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Deposits of the R6t Formation (Lower—Middle Triassic) in the eastern part of the North-Sudetic Synclinorium (Bolestawiec
Syncline), SW Poland, include numerous synsedimentary deformation structures. Six boreholes with a total core length of
~434 m enabled macroscopic analysis and description of these deformation structures, supplemented by borehole log inter-
pretation, calcimetric analysis, and interpretation of 2D surface seismics. An interval up to ~42 m-thick at the base of the Ré6t
Formation showed both brittle and soft-sediment deformation structures. Their abundance and intensity decrease towards
the top of the R6t Formation, and they completely disappear in the Muschelkalk (Middle Triassic). Both the number of bore-
holes and their locations indicate the presence of such structures across the entire study area. The occurrence of deforma-
tion structures in each borehole analysed and their large lateral range suggest that the uppermost part of the Lower Triassic
and lowermost part of the Middle Triassic in the study area were influenced by seismic activity. As a result, tectonic reorgani-
zation of the study area is inferred for the latest Early/earliest Middle Triassic.
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INTRODUCTION

Recognition of soft-sediment deformation structures in Tri-
assic provides critical information on an event or events that oc-
curred during or shortly after sedimentation. Alongside
soft-sediment deformation structures there co-occur brittle de-
formation structures, which are equally numerous at the same
stratigraphic level. The main difference between them is that
soft-sediment deformation structures are commonly found in
fine clastic deposits (siltstones, claystones). In contrast, brittle
deformation structures occur primarily in carbonate strata (lime-
stones, dolomites). Their distribution can be related to the
lithological variability in the Rt Formation. Many events can
contribute to the formation of soft-sediment deformation struc-
tures, ranging from bioturbation, gravitational instability, gravita-
tional collapse caused by dissolution, storms, rapid and sudden
sediment deposition, to earthquakes, and these processes can
also contribute to the formation of brittle deformation structures.

Seismic waves are a potential cause of such a deformation
style. The term seismite is used to describe deformation struc-
tures formed in sedimentary rocks due to earthquakes and the
secondary seismic waves (S-waves) so generated (Seilacher,
1969; Allen, 1982, 1986). Seismites have been described in nu-
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merous publications, e.g. Seilacher (1969), Casagrande
(1976), Allen (1982, 1986), Wojewoda (1987), Owen and
Moretti (2008), Moretti and Van Loon (2014). Earthquakes are
most commonly linked to tectonic phenomena involving stress
accumulation and release via fault formation, but may also be
associated with processes such as mass movements, meteor-
ite impacts, or glacio-isostatic rebound loading (Belzyt and
Pisarska-Jamrozy, 2017). Identifying earthquakes as the cause
of deformation is possible by eliminating alternative phenom-
ena (Seilacher, 1984; Wojewoda and Burliga, 2008). If the
structures analysed form a correlative horizon over a large
area, then they may be an indicator of seismic shaking —
seismites (Wojewoda, 2008). The pattern of deformation pro-
duced by an earthquake is determined by factors such as the
type of lithology and its variability, the degree of porosity and
fluid filling of the sediment, the degree of packing of the sedi-
ment and its compactness (e.g., Seilacher, 1969; Allen, 1986;
Wojewoda, 2008; Moretti and Van Loon, 2014; Belzyt and
Pisarska-Jamrozy, 2017). The interpenetration of two types of
deformation at the same levels is determined by lithology and
the susceptibility of lithology to the rate and degree of cementa-
tion.

This paper describes the second occurrence of such defor-
mation structures recognised in the succession of the
Bolestawiec Syncline. Similar structures were recognised and
described in the siliciclastic deposits from the Permian/Triassic
boundary interval (Durkowski et al., 2017). They were also
noted in the Middle Triassic (Muschelkalk) of the Silesia—
Krakéw and Holy Cross Mountains area (Szulc et al., 2015;
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Fig. 1. Location of the study area on a geological map

BS — Bolestawiec Syncline; SG - Swierzawa Graben; LHG — Leszczyna Half-Graben; LWHG — Lwowek Slqski Half-Graben; map after
(Dadlez et al., 2000, modified http://m.bazagis.pgi.gov.pl/cbdg; Hielscher and Hartsch, 2010, modified)

Matysik and Szulc, 2019). Syndepositional and early
post-depositional deformation structures have never been de-
scribed from the uppermost Lower Triassic and Middle Triassic
of the North Sudetic Synclinorium. Therefore, this research
aims to demonstrate the tectonic activity and its variability in the
study area during the sedimentation of the R6t Formation. It is
suggested that secondarily-developed seismic phenomena
may have been a direct cause of syn-sedimentary deformation
in the R6t Formation deposits.

GEOLOGICAL SETTING

The study area is located in southwestern Poland, in the
northern part of the Sudetic Block (Zelazniewicz and
Aleksandrowski, 2008; Zelazniewicz et al., 2011) and eastern
part of the North Sudetic Synclinorium, within a smaller (sec-
ondary) unit known as the Bolestawiec Syncline (Fig. 1; Krason,

