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The Lower Rotliegend in the Intra-Sudetic Basin, situated at the northern margin of the Bohemian Massif, is represented in
the Polish part of the basin by the Krajanéw and Stupiec formations. Both formations consist of fluvial and lacustrine depos-
its. The sedimentary processes during the deposition of the Stupiec Formation were influenced by volcanic activity that re-
sulted in subvolcanic intrusions, lava flows and ignimbrites. Some slabs of fluvial sediments from the Stupiec Formation
show a level consisting entirely of soft-sediment deformation structures, in particular load casts, sometimes representing
successive phases of loading. These deformations are interpreted to record volcanism-related earthquakes. Also a level full
of load casts in the fluvial part of the Stupiec Fm. can feasibly be explained only be earthquakes that must be ascribed to a

volcanic eruption.
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INTRODUCTION

Several isolated slabs of red sandstone, found in an active
quarry near Bieganow in the central part of the Intra-Sudetic
Basin (Fig. 1), were derived from fluvial sediments belonging to
the Stupiec Formation (Lower Rotliegend). These slabs each
contain a single strongly deformed level that must be present in
a still not recognized level of the currently mined quarry wall.
The deformed levels consist predominantly of load casts that
often deform each other. Such levels with laterally continuous
soft-sediment deformation structures (SSDS) have not been
found so far in the Lower Rotliegend of the Polish part of this ba-
sin, neither in this quarry, nor elsewhere.

The origin of the high concentration of SSDS in the de-
formed levels was investigated by defining the geological and
sedimentary setting, by analysing the possible origins of the de-
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formations, and by comparing the deformed layers with similarly
deformed levels described from other locations.

A fairly small slab with a lower bedding plane that is entirely
deformed by loading, found in a nearby quarry in the same
member of the Stupiec Formation, supports the conclusion that
seismic activity occasionally (but rarely) affected the sediments
of the Lower Rotliegend regionally.

GEOLOGICAL SETTING

The Intra-Sudetic Basin is one of the large late- to post-
Variscan intramontaneous troughs in central Europe. It con-
tains the most complete record of Permo-Carboniferous sedi-
mentation and volcanism of the region. The basin is located at
the northern margin of the Bohemian Massif (Fig. 1) and forms
a fault-bounded synclinorium-like structure, representing a tec-
tonically quiet depression that was surrounded by tectonically
active margins (Nemec et al., 1982; Dziedzic and Teisseyre,
1990; Mastalerz and Prouza, 1995). Volcanic activity evolved
during deposition of the succession under study. It resulted in
the emplacement of subvolcanic intrusions, effusion of lava
flows and widespread deposition of ignimbrites (Awdankiewicz,
1999a, b; Awdankiewicz et al., 2003).



2 Izabela Ploch et al. / Geological Quarterly, 2023, 67: 52

o N

TRIASSIC and CRETACEOUS:

sedimentary rocks

PERMIAN:

a - Gory Suche Rhyolitic Tuffs
b - tomnica Rhyolites

¢ - Gory Krucze Rhyolites

Lower
Permian
d - other volcanic/subvolcanic rocks |\/olcanic

Complex

|:| sedimentary rocks

UPPER CARBONIFEROUS:

j b - volcanic and
a

subvolcanic rocks
a - sedimentary rocks

LOWER
CARBONIFEROUS:

- sedimentary
rocks

VARISCAN
BASEMENT

N\

<<>SCzen/vony Piaskowiec
Quarry

10 km <

PL - Poland state
)~ boundary
CR - Czech Republic

/ main faults

Fig. 1. Geological map showing the locations of the two quarries under study

The caldera resulted from the ignimbrite eruption of the Géry Suche Rhyolitic Tuffs; later activity included the emplacement
of trachyandesite sills along the margins of the caldera, whereas successive eruptions must have caused severe earthquakes

