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Abstract
The Pieniny Klippen Belt (PKB) is a narrow structure delineating the boundary between the Central and Outer Carpathians.

It is built of nappes stacked during the Cretaceous and Paleocene and then re-folded in the Miocene during the formation of

the Outer Carpathian overthrusts. The internal structure of the PKB at the Polish/Slovakian border first formed during

northward nappe thrusting processes, which were most intense at the turn of the Cretaceous to the Paleocene. A secondary

factor is the change in strike of the PKB turning from W–E to WNW–ESE, associated with dextral strike-slip faulting in

the Carpathian basement (North-European Platform). These NNW-SSE oriented strike-slip fault zones, broadly parallel to

the Teisseyre-Tornquist Zone, are responsible for the segmentation of the down-going plate, which influenced the sub-

duction and collision between the North-European Platform and the Central Carpathian Block. Among them, the most

important role was played by the Kraków—Myszków Fault Zone separating the Małopolska and Upper Silesian blocks in

the Carpathian foreland. Shifts and interactions between the neighboring Pieniny and Outer Carpathian basins—during

contemporaneous sedimentation and deformation—resulted in a difficult-to-define, transitional zone. Until now this zone

had the rank of a tectonic unit, named ‘‘Grajcarek Unit’’ in Poland and ‘‘Šariš Unit’’ in the Slovak Republic. However, its

northern boundary, often taken to represent the Central/Outer Carpathians boundary, is ambiguous. These problems are due

to the spatial overlap of thrusting and gravitational flows resulting in chaotic breccias, olistoliths and olistostrome for-

mation, which formed repeatedly and became deformed during the Maastrichtian to Early Miocene. Tectonic deformations

in this area gradually vanished towards the north. This zone can therefore be defined as the Peri-Klippen part of the Magura

Nappe that lacks a distinct northern tectonic limit. For this reason it is named Šariš Transitional Zone (ŠTZ).

Keywords Chaotic sediments � Polygenetic mélange � Olistoliths � Strike-slip duplexes � Šariš Transitional Zone (ŠTZ) �
Pieniny Klippen Belt (PKB)

1 Introduction

Chaotic sedimentary deposits typically appear in the fore-

land of thrust-belts and accretionary prisms and are syn-

chronous with nappe thrusting processes. Their genesis

may involve gravity-induced sedimentary processes such

as slumping and olistostrome formation (Festa et al. 2016)

and/or purely tectonic disintegration (mélange formation;

Hsü 1968). Usually they are composed of a shaly matrix

with blocks of both local and exotic material.

In the literature the most external part of the Pieniny

Klippen Belt, near the Poland—Slovakia border, is referred

to as Grajcarek Unit in Poland (Birkenmajer 1977, 1986) or

Šariš (Fakl’ovka) Unit in the Slovak Republic (Plašienka

et al. 2012). It has the character of a transitional zone

towards the Outer Carpathians. This unit formed as an

effect of interactions between the Pieniny Klippen Belt and

the northerly adjacent the Magura basins as a part of the

Outer Carpathians that define the Carpathians arc (Fig. 1a,

b), which formed during the Paleogene–Neogene as the

result of subduction and convergence of Alcapa with the

European plate (e.g. Nemčok et al. 1998 ; Froitzheim et al.
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2008). This impact can be observed both in terms of stages

during sedimentation and deformation.

The Grajcarek Unit was first defined by Birkenmajer

(1970, 1977, 1986) as a Peri-Klippen part of the Magura

Basin deposits, which was back thrusted over the nappes of

the Klippen Belt thereby becoming part of the PKB,

forming tectonic caps. These caps formed during the

Maastrichtian-Paleocene (‘‘Laramian’’) phase after inte-

gration of the PKB into the accretionary prism. In contrast,

Jurewicz (1994, 1997) postulated that during the last phase

of nappe thrusting affecting the PKB the klippen units

moved northward over the Magura foreland forming

mostly gravitationally driven folds and thrusts. As a con-

sequence the ‘‘Grajcarek Unit’’, now crops out in tectonic

windows. This unit, transitional in character, consists of

strongly deformed slices composed of Jurassic-Cretaceous

sediments associated with synorogenic wild-flysch, breccia

type sediments and numerous olistoliths. According to

Plašienka (2012a), a unit he called Šariš Unit forms the

lowermost unit of the PKB. It formed due to repeated

gravity slides continuing episodically until to the Early

Eocene. The question became more confusing after Oszc-

zypko and Oszczypko-Clowes (2010, 2014) documented

Miocene sediments (Kremna Formation) inside the PKB.