1967). In its early development, the North Sudetic Synclinorium
constituted a NW-SE aligned intermontane basin and was one
of the main regions of sediment accumulation in the systemati-
cally uplifted Sudetes area (Wojewoda and Mastalerz, 1989).
The North Sudetic Synclinorium represents a structure formed
due to the evolution of a sedimentary basin that had developed
during the Carboniferous-Permian in the northern Sudetic fore-
land (Sokotowski, 1967; Milewicz, 1968; Wojewoda and
Mastalerz, 1989; Raczynski et al., 1998; Sliwinski et al., 2003;
Solecki, 2011). According to most studies (e.g., Sokotowski,
1967; Batazinska and Bossowski, 1979; Solecki, 1994;
Sliwinski et al., 2003; Zelazniewicz et al., 2011; Gluszynski and
Aleksandrowski, 2021), the Laramian Phase (Alpine orogeny)
was the main stage of evolution of the North Sudetic
Synclinorium and the Bolestawiec Syncline. The unit is
WNW-ESE oriented, and its axis plunges to the NW. The out-
lines of the North Sudetic Synclinorium and Bolestawiec
Syncline are shown in Figure 1.
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During the Early Triassic, the area of the North Sudetic
Synclinorium represented a small part of the southern margin of
the Germanic Basin (Fig. 2). The Germanic Basin was an
epicontinental basin connected during the latest Early Triassic
with the Tethys Ocean through the Silesian-Moravian and East-
ern Carpathian gateways (Fig. 2; e.g., Bachmann et al., 2010;
Szule, 2010; Matysik and Szulc, 2019). From the middle
Anisian, the Western Gate also became active (Fig. 2; e.g.,
Szulc, 2010; Matysik and Szulc, 2019).

The sedimentary-volcanogenic succession of the North
Sudetic Synclinorium comprises upper Carboniferous to Upper
Cretaceous deposits, with a stratigraphic gap encompassing
the Upper Triassic, Jurassic, and Lower Cretaceous. The suc-
cession overlies the lower Paleozoic metamorphic basement
(Raczynski et al., 1998).

This study is focused on the Upper Buntsandstein (R6t For-
mation), i.e. the uppermost Lower Triassic and lowermost Mid-
dle Triassic deposits of the Bolestawiec Syncline (Milewicz,
1985; Szyperko-Teller and Moryc, 1988; Senkowiczowa, 1992;
Bachmann et al., 2010; Cohen et al., 2013).

The facies, sedimentology, and fauna of the R6t Formation
and Muschelkalk in the North Sudetic Synclinorium have been
studied mainly by Milewicz (1962, 1971, 1985), Sokotowski
(1967), Lesniak (1978), Szyperko-Teller and Moryc (1988),
Raczynski et al. (1998), Chrzgstek (2002), and Chrzagstek and
Wojewoda (2011). The tectonic structure in the study area and
its vicinity was discussed by Sokotowski (1967), Milewicz (1968,
1976, 1977), Batazinska and Bossowski (1979), Lesniak
(1979), Cymerman (1998) and Solecki (2011).

Extent, thickness and distribution of the Ro6t and
Muschelkalk deposits in the Bolestawiec Syncline

Triassic carbonates (R6t Formation+Muschelkalk) occur in
the study area in a NW-SE oriented belt (Fig. 3). Its width varies
from ~4.5 to ~2.7 km and its length is ~14 km (Fig. 3). The larg-
est thicknesses of Triassic carbonates in the study area occur
both in its northern and southeastern parts (Fig. 3). The Rot
Formation and Muschelkalk reach maximum thicknesses of
465.3 m (Fig. 3; historic borehole W-37). The closest borehole
in which the subdivision into the Ro6t Formation and
Muschelkalk has been made is W-I/1. Triassic carbonates
reach 353 m in thickness, with the upper R6t Formation attain-
ing a thickness of ~207 m and the Muschelkalk 146 m. In turn,
in the southeastern part of the area, the Triassic carbonate
strata reach a thickness of ~240.0 m (based on the isopachs
shown in Figure 3; in the nearest borehole G-2, the R6t Forma-
tion reaches a thickness of 100.5 m, and the Muschelkalk
104.0 m).

MATERIAL AND METHODS

The study is based on data from 19 boreholes drilled be-
tween 2011 and 2016 (termed “new boreholes” below),
lithostratigraphic descriptions of ~60 boreholes drilled in the
1940s—1980s (“historic boreholes”) and surface 2D seismic
studies made in 2016. All boreholes were drilled to document
the Permian sediment-hosted copper deposit. 2D seismics and
well logs were carried out to investigate the geological and min-
ing conditions of the study area. All archival geological sam-
ples, including borehole cores, were destroyed in the early
1990s. All new boreholes and 2D seismic from 2016 were com-
missioned by KGHM Polska Miedz S.A. All data from
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2011-2016 are the property of KGHM Polska Miedz S.A. and
the Ministry of Climate and Environment and are not publicly
available according to law.

Among the 19 new boreholes, 6 were fully cored (W-I/3W,
W-II/4W, W-V/I6W, W-VII/4W, W-IX/6W, W-XI/6W), whereas in
2 additional boreholes (W-I11/2; W-VII/6) the core was collected
only from selected sections of the Triassic. In the remaining 11
boreholes, geological samples of Triassic carbonates are rep-
resented by cuttings. A total of ~4798 m of core was collected

from the Triassic, out of which ~434 m represents Triassic car-
bonates. The lithological descriptions and lithostratigraphic
subdivisions in the new boreholes were carried out by the au-
thor. Based on macroscopic core observations, calcimetric
analysis determining the CaCO; and CaMg(CO3), content, and
interpretation of well logs, the lithological column of the R6t For-
mation and Muschelkalk was prepared (Figs. 4 and 5). The min-
erals visible on the geophysical profile are the result of numeri-
cal interpretations from geophysical logs. The lithological com-
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position of the rocks present in the well logs was assessed us-
ing Interlog software. The following measurement curves were
used for interpretation with Interlog: GR, NPHI, CNT, BCS,
SGR, CDL, MSFL and DLL. The lithostratigraphic subdivision
was also established based on studies in which the faunal con-
tent of the Rot Formation and Muschelkalk was analysed
(Lesniak, 1978; Chrzastek, 2002). Additionally, to verify the
lithostratigraphic subdivisions, cores from boreholes W-XI/6W
and W-IX/6W were compared with the exposed succession in
Podgrodzie Quarry in Raciborowice Gérne (Fig. 3). Only ~35 m
of the topmost part of the Muschelkalk and >10 m of the Rot
Formation are exposed in that quarry.

