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Abstract. A brief, regionalscalereview of the Late Cretaceous Early Palaeogneinversionrelatedtectonic structures
10 affecting the Sudetes and their forelandte NE margin of the Bohemian Massg presentedand complementedvith
results ofnew seismicstudies The Sudetes expose Varisedgformed basement, partly overlain pgs-orogenic Permo
Mesozoic covercontairing a wide spectrum of tectonic structurésth brittle and ductile, in the pastthis areaeferredto
as young Saxoniaar Laramide We haveused newly reprocessed legacy seismics to study these strustimehe two
main postVariscan structural units of the area, the NeBtidetic and Intr&Sudetic synclinoriaand discus the results
15 together withregionally-distributed examplescoming from quarriesand underground mineas well asthose from the
literature. The Late CretaceouEarly Pal@ogenetectonic structures in consecutively reviewsaetictectonic units, from
the north to southtypically include gentle to moderate buckKiads, locally of detachment typeoror fault-related; high-
angle reversand normal faults,as well aslow-angle thrustd often rooted in the crystalline bement. The structures
hithertodeseribedastermedgrabensn the literatureareat the same timfrequentlybelievedinterpretede-beasbounded by
20| reverse faultsHence we usderethe term6ér e v er s e  gtypamdiyereveaba)strorgly dynclinal pattern of their

sedimentary fill. Theop of crystalline basemeiibp, asimaged by seismic sections in the North Sudetic Synclinorium below
the detaclmentfoldedault-folded cover, is synformally dowrwvarped with a wavelength of up to 30 km, whereas on the

elevated areas, where the basenteptis exposed at the surface,istup-warped (i.e. tectonically buckled). The reviewed

compressional structurdagpically show anorientationfitting the regionallyknown Late Cretaceous Early Palaeogene
25| tectonic shortening direction of NEW to NNESSWThe same applies to the regional joigtpattern, typically comprising

an orthogonal system of steep jointscoNW-SE and NESW strikes All the reviewed structures are considered as due to

the Late CretaceousEarly Palaeogene tectonic shortening episode, altheomgie of thediscussedaults with a strike-slip

component of motion may have bemaodified or evan producedby later, Late Cenozoic, tectonism.
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1 Introduction

During Late Cretaceous to Early Palaeogene times, compressional tectonic structures developed over vast areas of western

and northcentral Europe (e.g. Kley and Voigt, 2008; Navabpour eRal,1 7 ; Kl ey, 2018; Ng§daskay et al., 2019;
2020; Voigt et al., 2021)They arecurrently interpreted ague to collisional interaction of the Iberian mass with continental

Europe and the resultant propagation offfeild compressional stresKléy & Voigt 2008), which brought about widespread

inversionof PermeMesozoic basinsin Poland and easternmost Germany (e.g. Krzywiec, 2002, 2006; Mazur et al., 2005;

Krzywiec and Stachowska, 201Kley 2018 the resultant mapcale tectonic structureseamostly NWSE-trending, large
scale{erustatseale?) gentle folds up to 1000 km long, 150250 k m wi de and wup to at Il east 3 km high (e.
1979). The MidPo |l i sh Swel | (or Anticlinori um) ,-SEsdiagomafiamrthg Bdltihbe ent i re breadt h o
Sea to westernmost Ukraine, is the most spectacular example of such structures. To the SW ePthisiVBivell there is

the SzczeckG- d ¥ Tr o u g h ) (which macursi nexbto theusotcessive elevated structural element, ocetrtiireg

NE margin of the Bohemian Massif, in the borderland between Poland and Czechia.tfiSudeticarea- the principal

objed to bepresentedn this paperwhose goais to briefly overview the wide spectrum of structural effects produced by the

Late Cretaceous to Early Cenozoic trdhgopean compressional event at the NE margin of the Bohemian Massif, in the

Sudety Mtsand in their northern forelandvith a similar geology.The latter two areasonsideredtogetherare below

interchageablyreferred toas the SudeteSudeticarea or Sudetic Block, depding on whether they are mentionéad the

topographic or the geological/tectonic context.

An important part of the review is based on new data derived by us from recently reprocessed legacynsdésals
coming from the central areas of the Sudetic regltre other presentedxamplessupply the wide regional context for the
seismic results andome either from our owmellectionfield work or from descriptions madkey other authors, though
soméimesinterpreed by usin a different way. Although the tectonic structures that formed at the turn of Cretaceous and
Palaeogene times obviously must have developed also in the Variscan basement, theéy gemeral- difficult to
distinguish from the lder ones. Therefore, the scope of this paper is mostly limited tixtiectonic phenomena that occur

in the postorogenic Permdvesozoic stratahough in places also in the lat@ogenic Upper Carboniferous.

Below, following the sections on outline geology and methods, an overview of the Late Cretadeay Palaecogene
deformation structures in the Sudetes is presented, mostly in a regional context and order, in reference to partietadhr struct

units of he Sudetes, moving from the north to south across the area.

2 Outline-geslogyGeological outline

The SudetegPolish and Czeclhame Sudety, low-topography mountains located on the northeastern margin of the[sformatowano; Czcionka: Kursywa ]

Bohemian Massif, together with the southerntparthe SilesiarlLusatian Plain share the same -frenozoic geological
composition and structure aridin the geological sensk are usually considered collectively as the Sudetic region, or

simply, the Sudetee(g. Aleksandrowski and Mazur, 200Rlazur et al, 2006 Kroner et al., 2008 The differences ithe
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topographyi mountainous versus lowlandare due taosplitting of the Sudetic ameinto two tectonic blocks: theurrently
downthrown ForeSudetic block in the north and the elevated Sudetic ionthe south.The Sudetesconstitute the
northeasternmost segment of the Central European Variscan internides, exposing crystalline basement of strongly deformed
65 and metamorphosed Late Neoproterozoic to Carboniferous rocks abundantly intruded by Carlsogriferites (e.g. Mazur
et al., 2006,2007, 2020). In the Sudetes, the main tectonostratigraphic domains of the European Variscides: the
Moldanubian, TepldBarrandian and particularlyi Saxothuringian find their continuation (e.g. MartiF@atalan et al.,
2021).
The Sudety Mountains acquired their presgegyy mountainous relief due to Neogene uplift of the Sudetic Block in front of
70 the then actively growing Alps and Car paltahrioasnisEs((ke . ge.t taell.aFn2®0WI;cz a
t el a fcn ét alw2011). This uplift affected the area mostly planated during the Palaeogene and early Miocene times,
following the earlier, Late CretaceoiisEarly Palaeogene more prominent uplift, which at that time had occurred over a
broader area, includinglso the Foré&Sudetic Block tahe north (Fig. 1), which at present is downthrown along the Sudetic
Boundary Fault (e.g. Cloo4922;Teisseyre, 195Dberc 1972
75| The Late Cretaceous Early Palaeogene uplifthat occurred concurrently with aslightly postdatedhe transEuropean