On the basis of this observation they proposed that the

nappes of the PKB were thrust together with what he called

Grajcarek Unit along a flat-lying thrust onto the Miocene of

the Magura Nappe. If correct, the idea of the PKB up to

date conceived as a semi-vertical and deep-rooted struc-

ture, would cease to exist. One of the aims of this paper is

to re-examine these different models and to propose a new

model for the evolution of the Klippen Belt whereby the

Grajcarek Unit is taken as a part of the Šariš Transitional

Zone representing a transitional zone between the PKB and

the Other Carpathians. In the following the name ‘‘Graj-

carek’’ will be reserved to the lithostratigraphic succession

of the Grajcarek Basin (Birkenmajer and Gedl 2017),

which existed during Jurassic and Early Cretaceous times

as the most southern (Peri-Klippen) part of the Magura

Basin.

Moving from west to east along the Polish/Slovakian

border, i.e. from the Pieniny Mts. through the Małe Pieniny

Mts. to the L’ubovnianska Vrchovina Highland (Fig. 1b),

there is a gradual change in both the PKB structure and its

relation to the Magura Nappe. One reason for this change

could be caused by the influence of structures present in the

Carpathian basement, i.e. the North-European Platform

below the Outer Carpathians. During the last stage of the

Carpathian orogeny this plate was forced below the nascent

orogen, undercutting and underplating the PKB. However,

thereby the platform did not behave like a monolithic rigid

block but was cut by a number of faults. These faults, deep-

rooted fracture zones, played a key role for the lateral

variations of deformation style and, consequently, the
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Fig. 1 a Main tectonic units of the Alpine–Carpathian–Pannonian

orogenic belt and the location of the study area; after Embey-Isztin

et al. (1993) and Kováč and Márton (1998), simplified by Jurewicz

(2005). b Geological sketch-map of the Małe Pieniny Mts. and the

L’ubovnianska Vrchovina Highland, based on Birkenmajer (1979),

Jurewicz (1994), Plašienka (2012), but simplified and modified.
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geological structure of the PKB. These faults are generally

parallel to the Teisseyre-Tornquist Zone (e.g. Po _zaryski

1991; Pharaoh 1999; Świdrowska and Hakenberg 2000;

Dadlez 2006; Guterch and Grad 2006, Gawęda et al. 2017),

oriented NNW-SSE. One of the aims is to show the reasons

for the complexity of the structure of the PKB, stemming

from the character and the dynamics of the collision of the

North-European Platform with the Central Carpathians

Block, that is a part of the Alcapa Megaunit.

2 Geological setting

The Pieniny Klippen Belt (PKB) is up to 600 km long, only

a few km wide, and follows the boundary between the

Outer and the Central Carpathians (Fig. 1a). The PKB was

represented an accretionary prism during the southward

subduction of the European plate (e.g. Royden 1993;

Zoetemeijer et al. 1999; Csontos and Vörös 2004; Froitz-

heim et al. 2008; Hrubcová and Środa 2015). In a structural

and genetic sense it is a particular tectonic unit linking two

nappe-systems: the Paleoalpine Central Carpathians and

the Neoalpine Flysch Belt (Mahel’ 1980, 1989). Kozur and

Mock (1996) considered the Pieniny Basin to be a northern

branch of the (southern) Penninic Ocean in the Western

Alps, existing already in the Early Triassic. The oblique rift

probably had a WSW-ENE or SW-NE trend (Marchant and

Stampfli 1997; Stampfli et al. 1998; Dumont et al. 1996;

Jurewicz 2005). Plašienka (1999) divided the Penninic

Basin into the Vahicum (Vahic) and Magura subbasins,

separated by the Oravicum (Oravic, Czorsztyn Ridge). The

Czorsztyn Ridge is correlated with the Briançonnais by i.e.