STRATIGRAPHICAL AND SEDIMENTOLOGICAL
SETTING

The sediments under study form part of the Lower
Rotliegend, which is divided into a lower and an upper complex.
The lower complex (Lower Rotliegend) is in Poland represented
by the Krajanéw and Stupiec formations (Fig. 2). The latter is in-
formally subdivided, from bottom to top, into the “Building Sand-
stones”, the “Lower Permian Volcanic Complex” and the
“Walchia Shales”. These sediments have for long been consid-
ered to be Asselian in age (Oplustil et al., 2016), but recent
U-Pb zircon datings suggest that they should rather be as-

signed to the uppermost Carboniferous and Asselian (Ploch et
al., 2023; Awdankiewicz et al., 2023); the exact boundary is still
not clear. Overall, the Rotliegend shows a megacyclic structure
with three fining-upward megacyclothems, linked to three major
events of rapid subsidence, which also led to landscape rejuve-
nation (e.g., Wojewoda and Mastalerz, 1989).

The sediments at which the present study focuses primarily
belong to the Stupiec Formation, which has been interpreted as
an alluvial fan fringed with playa-like, shallow lakes in the centre
(Kurowski, 2001, 2004). The extent of the lakes in the basin
centre probably fluctuated as a result of cyclical climate fluctua-
tions (e.g., Kurowski, 2004) or due to an autocyclic mechanism
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Fig. 2. Schematic regional lithostratigraphic subdivision of the Lower and Upper
Rotlingend (modified after Stamberg and Zajic, 2008)

(e.g., Wojewoda and Mastalerz, 1989). However, sedimenta-
tion was also affected by volcanic processes, such as a forma-
tion of a caldera in the basin centre (Awdankiewicz, 2004).

Several eruptive stages at distinct volcanic centres are re-
flected in a number of volcanic rock units in the middle part of
the Stupiec Formation (Fig. 2) above the “Building Sandstone”
and below the “Walchia Shale” (Awdankiewicz, 1999a, b). The
most extensive unit in the volcanic rocks of the “Lower Permian
Volcanic Complex” is the Gory Suche Rhyolitic Tuffs (GSRT),
which overlies older volcanic rocks with an erosional uncon-
formity in the central part of the basin (Awdankiewicz, 1999a).
The subvolcanic intrusions are grouped around the Goéry Suche
Caldera (Fig. 1). The younger volcanic rocks, post-dating the
GSRT, are relatively minor in extent and occur mainly within the
Gory Suche Caldera and in the eastern to southeastern parts of
the basin (Awdankiewicz et al., 2003).

QUARRIES UNDER STUDY

The most interesting material presented here comes from
the Czerwony Piaskowiec Quarry at Bieganow (Fig. 3A). Some
additional data come from the Gardzien Quarry at Ttumaczow
(Fig. 3B). Both quarries are currently actively mined.

CZERWONY PIASKOWIEC QUARRY

The sedimentary rocks in the Czerwony Piaskowiec Quarry
(Fig. 3A) consist mainly of red sandstones (predominantly
subarkosic to sublithic arenites) with subordinate polymict con-
glomerates and fine-grained sediments (mainly sublithic to
subarkosic mudstones). The latter occur in the lower part of the
“Building Sandstone”. According to Wojcik (1958) and Kurowski
(2001), the rocks belong to the Stupiec Formation. It should be
mentioned here, however, that Wojewoda (2008b) attributed
the sedimentary rocks from this quarry to the Krajanéw Forma-
tion, although without a clear argumentation. Considering the
arguments for either stratigraphic setting, we feel that these
rocks should be attributed, at least for the time being, to the
Stupiec Formation.

The sediments dealt with here occur in the lower part of the
“Building Sandstone”. This informal member is ~400 m thick,
and particularly its upper part shows features (e.g., fragments of
volcanic ejecta) pointing at possibly intense volcanic activity.
The member shows a complex sedimentary architecture, with
slightly fining-upward cyclic successions in which coarse- and
medium-grained particles prevail (Kurowski, 2004). The depos-
its show predominantly parallel lamination (Fig. 4), but also
fairly frequent flat-bottomed channels with a low depth/width ra-
tio as well as small channels with a somewhat higher
depth/width ratio (Fig. 5); the channels may be flanked by de-
posits with a terrace morphology. Current ripples are relatively
rare (Fig. 6); burrows (Fig. 7) are locally rare, but fairly common
at other places. The combination of these and other features
points to deposition in the distal part of fans (Kurowski, 2001,
2004).

