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De pos its of the Röt For ma tion (Lower–Mid dle Tri as sic) in the east ern part of the North-Sudetic Synclinorium (Boles³awiec
Syncline), SW Po land, in clude nu mer ous synsedimentary de for ma tion struc tures. Six bore holes with a to tal core length of
~434 m en abled mac ro scopic anal y sis and de scrip tion of these de for ma tion struc tures, sup ple mented by bore hole log in ter -
pre ta tion, calcimetric anal y sis, and in ter pre ta tion of 2D sur face seismics. An in ter val up to ~42 m-thick at the base of the Röt
For ma tion showed both brit tle and soft-sed i ment de for ma tion struc tures. Their abun dance and in ten sity de crease to wards
the top of the Röt For ma tion, and they com pletely dis ap pear in the Muschelkalk (Mid dle Tri as sic). Both the num ber of bore -
holes and their lo ca tions in di cate the pres ence of such struc tures across the en tire study area. The oc cur rence of de for ma -
tion struc tures in each bore hole ana lysed and their large lat eral range sug gest that the up per most part of the Lower Tri as sic
and low er most part of the Mid dle Tri as sic in the study area were in flu enced by seis mic ac tiv ity. As a re sult, tec tonic re or ga ni -
za tion of the study area is in ferred for the lat est Early/ear li est Mid dle Tri as sic.

Key words: seismites, tec tonic ac tiv ity, brit tle de for ma tion, soft sed i ment de for ma tion struc tures, bore holes.

INTRODUCTION

Rec og ni tion of soft-sed i ment de for ma tion struc tures in Tri -
as sic pro vides crit i cal in for ma tion on an event or events that oc -
curred dur ing or shortly af ter sed i men ta tion. Along side
soft-sed i ment de for ma tion struc tures there co-oc cur brit tle de -
for ma tion struc tures, which are equally nu mer ous at the same
strati graphic level. The main dif fer ence be tween them is that
soft-sed i ment de for ma tion struc tures are com monly found in
fine clastic de pos its (siltstones, claystones). In con trast, brit tle
de for ma tion struc tures oc cur pri mar ily in car bon ate strata (lime -
stones, dolomites). Their dis tri bu tion can be re lated to the
lithological vari abil ity in the Röt For ma tion. Many events can
con trib ute to the for ma tion of soft-sed i ment de for ma tion struc -
tures, rang ing from bioturbation, grav i ta tional in sta bil ity, grav i ta -
tional col lapse caused by dis so lu tion, storms, rapid and sud den
sed i ment de po si tion, to earth quakes, and these pro cesses can
also con trib ute to the for ma tion of brit tle de for ma tion struc tures.

Seis mic waves are a po ten tial cause of such a de for ma tion
style. The term seismite is used to de scribe de for ma tion struc -
tures formed in sed i men tary rocks due to earth quakes and the
sec ond ary seis mic waves (S-waves) so gen er ated (Seilacher,
1969; Allen, 1982, 1986). Seismites have been de scribed in nu -

mer ous pub li ca tions, e.g. Seilacher (1969), Casagrande
(1976), Allen (1982, 1986), Wojewoda (1987), Owen and
Moretti (2008), Moretti and Van Loon (2014). Earth quakes are
most com monly linked to tec tonic phe nom ena in volv ing stress
ac cu mu la tion and re lease via fault for ma tion, but may also be
as so ci ated with pro cesses such as mass move ments, me te or -
ite im pacts, or glacio-iso static re bound load ing (Belzyt and
Pisarska-Jamro¿y, 2017). Iden ti fy ing earth quakes as the cause 
of de for ma tion is pos si ble by elim i nat ing al ter na tive phe nom -
ena (Seilacher, 1984; Wojewoda and Burliga, 2008). If the
struc tures ana lysed form a cor re la tive ho ri zon over a large
area, then they may be an in di ca tor of seis mic shak ing –
seismites (Wojewoda, 2008). The pat tern of de for ma tion pro -
duced by an earth quake is de ter mined by fac tors such as the
type of li thol ogy and its vari abil ity, the de gree of po ros ity and
fluid fill ing of the sed i ment, the de gree of pack ing of the sed i -
ment and its com pact ness (e.g., Seilacher, 1969; Allen, 1986;
Wojewoda, 2008; Moretti and Van Loon, 2014; Belzyt and
Pisarska-Jamro¿y, 2017). The interpenetration of two types of
de for ma tion at the same lev els is de ter mined by li thol ogy and
the sus cep ti bil ity of li thol ogy to the rate and de gree of ce men ta -
tion.

This pa per de scribes the sec ond oc cur rence of such de for -
ma tion struc tures re cog nised in the suc ces sion of the
Boles³awiec Syncline. Sim i lar struc tures were re cog nised and
de scribed in the siliciclastic de pos its from the Perm ian/Tri as sic
bound ary in ter val (Durkowski et al., 2017). They were also
noted in the Mid dle Tri as sic (Muschelkalk) of the Silesia–
Kraków and Holy Cross Moun tains area (Szulc et al., 2015;
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Matysik and Szulc, 2019). Syndepositional and early
post-depositional de for ma tion struc tures have never been de -
scribed from the up per most Lower Tri as sic and Mid dle Tri as sic
of the North Sudetic Synclinorium. There fore, this re search
aims to dem on strate the tec tonic ac tiv ity and its vari abil ity in the 
study area dur ing the sed i men ta tion of the Röt For ma tion. It is
sug gested that sec ond arily-de vel oped seis mic phe nom ena
may have been a di rect cause of syn-sed i men tary de for ma tion
in the Röt For ma tion de pos its.

GEOLOGICAL SETTING

The study area is lo cated in south west ern Po land, in the
north ern part of the Sudetic Block (¯elaŸniewicz and
Aleksandrowski, 2008; ¯elaŸniewicz et al., 2011) and east ern
part of the North Sudetic Synclinorium, within a smaller (sec -
ond ary) unit known as the Boles³awiec Syncline (Fig. 1; Krasoñ, 

1967). In its early de vel op ment, the North Sudetic Synclinorium
con sti tuted a NW–SE aligned intermontane ba sin and was one
of the main re gions of sed i ment ac cu mu la tion in the sys tem at i -
cally up lifted Sudetes area (Wojewoda and Mastalerz, 1989).
The North Sudetic Synclinorium rep re sents a struc ture formed
due to the evo lu tion of a sed i men tary ba sin that had de vel oped
dur ing the Car bon if er ous-Perm ian in the north ern Sudetic fore -
land (Soko³owski, 1967; Milewicz, 1968; Wojewoda and
Mastalerz, 1989; Raczyñski et al., 1998; Œliwiñski et al., 2003;
Solecki, 2011). Ac cord ing to most stud ies (e.g., Soko³owski,
1967; Ba³aziñska and Bossowski, 1979; Solecki, 1994;
Œliwiñski et al., 2003; ¯elaŸniewicz et al., 2011; G³uszyñski and
Aleksandrowski, 2021), the Laramian Phase (Al pine orog eny)
was the main stage of evo lu tion of the North Sudetic
Synclinorium and the Boles³awiec Syncline. The unit is
WNW–ESE ori ented, and its axis plunges to the NW. The out -
lines of the North Sudetic Synclinorium and Boles³awiec
Syncline are shown in Fig ure 1.
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Fig. 1. Lo ca tion of the study area on a geo log i cal map