Trümpy (1988), Tomek (1993) and Stampfli (1993), and

the Magura Basin is linked with the Valaisan by Schmid

et al. (2008).

The PKP is composed of nappe units resulting from

multiple folding processes in the Late Cretaceous and

Paleogene and its overstepping Cenozoic sedimentary

cover (Birkenmajer 1986; Plašienka et al. 2012). Birken-

majer (1977, 1979, 1986) distinguished three main sedi-

mentary zones within the originally at least 120–150 km

wide PKB basin. These zones are: (a) a northern (Czorsz-

tyn s.l.) ridge; (b) a central trough (Pieniny s.l.) and (c) a

southern ridge called Andrusov Ridge). Within the study

area, these three zones correspond, respectively, to the

following klippen successions/structural units:

Zone A: Czorsztyn lithostratigraphic unit s.l. (Sub-Pie-

niny after Uhlig 1907; Sikora 1971; Ksią _zkiewicz 1977;

Plašienka et al. 2012), subdivided in the Polish part into the

Czorsztyn unit s.s. and the Czertezik and Niedzica subunits

(Jarabina and Mašlienka subunits in the Slovak sector of

the study area; Plašienka et al. 2012);

Zone B: Pieniny lithostratigraphic unit s.l., subdivided

into Branisko/Kysuca subunit and Pieniny unit s.s.

Zone C: Haligovce lithostratigraphic unit (correlated

with the Central Carpathians Austroalpine provenance,

incorporated into the PKB; Plašienka 2011).

In addition to the lithostratigraphic units listed above,

another special unit has been described in the literature,

extending along the northern boundary of the PKB and

separating it from the Outer Carpathians further north. This

unit that is transitional in terms of sedimentation and tec-

tonic evolution is the previously mentioned Grajcarek Unit

of Poland (Birkenmajer 1977, 1986; Birkenmajer and Gedl

2017; Oszczypko and Oszczypko-Clowes 2014), called

Šariš or Fakl’ovka Unit in the Slovak Republic (Plašienka

and Mikuš 2010; Plašienka et al. 2012).

A later important event during the evolution of the PKB,

documented e.g. in the Małe Pieniny Mts. by the Lower

Eocene conglomerates (Birkenmajer and Pazdro 1968), led

to sedimentation connected with the burial and formation

of the Central Carpathian Paleogene Basin (CCPB) (e.g.

Marschalko 1968). According to Soták et al. (2001), the

CCPB formed as a marginal sea of the Peri-Tethyan Basin,

which shows a fore-arc position developed in the Outer

Carpathians accretionary prism. During this stage of its

evolution the PKB obtained a sedimentary cover composed

of Lower Eocene–Oligocene flysch deposits (e.g. Andrusov

1938; Bieda 1959, 1963; Alexandrowicz and Geroch 1963;

Birkenmajer 1970; Olszewska and Wieczorek 1998; Gross

et al. 1984; Gedl 1999, 2000).

During the Oligocene and Early Miocene, the oblique

collision of the Alcapa microplate with the North European

Platform took place (Nemcok et al. 1998), leading to the

development of the Outer Carpathian accretionary wedge,

built up of many flysch nappes and the formation of a

Carpathian foredeep (e.g. Nemcok et al. 1998; Oszczypko

1998; Golonka et al. 2000; Oszczypko and Oszczypko-

Clowes 2003). The last stage of nappe formation in the

Polish part of the Western Carpathians occurred in Bade-

nian—Sarmatian times (Oszczypko 1998; Oszczypko and

Oszczypko-Clowes 2003). Within the PKB area, marine

sedimentation still continued in a piggyback basin in the

vicinity of Nowy Targ in the Early and Middle Miocene

(Cieszkowski 1992). Lower Miocene deposits were also

described from the Rača Subunit of the Magura Nappe

(Oszczypko et al. 1999; Oszczypko and Oszczypko-Clowes

2002) and from the Małe Pieniny Mts. (Oszczypko and

Oszczypko-Clowes 2014). Within the PKB area, these

sediments are strongly folded.