The isopachs of Triassic carbonates were based on
lithological columns of new and historic boreholes (Fig. 3). Ad-
ditionally, 2D seismic data and well logs recorded at the same
time were also used in this paper. Lack of subdivision or lack of
subdivision criteria into the R6t Formation and Muschelkalk in
some historic boreholes and the need to use these data re-
sulted in the presentation of the combined isopachs for the Rot
Formation and the Muschelkalk under the term Triassic carbon-
ates (Fig. 3). These informal subdivisions refer only to the study
area. They are aimed at characterising, presenting and distin-
guishing deposits formed in aqueous settings.
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2D seismic data was made, processed and interpreted by
Geopartner Sp. z 0.0. (Miluk et al., 2016). Later, the seismic
profiles in the depth domain were subject to reinterpretation us-
ing the Petrel suite of Schlumberger. These interpretations
were performed by Andrzej Gtuszynski and Karol Durkowski for
another study in preparation. For the needs of this paper, 2 out
of 23 available seismic profiles are illustrated (Fig. 3). 2D seis-
mic data allowed visualisation of the occurrence of the R6t For-
mation and Muschelkalk strata with regard to the underlying
Lower and Middle Buntsandstein, as well as to determine the
orientation and geometry of faults (Fig. 6).

Interpretations of deformation structures occurring in the
Rot Formation were made based on macroscopic observations
of borehole cores. Deformation structures are present in all six
fully-cored boreholes (for borehole locations, see Fig. 3). The
classification of deformation structures was based on similar
structures distinguished in the study area and the Wilen Graben
area in strata across the Permian/Triassic boundary and in the
Silesia-Krakéw area in the Middle Triassic (Durkowski et al.,
2017; Kowalski et al., 2018; Matysik and Szulc, 2019).

ROT FORMATION AND MUSCHELKALK
IN THE BOLESLAWIEC SYNCLINE

LITHOLOGICAL LOG

The R&t Formation overlies the homogeneous, red-brown
sandstones and conglomeratic sandstones representing the un-
divided Lower and Middle Buntsandstein. The R6t Formation is
represented by alternating claystones, marls, marly mudstones,
mudstones, marly limestones, dolomitic limestones, and locally
calcareous dolomites. The carbonate interbeds are usually from
~10 cm to ~1.5 m-thick, and light-grey to grey in colour. The
fine-grained deposits are black-grey and green-grey of various
shades. The large lithological variation is emphasised by sharp
boundaries and occasionally erosional surfaces. The carbonates
contain numerous intraclasts, usually semi-rounded to semi-an-
gular, from several millimetres across to ~4 cm long, ellipsoidal,
rarely discoidal or spindle-shaped. The intraclasts are repre-
sented by green-grey and black-grey claystones.

Additionally, a sulphate horizon was recognised at the base
of the R6t Formation (e.g., Fig. 4). Gypsum and anhydrite, rep-
resenting the sulphate horizon, are characterised by a variable
clay content and are grey to pink, rarely white-grey in colour.
Sulphates were noted only in 8 of the boreholes studied (W-1/1,
W-VII/6, W-VII/4AW, W-IX/6W, G-2, G-3, G-16, G-1). The sul-
phate thickness varies from ~2 to 16 m.

Borehole W-V/6W was unique as directly above the weath-
ered middle Buntsandstein, in the base of the R6t Formation,
there are grey, strongly disturbed sandstones ~3 m-thick
(Fig. 5). This is the only documented occurrence of Rét Forma-
tion sandstones in the study area.

In the N and SE part of the study area, R6t deposits pass
gradationally into the Muschelkalk, which was distinguished
only in boreholes G-1, G-2, W-1/1, W-XI/6W, W-IX/6W, and in
Podgrodzie Quarry. This unit is represented by beige and grey
dolomitic and marly limestones. The limestones alternate with
greyish-black clayey marls and marls, and are highlighted by
planar and flaser lamination. The thickness of the laminae var-
ies from a few millimetres to several centimetres. Intervals with
caverns and breccia are located in the base of the Muschelkalk,
as distinguished in borehole W-XI/6W (Fig. 5). Such intervals
were also observed in Podgrodzie Quarry. The breccia noted is
associated with the secondary filling of caverns and possibly
also their gravitational collapse.

BRITTLE AND SOFT-SEDIMENT DEFORMATION
STRUCTURES

Brittle deformation structures can be defined as a perma-
nent change that occurs in a solid material due to the growth of
fractures and/or due to sliding on fractures (van der Pluijm and
Marshak, 2004). The term “brittle deformation structure” can re-
fer to deformation style and microscale deformation mecha-
nisms (Haakon, 2010). Brittle deformation occurs only when
stresses exceed a critical value, and thus only after a rock has
already undergone some elastic and/or plastic behaviour (van
der Pluijm and Marshak, 2004). Brittle deformation structures
observed in borehole cores are represented by reverse faults,
normal faults, neptunian dykes, injection dykes and autoclastic
breccia.