An interesting feature is present in several sandstone
blocks and slabs; they show each a level characterized by a
continuous lateral occurrence of load casts (Fig. 8) and other
deformations. The SSDS in this level are the main study subject
of the present study.

GARDZIEN QUARRY

Upper Lower Rotliegend sediments occur also in the nearby
Gardzien Quarry near Tumaczéw. The quarry is located in the
marginal part of the Géry Suche Caldera (Fig. 1). The Rotlie-
gend sediments became well-exposed in an over 20 m large
section (Fig. 3B). The sediments are mainly reddish-brown to
greyish-brown mudstones and fine-grained sandstones with
some conglomerate horizons. They show current ripples (most
common in channels); mud-cracked surfaces, often with tracks
of tetrapods (Fig. 9). Red fine-grained sandstones with some
conglomerate horizons became exposed in the northern part of
the quarry when exploitation of trachyandesites started. These
sediments have been interpreted as fluvial and lacustrine, be-
longing to the upper part of the "Building Sandstone” of the
Stupiec Formation (Krechowicz, 1964; Nemec, 1981; Nemec et
al., 1982; Mastalerz and Prouza, 1995).
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Fig. 3. The two quarries under study

A — sandy fluvial sediments in the highest exploited level of the Czerwony Piaskowiec Quarry,
from where the sandstone slabs with SSDS levels were derived; B — Gardzierh Quarry with
fine-grained sediments partly bent into inclined positions by trachyandesite intrusion

Fig. 4. The most common appearance of the sediments under
study: almost only parallel lamination due to alternations
of fine sandy and sandy/muddy streaks

Although such lacustrine deposits are known for their possi-
ble excellent preservation of seismically-deformed layers (seis-
mites), thus forming a palaeoenvironmental archive (e.g., Ricci
Lucchi, 1995; Monecke et al., 2004), hardly any seismically-in-
duced traces have been found until now, although intense vol-

Fig. 5. Example of the frequently occurring small channels
in the sediments under study; the depression is filled
with relatively coarse sediment

canic eruptions must, as indicated in the previous section, have
occurred during their deposition. Only one slab showing a lower
bedding plane with numerous load casts (Fig. 10) seems to rep-
resent a deformed level comparable to that of the other quarry.
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Fig. 6. Fine-grained sandy current ripples in the fluvial facies
of the Stupiec Formation

The small differences in grain size make even the grain-size differ-
ences in the foresets of the ripples difficult to recognize; due to the
fairly uniform grain size, even SSDS are difficult to recognize in the
walls of the quarry
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Fig. 7. Characteristic burrow

The responsible animal lived probably close to the surface of the
fine-grained (mud-rich) material, which was suddenly covered by a
layer of coarser sand, through which the animal tried to escape up-
wards

Fig. 8. Detail from the deformed level

Note that the majority of deformations consist of load casts that
have become deformed themselves. Numerous small faults were
produced during deformation in order to solve the space problem

METHODS

Analysis in the field of the textural characteristics and the
sedimentary structures of the sediments in the Czerwony Pia-
skowiec Quarry did not show anything unexpected. However,

Fig. 9. Tetrapod footprints of Ichniotherium cottae on the
mud-cracked surface of fine-grained fluvial sediments
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Fig. 10. Cross-section through the rock fragment found
in the Gardzien Quarry, with a lower bedding plane that was
completely deformed by load cast

some sandstone slabs from a block derived from a still not rec-
ognized level, and cut during work in a local stonemason’s
workshop, showed uncommonly complex sedimentary defor-
mation structures. The most interesting slabs with the best-pre-
served SSDS could, fortunately, be collected. Some more
stone blocks in the quarry show comparable deformed levels.
They have not been collected, but they were documented in the
form of photographs.