compressional evenexhumed the Variscan basement from below the-W@asscan, uppermost Carboniferous through
PermeMesozoic cover and left the Sudetes tectonically elevated with respect to the adjoining depressed &eas: the
Sudetic Homocline to the north and the North Bohemian Cretaceous Basin to the south, which managed tonpicserve

more oftheir deformedPermeMesozoic posWariscan sedimentarfjill._Amongthe Late Cretaceous Early Palaeogene

80| contractional structurem the Sudeteshat have escaped erosjare the North andhtra-Sudetic synclinorig representing

the objectswith thelargest siz€Fig. 2). For over a century, the Sudetesve beertonsidered a part of thelassicalarea in

Central Europe i n which the term fiSaxonische Tektoni ko (cf. Kl ey, 2013) was
fault-related, observed in the Perfviesozoic sedimentary basins. the-Sudetesp-the older literaturehese contractional

structuresveremost oftenascribed specifically to thByoung Saxoniad (Closs, 1922; Beyer, 1939; Oberc, 1972, 1977) or

85| flLaramideé tectonism (Oberc 1972, 1977).

3 Data andmethods

The concise regionalthough not fully systematiaeview of the tectonic structures of likely Late Cretacedugarly
Palaeogene ageresented in this papés based (1o n a ut h amalgs and wtructural interpretation of the newly
reprocessed reflection seismic dataning from thetwo key areas in the Sudes with the most complete pestariscan
90| sedimentary recordnd (2)on structural field dateof the present authomsr (3) on datacoming fromcritically assessed
literaturedescriptions The analysedseismic data were acquired by mining companies iretite1970s (1976980) in the
North Sudetic Synclinorium and in thearly 1990s (19941993) in the IntreSudetic Synclinorium(Fig. 2). We received

them asraw seismic data (field datgartly pre-processedreloadedto discs from original magnetic tagesnd the
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accompanyingpaper prints.These seismicdata are unique at the scale of the entire Sudetése source of valuable
information on the structural geology of tRermeMesozoic succession in thethmain Sudetic synclinorial units

The reprocessing of, in total, c. 650 km of the seismic profiles was carried out in @§ih§ an ugo-date oitindustry

sof t war e ( Ggus zy EsTheinewsprockssiignladedpast stack fnfle 2n@ration (PostSTMyhile to some
of the profilesalsothe pre stack time migration stage (PreSTptpcedure was applied. No tirgepth conversion was,

however, attempted because of too scarce coverage of the area with appropriate drillhole data. As complementary material

we used also an analogue/papéntpversion of a seismic profile from the vicinities of Broumov in Czechia and also some
seismic profiles coming from the FeB8udetic Homocline.A significant part of the structurally interpreted seismic profiles

are presented in this paper. Our struakunterpretation of these profiles provides an entirely new material showing the
tectonic style and geometry of the compressional tectonic structures affecting thapssan sedimentary cover on the NE
margin of the Bohemian massif and allows for iefeces as to the mechanics of their formation. An equally important part

of the paper, aimed at giving its readers an overall information on the distribution and genetic and geometrical diversity of

the tectonic structures that formed or evolved underlLtite Cretaeous i Early Palaeogene compressional regiraes

depiction and short description of a selection of such structures exposed in natural outcrops and in active mines sind quarrie

throughout the entire Sudetic area or its direct vicinities. Thiemats either our own or is based on critically evaluated
ot+h-er—literaturbaocounts.

4. Products of Late Cretaceous Early Palaeogene tectonic shortening: examples from particular structural domains

4.1.The north-eastern margin of the Sudegs:transition to the Fore-Sudetic Homocline
Directly to the northeast of the Sudetic Blodeparated by the Middle Odra Fault Zone, the fSwrdetic Homocline

extendse.gKgapcatdEddB4 Kroner at al ., 2 0)0l8s defited byshdawlyegently¢lss et al
NE-dipping Permian to Mesozoic strata (Figsand3) on top of Variscatfiolded Carboniferous (Mazur et al., 2006, 2010),
representing the SW limb of the Szczebin ec h- w Sy nc | i no®GermamBasin Th&dmneanMesokoics h

succession constitutes the fill of the extensive PaBshman Basin and unconformably overlies the Carboniferousafudd

thrust flysch belt of the Varican externides (e.g. Mazur at al., 2010, 2020).

The PermeMesozoic strata in the southern part of the the fSardetic Homocline are very gently folded and in few places
affected by steep to lowangle reverse faults (Fid). In the close vicinity of the NWEEtrending Middle Odra Fault system,
however,in galleries of c0.5-1.2 km-deep mines of the Legni€agog- w Copper District, a ri
and, also, extensional tectonic structures occur in the base Zechstein/top Rotliegesarioge formation, containing clayey

shale, carbortas, anhydrite and roekalt, apart from sandstones. These structures typically include thrust faults,
accompanied by beddimgar al | el d ® c o ldetecmreniolds all indicativevofof-driginaeasily-explainable-by

ch

2011

nventory

NE-SW directedtectonic shaening. Themess cal e structures can be stRigdd)ad directly on the

werehave beemlescribedor decades by e.g. Salski (1965, 1968), Oberc and Salski (1968), Dumicz and Don (1977, 1990),
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Mar ki ewi cz and Szarowski (1990), tela¥ni ewicz andaMar ki ewicz (1991).
complex network of faults, whose pattern reflects reactivation of a few major and numerous mi8i Neviding fractures

130| propagating upwardsom the Variscan basementhich-areaccompanied by a number of relatively large WEWE en

echelon eventsfractures(cf. Markiewicz, 2007), the lattemost probablyformed due to a Late CretaceousEarly

Palaeogenéor Late Cenozoic?) sinistral strigip activity of the major NWSE faults.