Soft-sediment deformation structures (SSDS) arise when li-
quidised, hydroplastic, and sometimes more competent sedi-
ments are stressed during or shortly after deposition (Allen,
1982). We can define SSDS as any deformation structure,
other than vertical compaction, of sediment or sedimentary rock
that is achieved by rearrangement of the original sedimentary
particles, without internal deformation of those particles or any
interstitial cement (Waldron and Gagnon, 2011 after
Maltman,1984, 1994b). Deformation occurs primarily through
grain-boundary sliding (Waldron and Gagnon, 2011). SSDS in-
clude liquefaction and fluidization structures, load structures,
convolute bedding, and deformation structures related to
rockfalls.

The thickness of levels with deformation structures varies
from ~10 m (borehole W-I11/4W) to ~42 m (borehole W-I/3W).
The layers with deformation structures are mainly located at the
base of the R6t Formation, where they represent almost the en-
tire deformed interval — the main deformed interval (Figs. 4 and
5). Undeformed layers within such intervals have thicknesses
from over ten to several tens of centimetres and are irregular
(Fig. 7A—C). The lower boundary of the main deformed interval
is represented by sandstone of the Buntsandstein (Fig. 7D).
The top of the main deformed interval cannot be unequivocally
attributed to any lithological boundary. Nevertheless, in two
boreholes (W-VII/4W and W-IX/6W) it is capped by a sulphate
unit (Figs. 4 and 5). In the remaining cored boreholes, sulphate
beds were not observed; therefore the relation of the intervals
with deformation structures to sulphates cannot be determined.
However, above the main deformation interval in borehole
W-XI/6W there is an accumulation of clay, which probably rep-
resents the equivalent of the sulphate unit (Fig. 5). Brittle defor-
mation structures and SSDS also occur above the main defor-
mation interval, but they are very rare, restricted to beds with a
thickness from several tens of centimetres to ~3 m, and much
less spectacular (secondary deformed intervals). In this case,
the thickness of the undeformed intervals separating the occur-
rences of particular deformation structures is usually several
metres and more.

A unique case was observed in borehole W-II1/4W. Two in-
tensely deformed intervals were noted there: the first interval at
the base of the Rot Formation, ~10 m-thick, and the second at
the top of the R6t Formation, ~6 m-thick (Fig. 5). The thickness
of the undeformed interval separating the occurrences of those
two deformation levels is 20 m. It cannot be excluded that the
two separate deformation intervals are in fact related to duplica-
tion of the R6t Formation strata. So far, over a dozen repetitions
of beds within the Zechstein, and Lower and Middle
Buntsandstein have been recognised by the author’s personal
observations. Therefore, such repetitions can also be expected
within the R6t Formation. In borehole W-V/6W, the entire
13.2 m of the R&t Formation is deformed. This borehole is lo-
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Fig. 6. 2D seismics cross-section (after Miluk et al., 2016, modified; Gluszynski et al., 2019, modified)

cated in the south-western part of the Triassic carbonates’ dis-
tribution where the recognised units are thin (Fig. 5). Borehole
W-V/6W is characterised by a large number of folds, liquefac-
tion, and fluidization phenomena, and convolute bedding.
Generally, neither type of deformation structure was ob-
served in the Muschelkalk, which is represented mainly by lime-
stones and dolomites alternating with marls and clay marls.

BRITTLE DEFORMATION STRUCTURES

SMALL-SCALE FAULTS

Core-scale reverse and normal faults are relatively common
features in the cores analysed. The shift of beds on the fault
plane varies from several millimetres to ~10 cm. In a few cases,

the faults cut the entire core diameter and thus their origin can-
not be stated clearly (Fig. 8E). The fault surfaces are adjacent to
one another. In some cases, the detached rock layers are sepa-
rated by a space which is at most 2 millimetres thick and filled
with clay.

Normal faults are usually related to the liquefaction of the
underlying deposit and collapse of the overlying strata (Fig. 8).
Reverse faults and overthrusts are also accompanied by evi-
dence of sediment instability. Compression may be linked with
liquefaction and flow of clastic material under high pressure
and, as a result, the impact of rocks more susceptible to fractur-
ing during deformation. It may also be linked with substrate in-
stability and the resulting stress. Reverse faults, rarely
overthrusts, are often noted in the vicinity of folds and convolu-
tions. Depending on the lithology, part of the sediment is frac-
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R&t Formation

Fig. 7. Deformation structures in selected core sections

A - brittle and soft sediment deformation structures, borehole W-VII/4W (depth 374.0-377.0 m); B — brit-
tle (BDS) and soft sediment deformation structures, borehole W-VI1/4W (depth 358.0-359.0 m); C — brit-
tle deformation structures (BDS), borehole W-XI/6W (depth 133.0-134.0 m); D — an example of the
transition from sandstone of the Buntsandstein (bottom of the photo) to the R6t Formation (top of the

photo), borehole W-IX/6W (depth 340.0—-343.0 m)

tured, whereas the other, more susceptible, part is subject to
plastic deformation (Fig. 8B, D). This phenomenon is favoured
by different lithologies and different thicknesses.

NEPTUNIAN DYKES

Neptunian dykes are a relatively rare feature in the cores
analysed. Usually, the fractures are up to 1 cm in diameter and
from several to over ten centimetres deep (Fig. 9). There is one
case in which the fracture diameter is close to the core diame-
ter, i.e. ~9 cm; in this case its depth reaches almost 30 cm
(Fig. 9C; borehole W-VII/4W). The interior of the fracture,
formed in dolomitic limestone, has sharp edges and is filled with
the overlying clay. Lithoclasts of the host rock are observed at
the top and base of the fracture (Fig. 9).

