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A B S T R A C T

We investigate episodic soft-sediment deformation structures cross-cut by normal faults preserved in unlithified
finely laminated calcite rich sediments in the Hirlatz cave in the Northern Calcareous Alps (Austria). These
sediments comprise varve-like alternations of brighter carbonate/quartz rich layers, and darker clay mineral rich
layers. The deformed sediments contain abundant millimeter to centimeter-scale soft-sediment structures (load
casts, ball-and-pillow structures), sheet slumps (thrust faults and folds), erosive channels filled with slides and
chaotic slumps. After deposition and soft-sediment deformation normal faults developed within the entire se-
dimentary succession, an event that probably correlates with an offset of c. 10 cm of the passage wall above the
outcrop. Our major conclusions are: (i) The sediments have a glacial origin and were deposited in the Hirlatz
cave under phreatic fluvio-lacustrine conditions. The deposition and the soft-sediment deformation occurred
most likely during the last glaciation (i.e. around 25 ka ago); (ii) The liquefaction and formation of the soft-
sediment structures in water-saturated stratified layers was triggered by episodic seismic events; (iii) The in-
ternally deformed sediments were later displaced by normal faults; (iv) A possible source for the seismic events is
the active sinistral Salzach-Ennstal-Mariazeller-Puchberger (SEMP) strike-slip fault which is located about 10 km
south of the outcrop and plays a major role in accommodating the extrusion of the Eastern Alps towards the
Pannonian Basin. To our knowledge, the described structures are the first report of liquefaction and seismically
induced soft-sediment deformations in Quaternary sediments in the Eastern Alps.

1. Introduction

In the Eastern Alps (Austria) and its Neogene basins only few direct
geological or geo-archeological evidences are preserved that proof ac-
tive tectonic processes (e.g. Decker et al., 2005, 2006; Beidinger and
Decker, 2011; Beidinger et al., 2011). Although active crustal de-
formation in the Eastern Alps has been confirmed by numerous geo-
physical data sets (Reinecker and Lenhardt, 1999; Grenerczy et al.,
2005; Tesauro et al., 2006; Brückl et al., 2010; Serpelloni et al., 2016),
many geomorphological signals of active crustal deformation have been
obliterated by (peri)glacial activity and intensive erosion during the last
glacial period (Robl et al., 2008). Karst caves represent a unique en-
vironment that is capable to preserve proofs of past geomorphological
and geological processes, even in terrains of high surface erosion rates.
Especially for paleoseismic and neotectonic studies, this underground
archive can play an essential role in deciphering past events (e.g.,
Postpischl et al., 1991; Lacave et al., 2004; Becker et al., 2006, 2012).

Plan et al. (2010) described the first detailed and dated field evidence of
neotectonic activity from a cave in the Northern Calcareous Alps (NCA)
and showed that massive flowstones were scratched and ruptured be-
tween the last Interglacial and the Early Holocene. They concluded that
the nearby Salzach-Ennstal-Mariazeller-Puchberg strike-slip fault
(SEMP), which facilitates the extrusion of the Eastern Alps, must be an
active fault. The present study supports these earlier findings and in-
vestigates liquefaction and complex soft-sediment deformation struc-
tures cross-cut by normal faults in the Hirlatz cave. The studied out-
crop, which is about 100 km to the west of the studied fault segment of
Plan et al. (2010), demonstrates the recurrence of seismic activity in
that particular region close the SEMP fault system.

2. Geological setting

The investigated Hirlatz cave is located at the northern rim of the
Dachstein karst plateau with a peak elevation of almost 3000m a.s.l.
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(Fig. 1, Pohl and Greger, 2001). The Dachstein massif is part of the
NCA, which constitute the uppermost tectonic unit in the Eastern Alps
and form a 500 km long and 20–50 km wide thrust belt (Spengler, 1928;
Tollmann, 1976). The strata record the history of the Eastern Alpine
part of the Tethyan shelf from Permian to Eocene times (Mandl, 2000
and references cited therein). The cave is located in the Upper Triassic
Dachstein Limestone formation (Simony, 1847), which represents a
distal shallow marine shelf consisting of reef and lagoon facies (Haas
et al., 2007). The NCA have been subjected to several tectonics phases,
starting with initial nappe stacking in the Upper Jurassic followed by
major W-directed thrusting in the Cretaceous. After drowning and de-
position of the Upper Cretaceous clastic sediments of the Gosau Group,
the NCA were thrusted towards the north into a thin-skinned fold and
thrust belt (Frisch and Gawlick, 2003). Sinistral strike-slip movements
along the SEMP fault system, which is located along the southern
margin of the NCA, commenced in the Miocene and accommodated
since then about 60 km extrusion of the central parts of the Eastern Alps
towards the Pannonian Basin (Linzer et al., 2002).

The main entrance of the Hirlatz cave is located at 870m a.s.l. in the
Echern Valley, below the 900m vertical north face of Mount Hirlatz
(Buchegger and Greger, 1998; Austrian Cave Register #1546/7). With a
length of 105 km and a depth of 1070m, this karstic cave is the third
longest cave system known in Austria. The investigated structures are
exposed on a 5.5 m long and 2.5 m high NE-SW striking outcrop wall of
cave sediments along a section called Lehmklamm, which is located
about 2.8 km SE of the cave entrance at 1005m a.s.l. Fig. 2 shows an
orthomosaic of the outcrop, which was created from 24 individual
pictures using the photogrammetric software Agisoft PhotoScan Vers.
1.2.4 (www.agisoft.com). Karst hydrological investigations have de-
monstrated a complex drainage system from the Dachstein plateau
through parts of the cave generally directed towards the N, which
corresponds to the dip direction of the bedded limestone (Völkl, 1998).
At the present time phreatic (completely water filled) and epiphreatic
(only filled during floods) conditions are found at different altitude
levels within the cave. The investigated sedimentary succession in the
Lehmklamm is nowadays located in the vadose zone (water unsaturated

Fig. 1. a) Simplified geological map of the Eastern Alps (SEMP – Salzachtal-Ennstal-Mariazell-Puchberg fault; PA – Periadriatic fault; MM – Mur-Mürz fault; BM – Bohemian Massif, GWZ
– Graywacke Zone, NCA – Northern Calcareous Alps; VB – Vienna Basin). White circles indicate epicenters of earthquake events since 1900 (Reinecker and Lenhardt, 1999). The size of
the circles is proportional to their magnitude. Single arrow indicates 1.0 ± 0.6 mm/a E-directed movement of GPS station GRMS relative to Bohemian Massif (Grenerczy et al., 2005).
Two focal mechanism solutions indicate sinistral strike-slip movement along active segments of the SEMP (Reinecker and Lenhardt, 1999). b) Geological section across the Dachstein
plateau (modified after Seebacher, 2016 using Mandl, 1998). Black lines indicate the Hirlatz cave (cave survey data: VH Hallstatt-Obertraun).
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zone) and was eroded sideways by a small active stream flowing to the
limestone at the floor of the passage.