One of the collected slabs is currently stored in the Geologi-
cal Museum of the Polish Geological Institute (NRI) in Warsaw,
with collection number PIG 1732.11.57 (Fig. 11A). All photos
shown in the present contribution are from this slab, unless indi-
cated otherwise. Three more slabs, with collection numbers
MGUWr 2316r/1l (Fig. 11B) and MGUWTr 2363r/Il are currently



6 Izabela Ploch et al. / Geological Quarterly, 2023, 67: 52

Fig. 11. The two of the collected slabs

A —slab no. 1732.11.57, stored in Warsaw; almost all photos shown in the present contribution are from this slab;
B — slab no. 2316r/1l stored in Wroctaw

stored in the Geological Museum of the University of Wroctaw,
and one slab, with collection number ZGSUWr 1215, is stored
in the Faculty of Earth and Environmental Science of the Uni-
versity of Wroctaw. Samples for petrographic analysis in thin-
section were taken from the various sandstone slabs.

It should be mentioned here that the uniform grain size of
the sediments and the overall reddish colour make it difficult to
distinguish structures in the sediments. Photos do not show the
structures clearly either. Most photos presented in the present
contribution therefore have been digitally processed so as to
show the structures more clearly. A consequence is, unfortu-
nately, that the sediments shown do not always show their natu-
ral colour.

RESULTS

In areas affected by volcanism, seismic records can be ex-
pected even from volcanic activity alone. Such seismic records
may be present in the form of sedimentary deformations, occa-
sionally (if both the seismic shocks and the sedimentary char-
acteristics of near-surface sedimentary layers are suitable) in
the form of seismites. Fine-grained sediments with a relatively
high siliciclastic silt content are particularly sensitive to seismi-
cally-induced deformations.

SEDIMENTS AND SSDS
IN THE CZERWONY PIASKOWIEC QUARRY

In the Czerwony Piaskowiec Quarry, several types of SSDS
are present, but the deformed levels could not be traced in the
exposed walls. However, several cut sandstone slabs show
these levels clearly (Fig. 11). Additional examples of deformed
levels were recognized on single ‘waste’ blocks in the quarry.
Considering the types of deformations, it is highly unlikely that
all these deformed bands represent the same stratigraphic
level.

DESCRIPTION

At the top part of one of the sandstone slabs (collection
number 1732.11.57), consisting of a fine-grained sublithic/sub-
arkosic arenite, a level with numerous load casts is present

(Fig. 12). Itis obvious that the load casts developed during suc-
cessive deformation stages, thus deforming (during loading)
earlier developed load casts. Interesting is that combinations of
some multi-stage load casts form masses that can be consid-
ered themselves as a loading mass (Fig. 13); this explains the
well-developed large flame structures that are present along-
side these masses. Itis remarkable that the layer does not exist
more or less exclusively of load casts, but that numerous much
more complex SSDS are also present (Fig. 14A, B).

The deformed level in the other collected slab (No. 2316r/1l)
shows comparable deformations. As mentioned earlier, de-
formed levels have also been found in isolated blocks in the
quarry. Some examples are shown in Figure 15A, B.

Fig. 12. Part of a deformed level, showing well-developed
multi-phase load casts that are indisputable proof of an origin
due to the passage of a seismic shock wave

INTERPRETATION OF THE SSDS

Load casts are probably the most widespread SSDS, both
in time and in space. This is because even very small differ-
ences in the composition or water content of successive layers
can cause differences in density. As known already for a long
time, reversed density gradients, e.g., due to a sandy layer on
top of a muddy layer (Anketell and Dzutynski, 1968), result eas-
ily in loading. Commonly a trigger is required, however, to start
the loading process, but a situation in which several stages of
loading follow each other so quickly that the loading masses de-
form the (not yet strongly consolidated) earlier formed load
casts is exceptional.
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Fig. 13. Example of a load cast consisting of a sediment
mass containing several smaller load casts

The finding of slabs with such concentrations of multi-stage
load casts in a specific level is remarkable since no such levels
have been recognized in the exposed rocks. This must be as-
cribed to the condition of the walls: not only are they covered by
a dust layer (which is quite common in active quarries), but the
uniform grain size prevents differential weathering. Structures
tend to become visible only if the rock is washed and brushed
(as in the workshop where slabs are prepared). Our attempts to
trace levels with SSDS in the quarry wall failed thus far.