Neptunian dykes represent fractures formed in a cemented
sea-bottom deposit (Allen, 1982; Smart et al., 1988;
Matyszkiewicz et al., 2016; Matysik and Szulc, 2019). Fractures
formed on a cemented sea-bottom deposit may be caused by

tectonic extension, unstable escarpments, sediment uplift and
bulging, and develop a long time before being filled with sedi-
ment (Allen, 1982). Neptunian dykes are usually filled with sedi-
ment showing rhythmic lamination and that may contain
lithoclasts of the host rock (Matysik and Szulc, 2019).

INJECTION DYKES AND AUTOCLASTIC BRECCIA

Injection dykes (Fig. 10) and accompanying autoclastic
breccia are present in almost every borehole. To some extent,
the diameter of the core hampers observations. Only some
structures are small enough to be captured in the core
(Fig. 10A, D). In some cases, despite their small dimensions,
the observed structures run obliquely to the core axis and are
partially preserved. Structures which are preserved only par-
tially, due to their size or shape or relation to the core axis, were
assigned to injection dykes and autoclastic breccia based on
their characteristic features (Figs. 8C and 10B, C).
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Fig. 8. Brittle deformation structures

A — syndepositional normal faults, alternations of marly limestone, marl and mudstone, borehole W-V/6W (depth 579.6 m); B — overthrusts,
reverse faults and folds, alternations of marly limestone, marl and mudstone; load structures visible in upper part of photograph, borehole
W-V/6W (depth 579.8 m); C — normal fault, note a series of secondary reverse and normal faults in the hanging wall and footwall, note
autoclastic breccia in upper part of photograph, borehole W-1/3W (depth 44.8 m); D — syndepositional reverse fault, borehole W-XI/6W (depth
156.4 m); E — reverse fault, note complementary fractures in lower part of photograph, borehole W-XI/6W (depth 136.7 m)

Injection dykes are structures formed during change in the
rheology of a rock medium that is oversaturated with water
(Sibson et al., 1975; Kampf et al., 1985; Labaume et al., 2004;
Wojewoda and Burliga, 2008). Therefore, the formation of such
structures is characterised by increase in pore pressure, con-
tributing to fracture opening and intrafractional flow of fluidised
material (Wojewoda, 2008; Wojewoda et al., 2016; Durkowski
et al.,, 2017). Moreover, injection dykes are characterised by
sharp boundaries and sinking intraclasts of undeformed sedi-
ment, resembling breccia and often forming jigsaw-puzzle pat-
terns in which particular fragments match each other
(Wojewoda, 2008; Matysik and Szulc, 2019).

SOFT SEDIMENT DEFORMATION STRUCTURES (SSDS)

The largest accumulation of soft-sediment deformation
structures (SSDS) was observed in the lowermost part of the
R&t Formation, a similar pattern to that of the brittle deformation
structures. They are also observed higher in the succession,
but in much smaller numbers.

LIQUEFACTION AND FLUIDIZATION STRUCTURES

Liquefaction structures (Fig. 11) are a common phenome-
non in the cores analysed. They display a variable degree of
fluidisation and deformation, which has a variable impact on the
surrounding deposits. Fluidisation structures are a rare phe-
nomenon in the study area; only a few examples were observed
(Fig. 11C). Liquefaction and fluidisation structures occur both in
the carbonate and marly-mudstone interbeds (Figs. 10B, C and
11B-D). Usually, they represent core-scale small structures. In
individual cases, the structures have dimensions larger than
the core diameter. For example, the sandstones from the base

of the R6t Formation in borehole W-V/6W represent the most
spectacular case of liquefaction structures (Fig. 11A). The en-
tire 3 m thickness of the sandstones is affected by liquefaction.

According to the author’'s observations, both liquefaction
and fluidisation structures may also be interpreted as a process
or stage leading to the formation of autoclastic breccia, injection
dykes, load structures or convolutions. Nevertheless, numer-
ous observations indicate the presence of liquefaction and
fluidisation phenomena without visible impact on the over- or
underlying deposits (Fig. 11C, D). Therefore, liquefaction and
fluidisation structures may be defined as deformation structures
which have stopped at a certain stage and thus have not
evolved into other secondary structures. Consequently, these
phenomena are assigned to deformation structures herein.

As with injection dykes, liquefaction and fluidisation struc-
tures are formed due to rapid pore pressure increase in a me-
dium oversaturated with water (Sibson et al., 1975; Kampf et
al., 1985; Labaume et al., 2004). They are thus related to the
flow of solutions under high pressures, liquefaction of the sedi-
ment, its deformation and fluid escape (Allen and Banks, 1972;
Lowe, 1975; Matysik and Szulc, 2019). In the case of liquefac-
tion structures, the fluid source is within the bed; therefore de-
formation should be uniform in the entire deformed unit (Lowe,
1975; Matysik and Szulc, 2019). Fluidisation structures are lo-
cal phenomena related to upwards fluid flow under pressure
from the lower-lying beds (Lowe, 1975; Matysik and Szulc,
2019).

LOAD STRUCTURES

In the initial part of liquefaction and sinking of the overlying,
more dense material, ball and pillow structures are formed
(Fig. 12A). Usually, they represent fragments of the sediment
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that lost connection with the overlying host layer and attained
oval and spherical forms or concave-up synclines (Kuenen,
1965; Gradzinski et al., 1986). In the cores analysed, the load
structures present are characterised by the overlying sediment
“b” having the properties of a brittle body, as shown by its frac-
turing and sinking into the underlying sediment (Figs. 10B, C
and 12C). The structure represents an autoclastic breccia but
without fractures and intrafractional flows. The underlying sedi-
ment “a@” is partly fluidised, although faults and overthrusts can
often occur within it (Fig. 12C). Sediment “a” is frequently de-
formed with its internal structure partly or completely obliterated
(Fig. 12B).