Towards the end of the time of formation of the Outer

Carpathians, dextral shearing occurred along NNW-SSE

fault zones in the basement of the foredeep i.e. in the

North-European Platform, These zones were reactivated

repeatedly since late Carboniferous times but the most

Šariš Zone between Pieniny Klippen Belt and Outer Carpathians 247



intense deformation took place during the Late Cretaceous

to Early Neogene and was connected with regional com-

pression (Scheck et al. 2002). The faults are sub-parallel to

the Teisseyre-Tornquist Zone (TTZ; i.e. Świdrowska and

Hakenberg 2000; Mazur et al. 2015). One of them (Fig. 1a)

was the so-called Kraków-Myszków fault zone, repre-

senting a continuation of the boundary between the Upper

Silesia and Małopolska blocks under the frontal Carpathi-

ans (Buła and _Zaba 2008). During the reactivation of this

fault zone in the Miocene andesite dykes were emplaced in

the front of PKB (Jurewicz 2005; Nejbert et al. 2012).

In a lithostratigraphic sense, the sediments of the PKB

are divided into two complexes: (a) a mainly carbonatic

rigid complex of Middle Jurassic—Lower Cretaceous age;

(b) a ductile complex composed of shales, marls and flysch

of Late Cretaceous age and of a stepover basin of flysch

deposits. This contrasting lithology is responsible for the

later disintegration of the PKB into isolated klippen during

an intense multistage tectonic evolution (e.g. Andrusov

1938; Nemčok et al. 1989; Nemčok and Nemčok 1994;

Plašienka 2003). Due to later sedimentation and deforma-

tion connected with the evolution of the Outer Carpathians,

the tectonic structure of the PKB became even more

complex and diapiric in nature (Birkenmajer 1959), giving

rise to even more contradictory explanations of its origin.

3 Review of previous work

The origin and tectonic evolution of the PKB have been

extensively debated for decades in the Carpathian litera-

ture. The review of the most important studies exemplifies

the complexity of the structure of the PKB and illustrates

the changing views regarding evolution, age of folding and

relationship to the Outer Carpathians bordering it to the

north.

Andrusov (1968) assumed, in view of the transgressive

position of the Senonian Upohlava conglomerates, that

thrusting in the PKB was connected with the Late Creta-

ceous (Coniacian) ‘‘Subhercynian’’ phase. Later (Andrusov

1974) this author accepted the intra-formational character

of these conglomerates as members of continuous Creta-

ceous PKB successions and promoted the end-Cretaceous

to Early Paleogene ‘‘Laramian’’ phase as the main nappe-

forming stage in the PKB.

Large-scale geological surveys in the PKB have been

conducted by Birkenmajer and his team since the begin-

ning of the 1950s. The results of these studies were pre-

sented in numerous publications (Birkenmajer

1963, 1970, 1977, 1979, 1986, 2001; Birkenmajer et al.

2008, and references therein). According to Birkenmajer

(op. cit.) the present-day structure of the PKB is a result of

four tectonic stages:

(a) Late Cretaceous (‘‘Subhercynian’’) north verging

thrust folding, during which sedimentary sequences

of the PKB (Pieniny, Branisko, Niedzica, Czertezik,

and Czorsztyn) were transformed into more or less

individual tectonic units. Simultaneously, synoro-

genic flysch deposition took place (‘‘older klippen

mantle’’—Jarmuta Formation, e.g. Birkenmajer

1977, 1986).

(b) Early Paleocene (‘‘Laramian’’) back thrusting of

sediments from the Peri-Klippen zone of the Magura

Basin onto the Czorsztyn Unit and formation of the

‘‘Grajcarek Unit’’.

(c) Early Miocene (‘‘Savian’’) refolding of the PKB

Cretaceous nappes together with the Maastrichtian

klippen mantle and the Magura autochtonous Pale-

ogene (‘‘younger klippen mantle’’), strike-slip move-

ments along the northern and southern boundaries of

the PKB and development of the megabreccia and

mega-boudinage (klippen structures). During this

phase, the horst structure of the PKB did form.

(d) Middle Miocene (‘‘Styrian’’) compression and devel-

opment of transversal strike-slip faults cutting the

PKB and the southern part of the Magura Nappe.