The southwestern margirof the ForeSudetic Homoclinégs the only are@n the scope ointerest of this papein which, due

to the presence of rock salt in the Zechstein stthéformation ofLate Cretaceous Early Palaeogenstructuresnay have

135| been locally affect by salt tectonicphenomenaNeverthelessthe seismic profiles irfFig. 4, show the PermeMesozoic

succession toontainvery genté folds, fully concordantith the encenpassing stratawhichrather excludesuchinfluence

Similarly, the structures observeg usin the coppemines (Fig.5) donotseem tashowany effects of salt tectonics

4.2. The ForeSudetic Block

140 At the base Cenozoic level, the Fe&adeticBlock (Figs. 2 and3) exposes Variscan basement rocks of various metamorphic
grades, varying in age from the Neoproterozoic to probable Devonian
tela¥ni ewicz, 1 9 9 5 ; vari@ble rigreous plutgnic rddks] MOosHfremesenting elements ofbasic to
ultrabasicSilurian/Early Devoniarophiolitic suite and Carboniferous to Earl{?ermian granitoids (e.g. Mazur et a006,
2007 Kroner et al., 2008 As the ForeSudetic Block is (except its easternmost pigrhery) devoid of Perméviesozoic
145 deposits and its crystalline basement is eroded deeper than that in the mountainous Sudetes, an idea was conceived long ago
(Cloos, 1922; Teisseyre, 1957) that thiglock had beewas uplifted with respect to the preseadly Sudetes across the
Sudetic Boundary Fault, following the Late CretaceduBarly Palaeogenéversion This situation was subsequently
reversed in the Late Miocene, when the Sudetes were uplifted and th8ueteie Block downthrown when the Carpathtan
Alpine forebulge was formefl e . g . t el a¥ni.¢&helack of Permdlesazqic sedibnéniady cover hampers the
150 direct recognition offhe effects of the Late Cretacedudtarly Palaeogene tectonism on the FSteletic Block which,
neverthelesscan bepartly assessed thanks to the presence of the sol | ed t ar y 2)heheigevlbgicalrep ( Fi g .
intersection pattern. Thigericline consists imapview envelopingof the N\Wipr oj ect i ng b a saihbgthe fApeninsul ao
PermaTriassic outcrop zone, which continuasto theseuth—ente-théore SudeticBlock; from the area of the For®udetic
Homocline. This basement/cover intersection pattern illustrates the likelyargng (updoming) effect of the Late
155 Cretaceous Early Palaeogene compression, which seems to hadelatedthe roof surface of the crystalline basement,
producing a very gentle NV8E trending antiform. This antiform is analogaubut of reverse polarity to the largegentle
synform that occurs$o the southof it and islegible-observabler-on seismic sectiorisin the floor of the NortFSudetic
Synclinorium (see below) The uplift related to thdéormation of theantiform in question, must have been one of the
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importart factorsfacilitating-leading tothe erosion of the original PeraiMezosoic coveover the most part of the Fore
Sudetic Block.

4.3. The North Sudetic Synclinorium

The North Sudetic SynclinoriuifFigs. 2, 3 and6) is a faultbounded, NESE elongated tectonic structure6.km long and
up to 24 km wide Beyer, 1939; Oberc, 1972, 1973olecki, 1994 §+—i—wi—Eski—Keersnoveskiin McCahi® €t 3l.;
2008a; tela¥niewicz andt eAlad& kdalz R0l dtwiseklied, with2 gosk\Bariscan, end
CarboniferousPermianTriassic and Upper Cretaceous (Cenomanian to Coniacian) continental and shallow marine

sedimentary rocks, including also a Lower Permian volcanic me(et$ | i wi Es ki Clrtz Naslt .e.k 20@3 ;Woj ewoda,
2011). The succession overliessabsidedop surface of the Variscan epimetamorphic baseptembedthe Kaczawa Slate

Beltin thisregion( e. g. Al eksandrowski and Mazur, 2002; neao8)uThe et al ., 2006;
synclinorium achieved its quabasinal structure due to the Santoréamly Campanian to late MaastrichtiRalaeocene

(Walaszczykin Voigt et al., 2008) tectonism. The North Sudetic Synclinorium in its western and central parts defines, in

gereral, a single synclinal structure, while at its eastand southerrextremites it splits into severalNW-SE elongated

secondorder synclinal elements, grabens and kgébens, some of them separated by basement horsss ZFamd 7

Beyer, 19395 | i wi EBs ki et al ., 2003).

The end Mesozoid early Cenozoiccompressional deformation affected both tngstalline basement and peMariscan

cover. Thecover must have once been relatively thick angt have extended over much wider areas of the Lovesi&i

Block-at-that-timethan it does today c f . e. g. Mi go & and Da n,i2020.Kt,waszbdeduentySobczy k et al
eroded from the most uplifted areas, but became preserved in pMwas, the basement/cover interfated undergone

compressin-driven downwarping. According to Beyer (1939), this compression in the North Sudetic basin brought about

inversion of some of the earlier normal faults, which were then transformed into reverse oné&)(Fldne Variscan

basementt the upthrown sidesf the former inverted faults was believed by this author to have dkéedgid jaws of a

vice, whichhorizontallysqueezed the PersMe s o zoi ¢ succession -canthel Ipgdcfesisdiorf g ca( Gefrrnaame

RahmenfaltungrFig. 7b).

The structuralgeometry ofthe Late Cretaceou$ Early Palaeogene folds and related thrusts in the North Sudetic

Synclinorium was known so far mostly from geological map intersection patterns combined with drilling results (Beyer,

1939; Oberc, 19 7 2 Soletk 7986, 1994pCymearnzak, 1998) and ram likely smalbale analogues

occurring in active quarries-ig. 8a-ch). A reflection seismic survey made in 197880 made it possible to better constrain

the structure of the poMariscan cover, whichwasa e mpt ed by Bagazi nska 3 mapgplyiljanssowski (1979;
assumption of a dominance of nearly vertical faults.

A much eleserbetter insight into the geometry and structural style of the Late Cretaadefosmed Permd/lesozoic

succession was recently enabled twe reprocessing of the same, legacy seismic raw data in 2019. The structural
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interpretation results of these data are preskeimté-iguresd and10 which depict the alongtrike changing geometry of the
PermeMesozoic succession of the NoBudetic Synclinorium. This geometry, in general, seemshtw-productshave
resuled from ef-_gentle buckle dowrfolding detachmentfolding—{ef—MeClay;—1992)of the basement/cover interface

producing a single synclipeup to c. 20 km wide,in the PermeMesozoic strata,locally complicated by

decoupling/decollemerghenomenavithin the PermeMesozoic cover along weak, clayey horizonghia Zechstein strata.

