Several crystals show not
only undulose extinction under XPL but also triple junc-
tions (Fig. 8b). A large number of these crystals occur in
thin section OB5.0. Due to their occurrence in the partly
flowstone covered exposure, they are interpreted as frag-
ments of speleothems, which were transported into the
rock during a fluid-rich phase of co-seismic deformation.
Similar findings were reported from Baqués et al., (2011),
who worked on cataclasites of carbonate precipitations
within fractures that were affected by multiple epi-
sodes of fracturing during faulting. Sanders et al. (2018),
Szczygiet et al. (2021), Sala et al. (2022) and Mitrovi¢-
Woodel et al. (2023) also investigated speleothem flow-
stones containing evidence of intermittent fracturing,
which were interpreted from episodic downfaulting or
co-seismic shaking during speleothem growth and con-
cluded as a presumably result of co-seismic deformation.

5.2.5. Dilation

In many of the investigated thin sections dilation is re-
corded in the form of injected fault rock, which appears
as seams around grains, irregularly shaped ultrafine-
grained areas or V-shaped deformation zones (Fig. 8).
Fluidised fault rocks are commonly associated with injec-
tions or protrusions of fault rock material from one rock
part into another. Fluidised cataclasites and injections of
clastic fault rock are suggested to be a useful indicator
for seismic slip (Brodsky et al., 2009; Otsuki et al., 2003;
Smith et al., 2008, 2011; Ujiie et al., 2007; Lin, 2011; Rowe
et al,, 2005, 2012).

5.2.6. Ultracataclasite and pulverised rocks

The high abundance of ultracataclasite and ultrafine-
grained matrix in the samples investigated reminds of
pulverised rocks, which, usually observed in quartzo-
feldspathic rocks, are a distinct type of fault rock. They
have been linked to co-seismic damage and were found
near major strike-slip faults like the San Andreas Fault
System in California (Dor et al., 2006; Brune et al., 2001;
Rempe et al., 2013). The grain size of these pulverised
rocks is <1 mm on average. Their original texture (e.g.,
grain boundaries and foliation surfaces) is preserved as
they do not show evidence of (1) significant shear strain
at the macro- and microscale, (2) grain rotation and (3)
rounding (Dor et al., 2006; Wechsler et al., 2011; Schrock-
enfuchs et al., 2015; La Valle et al., 2019).

Records of pulverised rocks in carbonates are rare.
They were first recognised in the Italian Southern Alps
and Central Appennines by Agosta et al. (2006), Fondriest
et al. (2012), Fondriest et al. (2015) and Demurtas et al.
(2016). Sagy et al. (2012) investigated faults on the Israeli
coastal plain and reported pulverised carbonate rocks in
drill cores from a depth of 4980-5911 m. Schréckenfuchs
et al. (2015) worked on pulverised rocks in dolomites
from minor fault branches of the Salzach-Ennstal-Maria-
zell-Puchberg (SEMP) fault system in the Eastern Alps.
Fondriest et al. (2015) described in situ shattered rocks
in dolostones as fault breccias with exploded jigsaw tex-
tures and preserved original sedimentary fabric at an av-
erage grain size of <1 mm. Baron et al. (2022a) document-
ed such rocks NE of the Obir Caves, which are described
in this study as screes of shattered carbonate rocks. The
high grade of pulverisation observed in the samples of
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Figure 12: Investigation of the roughness of the polished slickenside of sample OB5. (a) Photograph of polished slickenside. (b) (c) Different magni-
fications of the area of interest. (c’) Surface topography model from 141 images taken with a step size of 0.5 um. Same area as pictured in (c).

polished slickensides from this study is interpreted as an-
other indicator for seismic slip (cf. Payne and Duan, 2016).

5.2.7. Pressure solution seams

Pressure solution seams and cleavages are a result of
fluid-assisted intergranular pressure solution (IPS), which
involves stress-driven dissolution of material along grain
contacts (Rutter, 1976; Rutter, 1983; Renard et al., 2000;
Gratier and Gueydan, 2007; Zhang et al., 2010; Smith et
al., 2011; Nenna and Aydin, 2011). IPS is common in car-
bonate rocks, which have experienced low-grade met-
amorphic and diagenetic conditions (Tada and Siever,
1989; Billi, 2010; Billi, 2003; Renard et al., 2004; Smith et
al., 2011). Zhang et al. (2010) conducted uniaxial compac-
tion experiments on wet calcite aggregates at post-seis-
mic strain rates. Their results suggest that IPS is a typical
deformation mechanism in natural principal slip zones
during shallow post-seismic slip/post-seismic stress re-
laxation in carbonate rocks within and surrounding a
fault zone (Renard et al., 2004; Gratier et al., 2003; Grat-
ier and Gueydan, 2007; Smith et al., 2011). Based on the
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location of the exposure within the Obir Fault and the
results of Baron et al. (2019b), who recorded aseismic
movements directly adjacent to it, the formation of the
pressure solution structures is assumed to be aseismic
during post-seismic slip.