3. Description of the cave sediments

The unconsolidated fine grained (clay to silt) sediments at the in-
vestigated outcrop within the Hirlatz cave consist of sub-millimeter to
several cm-thick layers of dark-brown clay-dominated layers inter-
bedded with light-brown to beige layers with a higher content of silt.
Layering is practically speaking horizontal when measured with a
standard clinometer (Fig. 3a). In-between the undisturbed layers, nine
horizons containing layer-parallel soft-sediment deformation structures
occur, which are described in detail below in section 4. The present day
surface of the sedimentary succession is a few decimeters below the
ceiling of the passage and incised by several erosive channels filled with
reworked slides and slumps. Within these channels and at the top of the
succession, fine sandy layers with climbing ripples indicate a NE-di-
rected paleo-flow under phreatic conditions, which is opposite to the
active vadose drainage towards SW. Climbing ripples or ripples drift cross
lamination indicate rapid deposition during migration of the ripples or if
deposition exceeds migration (Sorby, 1859; Allen, 1973). The lee side of
the ripples is enriched with dark heavy minerals (Fig. 3b). The

provenance of the sediments and the mineralogical difference between
the darker and brighter layers were assessed by the heavy mineral
content of the silty/sandy layers and the composition and clay content
of the bright and dark layers, measured with X-ray diffraction (sample
locations are given in Fig. 2a). Sample HI-2 was taken from a fine sandy
layer below the erosive channels at the top of the section. HI-3 and HI-4
were sampled from current ripples in silt and sand layers at the very top
of the outcrop. Sample HI-6 is from a cm-thick bright calcite-rich layer
in the upper section around the NE corner of the studied section.
Sample HI-7 was taken from a bright brown silty layer, HI-8 from a
brownish clay layer and HI-9 from dark brown clay layers in the central
undeformed part of the section.

3.1. Heavy mineral analysis

We used heavy-mineral (detrital minerals having a density that is
greater than 2.9 g/cm3) analysis as a tool to trace the source areas of the
investigated sediments. For the heavy mineral analysis, only samples
from the silt and sand layers from the upper part of the section were
investigated, because the clay layers were almost free of heavy minerals
or the grains were too small to be detected in the optical microscope.
The samples were decarbonized with diluted acetic acid and a grain size

Fig. 2. a) Orthomosaic created from 24 individual pictures of the studied outcrop Lehmklamm in Hirlatz cave (location see Fig. 1). Sheet slumps are labeled 1 to 7 in white circles; layer
confined load casts and plastic intrusions are labeled 1 and 2 in black circles. Red circles indicate sampling sites. Black rectangles show locations of details presented in Figs. 6–8. The
orange folding ruler has a length of 1 m. b) Line drawing of the orthomosaic. Erosive channels filled with slides are labeled with white numbers 1–9 and r1-r3 point to three isolated rafts
blocks. Red great circles in the stereoplot represent individual orientations of fault segments and secondary faults. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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from 0.063 to 0.4mm was used for further analysis. The heavy minerals
were separated using 1,1,2,2,-tetrabromoethane (C2H2Br4) with a
density of 2.94 g/cm3 at 20 °C. The separated heavy minerals were
imbedded in Canada balsam and analyzed under the optical microscope
(100–150 grain counts for classification).

Samples derived from the silt and fine-grained sandy layers (HI-2,
HI-3, HI4/1 and 2) record a very similar heavy minerals spectrum. The
average of all samples returned the following (Fig. 4): Major amounts of
epidote (40%), zoesite (21%), zircon (10%) and minor amounts of
garnet (7%), chloritoide (5%), rutile (4%), tourmaline (4%), kyanite
(4%), apatite (3%) and hornblende (2%). This composition suggests a
provenance from a near metamorphic source (see discussion section for
more details).

3.2. X-ray diffraction (XRD) analysis

XRD analyses were carried out with a Panalytical PW3040/60 X'Pert
PRO diffractometer using copper Kα radiation at 40 kV and 40mA. All
specimens were run at a 2ϴ-angle ranging from 2° to 70° (40°) with a
step size of 0.0167 and a scanning speed of 5 s per step. For the inter-
pretation the Panalytical X'Pert High score plus software was used (see
also Moore and Reynolds, 1997). Details about the sample preparation
are given in Appendix A1.

XRD examination of bulk samples showed that the composition of
the brighter silt-rich and darker clay-rich layers is very similar, con-
sisting of calcite, quartz, dolomite, ankerite, muscovite, chlorite and
biotite and minor amounts of K-feldspar (Fig. 5a). In the darker layers
the amount of carbonate is smaller than in the brighter layers and K-
feldspar is completely missing. The darker layers contain more mica
and the brighter layers are enriched in quartz and carbonates. Also the
clay mineral content (< 2 μm, Fig. 5b) is very similar in all measured

samples, comprising mainly illite, smectite, chlorite and kaolinite. The
bright and dark layers hence only differ in terms of mineral quantities,
so that clay minerals are more abundant in the darker layers.

4. Deformation structures in the sediments

The deformation structures in the investigated sediments, which are
generally described as seismites (Seilacher, 1969), encompass soft-se-
diment deformation structures and normal faults cross-cutting the en-
tire sedimentary succession. Note, that soft-sediment deformation

Fig. 3. a) Undeformed section of layered varve-like sediments. b) Climbing ripples on top of the investigated sedimentary succession indicating a paleo-flow towards NE.

Fig. 4. Averagely the samples (HI-2, HI-3, HI-4/1 and 2) consist of major amounts of
epidote (40%), zoesite (21%) and zircon (10%), with minor amounts of garnet (7%),
chloritoide (5%), rutile (4%), tourmaline (4%), kyanite (4%), apatite (3%) and horn-
blende (2%), suggesting a provenance from a near metamorphic source.

Fig. 5. a) X-ray diffraction patterns of bulk samples. The samples contain calcite (Cal),
quartz (Qz), dolomite (Dol), muscovite (Ms), chlorite (Chl) and feldspar (Fsp). b) X-ray
diffraction patterns of Mg-saturated clay fractions from samples H7 (silt), H8 (clay) and
H9 (clay). Sme= smectite, Ilt = illite, Kln= kaolinite, Chl= chlorite, Cal= calcite.
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structures caused by cryoturbation (ice wedge casts, involution) are
morphologically very different to the investigated structures
(Obermeier, 1996). The soft-sediment structures within the investigated
sediments are typical for liquefaction involving the production of reg-
ular folds and Rayleigh-Taylor instability of sediment layers within a
single sedimentation unit between undisturbed layers (Allen, 1982).
During liquefaction water-saturated, unconsolidated sediments are
transformed by pressure gradients or shaking from a solid-like to vis-
cous-liquid-like state and are capable of moving on slopes of less than 1°
in obedience to body forces forming layer-confined imbricate faults and
folds (Lowe, 1976; Owen, 1987; Alsop and Marco, 2011). The in-
vestigated soft-sediment deformation structures can be discriminated
into four groups (Allen, 1982; Montenat et al., 2007): (i) Sheet slumps
with faults and folds and (ii) load casts and plastic intrusions (pseudo-
nodules and ball-and-pillow structures) confined to several cm-thick
layers within the undisturbed horizontally sub-millimeter to centimeter
laminated varve-like succession. (iii) Erosive channels filled with sev-
eral erosive slides and slumps of unlithified highly deformed beds. The
deformed sediments are overlain by decimeter-thick sands with ripples.
(iv) Normal faults cutting through the whole sedimentary succession. In
the following, each group is described individually.