Load structures may be formed both in fresh, unconsoli-
dated sediments as well as due to deformation of the underlying
sediments, this being linked with liquefaction and fluidisation
processes and structures. Unstable density lamination in the
,ba” system develops in this case (Gradzinski et al. 1986). In
such a system, layer “b” with a larger bulk density is located
above layer “a” with a smaller bulk density. An increase in pore
pressure and liquefaction of sediment “a” may cause equilib-

Fig. 9. Brittle deformation structures, neptunian dykes

A —neptunian dyke in marly limestone, note clasts of host rock in lower part of pho-
tograph, borehole W-XI/6W (depth 136.5 m); B — neptunian dyke and escarpment
with fragments of host rock (“a”), note numerous intraclasts (“b”) emphasising the
lamination in upper part of photograph, borehole W-1/3W (depth 68.0 m); C — neptu-
| nian dyke in limestone, note clasts of host rock, borehole W-VII/4W (depth 369.0
4 m); D—neptunian dyke in marly limestone with clasts of host rock, borehole W-1/3W
(depth 54.0 m)

rium instability and fracturing of the overlying sediment “b”, fol-
lowed by its sinking in the form of angular fragments. When the
overlying sediment is unconsolidated or fluidised, fragments of
the deformed overlying sediment sink into the sediment with a
lower density (Kuenen, 1965; Anketell et al., 1970). When pore
pressure decreases, the process of load structure formation
may be stopped at any moment, resulting in the preservation of
various stages of deformation (Fig. 12D).

CONVOLUTE BEDDING

Convolute bedding is a rare feature in the cores analysed,
occurring in only two of them. The largest amount of such struc-
tures was observed in borehole W-V/6W, and one example was
noted in borehole W-VII/4W. Usually, the deformed layers are
several centimetres thick (Fig. 13A, B). They are represented
by alternations of mudstone and marly limestone, each with a
thickness of several millimetres, which show plastic deforma-
tion.
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Fig. 10. Co-occurrence of brittle and soft
sediment deformation structures

A - injection dykes in grey marls, note
intraclasts of undeformed sediment “a”, bore-
hole W-XI/6W (depth 97.0 m); B — injection
dykes and autoclastic breccia/load structures
(?), and normal and reverse faults in calcare-
ous marls, note limestone clasts sinking in the
- muddy sediment behaving both as brittle and
- soft bodies, note folding of laminae due to lig-
~uefaction in the right upper corner of photo-
graph, borehole W-V/6W (depth 580.2 m); C —
_autoclastic breccia or/also load structures “a”
- formed due to liquefaction (fluidization? —
structures partially preserved) of underlying
muddy sediment “b”, borehole W-V/6W (depth
580.4 m); D — injection dyke and autoclastic
breccia, borehole W-I11/4W (depth 416.8 m)

Fig. 11. Soft sediment deformation structures (SSDS)

A - liquefaction structures in greenish-grey sandstone, borehole W-V/6W (depth 583.0 m); B — liquefaction structures in bioclastic limestone,
note layers of light grey limestone that were subject to fluidization and deformation, borehole W-XI/6W (depth 86.6 m); C — fluidization struc-
tures in mudstone, note disruption of layer of beige limestone in the lower right corner of photograph, note single load structure, borehole
W-XI/6W (depth 141.9 m); D — liquefaction structures in marly limestone, note disruption of greyish-black lamina in upper part of photograph,
borehole W-IX/6W (depth 294.4 m)
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Fig. 12. Soft sediment deformation structures (SSDS), load structures

A — ball and pillow load structures of different shapes in strongly fluidized sediment, partly
bent upwards, in single cases slightly folded, to the bottom of the disrupted layer the content
of intraclasts “a” increases and the content of ball and pillow structures decreases, note single
shell fragment “b”, borehole W-IX/6W (depth 273.4 m); B — unstable density-related bedding
in a system composed of three layers differing in density, note load structures at various
stages, greyish-beige marly limestones “c” are disrupted and sink in the greyish-green “b” and
greyish-black “a” mud-marly sediment, borehole W-VI1/4W (depth 335.5 m); C —unstable den-
sity-related bedding in “ba” system, with layer “b” behaving as a brittle body and layer “a” being
partly fluidized with single faults, borehole W-V/6W (depth 580.2 m); D — unstable density-re-
lated bedding in “ba” system, note final development stage in the top, below an initial stage of
load structure development, in the upper part of photograph, layer “b” (white-grey limestone)

€an

sinks in mudstone (layer “a”), in the lower part of photograph, layer “b” sinks in marl laminated

Convolute bedding represents the internal deformation of
laminae in the form of different folds, in which the lamina short-
ening reaches 50% at the preservation of layer thickness
(Gradzinski et al., 1986). Usually, horizontal lamination occurs
below and above the deformation structures, and the passage
from deformed laminae to undeformed laminae is gradual. The
genesis of convolute bedding is an intricate process and cannot
be explained with one simple diagram or definition (Gradzinski
et al.,, 1986). For example, these structures form either when
the sediment is deposited on a gentle slope (Leeder, 1999;
Collinson et al., 2006) or during the escape of water from the
sediment and the resulting increase in pore pressure
(Gradzinski et al., 1986).

DEFORMATION STRUCTURES RELATED TO ROCKFALLS

Deformation structures related to rockfalls are a rare feature
in the cores analysed, occurring in only one borehole
(W-XI/6W). The inclusion of deformation structures related to
rockfalls in the SSDS is primarily related to the deformation of
soft sediment by falling consolidated rock fragments (Matysik
and Szulc, 2019). They are represented by semi-angular,

with mudstone (layer “a”), borehole W-VI1/4W (depth 315.4 m)

beige-grey marly limestone fragments with maximum dimen-
sions of 10 x 6 cm, which in many cases cause substrate de-
flection (Fig. 13C, D). In the core scale, it is extremely difficult to
recognise rock-fall-related deformation. Only by analogy with
similar structures observed in Upper Silesia (Matysik and
Szulc, 2019) and through the determination of other structures
in the succession described can it be suspected that the rock
fragments observed represent this process.