A different point of view regarding the age of folding

and location of the sedimentary basins was given by Sikora

(1962, 1970, 1971) and Morgiel and Sikora (1975). They

distinguished two additional sedimentary basins: the

Hulina Basin (northward of the PKB basin) and the Zlatne

Basin (southward of the PKB basin) and questioned the

Paleocene back thrusting of the ‘‘Grajcarek Unit’’ over the

PKB.

Another alternative interpretation was proposed by

Ksią _zkiewicz (1977) who distinguished two nappes: the

lower—Czorsztyn nappe (Czorsztyn, Czertezik and

Niedzica successions, the Sub-Pieniny Nappe sensu Uhlig

1907) and the upper—Pieniny Nappe (Branisko and Pie-

niny successions), folded together. The lower nappe is

smaller and composed of small thrust-sheets and blocks,

whereas the upper nappe comprises large folds and thrust

sheets. Ksią _zkiewicz (1977) regarded Late Cretaceous and

Early Paleocene movements in the PKB as vertical only,

not orogenic in nature. According to him, the main phase of

deformation took place during the Oligocene to Early

Miocene, Srnanek and Salaj (1965) and Ratschbacher et al.

(1993) expressed the same opinion according to which ‘‘the

Pieniny Nappe was thrust over the imbricated Czorsztyn

Nappe, and the latter onto the Peri-Klippen Magura zone’’

during that time.

For Nemčok (1990a, b) and Nemčok et al. (1989) all the

klippen of the 50 km long sector of the PKB in East
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Slovakia are olistoliths. These olistoliths are mainly com-

posed of the Oravic Unit (Czorsztyn s.l, or Sub-Pieniny

Unit) resting within a chaotic breccia belonging to the

Central Carpathian Paleogene Basin (CCPB) deposits and

thrust over the Magura Nappe.

In 1984, Golonka and Rączkowski asserted that Magura-

like sediments inside the PKB crop out in tectonic windows

but they did not show the locations in map view and cross-

sections. Their idea was well correlated with deep borehole

data in Hanušovce (East Slovakia), where units of the PKB

were indeed found thrust over Magura flysch at a distance

of a few kilometers (Leško et al. 1984). The concept of

back thrusting of the Grajcarek Unit over the PKB was also

questioned by Jurewicz (1994, 1997, 2005), who showed

that in the Małe Pieniny Mts. the klippen units were thrust

over the Magura Nappe.

Studies conducted for decades in the PKB and the

Carpathians by Plašienka produced both detailed descrip-

tions of particular sections of the PKB and synthetic geo-

tectonic theories outlining the evolution of the Western

Central Carpathians (Plašienka 1996, 2003; Froitzheim

et al. 2008; Plašienka 2011, 2012a, 2012b; Plašienka and

Soták 2015). In the eastern Slovakian PKB Plašienka

(2011) and Plašienka et al. (2012) identified what they

called Šariš Unit (earlier the Fakl’ovka Unit; Plašienka and

Mikuš 2010), considering it to be a lowermost tectonic unit

of the PKB, overlain by Sub-Pieniny and Pieniny nappes.

This Šariš Unit includes Maastrichtian—Lower Eocene

synorogenic flysch to wildflysch deposits (Jarmuta/Proč

Formation), which do not represent the so-called ‘‘klippen

mantle’’ of Birkenmajer (1986), but constitute a struc-

turally independent unit (Plašienka 2011).

In 2005, near Stará L’ubovňa (Eastern Slovakia), Oszc-

zypko et al. (2005) discovered the Early Miocene Kremna

Formation, which is the youngest member the Magura

succession. In later years the Kremna Formation has also

been found in the foreland of the Małe Pieniny Mts.

(Oszczypko and Oszczypko-Clowes 2010) and inside the

PKB (Oszczypko et al. 2010; Oszczypko and Oszczypko-

Clowes 2010, 2014). According to the latest idea of

Oszczypko and Oszczypko-Clowes (2014) the nappes of

the klippen belt were thrust over the Kremna Formation,

which would indicate a post-Early Miocene age of thrust-

ing within the PKB.