BS – Boles³awiec Syncline; ŒG – Œwierzawa Graben; LHG – Leszczyna Half-Graben; LwHG – Lwówek Œl¹ski Half-Graben; map af ter
(Dadlez et al., 2000, mod i fied http://m.bazagis.pgi.gov.pl/cbdg; Hielscher and Hartsch, 2010, mod i fied)

https://gq.pgi.gov.pl/article/view/9183


Dur ing the Early Tri as sic, the area of the North Sudetic
Synclinorium rep re sented a small part of the south ern mar gin of 
the Ger manic Ba sin (Fig. 2). The Ger manic Ba sin was an
epicontinental ba sin con nected dur ing the lat est Early Tri as sic
with the Tethys Ocean through the Silesian-Moravian and East -
ern Carpathian gate ways (Fig. 2; e.g., Bachmann et al., 2010;
Szulc, 2010; Matysik and Szulc, 2019). From the mid dle
Anisian, the West ern Gate also be came ac tive (Fig. 2; e.g.,
Szulc, 2010; Matysik and Szulc, 2019).

The sed i men tary-volcanogenic suc ces sion of the North
Sudetic Synclinorium com prises up per Car bon if er ous to Up per
Cre ta ceous de pos its, with a strati graphic gap en com pass ing
the Up per Tri as sic, Ju ras sic, and Lower Cre ta ceous. The suc -
ces sion over lies the lower Paleozoic meta mor phic base ment
(Raczyñski et al., 1998).

This study is fo cused on the Up per Buntsandstein (Röt For -
ma tion), i.e. the up per most Lower Tri as sic and low er most Mid -
dle Tri as sic de pos its of the Boles³awiec Syncline (Milewicz,
1985; Szyperko-Teller and Moryc, 1988; Senkowiczowa, 1992;
Bachmann et al., 2010; Co hen et al., 2013).

The fa cies, sedimentology, and fauna of the Röt For ma tion
and Muschelkalk in the North Sudetic Synclinorium have been
stud ied mainly by Milewicz (1962, 1971, 1985), Soko³owski
(1967), Leœniak (1978), Szyperko-Teller and Moryc (1988),
Raczyñski et al. (1998), Chrz¹stek (2002), and Chrz¹stek and
Wojewoda (2011). The tec tonic struc ture in the study area and
its vi cin ity was dis cussed by Soko³owski (1967), Milewicz (1968, 
1976, 1977), Ba³aziñska and Bossowski (1979), Leœniak
(1979), Cymerman (1998) and Solecki (2011).

Ex tent, thick ness and dis tri bu tion of the Röt and
Muschelkalk de pos its in the Boles³awiec Syncline

Tri as sic car bon ates (Röt For ma tion+Muschelkalk) oc cur in
the study area in a NW–SE ori ented belt (Fig. 3). Its width var ies 
from ~4.5 to ~2.7 km and its length is ~14 km (Fig. 3). The larg -
est thick nesses of Tri as sic car bon ates in the study area oc cur
both in its north ern and south east ern parts (Fig. 3). The Röt
For ma tion and Muschelkalk reach max i mum thick nesses of
465.3 m (Fig. 3; his toric bore hole W-37). The clos est bore hole
in which the sub di vi sion into the Röt For ma tion and
Muschelkalk has been made is W-I/1. Tri as sic car bon ates
reach 353 m in thick ness, with the up per Röt For ma tion at tain -
ing a thick ness of ~207 m and the Muschelkalk 146 m. In turn,
in the south east ern part of the area, the Tri as sic car bon ate
strata reach a thick ness of ~240.0 m (based on the isopachs
shown in Figure 3; in the near est bore hole G-2, the Röt For ma -
tion reaches a thick ness of 100.5 m, and the Muschelkalk
104.0 m).

MATERIAL AND METHODS

The study is based on data from 19 bore holes drilled be -
tween 2011 and 2016 (termed “new bore holes” be low),
lithostratigraphic de scrip tions of ~60 bore holes drilled in the
1940s–1980s (“his toric bore holes”) and sur face 2D seis mic
stud ies made in 2016. All bore holes were drilled to doc u ment
the Perm ian sed i ment-hosted cop per de posit. 2D seismics and
well logs were car ried out to in ves ti gate the geo log i cal and min -
ing con di tions of the study area. All ar chi val geo log i cal sam -
ples, in clud ing bore hole cores, were de stroyed in the early
1990s. All new bore holes and 2D seis mic from 2016 were com -
mis sioned by KGHM Polska MiedŸ S.A. All data from
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Fig. 2. Palaeogeographic po si tion of the North Sudetic Synclinorium (NSS) 
and the Fore-Sudetic Block (FSB) in the Mid dle Tri as sic

KLFZ – Kraków–Lubliniec (Ham burg) Fault Zone; T-T Fault Zone – Teisseyre-Tornquist Fault
Zone; SMF – Silesian–Moravian Fault; N – Tri as sic North; 

map mod i fied (Matysik and Szulc, 2019)

https://gq.pgi.gov.pl/article/view/9183
https://gq.pgi.gov.pl/article/view/13179
https://gq.pgi.gov.pl/article/view/9070
https://gq.pgi.gov.pl/article/view/8545
https://gq.pgi.gov.pl/article/view/8545


2011–2016 are the prop erty of KGHM Polska MiedŸ S.A. and
the Min is try of Cli mate and En vi ron ment and are not pub licly
avail able ac cord ing to law.

Among the 19 new bore holes, 6 were fully cored (W-I/3W,
W-III/4W, W-V/6W, W-VII/4W, W-IX/6W, W-XI/6W), whereas in 
2 ad di tional bore holes (W-III/2; W-VII/6) the core was col lected
only from se lected sec tions of the Tri as sic. In the re main ing 11
bore holes, geo log i cal sam ples of Tri as sic car bon ates are rep -
re sented by cut tings. A to tal of ~4798 m of core was col lected

from the Tri as sic, out of which ~434 m rep re sents Tri as sic car -
bon ates. The lithological de scrip tions and lithostratigraphic
sub di vi sions in the new bore holes were car ried out by the au -
thor. Based on mac ro scopic core ob ser va tions, calcimetric
anal y sis de ter min ing the CaCO3 and CaMg(CO3)2 con tent, and
in ter pre ta tion of well logs, the lithological col umn of the Röt For -
ma tion and Muschelkalk was pre pared (Figs. 4 and 5). The min -
er als vis i ble on the geo phys i cal pro file are the re sult of nu mer i -
cal in ter pre ta tions from geo phys i cal logs. The lithological com -
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Fig. 3. De tailed geo log i cal map of the study area, with out Cenozoic (af ter Dadlez et al., 2000, mod i fied; G³uszyñski et al., 2019,
mod i fied)



po si tion of the rocks pres ent in the well logs was as sessed us -
ing Interlog soft ware. The fol low ing mea sure ment curves were
used for in ter pre ta tion with Interlog: GR, NPHI, CNT, BCS,
SGR, CDL, MSFL and DLL. The lithostratigraphic sub di vi sion
was also es tab lished based on stud ies in which the fau nal con -
tent of the Röt For ma tion and Muschelkalk was ana lysed
(Leœniak, 1978; Chrz¹stek, 2002). Ad di tion ally, to ver ify the
lithostratigraphic sub di vi sions, cores from bore holes W-XI/6W
and W-IX/6W were com pared with the ex posed suc ces sion in
Podgrodzie Quarry in Raciborowice Górne (Fig. 3). Only ~35 m
of the top most part of the Muschelkalk and >10 m of the Röt
For ma tion are ex posed in that quarry.