The local decoupling resuéd h

complicated-bin local thrusting/reverse faultingndinfrequentzones affectetly mesescaledetachmentolds (Fig. 8). but,
neverthelesdo not resemble typical fadfblds.

On reither d the seismic profilestudied by usny structuresnodified by salt tectonicaere identifiedin spiteof a single

rock saltintercalationin aboreholeselatively closethe profile shown in Fig. &

The downwarping of themetamorphic basemen

formation-of-a-single-synforrhelow -the -detachedPermeMesozoic coveseems toThe-dewnwarping-mayhave been

associated witthe development ofocal low-angle thrustsvithin the basement (not shown in Fi§sand 10), where some of

the thrusts affectinthe PermeMesozoicare likelyrooted. TheRahmenfaltungt the synclinorium edgg€ig. 7), invoked
by Beyer (1939and understocéiereas upthrowing the metamorphic basementarerse (invertedZpults, seems-tmay
havealsohavehad its impact on the deformation process as the local source of horizontal shortening fordesallfloéls
in the synclinoriuminterpreted fromboth the reprocessed seismic secti@msl from map intersection patterrshow, in
generalnearparallel geometry, and shallow WNlungingaxes(Solecki, 1986, 1994, 201-Bxes As-already-mentioned,

Our analysis of newly reprocessed seismic profiles made possible a subsurface mapping of a numbangfehighlt

zones They are, as a rule, trending NBE and often continueverat distances of tens of kilometrgsip to at least 40 km)

Other identified major faults represent lamgle thrustscontinuinginto the Variscan basement. THeustingpolarity of the
local thrustin the PermeMesozoic sucession of the NorBudetic Synclinorium is bimodaind directed botto the NEand
SW. This seems typical af-detachmentolding affecting a detached succession (the Pelesozoicsedimentary rocks

detached from the underlyingw-grade metamorphic rocksyhe interpreted fault zonesut across the Permdesozoic

strata from the Zechstein at the bottom to the Upper Cretaceous at the top, which confirms theircantivined until at
leastthe Late Cretaceous.

The structural malysis of the reprocessed seismiegmde-clear-the-necessity forkes it possible taeinterpreation-ofthe
hitherto widely held concept of the internal structure for the N8rbetic Synclinorium, assuming the dominance of igh

anglefault block tectonics although alread$olecki(1986, 1994 postulated that the main factor controlling the formation

of the North Sudetic Synclinoriummight have been a compressive inversion of hypothetical normal listric faults in the

basement In our opinion _the significance of compressional dowarping of the top basement surface, of {amgle thrust

faults,and oflocal detachment foldin@ffectingthe PermeMesozoic coveshould also béaken into account.
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A recentmapping andstructural studyy Kowalski (2020) of oneof the alreadymentionedsecondorder synclinal/graben
el ements branching off from the SE ri m difs 2tahdef offecsrat h Sudetic Syncl i nc«

opportunityto have acloserlook onanother example of a Lateretaceou$ Early Palaecogene maeszale tectnic structure

in the NW part of the SudeteBheW| e (E Gis aanbreowstructure c. 17.5 km long and up &5 km wide,downthrown

into the low-grade metamorphsmof the Kaczawlate Belf filled with Permian, Triassic and Upper Cretacequsto lower

Coniacian)mostly sedimentary, shallow marine or continemtapositsandfi bundedb y s t e e parientddWmoSnal

and reverse faults(Kowalski, 2020; Fig. 11). The graben was earlier studied by Gorczgckh a § a ( HiScidsged bya n d

Solecki (1994, 2011), whatressed the particular significance of NISBEW to NESW directed compression in its

formation. Kowalski (2020) advocates anultistage evolution of the grabefiom Late Cretaceousmes (postSantonian?)

onwards, ieluding the first, extensional stage of its formatiaith active NWSE striking normal faults, followed by

compressional evenp f Aprobably | atest Cr et a cemdivasng andinvertmgtHe JlatteP al aeogene ( ?) 0 age,
discontinuitiesand producingiewreverse faults and overthrusgarticularly in the central and southern parts of the graben.

This was postdatedy minor sinistral displacements of the graben fragmalaisg crosscutting faults of NESE trend, and

the evolution is believed by thiguthor to have endedith an extensional episode of limited significanpeesumably

already during thenid- to late Cepzoic.

The crosssectiosmo f t he  WIpeegEed@lnbarbtedry Kowalski (2020) and-basenn the basion his mapping

fieldwork and scarce borehole d¢fég. 11) show a rather regular synclinren 'y sl i ghtly modi fied by the grabenés
faults andocally complicatecoyf aul t s stri ki ng o bl (Fig Ule Thg metamorghib lsasemgnntaplisi neds axi s

depicted as concordantlyadheent draped—areurio the overlying, synclinally bent base Rotliegend surfatiee latter

solution_together with the above mentionegparentlack of a dip-slip reversedisplacementelated contribution of the [Sformatowano; Niewy r - Oni e ,]
dounday faultsdt ot he f or mat i o suggesthetghr ea bbltigs GErather duie tmowrfolding (buckling) [Sformatowano: Niewy r - Oni er]

thandownthrowing on reverse faulisiay-preve-problematidt is no wondemndthe cited author suggesiseismic survey
to be made in ordép better understarttie structuralgeometryof thegraben

4.4. The Intra-Sudetic Synclinorium

The IntraSudetic Synclinorium ignother apart from the North Sudetic orextensive Late CretaceousEarly Palaeogene

tectonic structure of NWSE trend in the SudetéBigs 2, 3 and 11). It hasa comparablethough somewhat larger sipéc.