Sediment deformation structures caused by falling frag-
ments of rocks have been described by numerous authors
(e.g., Wallace, 1984; Amit et al., 1995; Matysik and Szulc,
2019). Usually, these structures are related to gravitational
rockfall near escarpments and other irregularities in the sedi-
mentary basin.

DISCUSSION

A characteristic feature of the described deformation struc-
tures is their prevalence in the lowermost part of the Rt Forma-
tion and their gradual disappearance towards the top of this
unit. Another important issue is the co-occurrence of brittle and
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Fig. 13. Soft sediment deformation structures (SSDS) and an example of large scale tectonic structure

A — convolutions of calcareous-mud sediment, borehole W-V/6W (depth 572.8 m); B — convolutions in lower part of photograph, load struc-
tures in upper part of photograph, borehole W-VII/4W (depth 363.2 m); C — deformation structures related to rockfalls, base deflected, bore-
hole W-XI/6W (depth 158.8 m); D — deformation structures related to rockfalls, borehole W-XI/6W (depth 158.0 m); E — part of large-scale

tectonic structure, borehole W-XI/6W (depth 137.2 m)

soft-sediment deformation structures. The Muschelkalk is char-
acterised by lithological homogeneity and a lack of such brittle
and soft-sediment deformation structures. This has been
shown by borehole and exposure data (i.e., Podgrodzie Quarry
in Raciborowice Goérne).Therefore, the Middle Triassic was
probably characterised by a seismic quiescence within the
study area.

Depending on the lithology, contribution of clastic material,
saturation of the rock mass, solution flow, or the presence of
forces such as cohesion, brittle deformation structures may de-
velop simultaneously with soft-sediment deformation structures
(Gradzinski et al., 1986; Fossen, 2010). Fine clastic sediments
(siltstones, claystones) are more susceptible to the develop-

ment of SSDS than are carbonates (limestones, dolomites).
The reason for this may reflect that fine-grained sediments are
more heterogeneous and more water-saturated than are car-
bonates. On the other hand, cementation usually occurs more
rapidly in carbonates (Gradzinski et al., 1986; Matysik and
Szulc, 2019). In the event of an earthquake, the pore pressure
increases in sediments that are more saturated with water. An
increase in the pore pressure promotes sediment plasticisation
or brittle deformation (Gradzinski et al., 1986). The presence of
brittle deformation structures in the study area points to partial
consolidation of the deposits as the forces were applied.

The presence of particular deformation structures
sandwiched between undeformed deposits, the variety of defor-
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mation structures and the lack of slickensides or open fractures
allow postulation of their syndepositional origin (Rupke, 1978;
Gradzinski et al., 1986; Belzyt and Pisarska-Jamrozy, 2017).
Sandwich-like structures can be also described as the sedi-
mentary contact of deformed and undeformed sediments
(Fig. 7). The brittle deformation structures noted above can be
also determined as being of early post-depositional origin (An-
ketell et al., 1970; Allen, 1982; Kastens, 1984, Gradzinski et al.,
1986; Hampton et al., 1996). Sediment liquefaction may occur
at depths of as much as 5-10 m (McCalpin and Nelson, 2009;
Belzyt and Pisarska-Jamrozy, 2017). On the other hand, Shao
et al. (2016) demonstrated sediment liquefaction at depths of
2-5 m, where the thickness of the liquefied sand was 2 m.
Those sediments were examined at a distance of 3 km from the
earthquake epicentre. Allen (1986) has shown that sediment
liquefaction with a potential for SSDS development may be in-
duced at sites as far away as 700 km from the epicentre of an M
7.5 earthquake (Shanmugam, 2016). A much smaller lateral
extent of deformation (e.g., 20—113 km) was suggested by e.g.
Papadopoulos and Lefkopoulos (1993), Kirkland and Anderson
(1970) and Kirkland et al. (2000). The spatial distribution and
lateral changes of seismites are much more complex than a
simple relationship between the earthquake and the large lat-
eral extent of earthquake-related deformation (Alfaro et al.,
2010; Rodriguez- Lopez et al., 2007; Shanmugam, 2016).
The deformation structures discussed occur at the transi-
tion from continental facies (Lower and Middle Buntsandstein)
to shallow marine facies (Rt Formation). The reverse transition
in lithology and sedimentary environment (marine to continental
settings) coupled with similar deformation structures was also
observed at the Permian/Triassic boundary (Durkowski et al.,
2017; Kowalski et al., 2018). The uppermost Permian deposits
are represented by mudstones and very fine-grained sand-
stones (heterolithic deposits), which pass into typical red-brown
Triassic sandstones. Most probably, transgression and change
of the sedimentary setting were controlled by tectonic pro-
cesses, e.g. tectonic movements related to the activation or re-
activation of the Fore-Sudetic Block (?). Interpretations of rock
mass movements in the Fore-Sudetic Block area, e.g. in the up-
permost part of the Permian (Rotliegend), were given by
Batazinska and Bossowski (1979), on the basis of a lack of
Rotliegend deposits in the Bolestawiec N-24 borehole located a
few kilometres to the NW of the study area in the vicinity of the
Fore-Sudetic Block. On the other hand, the occurrence of defor-
mation structures in the Rt Formation may have resulted from
a single tectonic event which caused gravity-driven mass wast-
ing. In this case, the shifting rock masses, and the resulting
stress and strain, would directly cause brittle and soft-sediment
deformation structures (Potter and Pettijohn, 1963; Anketell et
al., 1970; Rupke, 1978; Allen, 1982; Gradzinski et al., 1986;
Hampton et al., 1996; Masson et al., 2006). Gravitational mass
movements may have occurred after the deposition of the R6t
Formation. In the case of gravitational mass movements, sedi-
ment deformation depends on many factors, including lithology,
its variability, and the compactness of individual sediments. The
seismic process would rather be a secondary cause of the de-
formation. The largest deformation structures at the base of the
Ro6t Formation and their gradual disappearance can be ex-
plained by the nature of the gravitational movements. At the
base of the Rt Formation, i.e. the surface adjacent to the un-
derlying sandstones, the action of the largest forces would be
expected, and thus the development of the most intense defor-
mation, which is consistent with the observations. Such move-
ments preferentially affect lithological changes. Moreover, such
phenomena may have depended on the dip of the contempo-
rary palaeoslope. According to Peel (2014), a regional slope