Evidently, although the PKB has been the subject of

numerous studies, the combination of its complicated

structure and composition, as well as the usually poor

condition of the outcrops, has resulted in never-ending

problems, which need further investigation. The following

chapters provide a new interpretation of well-known facts,

an attempt to account for deep structures rooted in the older

basement of the foredeep, and, an analysis of the events

affecting neighboring tectonic units, in order to try

understanding structure and evolution of the PKB.

4 Evolution of the Pieniny–Subpieniny basin
during the Jurassic–Paleocene

During the Late Jurassic—Early Cretaceous, widespread

extension within the North-European Platform was linked

to the eastward lateral propagation of the Alpine Tethys rift

(Dumont et al. 1996), which resulted in the development of

the Outer Carpathian basins (e.g. Golonka and Krobicki

2004; Csontos and Vörös 2004, Froitzheim et al. 2008 and

references therein). Paleofaults in the epi-Variscan plat-

form of which the Teisseyre-Tornquist Zone played a key

role (TTZ; Fig. 1a) (i.e. Mazur et al. 2015; Gawęda et al.

2017) probably influenced the pattern of rifts and transform

faults. The rift probably had a WSW-ENE trend (Fig. 2)

and was oblique to the North Tethyan margin in the

Carpathians (see Plašienka et al. 1991; Golonka and Kro-

bicki 2001; Aubrecht and Túnyi 2001). Lithospheric

stretching and crustal thinning resulting from normal listric

faulting also took place within the former continental crust

of the Czorsztyn Ridge. Sedimentation was dominated by

extensional tectonics accompanied by block motions

responsible for graben–horst formation and the resulting

morphological escarpments (Weissert and Bernoulli 1985).

A general scheme of the lithostratigraphy, illustrating the

relationships between the klippen (Sub-Pieniny) and Peri-

Klippen Grajcarek and Magura) basins is presented in

Fig. 3. The development of the Czorsztyn Ridge is docu-

mented in the stratigraphic data of Wierzbowski (1994),

Aubrecht et al. (1997, 2006), Aubrecht and Túnyi (2001),

Barski et al. (2012) and Segit et al. (2015). The charac-

teristic feature of the Czorsztyn Basin is its paleotectonic

activity and its differentiation regarding sedimentation.

The large-scale mobility of this area during rifting is

proved by the presence of different sedimentary hiatuses.

One of the largest hiatuses, lasting from the Bajocian to the

Albian (Jurewicz 1994, 1997), appears locally in the Małe

Pieniny within the Homole Block. In an other place, but

within the same tectonic block, the hiatus only lasts from

the Hauterivian to the Albian. Local submersion caused by

drowning of tectonic blocks was sometimes accompanied

by neptunian dykes, the presence of sedimentary breccias

(Birkenmajer 1963; Jurewicz 1997) and the appearance of

exotic fragments (see: Birkenmajer et al. 1960; Jurewicz

2005). In the Bajocian, below scarps and morphological

margins, crinoid limestones were most probably formed as

heap deposits (Wierzbowski et al. 1999). The Czorsztyn

Basin reached its maximum depth at the end of the Late

Jurassic (Birkenmajer 1986). Al these processes were the

result of ongoing intense crustal thinning in the basement
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of the Czorsztyn Basin. Towards the end of the Bajocian

(Fig. 3), the Czorsztyn ridge was submerged and

destroyed, resulting in pelagic sedimentation of ammoni-

tico-rosso type (Wierzbowski et al. 1999; Gedl 2008;

Barski et al. 2012; Segit et al. 2015).

In the southern, deeper, part of the PKB basin, i.e.