4.1. Sheet slumps

Brittle failure, translation and hydroplastic deformation of slump
sheets on very gentle slopes can be facilitated by reduction of shear
strength due to increased pore fluid pressure in millimeter-to cen-
timeter-thick layered varve-like sediments, which provide clay-rich
easy-slip horizons (e.g. Williams and Prentics, 1957; Elliott and
Williams, 1988; Strachan, 2002; Alsop and Marco, 2011). The pro-
gressive evolution of slump systems include translation along a local
slip surface with extension propagating upslope to the head of the
slump and shortening propagating downslope towards the toe of the
slump (Farrell, 1984; Debacker et al., 2009; Alsop and Marco, 2011).

The investigated outcrop exhibits seven different sheet slumps (la-
beled 1 to 7 in white circles in Fig. 2) with a thickness of only a few
millimeters to centimeters, mostly displaying slump folds and fault-re-
lated folds indicating large shortening, although minor extensional
structures are locally observed. Only two sheet slumps can be traced
along the entire outcrop's length of more than 5m (1 and 6 in Fig. 2).
The other sheet slumps pass laterally into undisturbed strata (2, 3, 4
and 5 in Fig. 2) or are truncated by the erosive channel (7 in Fig. 2). In
the following the main characteristics of the individual sheet slumps are
discussed in detail:

1) The lowermost exposed sheet slump (labeled 1 in a white circle in
Fig. 2) can be traced over the whole outcrop length of 5.5m and has
at the SW side a thickness of c. 2.5 cm that continually decreases to
1 cm at the NE edge of the outcrop. In the SW part, three zones of
deformation can be distinguished (Fig. 6a): The bottom and the top
of the slump is characterized by zones containing several isoclinal
folds with shallow-dipping NE-vergent axial planes, reflecting li-
quefaction and intense flow. The majority of isoclinal folds cannot
be traced over several fold trains, but are sheared-off, forming
rootless fold hinges with thinned inverted limbs or coherent vor-
tices. The central zone shows folding of a 4mm thick bright silt
layer. Axial planes of the slumping folds are moderately dipping
towards the SW (mean dip direction/dip is 221/19) with shallowly
inclined fold axes plunging towards the SE (mean plunge direction/
plunge is 161/10), recording an overall NE-vergence of the folds
with wavelengths of about 2 cm. The folds are overprinted by a
second fold generation (small white arrows in Fig. 6a) with upright
axial planes resulting in Type 3 hooks and crescents refold struc-
tures. Fold measurements along several 20 cm long transects yielded
shortening of c. 60% (assuming that the fold formed by shortening
of the layers; see discussion section). In the central part of the

outcrop the isoclinal folds in the upper and lower layer of the sheet
slump disappear and only the simple NE-vergent folding of the
bright silt layer, with wavelengths of c. 5 cm and a shortening of less
than 40%, is preserved. Interestingly the antiforms have interlimb
angles of c. 30°, whereas the synforms are isoclinal resembling
asymmetric billows (Fig. 6b). In the NE part of the outcrop only
isolated NE-vergent antiform-synform folds pairs with a spacing of
about 50 cm are present. The strata between these fold-pairs are
almost undeformed or exhibit open, very low-amplitude folding
with a wavelength of about 10 cm.

2) The second sheet slump is only 1 cm thick and can be followed in the
SW part of the outcrop for about 1.5m. Within a dark brown clay-
rich layer, a bright 3mm thick silt layer is either openly folded in
linear waves (wavelength c. 3 cm, amplitude a few mm) or sheared
in layer-parallel isolated isoclinal antiform-synform fold-pairs re-
sembling asymmetric billows (Fig. 6b). The folded structures are
separated by tens of cm's of undeformed layers and the total
shortening is less than 10%.

3) Sheet slump No. 3 records a complex polyphase deformation and a
significant change of the deformation structures and kinematics
from the SW towards the NE: In the SW part of the outcrop layer-
bound top-to-SW reverse faults (orange half arrow in Fig. 6c) gra-
dually pass into layer-bound top-to-SW normal faults (white half
arrows in Fig. 6c). The deformed layer is about 3 cm thick and the
normal faults, with a maximum displacement of less than 5mm in
the layer's center, have a spacing of about 5mm. The faults have a
large displacement gradient, which is accommodated by fault drag
and monoclinal folding at the fault tips. As seen from left to right in
Fig. 6c, the layer is overprinted by a strong component of layer-
parallel shortening resulting in increasingly tighter folding of
marker horizons between the normal faults (e.g. dotted white line in
Fig. 6c). Further towards the NE this layer passes into a zone of
intense folding (Fig. 6d). Deformation is strongly partitioned into
fault propagation folding (a1-a7) in the lower section comprised of
bright 3mm thick silt layers and a zone of complex folding in an
upper clay-rich section with a 1mm thick silt layer. The slumping
direction is clearly towards the NE and the detachment levels of the
fault propagation folds are stacked (d1-d3) leading to layer thick-
ening from 1.5 cm at the NE side to 2.5 cm at the SW side (Fig. 6d).
On the other hand, the fold complexity within the clay-rich layer
increases from SW to NE, showing sections of no folding above the
antiforms a7 and partly a4 and a5, but intense folding with NE and
SW vergence between the antiforms of the fault-propagation folds
(e.g. white arrows between a7 and a6 in Fig. 6d) where the clay-rich
layer is also thickened. Above fault-propagation folds a1, a2 and a3,
the clay rich layer is thickened by Type 3 hooks and crescents refold
structures (e.g. white arrow between a2 and a3 in Fig. 6d).

4) Sheet slump No. 4 displays top-to-the-SW kinematics, which is
overprinted by NE-directed shearing at the NE termination of the
slump. A spectacular and complex example of this kinematic re-
versal is shown in Fig. 6e, where SW-directed fault-propagation
folds and associated higher order folds f1 are overprinted by NE-
vergent folds f2. The fault-propagation folds have three different
detachment horizons (d1-d3) and the marker horizons' offsets range
from c. 1mm to 1 cm. A selection of corresponding hanging wall and
footwall cutoffs of some marker horizons (traced with white dotted
lines) are marked in Fig. 6e with white circles, whereas orange
circles mark the tips of the fault-propagation folds. Earlier folds with
the same SW-vergence as the fault-propagation folds (f1) and the
initially NE-dipping fault-propagation folds are refolded by folds
with opposite vergence, resulting in Type 3 hooks and crescents
refold structures. Truncations of marker horizons (white arrows in
Fig. 6e) clearly demonstrate that sheet slump No. 4 has been partly
eroded prior to later sedimentation. Note that the surface mor-
phology of the slump was filled by later sediments, leading to layer
thinning above the culminations and layer thickening above the
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troughs. Sheet slump No. 4 can be only traced for c. 1 m and the
corresponding layers towards the NE appear completely un-
deformed (see layer 4 labeled in Fig. 6d).

5) Sheet slump No. 5 can be traced for 2m; its continuation towards
the NE is completely undeformed. The structures record an earlier
top-to-the-SW kinematics overprinted by top-to-the-NE movement,
similar to sheet slumps No. 3 and 4. In the earlier deformation
phase, SW-vergent fault-propagation folds developed within a
1.5 cm thick brownish sub-millimeter varve-like layer and propa-
gated into a 1 cm thick silt layer (orange circle indicates the fault tip
in Fig. 6d). The hanging wall and corresponding footwall cutoffs
(white circles in Fig. 6d) display displacements in the order of 1 cm.
The distance between the regularly spaced fault propagation folds is
c. 10 cm. Within the basal layers, the SW-vergent fault-propagation
folds are refolded by NE-vergent folds.