5.2.8. Recent fault acitivity

Recent movements of the Obir Fault are evident in
the many broken speleothems in the individual sections
of the Obir Caves (Baron et al., 2022a). On-going move-
ments are recorded in the Wartburg Cave with two mon-
itoring TM71 devices (Baron et al., 2019a, 2019b). These
studies show that the Obir Fault has not only been active
in the past, but is still an active fault today.

5.3. Conceptual model on the formation of the fault
mirrors

The polished slickensides investigated, which exhibit
various spatial orientations, are found exclusively close
to the Obir Fault. Since these faults are only a few cen-
timetres long, they have recorded displacements on the
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Figure 13: Conceptual model on the formation of fault mirrors. Seis-
mic slip on a patch of the Obir Fault releases elastic seismic waves
causing shaking on small scale faults in the damage zone. The shaking
results in smoothing and eventually polishing of the small slip surfac-
es. The omega symbolises the location of the cave.

order of millimetres. This limited displacement cannot
account for the polished fault surfaces, regardless of
whether the slip was seismic or aseismic (Fondriest et al.,
2013; Siman-Tov et al., 2013; Verberne et al., 2013; Tesei et
al., 2017). We therefore propose an alternative conceptual
model to explain the near-surface polishing of faults with
minimal size and displacement (Fig. 13). The Obir Caves
are situated directly north of the core of the W-E trend-
ing Periadriatic Fault in the Northern Karawanks, an area
known for fault activity since the Miocene (Ratschbach-
er et al., 1991; Fodor et al., 1998; Vrabec et al., 2006). Dis-
placement along the Obir Fault or another nearby fault
could have released energy in the form of body or sur-
face seismic waves, causing near-surface shaking. Such
shaking could have induced elastic deformation and mi-
nor back-and-forth motion along the small-scale faults
in the damage zone of the Obir Fault. Since the polished
slip surfaces show no evidence of healing by fluid precip-
itation, it is plausible that multiple shaking events con-
tributed to their smoothing and polishing. It is important
to note that millimetre-scale motion would be associated
with very short wavelengths and, consequently, high fre-
quencies, which are only observed in close proximity to
the epicentre due to attenuation. We therefore propose
that small-scale fault mirrors can serve as indicators of a
short distance (< several kilometres) from the epicentre.

Although more detailed studies, including experi-
ments, are needed in the future, such a scenario would
explain (i) polishing of surfaces measuring (some) square
centimetres, (i) polishing of irregular surfaces, (iii) neither
a preferred orientation of the surfaces nor a dominant set
of lineations consistent with the kinematics of the fault,
(iv) no visible offset along the slip surfaces, (v) occurrence
of swarms of small fault surfaces confined to the vicinity
of large scale faults.

Stefanie J. KOPPENSTEINER et al.

6. Conclusions

This study focused on the detailed investigation of pol-
ished slickensides, which formed along a segment of the
Obir Fault in the Northern Karawanks (Carinthia, Austria).
Slip zones of the Obir Fault System cut carbonate bed-
rock within the Wartburg Cave (part of the Obir Caves)
and in the surrounding area on the surface. Spatial mea-
surements of slickensides from inside and outside the
Wartburg Cave fit well with the main ENE-SWS direction
of the Obir Fault. Fieldwork revealed only steep and me-
dium-steep fault surfaces, while flat ones were missing.

The slip zones of secondary faults contain protocata-
clastic and cataclastic fault rocks and are delimited by a
polished, mirror-like slip surface. These striated polished
slickensides can be straight or curved and occur directly
on the bedrock, mostly covered by polished and cata-
clastically deformed bedrock or in cataclastic slip zones.
The polishing grade of the slip surfaces found outside the
cave is generally lower compared to the ones found in
the Wartburg Cave.

Microstructural investigations revealed different stag-
es of cataclastic deformation within the samples tak-
en from Wartburg Cave. Systematic fracture networks
crosscut some samples, while the ultracataclastic matrix
of most samples is traversed by pressure solution struc-
tures. Fluidisation occurring as ultracataclastic injections
between clasts and ultracataclasite suggests protrusion
of material from the surrounding rock.

The microstructures, including polished slickensides,
injected cataclasites and truncated grains along princi-
pal slip surfaces, together with the geological position
close to the seismogenic Periadriatic Fault System and
the nearby screes of shattered carbonate rocks on the
surface suggest that the investigated fault surfaces in the
Obir Caves were formed during seismic slip. In contrast,
the presence of pressure solution cleavages indicates pe-
riods of aseismic deformation.

We propose a conceptual model in which rock seg-
ments form between the main and secondary faults (Fig.
13). The high angles between these faults and the ab-
sence of flat fault surfaces lead to the jamming or wedg-
ing of these rock segments. Then small-scale shaking
movements during a seismic wave causes the develop-
ment of minor faults with small polished slickensides.
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