Pieniny zone s.l., a deepening trend is also apparent in the

sedimentary record; the basin reached its maximum depth

in the Middle/Late Jurassic with deposition of black man-

ganese radiolarites (Birkenmajer 1977). In the Mid–Late

Cretaceous, there was no trace of the Czorsztyn Ridge in

the morphology of the basin floor: conditions for sedi-

mentation and, subsequently, facies were uniform over the

entire PKB basin, including the Vahic (Vahic–Oravic

Basin) (Birkenmajer 1977, 1986, Golonka and Krobicki

2001). Hemipelagic sediments, with globigerinids and

radiolarians (Birkenmajer 1977) formed over the entire

basin. When the Czorsztyn Ridge drowned, the Grajcarek

Basin lost its distinctive character and became a Peri-

Klippen part of the Magura Basin (Fig. 3). In the Coniacian

pelagic sedimentation switched into flysch deposition, pre-

orogenic in nature (Sromowce Formation), but coupled

with nappe thrusting in the Fatric-Tatric belt located to the

south (Fig. 2) (Birkenmajer 1986; Nemčok and Nemčok

1994; Plašienka 2003; Froitzheim et al. 2008). The dia-

chronic position of this pre-orogenic flysch and increas-

ingly younger ages to the north documented northwards

migration of nappe movement from the Meliata-Hallstatt to

the Penninic-Vahic oceanic zones (Plašienka 1996). Within

the PKB, Late Cretaceous folding started in the future

Klape Unit to the south during the Coniacian-Early San-

tonian, migrating to the Pieniny Basin and to the Sub-

Pieniny Basin during the Campanian–Maastrichtian

(Scheibner 1968; Birkenmajer 1970). At the Cretaceous/

Paleogene turn tectonic activity spread further and inten-

sified within the PKB basin. At this time the pre-Mesozoic

basement of the PKB (Vahic–Oravic) became fully sub-

ducted and the Klippen Belt represented a stack of imbri-

cated cover thrust-sheets building an accretionary prism

bordering the northern limit of the Central Carpathians

Block (Figs. 2 and 3) (e.g. Froitzheim et al. 2008 ). This

stage of the tectonic evolution led to the deposition of the

tectono-sedimentary Gregorianka Breccia, first occurring

in the Maastrichtian in the Sub-Pieniny Unit (e.g. Nemčok

et al. 1989; Plašienka 2012a) and the similar Jarmuta-Proč

Formation in the Peri-Klippen part of the Magura Basin

(Birkenmajer 1977; Birkenmajer and Dudziak 1991;

Nemčok and Nemčok 1994; Jurewicz 1997; Baková and

Soták 2000; Plašienka et al. 2012). Nappe emplacement

within the PKB originated at around sea level or above;

these processes were accompanied by erosion and forma-

tion of synorogenic, locally shallow-marine or fresh-water,

sediments (Plašienka et al. 1997). In the terminal phase of

nappe emplacement, due to favourable paleomorphology

(accretionary prism on the south and deep Magura Basin on

the foreland), the northernmost units of the PKB were

transported by gravitational sliding, and fragmented into

slices, slides, olistoliths and breccias, forming chaotic

sediments. The Jarmuta-Proč Formation was composed of

material coming from the folded klippen units and exotic

fragments, e.g. basalts occurring in the Biała Woda Gorge

in the Małe Pieniny Mts. (Birkenmajer and Pécskay

2000b). The chaotic nature of these sediments is clearly

visible in the Czarna Woda Stream (Online Resource 1)

originating by gravitational slumping and mass movement.

In one case it is a convolute fold of loosely consolidated

layer of sandstone formed by a gravity-driven debris flow

consisting mainly of mudstone with numerous rounded

pebbles (Online Resource 1a). In the middle part of this

direction and age of the beginning
of nappe-thrusting processes
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conglomeratic unit Middle Paleocene foraminifera and

coccoliths (NP 5 zone) have been found by Birkenmajer

and Dudziak (1991).

The complex evolution of the Sub-Pieniny Basin (future

Czorsztyn Unit s.l.) is responsible for the lithological jux-

tapositions and considerable thickness variations that,

during subsequent nappe emplacement, favored slicing and

fragmentation of the Sub-Pieniny unit into blocks.

Ksią _zkiewicz (1977) had already distinguished two sub-

zones within the present Czorsztyn Unit s.s.: a northern

,,blocky’’ unit (Mašlienka Subunit of Plašienka and Mikuš

2010) and a southern ,,imbricated’’ unit (Jarabina Subunit,

op. cit.). In the Małe Pieniny Mts., structural analysis

shows the gravitational character of nappe emplacement.