The isopachs of Tri as sic car bon ates were based on
lithological col umns of new and his toric bore holes (Fig. 3). Ad -
di tion ally, 2D seis mic data and well logs re corded at the same
time were also used in this pa per. Lack of sub di vi sion or lack of
sub di vi sion cri te ria into the Röt For ma tion and Muschelkalk in
some his toric bore holes and the need to use these data re -
sulted in the pre sen ta tion of the com bined isopachs for the Röt
For ma tion and the Muschelkalk un der the term Tri as sic car bon -
ates (Fig. 3). These in for mal sub di vi sions re fer only to the study
area. They are aimed at char ac ter is ing, pre sent ing and dis tin -
guish ing de pos its formed in aque ous set tings.
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Fig. 4. Gen er al ized lithostratigraphic col umn of the Röt Formation and Muschelkalk, bore hole W-IX/6W 238.7 m a.s.l.

GR – Gamma Ray Log ging; NIGL – nu mer i cal in ter pre ta tion of the re sults of geo phys i cal logs; ILU – In for mal Lithostratigraphic Units; DC 
– Disconformity; BDS – brit tle de for ma tion struc tures; SSDS – soft-sed i ment de for ma tion struc tures (chronostratigraphy af ter Co hen et

al., 2013; SW Po land lithostratigraphy af ter Milewicz, 1985; Œliwiñski et al., 2003; cf. Petrovic and Aigner, 2017)
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2D seis mic data was made, pro cessed and in ter preted by
Geopartner Sp. z o.o. (Miluk et al., 2016). Later, the seis mic
pro files in the depth do main were sub ject to re in ter pre ta tion us -
ing the Pe trel suite of Schlumberger. These in ter pre ta tions
were per formed by Andrzej G³uszyñski and Karol Durkowski for
an other study in prep a ra tion. For the needs of this pa per, 2 out
of 23 avail able seis mic pro files are il lus trated (Fig. 3). 2D seis -
mic data al lowed visu ali sa tion of the oc cur rence of the Röt For -
ma tion and Muschelkalk strata with re gard to the un der ly ing
Lower and Mid dle Buntsandstein, as well as to de ter mine the
ori en ta tion and ge om e try of faults (Fig. 6).

In ter pre ta tions of de for ma tion struc tures oc cur ring in the
Röt For ma tion were made based on mac ro scopic ob ser va tions
of bore hole cores. De for ma tion struc tures are pres ent in all six
fully-cored bore holes (for bore hole lo ca tions, see Fig. 3). The
clas si fi ca tion of de for ma tion struc tures was based on sim i lar
struc tures dis tin guished in the study area and the Wleñ Graben
area in strata across the Perm ian/Tri as sic bound ary and in the
Silesia-Kraków area in the Mid dle Tri as sic (Durkowski et al.,
2017; Kowalski et al., 2018; Matysik and Szulc, 2019).

RÖT FORMATION AND MUSCHELKALK
 IN THE BOLES£AWIEC SYNCLINE

LITHOLOGICAL LOG

The Röt For ma tion over lies the ho mo ge neous, red-brown
sand stones and con glom er atic sand stones rep re sent ing the un -
di vided Lower and Mid dle Buntsandstein. The Röt For ma tion is
rep re sented by al ter nat ing claystones, marls, marly mudstones,
mudstones, marly lime stones, dolomitic lime stones, and lo cally
cal car e ous dolomites. The car bon ate interbeds are usu ally from
~10 cm to ~1.5 m-thick, and light-grey to grey in col our. The
fine-grained de pos its are black-grey and green-grey of var i ous
shades. The large lithological vari a tion is emphasised by sharp
bound aries and oc ca sion ally ero sional sur faces. The car bon ates 
con tain nu mer ous intraclasts, usu ally semi-rounded to semi-an -
gu lar, from sev eral milli metres across to ~4 cm long, el lip soi dal,
rarely discoidal or spin dle-shaped. The intraclasts are rep re -
sented by green-grey and black-grey claystones.

Ad di tion ally, a sul phate ho ri zon was re cog nised at the base
of the Röt For ma tion (e.g., Fig. 4). Gyp sum and anhydrite, rep -
re sent ing the sul phate ho ri zon, are char ac ter ised by a vari able
clay con tent and are grey to pink, rarely white-grey in col our.
Sulphates were noted only in 8 of the bore holes stud ied (W-I/1,
W-VII/6, W-VII/4W, W-IX/6W, G-2, G-3, G-16, G-1). The sul -
phate thick ness var ies from ~2 to 16 m.

Bore hole W-V/6W was unique as di rectly above the weath -
ered mid dle Buntsandstein, in the base of the Röt For ma tion,
there are grey, strongly dis turbed sand stones ~3 m-thick
(Fig. 5). This is the only doc u mented oc cur rence of Röt For ma -
tion sand stones in the study area.

In the N and SE part of the study area, Röt de pos its pass
gradationally into the Muschelkalk, which was dis tin guished
only in bore holes G-1, G-2, W-I/1, W-XI/6W, W-IX/6W, and in
Podgrodzie Quarry. This unit is rep re sented by beige and grey
dolomitic and marly lime stones. The lime stones al ter nate with
grey ish-black clayey marls and marls, and are high lighted by
pla nar and flaser lam i na tion. The thick ness of the laminae var -
ies from a few milli metres to sev eral centi metres. In ter vals with
cav erns and brec cia are lo cated in the base of the Muschelkalk, 
as dis tin guished in bore hole W-XI/6W (Fig. 5). Such in ter vals
were also ob served in Podgrodzie Quarry. The brec cia noted is
as so ci ated with the sec ond ary fill ing of cav erns and pos si bly
also their grav i ta tional col lapse.

BRITTLE AND SOFT-SEDIMENT DEFORMATION
STRUCTURES

Brit tle de for ma tion struc tures can be de fined as a per ma -
nent change that oc curs in a solid ma te rial due to the growth of
frac tures and/or due to slid ing on frac tures (van der Pluijm and
Marshak, 2004). The term “brit tle de for ma tion struc ture” can re -
fer to de for ma tion style and microscale de for ma tion mech a -
nisms (Haakon, 2010). Brit tle de for ma tion oc curs only when
stresses ex ceed a crit i cal value, and thus only af ter a rock has
al ready un der gone some elas tic and/or plas tic be hav iour (van
der Pluijm and Marshak, 2004). Brit tle de for ma tion struc tures
ob served in bore hole cores are rep re sented by re verse faults,
nor mal faults, nep tu nian dykes, in jec tion dykes and autoclastic
brec cia.