The apparently rare occurrence of completely deformed
levels suggests that these levels do not represent deforma-
tional processes that are inherent to the depositional environ-
ment. Rather they must represent an exceptional situation that
allowed some quick repetition of conditions that triggered load-
ing. Such conditions have commonly been interpreted on the
basis of detailed sedimentological analyses in combination with
insight into the physics of earthquakes as representing a suc-
cession of seismic shock waves, resulting either from an earth-
guake with several aftershocks, or from successive phases of
volcanic eruptions. As indicated above, the possibility of tectoni-
cally induced earthquakes can be ruled out. Volcanic activity
seems not to have affected the older sandstones in this quarry

Fig. 14. Complex SSDS in the Warsaw slab

A — note the overall load structures with load structures inside; B — note the irregular character

Fig. 15. “Waste blocks” in the Czerwony Piaskowiec Quarry, each showing a completely deformed level with SSDS that resemble
those in the levels described from the main slabs to different degrees, and that are different in thickness, complexity of the SSDS,
etc.; these “waste blocks” thus most probably come from different stratigraphic levels, indicating that several intense seismic
shocks must have occurred: A — rock fragment with a deformed layer consisting predominantly of load structures; B — rock frag-
ment with a deformed layer consisting of relatively badly developed SSDS, indicating seismicity with a lower intensity than in Fig-
ure 15A
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because tuff layers of the same age have been found only at
relatively large distances. However, previous research (e.g.,
Awdankiewicz, 1999a, b, 2004 and references therein) has pro-
vided indisputable evidence that volcanic activity was present
throughout the area during accumulation of the upper part of
the Stupiec Formation, so that one may reasonably assume
that volcanically-induced seismic shock waves passed the sed-
iments under study. This interpretation will be dealt with in more
detail in the Discussion section.

It is interesting that, despite intensive searching, only a few
sandstone slabs from one sandstone block with a high concen-
tration of multiphase load casts with flame structures in between,
as well as some isolated “waste blocks” in the quarry with similar
deformations, have been found thus far. The possible implica-
tions are detailed in the Discussion section. Thus far, earth-
quake-triggered SSDS have been described from the Intra-
Sudetic Basin only from fluvial sediments of the Radkéw Forma-
tion, above the Stupiec Formation (e.g., Wojewoda, 2008a).

The lower part of sandstone slab 1732.11.57 does not show
any complex deformations, but some other, more or less verti-
cal, structures. Part of them can be interpreted as escape struc-
tures for water/sediment mixtures, but other ones are more
likely burrows (Fig. 7). Such structures are quite common in the
sandstones of this quarry.

SEDIMENTS AND SSDS IN THE GARDZIEN QUARRY

A well-exposed 20 metre-high wall of sedimentary rocks is
present in the Gardzien Quarry. The rocks in this wall, which
show gradual changes in colour, grain size and composition,
represent lacustrine sediments that contain some fish remains
(Fig. 16). Parts of the rocks in this wall are now in an almost ver-
tical position due to trachyandesite intrusion (Fig. 3B).

DESCRIPTION

The light grey to grey lacustrine deposits in the wall are
mainly in the range from claystones to very fine-grained sand-
stones. Some limestone layers occur intercalated between the
fine-grained siliciclastic layers. The clayey sediments contain
some uncoated quartz grains and a few feldspars. The main
clastic components of the fine-grained sandstones are quartz,

L™

feldspar and mica; their cement seems in the field to consist
mainly of clay and ferruginous clay, but thin-section analysis in-
dicates that carbonate cement is also present.

Volaniclastic material is present in the form of tuffaceous
sandstone intercalations 0.5—-1 cm thick (Fig. 17A). This mate-
rial is poorly sorted, commonly fine- to very-fine-grained, but oc-
casionally contains, dispersed throughout the sediment, irrequ-
lar pebble-sized pink clasts of andesite or trachyandesite of up
to 4 mm in size. Some fragments of devitrified glass and infre-
quent rust-coloured plagioclase crystals are also present (Fig.
15B). The volcaniclastic sandstone layers material shows a
vague lamination which is sometimes deformed. Investigation
of the northern part of the Gardzien Quarry yielded a single rock
fragment that is of interest in the context of the present study.
The red fluvial sandstone slab shows abundant load casts that
cover the entire lower bedding plane of the, unfortunately, fairly
small rock fragment (Fig. 18; see Fig. 10 for a cross-section).