reaching 4° may result in gravitational sediment shifting, result-
ing in distinct modes of gravity-driven deformation, with 48% at-
tributed to spreading and 52% to gliding. On steeper slopes, the
contribution of gliding is larger, and vice versa. Such a phenom-
enon should cause sediment wasting in one place and
aggradation in another. No such relationship was found based
on the observations. Thus, it is now necessary to exclude the
present hypothesis as a mechanism for the development of the
deformation structures described.

Another event that could theoretically contribute to similar
deformation is gravitational collapse caused by the dissolution
of underlying strata, such as halite, gypsum or anhydrite. Such
phenomena have been described by Stanton (1966), Beales
and Hardy (1980), Morrow (1982), Bgbel (1991) and Friedman
(1997). However, in such cases different types of breccia with a
smaller contribution of other deformation structures should oc-
cur. The structures studied herein include breccias only in indi-
vidual cases. Moreover, the breccia sizes exceed the drill core
outline and usually accompany large-scale tectonic structures
(Fig. 13E). Their origin may be associated with faults of local or
regional scale, that probably formed during the Alpine orogeny.
Beyond that, the sulphate intervals found in the succession of
the R6t Formation are located above a continuous level with de-
formation, i.e. at least several to tens of metres above the base
of the R6t Formation. If gypsum or anhydrite were to be partially
or completely dissolved, then the breccia and other deformation
structures should occur within or above such intervals. There is
no evidence of sulphates or chlorides below the main deformed
level in the NSS (Lower and Middle Buntsandstein/R6t Forma-
tion boundary). Similarly, no sulphates/chlorides or signs of sul-
phate/chlorides occurrence, such as casts after gypsum/halite
crystals or imprints of gypsum/halite crystals, have been found
at the base of the R6t Formation itself.

The most likely reason for the formation of the deformation
structures described are earthquakes occurring during the sedi-
mentation of the Rt Formation. In favour of this hypothesis, the
following evidence may be adduced:

— the separation of the deformed levels by non-deformed
levels (sandwiched-like),

— the large extent and repetition of the occurrence of de-
formation structures in the vertical profile,

— the large variability of the deformation types,

— the occurrence of the deformation structures throughout

the study area,

— the occurrence of analogous structures in the Middle Tri-

assic of the Silesian—Krakéw and Holy Cross Mts. areas
(Szulc et al., 2015; Matysik and Szulc, 2019).

The source of earthquakes could have been the faults sur-
rounding the tectonic structure located in the area of today’s
Fore-Sudetic Block. Already during the sedimentation of the
Permian and Zechstein, Sokotowski (1967), Milewicz (1977)
and Batazinska and Bossowski (1979) advocated the presence
of such a structure and associated tectonic activity in the North
Sudetic Synclinorium. Thus, it cannot be excluded that in the
Early/Middle Triassic a reactivation of these tectonic structures
took place, accompanied by earthquakes.

According to Szulc (2000), Narkiewicz and Szulc (2004),
Szulc et al. (2015) and Matysik and Szulc (2019), seismic phe-
nomena are not unique to the North Sudetic Synclinorium.
Thus, the processes were of regional character. The basic dif-
ference between the phenomena described by the listed au-
thors is that the deformation structures are present in the
Silesia-Cracow and Holy Cross Mts. areas in the Middle Trias-
sic. In this report, they are occur in the uppermost part of the
Lower Triassic, making them older.
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CONCLUSIONS

The data analysed provide evidence for tectonic activity and
its influence on the study area during the sedimentation of the
R6t Formation. From the common occurrence of deformation
structures in the lowermost part of the R6t Formation and their
sporadic presence in its upper parts, it can be concluded that
tectonic activity was most intense during the beginning of the
sedimentation of the R6t Formation. Later, the seismic activity
declined, to disappear completely during the Muschelkalk de-
position. The seismic activity probably involved movement on
faults surrounding the structural element of the present-day
Fore-Sudetic Block and that caused tectonic reassembly of the
study area.

Summing up, it may be concluded that:

— the deformation was syn-sedimentary and early

post-sedimentary;

— the largest accumulation of brittle and soft-sediment de-

formation structures occurs in the lowermost part of the

Rot Formation; these phenomena gradually disappear
upwards;

— brittle deformations co-occur with soft-sediment defor-
mation structures and are genetically linked;

— the largest accumulation of brittle and soft-sediment de-
formation structures occurs below sulphate deposits;

— local and regional faults observed in the Lower Triassic
strata (Fig. 6) may have been responsible for the devel-
opment of the deformation structures described.
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