Soft-sed i ment de for ma tion struc tures (SSDS) arise when li -
quid ised, hydroplastic, and some times more com pe tent sed i -
ments are stressed dur ing or shortly af ter de po si tion (Allen,
1982). We can de fine SSDS as any de for ma tion struc ture,
other than ver ti cal com pac tion, of sed i ment or sed i men tary rock 
that is achieved by re ar range ment of the orig i nal sed i men tary
par ti cles, with out in ter nal de for ma tion of those par ti cles or any
in ter sti tial ce ment (Waldron and Gagnon, 2011 af ter
Maltman,1984, 1994b). De for ma tion oc curs pri mar ily through
grain-bound ary slid ing (Waldron and Gagnon, 2011). SSDS in -
clude liq ue fac tion and fluidization struc tures, load struc tures,
con vo lute bed ding, and de for ma tion struc tures re lated to
rockfalls.

The thick ness of lev els with de for ma tion struc tures var ies
from ~10 m (bore hole W-III/4W) to ~42 m (bore hole W-I/3W).
The lay ers with de for ma tion struc tures are mainly lo cated at the 
base of the Röt For ma tion, where they rep re sent al most the en -
tire de formed in ter val – the main de formed in ter val (Figs. 4 and
5). Undeformed lay ers within such in ter vals have thick nesses
from over ten to sev eral tens of centi metres and are ir reg u lar
(Fig. 7A–C). The lower bound ary of the main de formed in ter val
is rep re sented by sand stone of the Buntsandstein (Fig. 7D).
The top of the main de formed in ter val can not be un equiv o cally
at trib uted to any lithological bound ary. Nev er the less, in two
bore holes (W-VII/4W and W-IX/6W) it is capped by a sul phate
unit (Figs. 4 and 5). In the re main ing cored bore holes, sul phate
beds were not ob served; there fore the re la tion of the in ter vals
with de for ma tion struc tures to sulphates can not be de ter mined. 
How ever, above the main de for ma tion in ter val in bore hole
W-XI/6W there is an ac cu mu la tion of clay, which prob a bly rep -
re sents the equiv a lent of the sul phate unit (Fig. 5). Brit tle de for -
ma tion struc tures and SSDS also oc cur above the main de for -
ma tion in ter val, but they are very rare, re stricted to beds with a
thick ness from sev eral tens of centi metres to ~3 m, and much
less spec tac u lar (sec ond ary de formed in ter vals). In this case,
the thick ness of the undeformed in ter vals sep a rat ing the oc cur -
rences of par tic u lar de for ma tion struc tures is usu ally sev eral
metres and more.

A unique case was ob served in bore hole W-III/4W. Two in -
tensely de formed in ter vals were noted there: the first in ter val at
the base of the Röt For ma tion, ~10 m-thick, and the sec ond at
the top of the Röt For ma tion, ~6 m-thick (Fig. 5). The thick ness
of the undeformed in ter val sep a rat ing the oc cur rences of those
two de for ma tion lev els is 20 m. It can not be ex cluded that the
two sep a rate de for ma tion in ter vals are in fact re lated to du pli ca -
tion of the Röt For ma tion strata. So far, over a dozen rep e ti tions 
of beds within the Zechstein, and Lower and Mid dle
Buntsandstein have been re cog nised by the au thor’s per sonal
ob ser va tions. There fore, such rep e ti tions can also be ex pected
within the Röt For ma tion. In bore hole W-V/6W, the en tire
13.2 m of the Röt For ma tion is de formed. This bore hole is lo -
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cated in the south-west ern part of the Tri as sic car bon ates’ dis -
tri bu tion where the re cog nised units are thin (Fig. 5). Bore hole
W-V/6W is char ac ter ised by a large num ber of folds, liq ue fac -
tion, and fluidization phe nom ena, and con vo lute bed ding.

Gen er ally, nei ther type of de for ma tion struc ture was ob -
served in the Muschelkalk, which is rep re sented mainly by lime -
stones and dolomites al ter nat ing with marls and clay marls.

BRITTLE DEFORMATION STRUCTURES

SMALL-SCALE FAULTS

Core-scale re verse and nor mal faults are rel a tively com mon 
fea tures in the cores ana lysed. The shift of beds on the fault
plane var ies from sev eral milli metres to ~10 cm. In a few cases,

the faults cut the en tire core di am e ter and thus their or i gin can -
not be stated clearly (Fig. 8E). The fault sur faces are ad ja cent to 
one an other. In some cases, the de tached rock lay ers are sep a -
rated by a space which is at most 2 milli metres thick and filled
with clay.

Nor mal faults are usu ally re lated to the liq ue fac tion of the
un der ly ing de posit and col lapse of the over ly ing strata (Fig. 8).
Re verse faults and overthrusts are also ac com pa nied by ev i -
dence of sed i ment in sta bil ity. Com pres sion may be linked with
liq ue fac tion and flow of clastic ma te rial un der high pres sure
and, as a re sult, the im pact of rocks more sus cep ti ble to frac tur -
ing dur ing de for ma tion. It may also be linked with sub strate in -
sta bil ity and the re sult ing stress. Re verse faults, rarely
overthrusts, are of ten noted in the vi cin ity of folds and con vo lu -
tions. De pend ing on the li thol ogy, part of the sed i ment is frac -
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Fig. 6. 2D seismics cross-sec tion (af ter Miluk et al., 2016, mod i fied; G³uszyñski et al., 2019, mod i fied)



tured, whereas the other, more sus cep ti ble, part is sub ject to
plas tic de for ma tion (Fig. 8B, D). This phe nom e non is fa voured
by dif fer ent lithologies and dif fer ent thick nesses.

NEPTUNIAN DYKES

Nep tu nian dykes are a rel a tively rare fea ture in the cores
ana lysed. Usu ally, the frac tures are up to 1 cm in di am e ter and
from sev eral to over ten centi metres deep (Fig. 9). There is one
case in which the frac ture di am e ter is close to the core di am e -
ter, i.e. ~9 cm; in this case its depth reaches al most 30 cm
(Fig. 9C; bore hole W-VII/4W). The in te rior of the frac ture,
formed in dolomitic lime stone, has sharp edges and is filled with 
the over ly ing clay. Lithoclasts of the host rock are ob served at
the top and base of the frac ture (Fig. 9).

Nep tu nian dykes rep re sent frac tures formed in a ce mented
sea-bot tom de posit (Allen, 1982; Smart et al., 1988;
Matyszkiewicz et al., 2016; Matysik and Szulc, 2019). Frac tures 
formed on a ce mented sea-bot tom de posit may be caused by

tec tonic ex ten sion, un sta ble es carp ments, sed i ment up lift and
bulg ing, and de velop a long time be fore be ing filled with sed i -
ment (Allen, 1982). Nep tu nian dykes are usu ally filled with sed i -
ment show ing rhyth mic lam i na tion and that may con tain
lithoclasts of the host rock (Matysik and Szulc, 2019).