6) Sheet slump No. 6 has a thickness of 1.5 cm and consists of a 3mm
thick bright silt layer embedded within a 1 cm thick brown more
clay-rich layer. The sheet slump is exposed along the entire outcrop
and both fault-propagation folds and box-shaped detachment folds
with SW and NE vergence are present (Fig. 6f). Shortening, de-
termined along a 1m long transect, is in the order of c. 50%. Above
these structures a 0.5 cm thick unit comprised of mm-thick layers
exhibits complex folds, which are partly dismembered or even
chaotically brecciated. This sheet slump contains three c. 2 cm thick
isolated raft blocks (r1-r3 in Fig. 2) comprised of mm-layered sedi-
ments with internal normal faults. The term raft is used here to
describe allochthonous fault blocks above a detachment that were
separated beyond mutual juxtaposition (Burollet, 1975). The raft-
internal and raft-bordering normal faults dip towards the SW and
NE. Interestingly, the base of raft r2 is overprinted by NE-vergent

Fig. 6. a) Intense NE vergent folding in sheet slump No. 1. Note second fold generation with upright axial planes (white arrows). b) NE vergent folding in sheet slump No. 1 and folds in
sheet slump No. 2, which are separated by almost undeformed layers. c) Domino boudinage overprinted by NE directed shearing resulting in extremely deformed flanking structures in
sheet slump No. 3. d) Fault-propagation folding above three different detachments levels (d1-d3) in sheet slump No. 3. SW directed fold propagation folding overprinted by ductile NE
vergent folding in sheet slump No. 5. e) SW vergent fault-propagation folding and associated higher order folds (f1) above three different detachments levels in sheet slump No. 4 (d1-d3),
overprinting NE vergent folding f2. Note the erosive contact to the overlying undeformed layers (white arrows). f) Fault propagation folds with opposing vergence. Note that the
bathymetric synforms are filled with a chaotic breccia.
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folds, whereas the base of raft r3 is overprinted by SW-vergent folds.
7) Sheet slump No. 7 is only exposed for 50 cm due to truncation by

erosive channels (Figs. 2 and 7a). It consists of a basal 0.5 cm-thick
dark and fine grained layer that was thrusted and pushed into a
4.5 cm thick bright coarse grained silt layer, which accommodates
this intrusion and shortening by folding (Fig. 7b). The displacement
on the thrusts is about 2 cm. Several 0.5 cm spaced locally conjugate
normal faults within the darker layer at the base of this sheet slump
manifest extension prior to thrusting. The normal faults are present
in both the thrusts' hanging wall and footwall, but only the faults
within the hanging wall were reverse-reactivated during thrusting
(orange arrows in Fig. 7b).

4.2. Load casts and plastic intrusions (convolute bedding, pseudo-nodules
and ball-and-pillow structures)

Load casts and plastic intrusions, which are the result of Raleigh-
Taylor gravitational instabilities of liquidized layers with denser sedi-
ment superimposed on lighter sediments (Allen, 1982), are confined to
two, c. 2 cm thick layers within the otherwise undisturbed laminated
succession (labels 1 and 2 in black circles in Fig. 2 und 7a, c, d, e).
Interestingly, in both layers the gravitational instabilities are super-
imposed on earlier sheet slumps in which the laminated finer grained
darker lower layer exhibit thrusts, duplex structures, fault-propagations
folds and folds with NE-directed kinematics (Fig. 7a and d). Although
the contact to the overlying coarser grained white silt is strongly

Fig. 7. a) Layers 1 and 2 with load casts and plastic intrusions. Sheet slump No. 7 with NE vergent fault-propagation folding overprinting earlier formed normal faults. Erosive channels
filled with slides. b) Detail of sheet slump No. 7 with NE vergent fault-propagation folding. c) Detail of mushroom shaped intrusion. d) Layers 1 and 2 with load casts and plastic intrusions
overprinting earlier sheet slumps. e) Slightly NE inclined flame structures in layer 2 with load casts and plastic intrusions.
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overprinted by the gravitational instabilities and intrusions, an ero-
sional contact is clearly preserved (examples are indicated by white
arrows in Fig. 7a). The majority of these structures developed along the
interface between a lower fine-grained dark layer and an upper coarse-
grained white silt layer (Fig. 7d and e) and can be classified as load
structures (Allen, 1982), showing bulges, deep or rounded sacks, irre-
gular protuberances or diapirs drawn out into long streaks (flame
structures in the sense of Kelling and Walton, 1957). The contacts fre-
quently exhibit a cuspate-lobate form, which consistently points its
rounded surface (lobes) into the darker clay-rich layer and its acute
surface (cusps) into the white coarser silt layer. Cusps always point
towards the material with the higher effective viscosity in relation to
the adjacent layer at the time of deformation (Ramsay and Huber,
1987). Although cuspate-lobate structures have been described from
mechanically layered metamorphic rocks where their development is
favored by low viscosity contrast and non-linear fluids (Fletcher, 1982),
which experienced layer-parallel shortening, their morphology is si-
milar to that of alternating load casts and flame structures in sedi-
mentary sequences (Haneberg, 1991). Many of the observed structures
are not symmetrical but lean significantly towards the NE, consistent
with the inferred slump direction (Fig. 7e). In some cases the brighter
silt layer did not only sag into the underlying clay-rich laminated layer,
but intruded along fault planes formed during the earlier sheet
slumping event, resulting occasionally in dismembering of thrust sheet
pieces and duplex structures (e.g. grey arrows in Fig. 7a and e). Some
spectacular diapiric intrusions even preserved the internal lamination
of the laminated clay-rich layer, which closely follows the external form
of the diapir (e.g. the head of the mushroom shape and the strongly
inclined diapir in Fig. 7c and d).

4.3. Erosive channels

The uppermost part of the exposed section is cut by an erosive
channel that removed about 0.5m of the laminated sediments con-
taining the layer-parallel soft-sediment deformation structures de-
scribed above. The channel is filled with nine distinct erosive slumps,
which are overlain by decimeter-thick laminated varve-like layers and
sands with ripples. The erosive slumps have the following character-
istics: (i) They have an erosive basis that can be comprised of a listric
sliding surface (Fig. 7a), or cm-sized clasts derived from the underlying
layered sediments (Fig. 7a), or “exotic” red clay clasts not exposed in
the underlying section (Fig. 8a, c), and/or white rippled sands with
dark minerals accumulating at the lee side of the ripples (Fig. 8b). (ii)
They are internally structured and consist of several highly deformed
smaller slumps, sediment blocks or slides exhibiting internal preserva-
tion of sedimentary structures.