INTERPRETATION OF THE SSDS

The character of the fine-grained sediments in this quarry
indicates fluvial and lacustrine depositional environments, oc-
casionally affected by influx of volcaniclastic (pyroclastic?) ma-
terial. Interesting in the context of the present study is the rock
fragment of which the lower bedding plane is entirely deformed
by load casts (Figs. 10 and 18). Such an uncommon concentra-
tion of load casts is rare in fine-grained sands with a fairly good
sorting. Whereas such concentrations are common in sedi-
ments with frequent reversed density gradients (such as tidal-
flat deposits), such concentrations of load casts in fine-grained
fluvial sediments have — as far as we are aware of — only be in-
terpreted as a result of a passing seismic wave. We cannot
come to any other feasible interpretation, so we consider this
deformed bottom plane as additional evidence for seismic activ-
ity affecting the Stupiec Formation.

DISCUSSION

Only a few observations in sediments of the Stupiec Forma-
tion (levels with a high concentration of SSDS in slabs of the
fine-grained sands in one quarry and a lower bedding plane that
is completely deformed by load casts in another quarry) form

ST

Fig. 16. Fish fossil: A — imprint of skeleton; B — scales from the Stupiec Formation in the Gardzien Quarry
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Fig. 17. Proof of contemporaneous active volcanism

A — pyroclastic tuffaceous sandstone intercalations of 0.5-1 cm
thick; this material is poorly sorted, commonly fine- to very-fine-
grained, with sparse clasts of andesite or trachyandesite; B — thin-
section (scale bar 0.25 mm) with fragments of devitrified glass and
infrequent rusty-coloured plagioclases crystals

the basis for our interpretation that volcanism-induced seismic
shock waves affected the sediments. Although the scarcity of
data is, obviously, reason to question the validity of the interpre-
tations, the fact that this is the first evidence of seismically-in-
duced SSDS in the Lower Rotliegend of the Intra-Sudetic Basin
in Poland (some comparable findings have been reported only
from Germany: Heubeck, 2009) is worth being communicated,
although certainly additional thorough analysis is most wanted.
Consequently, we pay attention in this discussion to the charac-
teristics of seismic waves and to the deformation process that
affects sediments when a seismic wave passes. Finally, we
compare the SSDS that we found with those described from
elsewhere.

NEAR-SURFACE SEISMIC SHOCK WAVES

When tectonics in the form of faulting or volcanic activity af-
fect the rocks in the subsoil, shock waves run away from the

Fig. 18. The rock fragment found in the Gardzieh Quarry with
a lower bedding plane that is completely covered with load
casts (see Fig. 10 for a cross-section)

centre point (hypocentre) into all directions. Some of these seis-
mic waves will reach the earth surface, and part of their energy
is used to produce P-waves or Rayleigh waves that spread from
the epicentre into all directions (Telford et al., 1990). These
waves select the nearby (almost always unlithified) layers that
provide the least resistance to such waves. This implies that
such waves commonly affect a layer (or a level of several lay-
ers) that tends to be limited in thickness (commonly a few centi-
metres to a few decimetres; exceptionally up to 10 m: see, e.g.,
Simms, 2003; Mugnier et al., 2011; Sakai et al., 2015). The
thickness of the deformed level is independent of the magni-
tude of the earthquake but depends primarily in the thickness of
the sedimentary unit that is susceptible to liquefaction (Alfaro et
al., 2010). The energy of these waves is used to move the parti-
cles of the affected layer. P-waves and Rayleigh waves both
can do so, but the most complex deformations are caused by
Rayleigh waves because they have both a horizontal and a ver-
tical component. This implies that the sediment, during passing
of the wave, undergoes both extension and compression, both
horizontally and vertically (Telford et al., 1990). This explains
why both compressional and extensional SSDS may occur
closely together in a seismically affected layer.