INJECTION DYKES AND AUTOCLASTIC BRECCIA

In jec tion dykes (Fig. 10) and ac com pa ny ing autoclastic
brec cia are pres ent in al most ev ery bore hole. To some ex tent,
the di am e ter of the core ham pers ob ser va tions. Only some
struc tures are small enough to be cap tured in the core
(Fig. 10A, D). In some cases, de spite their small di men sions,
the ob served struc tures run obliquely to the core axis and are
par tially pre served. Struc tures which are pre served only par -
tially, due to their size or shape or re la tion to the core axis, were
as signed to in jec tion dykes and autoclastic brec cia based on
their char ac ter is tic fea tures (Figs. 8C and 10B, C).
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Fig. 7. De for ma tion struc tures in se lected core sec tions

A – brit tle and soft sed i ment de for ma tion struc tures, bore hole W-VII/4W (depth 374.0–377.0 m); B – brit -
tle (BDS) and soft sed i ment de for ma tion struc tures, bore hole W-VII/4W (depth 358.0–359.0 m); C – brit -
tle de for ma tion struc tures (BDS), bore hole W-XI/6W (depth 133.0–134.0 m); D – an ex am ple of the
tran si tion from sand stone of the Buntsandstein (bot tom of the photo) to the Röt For ma tion (top of the
photo), bore hole W-IX/6W (depth 340.0–343.0 m)



In jec tion dykes are struc tures formed dur ing change in the
rhe ol ogy of a rock me dium that is oversaturated with wa ter
(Sibson et al., 1975; Kämpf et al., 1985; Labaume et al., 2004;
Wojewoda and Burliga, 2008). There fore, the for ma tion of such
struc tures is char ac ter ised by in crease in pore pres sure, con -
trib ut ing to frac ture open ing and intrafractional flow of fluidised
ma te rial (Wojewoda, 2008; Wojewoda et al., 2016; Durkowski
et al., 2017). More over, in jec tion dykes are char ac ter ised by
sharp bound aries and sink ing intraclasts of undeformed sed i -
ment, re sem bling brec cia and of ten form ing jig saw-puz zle pat -
terns in which par tic u lar frag ments match each other
(Wojewoda, 2008; Matysik and Szulc, 2019).

SOFT SEDIMENT DEFORMATION STRUCTURES (SSDS)

The larg est ac cu mu la tion of soft-sed i ment de for ma tion
struc tures (SSDS) was ob served in the low er most part of the
Röt For ma tion, a sim i lar pat tern to that of the brit tle de for ma tion
struc tures. They are also ob served higher in the suc ces sion,
but in much smaller num bers.

LIQUEFACTION AND FLUIDIZATION STRUCTURES

Liq ue fac tion struc tures (Fig. 11) are a com mon phe nom e -
non in the cores ana lysed. They dis play a vari able de gree of
fluidisation and de for ma tion, which has a vari able im pact on the 
sur round ing de pos its. Fluidisation struc tures are a rare phe -
nom e non in the study area; only a few ex am ples were ob served 
(Fig. 11C). Liq ue fac tion and fluidisation struc tures oc cur both in 
the car bon ate and marly-mudstone interbeds (Figs. 10B, C and 
11B–D). Usu ally, they rep re sent core-scale small struc tures. In
in di vid ual cases, the struc tures have di men sions larger than
the core di am e ter. For ex am ple, the sand stones from the base

of the Röt For ma tion in bore hole W-V/6W rep re sent the most
spec tac u lar case of liq ue fac tion struc tures (Fig. 11A). The en -
tire 3 m thick ness of the sand stones is af fected by liq ue fac tion.

Ac cord ing to the au thor’s ob ser va tions, both liq ue fac tion
and fluidisation struc tures may also be in ter preted as a pro cess
or stage lead ing to the for ma tion of autoclastic brec cia, in jec tion 
dykes, load struc tures or con vo lu tions. Nev er the less, nu mer -
ous ob ser va tions in di cate the pres ence of liq ue fac tion and
fluidisation phe nom ena with out vis i ble im pact on the over- or
un der ly ing de pos its (Fig. 11C, D). There fore, liq ue fac tion and
fluidisation struc tures may be de fined as de for ma tion struc tures 
which have stopped at a cer tain stage and thus have not
evolved into other sec ond ary struc tures. Con se quently, these
phe nom ena are as signed to de for ma tion struc tures herein.

As with in jec tion dykes, liq ue fac tion and fluidisation struc -
tures are formed due to rapid pore pres sure in crease in a me -
dium oversaturated with wa ter (Sibson et al., 1975; Kämpf et
al., 1985; Labaume et al., 2004). They are thus re lated to the
flow of so lu tions un der high pres sures, liq ue fac tion of the sed i -
ment, its de for ma tion and fluid es cape (Allen and Banks, 1972;
Lowe, 1975; Matysik and Szulc, 2019). In the case of liq ue fac -
tion struc tures, the fluid source is within the bed; there fore de -
for ma tion should be uni form in the en tire de formed unit (Lowe,
1975; Matysik and Szulc, 2019). Fluidisation struc tures are lo -
cal phe nom ena re lated to up wards fluid flow un der pres sure
from the lower-ly ing beds (Lowe, 1975; Matysik and Szulc,
2019).

LOAD STRUCTURES

In the ini tial part of liq ue fac tion and sink ing of the over ly ing,
more dense ma te rial, ball and pil low struc tures are formed
(Fig. 12A). Usu ally, they rep re sent frag ments of the sed i ment
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Fig. 8. Brit tle de for ma tion struc tures

A – syndepositional nor mal faults, al ter na tions of marly lime stone, marl and mudstone, bore hole W-V/6W (depth 579.6 m); B – overthrusts,
re verse faults and folds, al ter na tions of marly lime stone, marl and mudstone; load struc tures vis i ble in up per part of pho to graph, bore hole
W-V/6W (depth 579.8 m); C – nor mal fault, note a se ries of sec ond ary re verse and nor mal faults in the hang ing wall and footwall, note
autoclastic brec cia in up per part of pho to graph, bore hole W-I/3W (depth 44.8 m); D – syndepositional re verse fault, bore hole W-XI/6W (depth 
156.4 m); E – re verse fault, note com ple men tary frac tures in lower part of pho to graph, bore hole W-XI/6W (depth 136.7 m)

https://gq.pgi.gov.pl/article/view/24917


that lost con nec tion with the over ly ing host layer and at tained
oval and spher i cal forms or con cave-up syn clines (Kuenen,
1965; Gradziñski et al., 1986). In the cores ana lysed, the load
struc tures pres ent are char ac ter ised by the over ly ing sed i ment
“b” hav ing the prop er ties of a brit tle body, as shown by its frac -
tur ing and sink ing into the un der ly ing sed i ment (Figs. 10B, C
and 12C). The struc ture rep re sents an autoclastic brec cia but
with out frac tures and intrafractional flows. The un der ly ing sed i -
ment “a” is partly fluidised, al though faults and overthrusts can
of ten oc cur within it (Fig. 12C). Sed i ment “a” is fre quently de -
formed with its in ter nal struc ture partly or com pletely oblit er ated
(Fig. 12B).