80 km in length and up to 30 km in width. It, similarly, affects the pdemtiscan continental to shallow marine Permo

Mesozoic successionwhich representsthe upper structural level of the IntBaudet i c Basin (tela¥niewicz and
Al eksandr ows keéwjcz e? d.02811), unenfaniably deposited on tom tfick succession of intramontane

Carboniferous synto lateorogenic clasticsleformed by Variscan tectonismorresponding tdéhe lower structural level of



the IntraSudetic Basin (see alstlemec & al., 1982; Dziedzic and Teisseyre, 1990; Bossowski et al., 1995; McCann,
2008b). The Carboniferous deposits of the k8taletic Basin regin the Variscardeformed, mostly crystalline basement of
the Sudetic Block. To the SE, the axial zone of the {Budetic Synclinorium, composed of Late Cretaceous deposits,
mergeswith the Upper Nys&Kr 8§ | i k y(Fidgs.r2aabdeld Another similarity of the Intr&udetic to the North Sudetic
260| Synclinorium is its generally simple, open structure of a single syndtiries NW-northwesterrand central parts, which is
replaced by a number of (partly reverse) synclinal grabens separated by basement horsrtbredstern flank (Fig2
and D).
The Late Cretaceous to Early Palaeogene tectonic structures bifttdeSudetic Synclinorium studied by us on recently
reprocessed legacy seismic sections, come only from the NE limb of the synclinlmiatedb et ween Mi erosz-w in the
265 NW and $cinawka in the SE. I'n that ahe sugfacd, Whileittee CrietaceousP er mi an rocks t ha
succession of the Intrf@udetic Synclinorium axial zone occurs to the SW and is not covered by the seismics. The seismic
sections (location in Fig.2) are mostly trending SYME, that is roughly perpendicular to the synolini umdés axi s. They are
consecutively presented, from NW to SE Hiigures B throughand-# 15, in order to illustrate in a systematic way the
‘ tectonicdeformationstructures affecting the Permian and Carboniferous strata
270 In the NW part of the area coet with seismic data (Figs2nd B), three consecutive profiles show a bunch of faults in
Carboniferous clastics, which does not continue upwards into the Permian, although in some profile8 lfFagsl dthese
‘ faults manifest themselves also in fRermianstrataas gentleductilefolds above the faults. These folds geometrically
entirely consistent with faultelated folds in the Carboniferous. The most likely interpretation of this case seems to be a
postEarly Permian reversgip activity of faults in the Carboniferous succession (probably representing a reactivated
275 Carboniferais flower structure), associated wgbntle folding that locally affected also the overlying Permian strata, though
lecalhwerat places becamfrlly accomodated still athe-a level below the Permian (Fig.34&). The fault zone in the
‘ Carboniferous sucssioncan befollowed on seismicstover a distance of 7 km, but probably contindegher onboth to
the NW and SE beyond the seismically explored area.
‘ Further to the SE, near Broumov in Czechia (Figsaid ¥a:b), a lowangle, NEvergent thruszone (which may represent
280 a much evolved continuation of the fault zone from Fig). tboted in the crystalline basement, produces a rewdirse
displacement of the Carboniferous strata by at least-2+tmrespectto-the-footwalbssociated with thformation of fault
bend folds The thrust seems to continue to the NE asRmléement within thePermianstrata,overlain byan pairof
anticlinesynclinepair, which can be recognized in the surficial geological map outcrop pattern
Moving further to theSE along the NE flank of the Intfudet i ¢ Synclinorium axi al zone, in the area
285 successive seismic profiles one can follow alstrike geometrical changes of a conspicuous-dmgle, NEvergent thrust
fault, responsible feanup to 2.5km magnitudeof displacement of the crystalline basement and the overlying Carboniferous
and Permian over their footwall. The overthrust is reldtedimilady-as-into the case at Broumowv with an anticline
syncline pair othefault-bend or faulipropagtion(?)folds.
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The conspicuous thrust fault ideintawhk®#dbehiandishespprdbabliin t he area of Radk
continuing into the vicinities of Broumov (Fig.4la;b, seems to correspond to the major NBE trendingé ci na wk a

Krosnowice Fault (Fig. 2) exposed at the surface. The latter fault has been, however, so far consistently interpreted as a NE

throwing normal (Grocholski and Augustyniak, 1971) or vertical fault (Bossowski and lhnatowicz, 2006). Therefore, our

interpretation of the reprocessed seismic data reqaité®roughgoingchange in understanding the nature of this well

known mapped fault at |l east in its NW Eadycalaeegenk thrust mthenent , as a | ow ang
light of the gedogical and tectonic context, there can be little doubt aboutigtter timing of the tectonic structures

identified by us on the seismic sectiofi$is-Our interpretatioris corroborated by their occurrence naathe axial zone of

the IntraSudetic Synlinorium with abundant presencetb preserved Upper Cretaceous depoditss-t is also confirmed

bythe SEwar d sur fici al e x-KresnosviceoFault, avhich athteKro$nowice aegrikeat defines a tectonic

boundary between the PerAvtesozdc succession of the Int@udetic Basin and Nydér §1 i ky Gr aben on one side and th
$ ni eilkmowikrki crystalline Massif on the other side.

An interesting Late CretaceoiisEarly Palaeogene structure at the NE periphery of the-SudeticSynclinorium is the

NW-SE trendi ng RewmeGnber ((Hg 422yandd615). According to Oberc (1972, 1977),ig¢ bounded by

high-angle reverse faults a n d , hence, we apply tadd filied with Lbver PermiarRotliédgenelv er se gr abeno)
andUpper Carboniferousedimentaryocks (Oberc, 19721977. On approaching thg r a b leoundasy faultsthe strata

are strongly dragged upwards, whi ch r eThis é s g n castrucguyait &1 i nal geometry t
characteristicsofth Cz er wi e (Ec z y c ieif ctrect leingbasedd rsuficia geological mapping anmavolving

much extrapolation at depthis, nevertheless, quite symptomatita number of Sudetic grabens and to some ddgree

resembles crossect i ons of e. g. t he WI e (B) dadi astill enare i BhatbyKGomwzydaskka g a( 2 02 0 ; Fig.