Within the slumps the sedimentary layering is deformed into folds,
complex refold structures (Type 2 mushrooms and Type 3 hook and
crescents, Fig. 8b). Locally, folding lead to the formation of a well-de-
veloped crenulation lineation (mean plunge direction/plunge is 190/
05) that is sub-parallel to the fold axes (Fig. 8b). Some slumps also
exhibit normal faults indicating local extension. The slides preserve not
only the internal varve-like layering, but also layer-parallel soft-sedi-
ment deformation similar to the underlying sediments. The internal
layering of the individual slides sharply terminates at faults, along
which the slides were translated from their initial position. A pro-
nounced reverse drag and local changes from reverse to normal drag
along the bounding faults indicates that the slides were displaced from
their original position along rotating normal faults (i.e. reverse drag a-
type flanking folds; Grasemann et al., 2003).

The lowermost slump in the erosive channel consists of a silt matrix
with reworked and completely dismembered deformed sediments. In
addition to the aforementioned “exotic” red clay clasts, isolated rootless
folds and refolded packages are preserved (Fig. 8c). Although the ma-
jority of the slumps record chaotic structures with dismembering of
individual internally deformed sediment blocks, the vergence of some

slump folds suggest that the majority of slumps derived from the SW
side of the outcrop and translated towards the NE (e.g. slump 3 in
Figs. 2 and 8b). Some slumps may have slid into the channel from the
opposite side (e.g. slump 1, Figs. 2 and 8a). A particularly clear example
indicative of the sliding direction is preserved in the SW part of slump 4
(Fig. 2), where a coherent package of laminated sediments is shortened
and folded on the NE-side and extended on the SW-side, a structural
zonation consistent with models for slump sheet translation above an
underlying detachment with contraction at the toe and extension at the
head of the slumps (Farrell, 1984).

The slump pile within the erosive channel is sealed by several cm-
thick successions of mm-thick alternating clay and silt layers and sev-
eral cm-thick rippled sand layers, indicating paleo-flow directions to-
wards the NE, which is in fact opposite to the current drainage direction
(Fig. 3b). Note that the accumulation of black, heavy mineral rich
layers on the lee-side of the ripples shown in Fig. 3b was used for the
heavy mineral spectrum analysis.

4.4. Normal faults

The described sedimentary section filled up almost the entire pas-
sage (Fig. 8d). A major NE-dipping normal fault (mean dip direction/
dip is 074/29) with a maximum displacement of c. 40 cm cuts through
the entire sedimentary succession and represents the youngest de-
formation in the studied outcrop. This normal fault can be traced as a
sharp fault plane (red line in Fig. 8e), but is in detail comprised of a c.
5 cm wide zone of intense faulting, suggesting that the fault formed by
the linkage of en échelon Riedel and P shears. Within a 1m wide halo
(or damage zone) around the main fault (or principal displacement
surface), numerous syn- and antithetic secondary Riedel faults with
displacements ranging from a few mm to cm are present, both within
the hanging wall and the footwall. These non-layer bound faults only
developed adjacent to this normal fault zone and are absent in other
parts of the exposed section. Notably, the principle displacement sur-
face intersects the top of the sedimentary succession exactly where a
brittle fault with polished slickensides and a dip-slip lineation (Fig. 8f)
offsets the passage by c. 10 cm (Fig. 8d).

5. Discussion

5.1. Depositional environment and source of the sediments

The investigated sediment type is very common in caves of the
central NCA and represents frequently the topmost or youngest strata.
Seemann (1973), who investigated the sediments of the neighboring
Dachstein-Mammut cave, termed it Heller Höhlenton (bright cave clay).
There the calcite content varies between 57 and 67% (Franke and
Ilming, 1963). Already Spöcker (1925) proposed stagnant conditions
during sedimentation. It is generally accepted that the cave sediments
are a deposit of glacial meltwaters that were rich in abraded limestone
particles (e.g. Schauberger, 1957; Audra et al., 2002). The stagnant
depositional conditions and the risen karst water table can be explained
by Pleistocene back flooding (Ford and Williams, 2007): During glacial
high stands, the valley was filled by the over 1 km thick Traun glacier
that blocked the springs, causing flooding of elevated cave passages.
Since the studied strata are topmost and flooding of this part of the cave
occurred during the last glacial maximum, a depositional age of c. 25 ka
is most likely. The syn-sedimentary liquefaction processes and soft se-
diment deformation would be hence of the same age.

The investigated fine grained cave sediments, which were not af-
fected by soft sediment deformation, consist of sub-millimeter to sev-
eral cm-thick horizontal layers. The mineralogical composition of the
brighter silt-rich and darker clay-rich layers is very similar (Fig. 5). The
brighter layers contain more carbonate and quartz grains, whereas the
darker layers contain no K-feldspar and are enriched in clay minerals
(especially illite). It is very likely that the layering represents annual
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varve-like deposits (Spöcker, 1925; Audra et al., 2002): The brighter,
coarser grained layers were deposited under higher energy conditions
when meltwaters carried sediment into the cave during spring and
summer. During winter, when water and sediment supply was reduced,
finer grained sediment was deposited forming the darker layers.

If the dark-bright layer couples represent varves, then the total
number of layer couples represents the time span of sedimentation in
years. The mean sedimentation rate in millimeters per year is hence
obtained by dividing the sediment thickness by the varve count. The
calculated sedimentation rate at different sections across the exposed
undeformed sediments yielded values ranging from 1.7 to 6 mm/a.
Disregarding possible disconformities and thickness changes of the se-
diment pile due to sheet slumping, a maximum sediment thickness of
about 3m, measured on the cave wall opposite to the investigated
outcrop, where erosive channels are absent, indicates that deposition of
the strata occurred in a time span of 0.5–1.8 ka.

Heavy mineral analysis of four samples shows a predominance of

epidote and zoisite and smaller amounts of kyanite, garnet and chlor-
itoid (Fig. 4). These minerals indicate that certain sedimentary volumes
were derived from a metamorphic source, probably characterized by
high-pressure and greenschist metamorphism. The source rock of the
heavy minerals could therefore be the Paleogene metamorphic Penninic
domain in the Tauern Window and/or the Variscan to Eoalpine poly-
metamorphic rocks of the Austroalpine Crystalline or, more specifically,
the Koralpe-Wölz nappe system of the Adriatic domain (Schmid et al.,
2004), both of which are nowadays located S of the NCA. The modern
drainage system of the Dachstein massif (peak range in the south of the
plateau is above 2500m a.s.l.) through the Hirlatz cave is completely
separated from the southern metamorphic domains by the SEMP and
the deeply incised Enns valley (about 700m a.s.l.) and is therefore in-
capable of transporting sediments from a southern crystalline source
into the cave. However, the Dachstein plateau represents a Late Eo-
cene/Early Oligocene paleosurface, which was covered by at least 1 km
thick terrestrial gravels and sands of the Augenstein Formation in

Fig. 8. a) Details of a slide with complex refold structures in the erosive channels. Note the exotic clasts at the base of the channel. b) Folds with crenulation cleavage in a slide within an
erosive channel. Note the sand ripples at the base of the channel. c) Details of a chaotic breccia with exotic clasts at the base of an erosive channel. d) Normal fault cutting the entire
investigated section (red dotted line). Fault offsetting the gallery (red arrows). e) Close-up of ENE dipping normal fault. f) Details of fault offsetting the passage. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Oligocene times (Frisch et al., 2001). The Augenstein Formation con-
sists mainly of polycrystalline quartz derived from metamorphic rocks
of the Austroalpine Crystalline. Although sedimentation of the Augen-
stein Formation ceased in the Early Miocene, followed by erosion and
uplift of the Dachstein paleosurface at c. 10 Ma, mostly allochthonous
remnants of the Augenstein Formation are still found all over the pla-
teau and in caves (Frisch et al., 2001). The Augenstein Formation and
its weathering products are hence the most likely source for the heavy
minerals sampled in the Hirlatz cave sediments.