Load struc tures may be formed both in fresh, un con sol i -
dated sed i ments as well as due to de for ma tion of the un der ly ing 
sed i ments, this be ing linked with liq ue fac tion and fluidisation
pro cesses and struc tures. Un sta ble den sity lam i na tion in the
„ba” sys tem de vel ops in this case (Gradziñski et al. 1986). In
such a sys tem, layer “b” with a larger bulk den sity is lo cated
above layer “a” with a smaller bulk den sity. An in crease in pore
pres sure and liq ue fac tion of sed i ment “a” may cause equi lib -

rium in sta bil ity and frac tur ing of the over ly ing sed i ment “b”, fol -
lowed by its sink ing in the form of an gu lar frag ments. When the
over ly ing sed i ment is un con sol i dated or fluidised, frag ments of
the de formed over ly ing sed i ment sink into the sed i ment with a
lower den sity (Kuenen, 1965; An ke tell et al., 1970). When pore
pres sure de creases, the pro cess of load struc ture for ma tion
may be stopped at any mo ment, re sult ing in the pres er va tion of
var i ous stages of de for ma tion (Fig. 12D).

CONVOLUTE BEDDING

Con vo lute bed ding is a rare fea ture in the cores ana lysed,
oc cur ring in only two of them. The larg est amount of such struc -
tures was ob served in bore hole W-V/6W, and one ex am ple was 
noted in bore hole W-VII/4W. Usu ally, the de formed lay ers are
sev eral centi metres thick (Fig. 13A, B). They are rep re sented
by al ter na tions of mudstone and marly lime stone, each with a
thick ness of sev eral milli metres, which show plas tic de for ma -
tion.
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Fig. 9. Brit tle de for ma tion struc tures, nep tu nian dykes

A – nep tu nian dyke in marly lime stone, note clasts of host rock in lower part of pho -
to graph, bore hole W-XI/6W (depth 136.5 m); B – nep tu nian dyke and es carp ment
with frag ments of host rock (“a”), note nu mer ous intraclasts (“b”) emphasising the
lam i na tion in up per part of pho to graph, bore hole W-I/3W (depth 68.0 m); C – nep tu -
nian dyke in lime stone, note clasts of host rock, bore hole W-VII/4W (depth 369.0
m); D – neptunian dyke in marly lime stone with clasts of host rock, bore hole W-I/3W 
(depth 54.0 m)
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Fig. 10. Co-oc cur rence of brit tle and soft
sed i ment de for ma tion struc tures

A – in jec tion dykes in grey marls, note
intraclasts of undeformed sed i ment “a”, bore -
hole W-XI/6W (depth 97.0 m); B – in jec tion
dykes and autoclastic brec cia/load struc tures
(?), and nor mal and re verse faults in cal car e -
ous marls, note lime stone clasts sink ing in the
muddy sed i ment be hav ing both as brit tle and
soft bod ies, note fold ing of laminae due to liq -
ue fac tion in the right up per cor ner of pho to -
graph, bore hole W-V/6W (depth 580.2 m); C –
autoclastic brec cia or/also load struc tures “a”
formed due to liq ue fac tion (fluidization? –
struc tures par tially pre served) of un der ly ing
muddy sed i ment “b”, bore hole W-V/6W (depth
580.4 m); D – in jec tion dyke and autoclastic
brec cia, bore hole W-III/4W (depth 416.8 m)

Fig. 11. Soft sed i ment de for ma tion struc tures (SSDS)

A – liq ue fac tion struc tures in green ish-grey sand stone, bore hole W-V/6W (depth 583.0 m); B – liq ue fac tion struc tures in bioclastic lime stone, 
note lay ers of light grey lime stone that were sub ject to fluidization and de for ma tion, bore hole W-XI/6W (depth 86.6 m); C – fluidization struc -
tures in mudstone, note dis rup tion of layer of beige lime stone in the lower right cor ner of pho to graph, note sin gle load struc ture, bore hole
W-XI/6W (depth 141.9 m); D – liq ue fac tion struc tures in marly lime stone, note dis rup tion of grey ish-black lamina in up per part of pho to graph,
bore hole W-IX/6W (depth 294.4 m)



Con vo lute bed ding rep re sents the in ter nal de for ma tion of
laminae in the form of dif fer ent folds, in which the lamina short -
en ing reaches 50% at the pres er va tion of layer thick ness
(Gradziñski et al., 1986). Usu ally, hor i zon tal lam i na tion oc curs
be low and above the de for ma tion struc tures, and the pas sage
from de formed laminae to undeformed laminae is grad ual. The
gen e sis of con vo lute bed ding is an in tri cate pro cess and can not 
be ex plained with one sim ple di a gram or def i ni tion (Gradziñski
et al., 1986). For ex am ple, these struc tures form ei ther when
the sed i ment is de pos ited on a gen tle slope (Leeder, 1999;
Collinson et al., 2006) or dur ing the es cape of wa ter from the
sed i ment and the re sult ing in crease in pore pres sure
(Gradziñski et al., 1986).

DEFORMATION STRUCTURES RELATED TO ROCKFALLS

De for ma tion struc tures re lated to rockfalls are a rare fea ture 
in the cores ana lysed, oc cur ring in only one bore hole
(W-XI/6W). The in clu sion of de for ma tion struc tures re lated to
rockfalls in the SSDS is pri mar ily re lated to the de for ma tion of
soft sed i ment by fall ing con sol i dated rock frag ments (Matysik
and Szulc, 2019). They are rep re sented by semi-an gu lar,

beige-grey marly lime stone frag ments with max i mum di men -
sions of 10 x 6 cm, which in many cases cause sub strate de -
flec tion (Fig. 13C, D). In the core scale, it is ex tremely dif fi cult to
re cog nise rock-fall-re lated de for ma tion. Only by anal ogy with
sim i lar struc tures ob served in Up per Silesia (Matysik and
Szulc, 2019) and through the de ter mi na tion of other struc tures
in the suc ces sion de scribed can it be sus pected that the rock
frag ments ob served rep re sent this pro cess.

Sed i ment de for ma tion struc tures caused by fall ing frag -
ments of rocks have been de scribed by nu mer ous au thors
(e.g., Wallace, 1984; Amit et al., 1995; Matysik and Szulc,
2019). Usu ally, these struc tures are re lated to grav i ta tional
rockfall near es carp ments and other ir reg u lar i ties in the sed i -
men tary ba sin.