(1977, not reproduced herer of the Upper Nysa Kr § 1 i ky &g debzgkiewick (1970) amdon and Got owaga

(2008)i partly with reverse boundary faslt

45.The UpperNysaKr 81 i ky Gr aben

TheUpperNysa Nysa Kr 8§ | i k y(Figs 2 and1@18) is a distinctive tectonic and topograpHhiault-boundedeature of

nearly-approximateN-S trend, ¢.45 km long and from 30 12 km wide, merging to the north with the IntBudetic

Synclinorium; anédt is filed-withcomposed ofhallow marine sedimentary rocks, including a time span from the early

Cenomanian, through Turonian to Coniacian and Santoniaretgand Don, 1960; dez y ki e wi ¢ z , 1970, 1971; Radwa EsKki .
1975, Don and Gotowaga, 2dvOnghrown Bvidhdrespeat toghe dnedidyeadecntetamoiplficl 4 )

rocks of the Orlicss ni e Uni k Ma s $ isHouldersMost bf the aprlier duthars (except Jerzykiewit970, 1971;

Radwa@sKki , 1975 and Ober c Uperly3gi Kegpl ayn&dabke asigi nesfulthef a Late C
ri fting modified | ater by Cenozoic subsidence (e.g. Don and Don, 196

2008. The early rifting was inferred to have occurred on stratigraphic and sedimentological prem@esonvincing in

10



our opinion _as thg ignoredthe striking resemblance of the Cretaceaisatigraphic columnfrom within the graben and
fromits shoulderyDon and Go texeept fprathee o2l OuOnPpes Parts see belowprndthe probable absenasf

fault-controlledcoarsegrained deposits along the graberedgesThe asumedrifting was-and most often explained as

due to compressieror, on the contraryextensiordriven updoming of the Orlici ni e Uni k Massi f during the Cretaceol
325 still, by pull-apart graben formation due &trikeslip displacements on NVBE trending structural discontinuities in the

crystalline basement. In conttasve, in this paperjnterpret the mostly B6 trending Upper Nysa Kr 81 i ky Gr aben to

represent a Late Cenozoic feature, whose boundary faults cut out and downthrown a strip of the Cretaceous (Cenomanian,

Turonian, Coniacian through to Santonian) shalfoarine succession previously much more widespread over theTaesa.

Cretaceouss now preserved within the graben due to its being downthrown against the uplifted crystalline basement around.
330 Theuniquenes®f the Cretaceous deposits in tdpperNysai Kr § 1 i ky Gr atyamthe presersatios of he thick

‘ Coniacian to Santonian successiabsent from the uplifted areas neafbpon and Go {fromvahgre itmust 0 0 8 )
haveclearly beeneroded. The Upper NysaKr 81 i ky Gr aben utssacrassrgarbies, kate Cretaceddarlg ¢
Palaeogene, tectonic structures of stable-SE/strike, which are in most places oblique to and erosst by the grabends
‘ boundaries (Figt617). These structures are represented by differentiallysiifipdisplaed fault blocks, often bounded by
33. reverse faults, and by gentle folds (Badura & Rauch, 2014; Don and Go
Locally, shallowdipping thrust faults, most probably of Late Cretacelbady Palaeogene age were mapped, drilled or
directly observed in outcrops within or in direct vicinities of theperNysai Kr 81 i ky Gr aben. A relatively extensi
least 25 krdong, NW-SE trending trace of théieleniec Thrust Fault was mapped by Cymerman (1990) and extrapolated on
maps by other authors within the SW flank of theperNysaiKr § | i k y OnGhisa.b465n0. e -dppivig fault a 500
340 Ma orthogneissmassf r o m t hBgstrz&kie Mtswas overthrustdisplaced by at least 5300 m toward the NE
(Cymerman, 1990and emplaced on top of the Turonian clastics, equivalent to those from the lower pattppéndlysa-
Kr 8l i ky Gr a h87 and fesdtihg thenksehgs amnalogousorthogneiss basemenCymerman (1996has
interpreted this thrust as produced by Late Alpine (Miocene) compredgienZieleniec Thrust was later confirmed by
drilling, as reportedy K o z d(R2014),who interpreed the thrusting as the reswf a Cenozoic gigantic, gravigriven
345| landslide, at the same time referring to inversion of an original normal fault into a revers@nenefthe most important
arguments for thisudgementinterpretationwas finding a subhorizontal position of tiéretaceous/gneiss contact in the
drillcore. In our opinion,taking into account its significamxtent and the involvement in the major N®E trending fault
system(Fig. 12), termed theSouthSudetic Shear Zone by Wojewoda (e.g. in Wojewoda and Kowa@8k6)-invelving
which also comprisethe majorP o Shiranov Fault (see below)there cannot bemuch doubt that the Zieleniec thrust

350| represents a Late Cretacedu€ar |y Pal aeogene thrust, s (sem bellow)thoughoofart h a t of the GuUyce

oppositevergence.
‘ To the NW the Zieleniec Thrust mergeith the SEsoutheasterne x t e n's i o n -Hrdnov maje fallsystem(Eig.
12), partly representing the SW boundary to the IeBadetic Synclinorium. It was active, as well, in the Late Cretaceous

‘ Early Palaeogene as a highgle reverse fault of complex structubet ofthe opposite, SW, polarity (Prouza et al., 2014),

11



355 which i according to some authors is combined with the strikslip component of motion (Wojewod&007, 2009;
Nov §kov §Fig.1218al 4)To t he SHEnov fauit eontiesSinta tat-of DusznikiG o r z @nosnawice
Fault at the northern end of thépperNysai Kr 81 i ky Gr aben.
A presumable splay fault, branching off from the Zielenieust (Figs 12 and1938b) was described directly in a c. 1 km
l ong chain of outcrops along a road cut bet ween oDthes zni ki Zdr - j and L
360 same SW flank of the Upper NysKr 81 i ky Gr aben (Wojewoda et al ., 2010; Al eksandrowski
2 0 ¢ -dippihg detachment can be seen to occur there roughly along the bedding in Middle Turonian mudstones and
calcareous clayston@n a closer inspection, the detachmesats found to representshear zone, attaining 7 to 25 cm in
thickness and composed of interconnected, kinematically linked surfaces, confined between two distinct boundaries of
mostly intact rock (Fig1918b). The shar zone shows internal flaser beddangd is composed of cataclastic flow products
365 of hostrock composition, which coexist with crush breccia and calcite veins. On evidence from the orientation of the
accompanying joints, the detachment was then inteigbrateSEvergent and probably genetically related to a supposed
strike slip motion on the nearby major NBEtrending DusznikiGor zan-w Faul t , beifng ha $PBScodOmMti nuati on
Hronov fault system (cf. Petrascheck, 1933; Prouza et al., 2014). It s&eipsHowever, that the joints can represent the
youngest, Miocene, deformation and episode of motion on the detachment in question, \itkévessry origin ef-it-and
370| principal displacementaswererelated tathat-en-thethe Zieleniec Thrust.