The transfer of wave energy to the sediments (in the form of
deformation) implies that the energy of the seismic wave gradu-
ally diminishes. This is expressed in seismites in the form of di-
minishing frequency and intensity of the SSDS with increasing
distance from the epicentre. Consequently, seismically-induced
SSDS tend to be restricted for >90% of recent seismic events to
maximum distances from the epicentre of 40 km (Galli, 2000;
Moretti, 2000). Papadopoulos and Lefkopoulos (1993) mention
even that most of the SSDS related to earthquakes with a mag-
nitude of 5-7 occur within a distance of <20 km away from the
epicentre.

Unfortunately, the extent of the exposures under study here
is insufficient to check this, but the absence of the possibility to
check this is, obviously, no argument against a seismic origin of
the SSDS.

COMPARISON WITH OTHER
SEISMICALLY-INDUCED SSDS

The most common types of SSDS that are formed due to
the passage of a seismic wave are load casts and small faults.
Commonly these occur together (see the numerous small fault
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planes in the photos showing the levels with complex SSDS). In
the slabs and blocks under investigation here, the load casts
are fairly complicated, commonly showing deformations them-
selves. This is best expressed where successive phases of
loading can be distinguished (Fig. 12). This can be ascribed
only to successive phases of shock-induced loading, resulting
in load casts that deformed earlier formed load casts. Similar
concentrations of such multi-phase load casts have been de-
picted in numerous publications, e.g., figures 3-5 in Van Loon
and Pisarska-Jamrozy (2014), figure 9 in Tian et al. (2015), fig-
ure 9 in Mazumder et al. (2016), figure 7 in Van Loon et al.
(2016), figure 6 in Pisarska-Jamrozy et al. (2018), figure 2 in
Pisarska-Jamrozy et al. (2019), and many more. Considering
that the area was subsiding but tectonically quiet but that
nearby volcanism was active, the only reasonable conclusion
can be that successive volcanism-induced seismic shock wa-
ves caused the multi-phase load casts.

It should be mentioned in this context that the well-docu-
mented volcanic activity (see also Fig. 17) must have caused
significant tremors. This explains why a unit of possibly origi-
nally several layers has been affected several times within a
geologically short time (consolidation could not proceed much
further during the relatively short quiet phases in between the
successive volcanism-induced seismic shocks). This might well
be ascribed to repeated eruption phases of the same volcano.

A final point to be mentioned is that the combination of a few
slabs with abundant SSDS, prepared from a single sandstone
block, deformed levels in isolated “waste blocks” in the same
quarry and a rock fragment with a deformed lower bedding
plane in a nearby quarry represents a very limited set of evi-
dence. We consider it of utmost importance, however, to pres-
ent this evidence, because it is the first documented information
about the Lower Rotliegend of the Intra-Sudetic Basin in Poland
that volcanism led to seismic shock waves that were intense

enough to deform a layer. Earthquakes require a magnitude of
about 4.5 =5 to do so. This implies that the volcanic eruptions
must have been severe, even though there is no mathematical
relationship between the intensity of a volcanic eruption and the
magnitude of a resulting earthquake. This is due to (1) the more
or less unique character of a volcanic explosion (duration, ma-
terial erupted, rock types surrounding the volcano, depth of de-
gassing, etc.), (2) the nature of the rocks through which the
seismic wave runs, and (3) the susceptibility of superficial sedi-
ments that might be deformed by a passing seismic wave.

Obviously, the finding of levels with laterally continuous oc-
currences of SSDS should start renewed investigation of the
sediments under study, also at levels in the quarry that are not
easily accessible. Such investigations might lead to the recogni-
tion of one or more layers (or sets of layers) that show more
characteristics that would prove (or falsify) the hypothesis of
seismite activity as a trigger for the deformation of the sedi-
ments under study.

CONCLUSIONS

The SSDS described here from the Stupiec Formation are
the first found in the Lower Rotliegend of the Polish part of the
Intra-Sudetic Basin that should be interpreted as seismically-in-
duced. They consist predominantly of complex load structures.
The responsible seismic shock waves were presumably related
to the well-documented contemporaneous volcanic activity in
the region.
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