DISCUSSION

A char ac ter is tic fea ture of the de scribed de for ma tion struc -
tures is their prev a lence in the low er most part of the Röt For ma -
tion and their grad ual dis ap pear ance to wards the top of this
unit. An other im por tant is sue is the co-oc cur rence of brit tle and
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Fig. 12. Soft sed i ment de for ma tion struc tures (SSDS), load struc tures

A – ball and pil low load struc tures of dif fer ent shapes in strongly fluidized sed i ment, partly
bent up wards, in sin gle cases slightly folded, to the bot tom of the dis rupted layer the con tent
of intraclasts “a” in creases and the con tent of ball and pil low struc tures de creases, note sin gle 
shell frag ment “b”, bore hole W-IX/6W (depth 273.4 m); B – un sta ble den sity-re lated bed ding
in a sys tem com posed of three lay ers dif fer ing in den sity, note load struc tures at var i ous
stages, grey ish-beige marly lime stones “c” are dis rupted and sink in the grey ish-green “b” and 
grey ish-black “a” mud-marly sed i ment, bore hole W-VII/4W (depth 335.5 m); C – un sta ble den -
sity-re lated bed ding in “ba” sys tem, with layer “b” be hav ing as a brit tle body and layer “a” be ing 
partly fluidized with sin gle faults, bore hole W-V/6W (depth 580.2 m); D – un sta ble den sity-re -
lated bed ding in “ba” sys tem, note fi nal de vel op ment stage in the top, be low an ini tial stage of
load struc ture de vel op ment, in the up per part of pho to graph, layer “b” (white-grey lime stone)
sinks in mudstone (layer “a”), in the lower part of pho to graph, layer “b” sinks in marl lam i nated
with mudstone (layer “a”), bore hole W-VII/4W (depth 315.4 m)



soft-sed i ment de for ma tion struc tures. The Muschelkalk is char -
ac ter ised by lithological ho mo ge ne ity and a lack of such brit tle
and soft-sed i ment de for ma tion struc tures. This has been
shown by bore hole and ex po sure data (i.e., Podgrodzie Quarry
in Raciborowice Górne).There fore, the Mid dle Tri as sic was
prob a bly char ac ter ised by a seis mic qui es cence within the
study area.

De pend ing on the li thol ogy, con tri bu tion of clastic ma te rial,
sat u ra tion of the rock mass, so lu tion flow, or the pres ence of
forces such as co he sion, brit tle de for ma tion struc tures may de -
velop si mul ta neously with soft-sed i ment de for ma tion struc tures 
(Gradziñski et al., 1986; Fossen, 2010). Fine clastic sed i ments
(siltstones, claystones) are more sus cep ti ble to the de vel op -

ment of SSDS than are car bon ates (lime stones, dolomites).
The rea son for this may re flect that fine-grained sed i ments are
more heterogeneous and more wa ter-sat u rated than are car -
bon ates. On the other hand, ce men ta tion usu ally oc curs more
rap idly in car bon ates (Gradziñski et al., 1986; Matysik and
Szulc, 2019). In the event of an earth quake, the pore pres sure
in creases in sed i ments that are more sat u rated with wa ter. An
in crease in the pore pres sure pro motes sed i ment plasticisation
or brit tle de for ma tion (Gradziñski et al., 1986). The pres ence of
brit tle de for ma tion struc tures in the study area points to par tial
con sol i da tion of the de pos its as the forces were ap plied.

The pres ence of par tic u lar de for ma tion struc tures
sandwiched be tween undeformed de pos its, the va ri ety of de for -
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Fig. 13. Soft sed i ment de for ma tion struc tures (SSDS) and an ex am ple of large scale tec tonic struc ture

A – con vo lu tions of cal car e ous-mud sed i ment, bore hole W-V/6W (depth 572.8 m); B – con vo lu tions in lower part of pho to graph, load struc -
tures in up per part of pho to graph, bore hole W-VII/4W (depth 363.2 m); C – de for ma tion struc tures re lated to rockfalls, base de flected, bore -
hole W-XI/6W (depth 158.8 m); D – de for ma tion struc tures re lated to rockfalls, bore hole W-XI/6W (depth 158.0 m); E – part of large-scale
tec tonic struc ture, bore hole W-XI/6W (depth 137.2 m)



ma tion struc tures and the lack of slick en sides or open frac tures
al low pos tu la tion of their syndepositional or i gin (Rupke, 1978;
Gradziñski et al., 1986; Belzyt and Pisarska-Jamro¿y, 2017).
Sand wich-like struc tures can be also de scribed as the sed i -
men tary con tact of de formed and undeformed sed i ments
(Fig. 7). The brit tle de for ma tion struc tures noted above can be
also de ter mined as be ing of early post-depositional or i gin (An -
ke tell et al., 1970; Allen, 1982; Kastens, 1984, Gradziñski et al.,
1986; Hampton et al., 1996). Sed i ment liq ue fac tion may oc cur
at depths of as much as 5–10 m (McCalpin and Nel son, 2009;
Belzyt and Pisarska-Jamro¿y, 2017). On the other hand, Shao
et al. (2016) dem on strated sed i ment liq ue fac tion at depths of
2–5 m, where the thick ness of the liq ue fied sand was 2 m.
Those sed i ments were ex am ined at a dis tance of 3 km from the
earth quake epi centre. Allen (1986) has shown that sed i ment
liq ue fac tion with a po ten tial for SSDS de vel op ment may be in -
duced at sites as far away as 700 km from the epi centre of an M
7.5 earth quake (Shanmugam, 2016). A much smaller lat eral
ex tent of de for ma tion (e.g., 20–113 km) was sug gested by e.g.
Papadopoulos and Lefkopoulos (1993), Kirkland and An der son 
(1970) and Kirkland et al. (2000). The spa tial dis tri bu tion and
lat eral changes of seismites are much more com plex than a
sim ple re la tion ship be tween the earth quake and the large lat -
eral ex tent of earth quake-re lated de for ma tion (Alfaro et al.,
2010; Rodríguez- Lopez et al., 2007; Shanmugam, 2016).

The de for ma tion struc tures dis cussed oc cur at the tran si -
tion from con ti nen tal fa cies (Lower and Mid dle Buntsandstein)
to shal low ma rine fa cies (Röt For ma tion). The re verse tran si tion 
in li thol ogy and sed i men tary en vi ron ment (ma rine to con ti nen tal 
set tings) cou pled with sim i lar de for ma tion struc tures was also
ob served at the Perm ian/Tri as sic bound ary (Durkowski et al.,
2017; Kowalski et al., 2018). The up per most Perm ian de pos its
are rep re sented by mudstones and very fine-grained sand -
stones (heterolithic de pos its), which pass into typ i cal red-brown
Tri as sic sand stones. Most prob a bly, trans gres sion and change
of the sed i men tary set ting were con trolled by tec tonic pro -
cesses, e.g. tec tonic move ments re lated to the ac ti va tion or re -
ac ti va tion of the Fore-Sudetic Block (?). In ter pre ta tions of rock
mass move ments in the Fore-Sudetic Block area, e.g. in the up -
per most part of the Perm ian (Rotliegend), were given by
Ba³aziñska and Bossowski (1979), on the ba sis of a lack of
Rotliegend de pos its in the Boles³awiec N-24 bore hole lo cated a
few kilo metres to the NW of the study area in the vi cin ity of the
Fore-Sudetic Block. On the other hand, the oc cur rence of de for -
ma tion struc tures in the Röt For ma tion may have re sulted from
a sin gle tec tonic event which caused grav ity-driven mass wast -
ing. In this case, the shift ing rock masses, and the re sult ing
stress and strain, would di rectly cause brit tle and soft-sed i ment
de for ma tion struc tures  (Pot ter and Pettijohn, 1963; An ke tell et
al., 1970; Rupke, 1978; Allen, 1982; Gradziñski et al., 1986;
Hampton et al., 1996; Masson et al., 2006). Grav i ta tional mass
move ments may have oc curred af ter the de po si tion of the Röt
For ma tion. In the case of grav i ta tional mass move ments, sed i -
ment de for ma tion de pends on many fac tors, in clud ing li thol ogy, 
its vari abil ity, and the com pact ness of in di vid ual sed i ments. The 
seis mic pro cess would rather be a sec ond ary cause of the de -
for ma tion. The larg est de for ma tion struc tures at the base of the
Röt For ma tion and their grad ual dis ap pear ance can be ex -
plained by the na ture of the grav i ta tional move ments. At the
base of the Röt For ma tion, i.e. the sur face ad ja cent to the un -
der ly ing sand stones, the ac tion of the larg est forces would be
ex pected, and thus the de vel op ment of the most in tense de for -
ma tion, which is con sis tent with the ob ser va tions. Such move -
ments pref er en tially af fect lithological changes. More over, such 
phe nom ena may have de pended on the dip of the con tem po -
rary palaeoslope. Ac cord ing to Peel (2014), a re gional slope