4.6.The southrwestern margin of the Sudeg¢s transition to the North Bohemian Cretaceous Basin

The NW segmendf the Sudetic Block, represented by the Karkondgeea Massifto the SWadjoins the North Bohemian
Cretaceous Basin (Fi@®). At its Sudetic margi, the basin is composed of deltaic to shalloarine and hemipelagic
Cenomanian to Santonian clastic deposits, not exceeding 600 tm T®Ghickness that rest subhorizontally on scarce
375 subcrops of Permian and Carboniferous, but mostly on the crysteHingcan basement of the Bohemian Massif (e.g. Klein
and Soukup, 1966; Malkovskl, 1987; Ulilny et al., t€009; Wilmsen et al
Cretaceous$ Early Palaeogene tectonism, however at its boundary withutetis block the deformation is concentrated at
the spectaculaandat places well exposed Lusatian Thrust (Rignd2019 a-c), which continue®NW up to the vicinities of
Dresden (e.g. Wagenbreth, 1967), whereas to the east it continues to the western Karkonosze Piedmont area (Prouza et al.,
380 2013). The Lusatian Thrust has been excellently described and analysed in detail by Coubal et al. (2014).
The Lusatian Thrust (e.g. Ma NW-8F teehdingaultlzén@séolhe Sudeticraied the | y t o ot her mai n
Bohemian NE margin (the Int/@udetic Fault, the Sudetic Boundary Fault, the Odra Fault Zone) derives its origin from a
major Variscanfracture, rooted deeply in the basement and likely having a primary -stijkecharacteristics (cf.
Aleksandrowski et al., 1997). It must have been reactivated during the Late Cretademmis Palaeogene compressional
385 episode and propagated into therReMesozoic cover. The Lusatian Thrust emplaces the Variscan crystalline complexes of

Lusatia and of the West Sudetes on top of the Mesozoic strata of the North Bohemian Cretaceous Basin. This fault zone

12
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reveals significant alongtrike changes in the diangle ofits displacement surface, between lawgle or subhorizontal in
the northwest (Figs2 and 2019a) through mediurangle (Figs2 and2019b) and highangle attitudgFigs. 2 and 2019c).

The anglemade by the displacement zone/fault carpparentlyrepresenting aeactivatedfracture, with respect to thé

supposedlygenerally subhorizontat tectonic shortening direction had serious influence on the structural style and
complexity of the brittle structures developed around the fault core and on the width of the damage zone (Coubal et al.,
2014). The smaller the andgietween the two, the more smoothly the displacement occurre®(fégt7g. An increase of

the fault plane dip angle made the displacement more difficult to be achieved, which resulted in widening a zone of damage

and of fault drag and favoured splittittie displacement into several stiprfaces (Figi9b-20b and c).

5 Regional jointing pattern_and deformation bands—alikely—product—of Late—Cretaceousi—EarlyPalaeogene

deformation i_likely products of Late Cretaceousi Early Palaeogene deformation

The regional pattern of tectonic joints over the aretheSudetes or of SW Poland can be inferred from a number of local
studies on jointing, most of which were conducted decades ago. Not attempting to make a systematic review of such studies,
for the reeds of a brief review made in this paper, several stereograarsd rose diagrams of the dominant joint sets
coming from various sources (Jerzykiewicz et al., 1974; Aleksandrowski, 1976; Solecki, 2011; Selerowicz et al., 2014) and
various locations in # Polish Sudetes have been mounted orgéwmogical map (Fig2621). The data come mostly from

the PermeMesozoic strat@xposedn outcrops in the both Sudetic synclinoria, in undergrogalieries of the deep copper

mines at the ForSudetic Honacline and in the Opole Cretaceous Basin.

Two stereograméFig. 21 f, g); show, additionally the joiimig pattern in thecrystalline Carboniferoussasemengranitic

rocks of the Karkonosze Massiromrecent lowtemperature geochronologyudies Mi go & and Dani g2k 2012,

al. 2015) it follows that thepresentday exposure level aft leastsome parts of the Karkonosze pluton was still at a depth of

Sobczyk e

a few kilometres at the end of Cretaceous, and, hence the joirnibsgeve recentlyingrni t es on t hmayeart hdés surface

indeed,be as much.ate CretaceousCenozoi¢in respect otheir initiation and openingcf. e.g Price (1966), Jaroszewski

(1984), Suppe (1995 Engelder (1985, 1987 1993 and Price and Cosgrove (1994)s the joints in the Mesozdc [Sforma[owano; Niewy r - Oni er]
sedimentary rocksWe suppose that the initiation_of the dominant regional tectonic joints pattern in_the Sudetic *T~QC( Sformatowano:  NieWy r - On i er]
complexes may have occurred at a depth of a few kilometres, under a significant overburden, due to the d:edmi:ré‘ta‘ [ Sformatowano: NieWy r - Uni e ’]

Early Palaeogene compression. The initiation involved processes of subcritical crack growth under directional stress

([ Sformatowano:
T

Czcionka: 10 pkt ]

Atkinson, 1982;Atkinson and Meredith, 1987), leading to the format@nanisotropy defined by systematically oriented

microfractures. The latter mechanical anisotropy acquired by the rocks on compression, may have subsequently controlled

the massive joint opening during the Cenozoic regional uplift and concomitant urnjeadirextension.

All the-presenteddiagramspresented in Fig21 show most steefints to be concentrated in two mutually perpendicular
maxima, in which the joint planes are approximately paralallel and perpendicular, respectively, to the inferred Late

Cretaceoudtarly Palaeogene shortening direction €&fy. Solecki, 2001INov 8§ k o v § , 2014) . As, moreover
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PermoeMesozoic strata, a conclusion that they are genetically related to that shortening eventessemsblelausible
420| Actually—wWe believesupposdhat the formation ofhe dominant jointing pattern in thgostVariscan (but also partly in the
Variscan) Sudetes andin general, inthe SW part of Poland resulted from the Late Cretac&muly Palaesogene
compressional event.