5.2. Sheet slump geometries

The following discussion focuses on the geometry of the sheet
slumps (labeled 1 to 7 in white circles in Fig. 2) and not on the erosive
channels filled with slides and slumps on top of the investigated sedi-
mentary succession. The latter have an erosive base filled with sand
ripples and exotic clasts and their origin is, in our opinion, not seis-
mically triggered, but gravity driven, induced by the incision of the
gradually developing stream course.

The majority of the studied soft-sediment structures are associated
with sheet slumps that were emplaced following liquefaction and
gravitationally induced downslope translation over a substantial dis-
tance of a superficial layered deposit, which either failed by viscous
flow folding or by slip surface development (Allen, 1982). Although
some authors emphasize the chaotic nature of structures within slump
systems (Davis et al., 1996), the orientation of the slump fold hinges,
which are characteristically normal to the downslope direction (Jones,
1939), is typically used to infer the palaeoslope dip direction (see Alsop
and Marco, 2012a and references cited therein). Normal faults, thrust
faults and fault related folds are also thought to reflect the orientation
of the palaeoslope on the basis of a simple model, in which slump
translation along a detachment is accommodated by upslope propa-
gating extension at the head and downslope propagating contraction at
the toe of the slump (see reviews in Woodcock, 1979; Maltman, 1994;
Strachan and Alsop, 2006; Debacker et al., 2001; Waldron and Gagnon,
2011). During progressive development of slump systems four end-
members of structural cross-cutting relationships within the slump may
be observed (Alsop and Marco, 2011): Structures at the head may re-
cord either progressive extensional structures or, if the system locks
first at the toe, extensionally overprinted contractional structures.
Conversely, structures at the toe may record either progressive con-
tractional structures or, if the system locks first at the head, con-
tractionally overprinted extensional structures.

The folds and fault-related folds as well as the asymmetry of the
load structures within the investigated sheet slumps suggest that the
slumps slid towards the east. Furthermore, the majority of sheet slumps
are only present in the SW-part of the outcrop's face, where they record
significant shortening and can be traced into undeformed layers when

traced towards the NE (Fig. 2). We therefore deduce that the in-
vestigated section exhibits the slump toes, whereas the slump heads,
presumably located further towards the SW, are not preserved. Several
slumps record complex overprinting structures, which are discussed
below.

Sheet slumps No. 1 and 2 record a consistent fold vergence sug-
gesting a transport direction towards the E. Local refolding resulting in
Type 3 interference patterns (Fig. 6a) probably did not form by two
oppositely vergent folding phases, but are thought to have formed by
shearing of initial folds (Alsop and Marco, 2013) and intense pro-
gressive shortening during the slumps' cessation stage and lock-up
(Alsop and Marco, 2011).

Sheet slump No. 3 is more complex and records in its SW-part
shallowly NE-dipping normal faults, which gradually pass into steeply
NE-dipping thrusts and SW-dipping normal faults (Fig. 6c). The same
layer exhibits in its NE continuation NE-vergent folds and fault pro-
pagation folds with multiple internal detachment horizons (Fig. 6d). We
explain this structural style with the following conceptual model,
summarized in Fig. 9: (i) During slump initiation, layer-bound normal
and reverse faults form at the head and toe of the slump, respectively
(Fig. 9a). (ii) The translation stage is controlled by non-coaxial gravity
driven down-slope movement and internal shearing of the slump. Faults
dipping shallowly to the slumping direction (i.e. towards NE) are re-
activated as normal faults, reflecting the geometry of extensional shear
bands (1 in Fig. 9b; Passchier, 2001; Grasemann et al., 2003). During
progressive shearing faults may rotate into a steeper orientation, re-
sulting in reverse faults with reverse drag a-type flanking folds (2 in
Fig. 9b). Further shearing may even overturn the faults, leading to
normal faults with reactivation of the structures as reverse drag a-type
flanking folds (3 in Fig. 9b). Thrusts, initially dipping oppositely to the
slumping direction, develop normal drag s-type flanking folds (4 in
Fig. 9b), which may further develop into fault propagation folds
(Fig. 6d; Wiesmayr and Grasemann, 2005).

Sheet slumps No. 4 and 5 record very complex structures because
top-to-SW thrusts and fault-propagation folds are overprinted by NE-
vergent folds (Fig. 6d and e). Similar to sheet slump No. 3 different
internal detachment levels are present within the same slump (d1-d3 in
Fig. 6e). In order to highlight the complex structure shown in Fig. 6e,
the faults forming fault-propagation folds are traced with orange dotted
lines and their fault tips are marked with orange circles. Hanging wall
and footwall cut-offs of selected marker layers (white dotted lines) are
indicated with white circles. We presume that only the toes of slumps
No. 4 and 5 are exposed, since all structures formed due to contraction
and the slumps can be traced towards the NE into undeformed layers.
Fig. 10 hence illustrates the conceptual model derived for the slumps'
toe sections only. Interestingly, the earlier stage of deformation (grey
half arrows in Fig. 2) is characterized by thrusts, fault bend folds or
fault propagation folds with top-to-SW, i.e. upslope verging, kinematics
(Fig. 10a). Within slide No. 5 (not in No. 4) the kinematic changes to
downslope thrusting at the SW termination of the section. We interpret
these upslope-directed thrusts as back-thrusts and folds, which can
develop during contraction at the slump's toe (Alsop and Marco, 2011),
where material moves down slope and underthrusts the arrested sedi-
ments (“downslope-directed underthrust model”; Alsop et al., 2017a).
During downslope sliding of the slump layer-parallel shearing (Alsop
and Marco, 2011) is overprinting earlier structures, resulting in rotation
and shear folding of earlier folded layers and/or folding of earlier de-
veloped thrust planes with opposite vergence, i.e. SW-vergent folds f1
are overprinted by NE-vergent folds f2, which also fold the thrusts
(Fig. 10b).

Sheet slump No. 6 extends along the entire studied section and is the
only slump containing rafts (r1-r3 in Fig. 2), which are separated over a
distance of more than 2m. Internally the rafts reveal extension ac-
commodated by downslope-dipping normal faults, but the layers be-
tween the rafts exhibit contraction in the form of box folds and oppo-
sitely vergent folds, blanketed by intensely brecciated and

Fig. 9. Conceptual model for the formation of intensely deformed flanking structures in
sheet slump No. 3 (compare with Fig. 6c). a) Initiation stage: faulting of the layer with
oppositely dipping normal and thrust faults at the head and toe of the slump, respectively.
b) Translation stage: shearing, rotation and slip along the faults and formation of a-type
and s-type flanking folds at the head and toe of the slump respectively.
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dismembered layers. While all other sheet slumps contain coherent or
semi-coherent volumes, the exposed section of sheet slump No. 6 could
either represent an intensely deformed incoherent slump portion (Alsop
and Marco, 2013) or could alternatively be interpreted as a flow slide
(Allen, 1982). We hypothesize that the rafts were separated from their
(unexposed) source layer by extension and subsequently slid down the
paleoslope, eventually coming to rest leading to significant shortening
and dismembering of the inter-raft strata.