reach ing 4° may re sult in grav i ta tional sed i ment shift ing, re sult -
ing in dis tinct modes of grav ity-driven de for ma tion, with 48% at -
trib uted to spread ing and 52% to glid ing. On steeper slopes, the 
con tri bu tion of glid ing is larger, and vice versa. Such a phe nom -
e non should cause sed i ment wast ing in one place and
aggradation in an other. No such re la tion ship was found based
on the ob ser va tions. Thus, it is now nec es sary to ex clude the
pres ent hy poth e sis as a mech a nism for the de vel op ment of the
de for ma tion struc tures de scribed.

An other event that could the o ret i cally con trib ute to sim i lar
de for ma tion is grav i ta tional col lapse caused by the dis so lu tion
of un der ly ing strata, such as ha lite, gyp sum or anhydrite. Such
phe nom ena have been de scribed by Stanton (1966), Beales
and Hardy (1980), Mor row (1982), B¹bel (1991) and Fried man
(1997). How ever, in such cases dif fer ent types of brec cia with a
smaller con tri bu tion of other de for ma tion struc tures should oc -
cur. The struc tures stud ied herein in clude brec cias only in in di -
vid ual cases. More over, the brec cia sizes ex ceed the drill core
out line and usu ally ac com pany large-scale tec tonic struc tures
(Fig. 13E). Their or i gin may be as so ci ated with faults of lo cal or
re gional scale, that prob a bly formed dur ing the Al pine orog eny.
Be yond that, the sul phate in ter vals found in the suc ces sion of
the Röt For ma tion are lo cated above a con tin u ous level with de -
for ma tion, i.e. at least sev eral to tens of metres above the base
of the Röt For ma tion. If gyp sum or anhydrite were to be par tially
or com pletely dis solved, then the brec cia and other de for ma tion 
struc tures should oc cur within or above such in ter vals. There is
no ev i dence of sulphates or chlo rides be low the main de formed
level in the NSS (Lower and Mid dle Buntsandstein/Röt For ma -
tion bound ary). Sim i larly, no sulphates/chlo rides or signs of sul -
phate/chlo rides oc cur rence, such as casts af ter gyp sum/ha lite
crys tals or im prints of gyp sum/ha lite crys tals, have been found
at the base of the Röt For ma tion it self.

The most likely rea son for the for ma tion of the de for ma tion
struc tures de scribed are earth quakes oc cur ring dur ing the sed i -
men ta tion of the Röt For ma tion. In fa vour of this hy poth e sis, the 
fol low ing ev i dence may be ad duced:

– the sep a ra tion of the de formed lev els by non-de formed
lev els (sandwiched-like),

– the large ex tent and rep e ti tion of the oc cur rence of de -
for ma tion struc tures in the ver ti cal pro file,

– the large vari abil ity of the de for ma tion types,

– the oc cur rence of the de for ma tion struc tures through out
the study area,

– the oc cur rence of anal o gous struc tures in the Mid dle Tri -
as sic of the Silesian–Kraków and Holy Cross Mts. ar eas
(Szulc et al., 2015; Matysik and Szulc, 2019).

The source of earth quakes could have been the faults sur -
round ing the tec tonic struc ture lo cated in the area of to day’s
Fore-Sudetic Block. Al ready dur ing the sed i men ta tion of the
Perm ian and Zechstein, Soko³owski (1967), Milewicz (1977)
and Ba³aziñska and Bossowski (1979) ad vo cated the pres ence
of such a struc ture and as so ci ated tec tonic ac tiv ity in the North
Sudetic Synclinorium. Thus, it can not be ex cluded that in the
Early/Mid dle Tri as sic a re ac ti va tion of these tec tonic struc tures
took place, ac com pa nied by earth quakes.

Ac cord ing to Szulc (2000), Narkiewicz and Szulc (2004),
Szulc et al. (2015) and Matysik and Szulc (2019), seis mic phe -
nom ena are not unique to the North Sudetic Synclinorium.
Thus, the pro cesses were of re gional char ac ter. The ba sic dif -
fer ence be tween the phe nom ena de scribed by the listed au -
thors is that the de for ma tion struc tures are pres ent in the
Silesia-Cra cow and Holy Cross Mts. ar eas in the Mid dle Tri as -
sic. In this re port, they are oc cur in the up per most part of the
Lower Tri as sic, mak ing them older.

Karol Durkowski / Geo log i cal Quar terly, 2022, 66: 38 15

https://gq.pgi.gov.pl/article/view/9183
https://gq.pgi.gov.pl/article/view/9183


CONCLUSIONS

The data ana lysed pro vide ev i dence for tec tonic ac tiv ity and 
its in flu ence on the study area dur ing the sed i men ta tion of the
Röt For ma tion. From the com mon oc cur rence of de for ma tion
struc tures in the low er most part of the Röt For ma tion and their
spo radic pres ence in its up per parts, it can be con cluded that
tec tonic ac tiv ity was most in tense dur ing the be gin ning of the
sed i men ta tion of the Röt For ma tion. Later, the seis mic ac tiv ity
de clined, to dis ap pear com pletely dur ing the Muschelkalk  de -
po si tion. The seis mic ac tiv ity prob a bly in volved move ment on
faults sur round ing the struc tural el e ment of the pres ent-day
Fore-Sudetic Block and that caused tec tonic re as sem bly of the
study area.

Sum ming up, it may be con cluded that:

– the de for ma tion was syn-sed i men tary and early
post-sed i men tary;

– the larg est ac cu mu la tion of brit tle and soft-sed i ment de -
for ma tion struc tures oc curs in the low er most part of the

Röt For ma tion; these phe nom ena grad u ally dis ap pear
up wards;

– brit tle de for ma tions co-oc cur with soft-sed i ment de for -
ma tion struc tures and are ge net i cally linked;

– the larg est ac cu mu la tion of brit tle and soft-sed i ment de -
for ma tion struc tures oc curs be low sul phate de pos its;

– lo cal and re gional faults ob served in the Lower Tri as sic
strata (Fig. 6) may have been re spon si ble for the de vel -
op ment of the de for ma tion struc tures de scribed.
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