A more direct record ofhe Late CretacestEarly Palaeogene compressional evisntontaired in thewell-developed

systems osilicified complementargleformatian bandgAydin and Johnson, 1983; Fossatral., 2007)described by Solecki

425| (1988, 1994, 20113s cataclastic bands from tBentsandsteimnd Coniacia sandstones of the Nor#Sudetic Syclinorium

(see also Kowalski, 2021Yhe bisectors of the acute angle between llest developedwo complementary sets dhe

deformation bandsdipping at moderate anglés the NE and SW, respectivelgorrespond to the maximumipcipal

compressive stresxis during their formation, and, as a rule, sttewsubhorizontal NE-SW orientedposition.

6 Conclusion

430 In our brief review of the Late Cretacedu&arly Palaeogene tectonic structures affecting the NE margin of the Bohemian
Massif we have shown their common and widespread occurrence all over the region and, to somshdetyeiscussed
their style andmechanisms of formation. These structuaes easily recognizable in the Perrvesozoic post/ariscan
‘ coveraswhich isdevoid of other, earlier formed contractional deformations, though presenthey aremuch less obvious
in the Varican basemettihat was heavily tectonized before. Thoskevelopedin the postvariscan cover, particularly the
435‘ fault-displacemersteffectsi and, among thenthe strikeslip related ones can still be difficult tobe separate from the
structura that might haveesuledfrom the younger Cenozoic events.
Our structural analysis of newly reprocessed legacy seismic profiles, complemented with outcrop, drillhole data, have
revealed an important contribution of tkskinned foldandthrust type contractional deformation in tRermeMesozoic
(partly also in the Carboniferoystrata of theawo mainSudetic synclinoria. Such deformation includes also gentle buckling
440 of the basement/cover interface and decoupling/decollement of the fRégsuzoic cover along weak, clayey horizans
Zechstein strata. The leangle thrust faults identified in the Perivtesozoic in the seismic record are often rooted in the
top parts of the Variscan basement, so some elements of theskimded style of shortening can be also involyadd,
actualy, are to be expected in the deep crystalline basemieng) therefore, likely that also outside the areas covered with
PermeMesozoic sedimentary sequences, over the crystalline basement exposure areas, some (even major) faults interpreted
445 from surfidal geological maps and outcrop relationships as vertical ordmgie structures, may have at depth a geometry
of low-angle thrusts. Thisnay have important practical implications on e.geothermaprospecting in the Sudetes, where
the deep undergrounslaters in the crystalline basement circulate, almost exclusively, along structural discontinuities, such
as fault zones and fracture corridors (e.g. Dowgiaggo, 2002).
The Late Cretaceous Early Palaeogene compressional event seems to be also respoositthe formation of the

450 regionally dominant tectonic joints pattern in both Peiviesozoic and older rocks of the Sudetic area, characterized by an
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orthogonal joint system with two seertical sets of c. NWSE and NESW strikes, ass shownby a compariso of results

from a few local studies.
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Figure 3: Schematic regional cross sections across the Bohemian Massif NE margin (highly vertically exaggerated). Location in
Fig.ure 2.

29



775

30



NNW
0

Figure 4: Two seismic profiles from the ForeSudetic Homocline (location in Figare 2) showing very gentle folds in Triassiand
Permian (Rotliegend not marked). Note steep to lovangle mainly reverse faults. The anticlines are structural traps for
| hydrocarbons, with gas fields known in Rotliegend strata é-g-Grochowice gas field in Figure 4a). Please note the different scales

780 of the two profiles.
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Figure 5: Examples of tectonic structures observed on galleries™ walls in copper and silver mines on the F8uwdetic Homocline

Sformatowano:  Kolor czcionki:

785| caused faultdrag of Cal Zechstein Limestone. (b) Thrust fault in carbonate rocforientation recorded as dip direction/dip angle)
Automatyczny

inat-the base Zechstein ordearing formation (location in Fig.ure 2). (a) Inverted steep fault, origindly normal. The inversion

Abbreviations: Bs- Weissliegend Sandstone, FKuppferschiefer Shale, CatZechstein Limestone.
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Figure 6: Geological map of the NorthSudet i ¢ Synclinorium (based on Bad.pa200l@&ska and Bossowski, 19
790| Cymerman, 201Q. Locations of interpreted seismic profiles areshown For full-length location of seismic profile of Figie 98a -
see Figure 2. The mapis baseal on Solecki (1994)and Cymerman (2010).
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Ill. Situation after the “frame-folding"/Late Cretaceous — Early Palaeogene basin inversion
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1. Pre-Cenomanian situation. On top of folded Variscan basement there are Rotliegend, Jerzmanice

Sw
() Mresudste Zechstein and Triassic strata = 2nd phase of Cimmerian tectonics Fault

(@) Fault

Figure 7: Kurt Beyeroés (1939) interpretation of the fAyoung Saxoniano tectonic

795 (a) Main tectonic deformation stages in the North Sudeti®asin. (b) Blockdiagram showing simple open structure of the western
part of the North Sudetic Synclinorium ( Bo |l e s § a wi aaccconplexopatterim pf blocks and synclinal grabengJerzmanice
Syncline andinWieastrn part@fuFigk 2 and 6).

36



37




800

38



Figure 8: Folds in Muschelkalk in a quarry at Raciborowice (location-givenin Fig.ure 6). (@) photocourtesy of Andrzej Solecki.
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Figure 9-a-¢: Interpreted seismic profiles from the North-Sudetic Synclinorium (location inFig.ure 6).
N Sformatowano: ~ Angielski (Stany
Zjednoczone)
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SW  Lusatian-Sudetic Block North Sudetic Synclinorium Fore-Sudetic Block NE
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Figure—- Figure 10-a-d: Interpreted seismic profiles from the North-Sudetic Synclinorium (location in Figure 6).
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Figure 11: Simplified geological map andthree selectedcrosss ect i ons of the Wl e®& Graben according to
(2020)
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Figure 12: Geological map of the IntraSudetic Synclinorium (based on Grocholski and Augustyniak, 1971, Bossowski and
Ilhnatowicz, 2006, and Cymerman, 2010). Location of thenferpreted seismic profiles and described localities is shown. CZT
CzerwieEc z y ¢ e ihvereedrgviersegraben).
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Figure 13: Seismic profiles fromyicinities of Mi e r o sveinities showingprobable effects of Late Cretaceou$ Early Palaeogene
reactivation of a Carboniferous flower structure. The Permian volcanic member(in_red) continues to the NNE to outcrop
massivelyin the Suche Mountains. Locatiors-givenin Fig.ure 12.
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