Due to incision of the erosive channels, sheet slump No. 7 is only
exposed for less than 0.5m. Normal faulting of the darker basal layer
was followed by thrusting of the fractured layer, piercing into the
brighter layer above, which accommodated shortening by intense NE-
vergent folding.

In summary, our observations suggest that the preserved outcrop
displays the toes of individual slumps, whereas the heads were located
further to the SW, where the cave sediments were eroded. Frequent
observations of thrusts overprinted by folding suggest that contractional
translation was followed by contractional cessation (Alsop and Marco,
2011) and therefore indicate that only the slumps' toes are preserved.
Although the deformational style of certain layers within a slump is
often lithologically controlled, with folding tending to develop in
lithologies more susceptible to viscous deformation and thrusting in
lithologies more prone to brittle deformation (Alsop and Marco, 2011),
several of the studied sheet slumps record evidence for an earlier stage
of faulting followed by a stage of ductile shear folding, a temporal
deformational style change that has also been reported from other areas
(Alsop and Marco, 2014). We hypothesize that this style change is due
to a change of mechanical properties during sliding. It is likely that the
pore space between the initially densely packed grains increased (di-
lation) during sliding, leading to a decrease of the layer's stiffness.
Stability analysis of the shortening of an elasto-plastic layer on a vis-
cous substratum (see overview by Leroy and Triantafyllidis, 2001) in-
dicates that the structural mode (faulting vs. folding) during incipient
failure depends, amongst other factors, on the stiffness of the brittle
layer, i.e. a stiff layer fails by faulting rather than folding.

5.3. Seismic origin of the sheet slumps and liquefaction structures

Sheet slumps may be caused by high sedimentation rates leading to
pore fluid pressures that can be in excess of hydrostatic which effec-
tively weakens the sediments. Alternatively, steepening of the surface
slope by for example fault block tilting can initiate slumping (Gibert
et al., 2005). In case of the investigated sediments in the Hirlatz cave

both processes can be excluded because sedimentary layering is still
sub-horizontal and the varve-like nature of the sediments indicates a
low energy environment with relatively low sedimentation rates. Then
again soft sediment deformation structures like load casts or involutions
may be related to frost-and-thaw instabilities on a gentle slope
(Vandenberghe, 1988). In fact the morphology of folds, flames, pillows
and pseudonodules formed due to frost action can mimic those formed
by seismic shock (Horváth et al., 2005). However, cryoturbation pro-
duces mainly infilling of sediments from above and is associated with
platy, lenticular structures indicating frost action on the uppermost part
of the sediments (Obermeier, 1996; Moretti, 2000). Such structures are
not exposed in the investigated sediments of the Hirlatz cave and we
therefore conclude that seismically triggered shaking leading to lique-
faction and the built-up of a high pore-fluid pressures, resulting in
dramatically reduced shear strength (Allen, 1982), is the most plausible
cause for the origin of the observed sheet slumps. This conclusion is
supported by the exposure of an active fault scarp, which must postdate
the age of the passage (Fig. 8d and f). Although a coincidental align-
ment of the scarp with the normal fault within the soft-sediments
cannot be excluded, this observation indicates active tectonics in the
vicinity of the studied outcrop. Since we deduced that the sediments are
of glacial origin and that phreatic conditions were caused by glacial
back flooding during the high-stand of the last glaciation, earthquakes
induced by glacial rebound are unlikely. Interestingly, very similar soft
sediment deformation structures caused by seismotectonic activities
were described from the Sous les Sangles cave in the Jura Mountains in
France (Lignier and Desmet, 2002).

There is abundant evidence for long-lived movement and associated
seismicity along the still active SEMP strike-slip fault system located
just south of the Dachstein massif (Reinecker and Lenhardt, 1999;
Grenerczy et al., 2005; Frost et al., 2009; Plan et al., 2010;
Schröckenfuchs et al., 2015). Interestingly, a brittle fault surface with
polished slickensides, offsetting the passage by c. 10 cm, is exposed
directly above the investigated cave sediments. Liquefaction, which is
generally considered to be related to earthquake activity (Allen, 1982),
is furthermore supported by the presence of load casts, intrusions and
flame structures (Fig. 7c, d, e). We therefore propose that the observed
sheet slumps and liquefaction structures are associated with seismic
activity along the nearby SEMP fault system.

Although the quantification of earthquake intensities based on the
size of observed ground effects such as landslides, ground cracks and
liquefactions, is highly problematic, especially if the regional distribu-
tion of the effects is unknown (Tuttle, 2001; Martino et al., 2014), it is
tempting to speculate about magnitudes and intensities of the earth-
quakes that generated the observed structures. Based on the Italian
catalogue of liquefaction and the Italian seismic catalogue, the trig-
gering events for liquefaction range from intensities (MCS) V to XI and
from magnitudes (Ms) 4.2 to 7.5 (Galli, 2000). Even earthquakes with
an intensity of V can cause liquefaction within a radius of 10–15 km to
the epicenter. According to the Environmental Seismic Intensity Scale
2007 of the International Union of Quaternary Research (INQUA), in-
tensities with at least IV-VI are required for creating liquefaction in fine
grained sediments within a layer of a thickness of up to 3 cm (Michetti
et al., 2007).

Linear waves, billow-like asymmetric folds and coherent vortices in
slump No. 1 and 2 (Fig. 6a and b) strongly resemble structures pro-
duced by shear instabilities of stratified layers due to relative sliding via
the Kelvin–Helmholtz instability mechanism triggered by earthquake
shaking (Heifetz et al., 2005). The intensity of such soft sediment de-
formation is a function of layer thickness and ground acceleration. The
majority of observed structures within the c. 2 cm thick slumps No. 1
and 2 are linear waves and asymmetric billows, corresponding to a peak
ground acceleration of 0.1–0.3 g or intensities between VI-VII (Wetzler
et al., 2010).

If one accepts the seasonal origin of the dark and bright layered
sediments and the derived sedimentation rates (discussed in Section

Fig. 10. Conceptual model for the formation of folded fault-propagation folds with op-
posite vergence (compare with Fig. 6d and e). a) Top SW fault-propagation folding. b) NE
vergent shear folding.
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5.1), it is furthermore worthwhile to estimate the time span of sedi-
mentation recorded by the undisturbed layers sandwiched between the
sheet slumps (labeled 1 to 7 in white circles in Fig. 2) and the load casts
and plastic intrusions (labeled 1 to 2 in black circles in Fig. 2). The
calculated values are given in Table 1 and range for sedimentation rates
of 1.7–6 mm/a between 6 and 135 years (mean 46 years) and 2 and 38
years (mean 13 years), respectively. Since the individual sheet slumps
were most likely triggered by single earthquake events, the sedi-
mentation times of the undeformed inter-slump deposits could provide
estimates for earthquake recurrence intervals. However, since only a
few Ms 4–5 earthquakes were recorded since 1900 in the region close to
the Hirlatz cave (Hammerl, 2017), a comparison of historic records
with our geologically derived estimates of earthquake recurrence in-
tervals would be farfetched.

5.4. Comparison with similar preserved structures

The described soft sediment deformation structures bear many si-
milarities with the folds and faults described from the Late Pleistocene
Lisan Formation preserved adjacent to the Dead Sea (Marco et al., 1996;
Ken-Tor et al., 2001; Alsop and Marco, 2011, 2012a; 2012b, 2013;
2014; Alsop et al., 2015, 2016; 2017a, 2017b), where varve-like lami-
nated sediments facilitate the recognition of spectacular seismites
(Migowski et al., 2004). The deformation features such as asymmetric
slump folds, down-slope verging fault-related folds, back-thrusts and
refolds typically appear in up to one meter thick layers that are sand-
wiched between undeformed layers. The structures and their cross-
cutting relationships were used to derive the geometry and the pro-
gressive evolution of the slumps, involving initiation, translation, ces-
sation, relaxation and compaction phases (Alsop and Marco, 2011).
Rather than reiterating all similarities between the investigated struc-
tures from the Hirlatz cave and the thoroughly described structures
from the Lisan Formation, which are obvious when comparing the
pictures in the above cited publications with Figs. 6–8 in the present
work, the following discussion focuses on some notable differences:

1) The most obvious difference between the soft-sediment deformation
structures in the Lisan Formation and the Hirlatz cave is scale. In the
Lisan Formation the slump folds reach wavelengths of several me-
ters and thrusts have displacements of nearly 5m (Alsop et al.,
2017b), whereas the structures in the Hirlatz cave are smaller by
two orders of magnitude. The thickness of sheet slumps in multi-
layers depends on several factors, such as grain size and porosity of
the mechanically layered sediments and the size of the detached
area. Therefore the thickness of sheet slumps varies significantly in
different sedimentary environments (Allen, 1982 and references
cited therein): In glacially influenced settings sheet slumps rarely
exceed a thickness of 0.5 m, whereas in deltaic, lacustrine and

shallow marine sequences their thickness varies between 1 and
10m. Sheet slumps in deep water basins, which can be laterally
traceable for many kilometers, may exceed thicknesses of 100m.
The sheet slumps in the Hirlatz cave do not exceed a thickness of
more than a few centimeters and are hence much thinner than most
of the slumps described in the literature. Presumably the small size
of the detachment area (limited by the dimensions of the cave) led
to thin slumps.

2) Structures in sheet slumps from various environmental settings, in-
cluding the Lisan Formation, are often truncated by an overlying
undeformed horizon that caps the slump (Woodcock, 1979; Allen,
1982; Farrell, 1984; Maltman, 1994; Strachan, 2008; Alsop and
Marco, 2011, 2012b). Truncation by erosion can be generated in
relatively shallow water settings by tsunami and seiche waves that
flow back and forth across the slumped surface (Alsop and Marco,
2012b). Alternatively, currents generated during the cessation phase
of the slump may travel downslope where they erode and scour the
bathymetry created during the same event (Alsop and Marco, 2011),
resulting in leveling of topographic highs and infilling of troughs.
The frequently observed thinning of horizons above underlying
culminations suggests that reworking by secondary currents is
sometimes incomplete and a weak bathymetry, which controlled
early deposition of the overlying sediments, survived (Alsop and
Marco, 2013). The presence of an upper welded contact indicates
that deformation was intraformational and related to slumping that
occurred at the sediment surface (Alsop and Marco, 2014). Although
the Hirlatz cave sheet slumps exhibit similar features and hence
must have formed at the sediment surface, erosive truncation of the
structures at the upper contact is rarely observed (e.g. Fig. 6e). Note,
however, that all recorded slumps must have, at least locally,
formed a bathymetry, as revealed by overlying sediments that are
thickening/thinning above troughs/culminations. We presume that
the rarely observed erosional truncations of the sheet slumps in-
dicate a low-energy depositional environment, a conclusion sup-
ported by the varve-like sediments.

3) In the Hirlatz cave sediments, sub-vertical sedimentary injections,
sourced from underlying horizons, that cross-cut horizontal beds
and layers with soft-sediment deformation structures are absent. In
contrast, injections formed by fluidized sediments within the Lisan
Formation have confirmed that the folds and thrusts are slump-re-
lated and were developing prior to complete lithification of the
underlying sequence (Alsop and Marco, 2011). The Hirlatz cave
sediments exhibit only diapiric intrusions, which preserve the in-
ternal layering of the laminated clay-rich source layer (Fig. 7c and
d). Earthquake-induced clastic dikes are natural example of hy-
draulic fractures combining fracture propagation and laminar or
turbulent flow of fluidized sediments (Levi et al., 2011). A coupled
fluid-fracture approach suggests that near the surface driving pres-
sures in the order of 1–2MPa are necessary to generate clastic dikes.
Lower pressures may be sufficient to fluidize the source layer, but
insufficient for dike injection following hydro-fracturing (Levi et al.,
2011). Furthermore, clastic dikes are interpreted to form by earth-
quakes with magnitudes ranging from 5 to 8 (Audemard and De
Santis, 1991; Obermeier, 1996). We therefore conclude that the
intensities of the earthquakes causing the soft-sediment deformation
structures in the Hirlatz cave were less than c. VI and hence lower
than the energy release necessary for generating clastic dikes
(Rodríguez-Pascua et al., 2000).

6. Conclusions

1) The investigated varve-like sediments have a glacial origin and were
deposited in the Hirlatz cave under phreatic fluvio-lacustrine con-
ditions. The deposition and the syn-sedimentary soft-sediment de-
formation occurred most likely during the last glaciation (i.e.
around 25 ka ago).

Table 1
Calculated time spans of sedimentation for the undisturbed layers between the sheet
slumps (1–7 in white circles in Fig. 2) and the load casts and plastic intrusions (1–2 in
black circles in Fig. 2) for estimated sedimentation rates of 1.7 and 6 mm/a respectively.

layers with soft sediment
deformation

distance between layers
[mm]

time [a]

1.7 mm/
a

6 mm/a

① - ② 60 35 10
② - ③ 200 118 33
③ - ④ 10 6 2
④ - ⑤ 10 6 2
⑤ - ⑥ 55 32 9
⑥ - ❶ 230 135 38
❶ - ❷ 25 15 4
❷ - ⑦ 40 24 7
Mean 79 46 13
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2) Nine distinct layers with soft sediment structures exhibit sheets
slumps and plastic intrusions that were emplaced following lique-
faction and gravitationally induced downslope translation.
Structures within the exposed slump toes suggest translation to-
wards the east, which is opposite to the nowadays vadose drainage
towards the southwest.

3) The liquefaction and associated formation of soft sediment struc-
tures in the fully submerged stratified layers was triggered by epi-
sodic seismic events most probably associated with the nearby SEMP
strike-slip fault system.

4) The described soft sediment deformation structures bear many si-
milarities with mass transport deposits in slump sheets from the Late
Pleistocene Lisan Formation outcropping adjacent to the Dead Sea.
However, the structures from the Hirlatz cave are two orders of
magnitude smaller, probably due to the small areal size of the de-
tachment horizons constrained by the narrow passage in the cave.

5) To our knowledge, the described structures are the first report of
liquefaction and seismically induced soft-sediment deformations in
Quaternary sediments in the Eastern Alps.
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