One of the largest olistoliths (Homole-Biała Woda Block),

composed of the plate-like Czorsztyn unit and the Niedzica

unit thrust over and folded outcrops in this region (Jur-

ewicz 1994, 1997). These units, together forming a mega

olistolith (Online Resource 2) overlie the folded Peri-

Klippen Magura nappe, composed of Aalenian–Paleocene

sediments (cf. Birkenmajer 1970; Birkenmajer and Dud-

ziak 1991; Jurewicz 1997; Oszczypko and Oszczypko-

Clowes 2014). Thrusting of the Niedzica Unit onto the

Czorsztyn Unit occurred by gravitational gliding, which is

indicated by e.g. folding against morphologic barriers and

the large number of normal faults (Jurewicz 1994, 1997).

Subsequently, the Homole—Biała Woda Block, sided

gravitationally into the deep Magura Basin located to the

north. Sediments of the latter, in its Peri-Klippen part, have

been partially folded and sliced. Note that deformation,

folding as well as faulting in the nearest neighborhood of

the PKB was stronger in the south and gradually disappears

northward.

5 Evolution of the PKB and Magura Nappe
borderland during the Cenozoic

Although the klippen units are usually highly tectonized, it

is, in most cases, easy to determine their affinity to strati-

graphic successions and structural units. The contrary,

however, is true for the Grajcarek Unit. Defining it and

determining its northern limit in Poland have always been

problematic. This unit was initially defined by Birkenmajer

(1970, 1977) as part of the Peri-Klippen deposits of the

Magura Basin. According to him these deposits became

back-thrusted over the autochthonous Sub-Pieniny Unit

(Czorsztyn and Niedzica) during the Early Paleocene

(Laramian). In the Pieniny Mts. this Grajcarek Unit appears

only along the northern boundary of the PKB, while east-

ward, in the Małe Pieniny Mts., sediments of this unit are

found between individual klippen units inside the PKB.

According to Birkenmajer (1970, 1977), the Grajcarek Unit

would in fact be in the relatively highest tectonic position

and its outcrops inside the PKB would be remnants of a

back-thrusted nappe. Birkenmajer and Dudziak (1991)

concluded that: ‘‘the upper part of the Jarmuta formation

(NP 7-9) overlaps in age with the lower part of the suc-

ceeding Szczawnica Formation (NP 7-11)’’. However, in

their map (Fig. 3 in their cited paper), the contact between

both formations is drawn as a tectonic limit, separating the

Outer Carpathians from the PKB. In the field, however, in

several outcrops along streams flowing over the Jarmuta

Formation and Szczawnica Formation such a clear limit

cannot be seen. It does not stand out as neither as a strong

lithological contrast nor as a change in the dip of bedding.

There is no fault or any other tectonic structure present.

Also such a contact is not recognizable as a geomorpho-

logical feature.

Eastward of the Polish part of the PKB, in Slovakia, the

Šariš Unit has been distinguished by Plašienka (2011) and

Plašienka et al. (2012) as a semi-counterpart of the Graj-

carek Unit in Poland. Earlier the Šariš Unit was named

Fakl’ovka unit (Plašienka and Mikuš 2010). According to

the authors cited above the Šariš Unit is the lowermost

structural element of the PKB; it is composed of Upper

Cretaceous shales and Maastrichtian—Lower Eocene

clastic sediments, capped by the chaotic breccia with

olistoliths. After sedimentation, thrusting began during the

Paleocene and ended in the Lower Eocene. The Sub-Pie-

niny Unit was thus thrust over the frontal Jarmuta–Proč

Basin of the later ‘‘Šariš Unit’’. This is recorded by the

newly defined Milpoš Breccia, composed of variegated

material derived from the Sub-Pieniny and Pieniny units

(op.cit.). According to Plašienka (2012a), the northern

border of the PKB within the L’ubovnianska Vrchovina

Highland is defined by the out-of-sequence Rozdiel Fault,

forming the contact of the Šariš Unit with the Magura

Nappe.

The positioning of the Grajcarek or Šariš Unit became

even more problematic after Oszczypko and Oszczypko-

Clowes (2010) found Miocene sediments inside the PKB.

Earlier, the same sediments were supposed to be auto-

chthonous Paleogene, synchronous with sedimentation in

the Central Carpathians Paleogene Basin south of the PKB

(Horwitz 1935, Andrusov 1938; Birkenmajer 1986) that is

of Eocene–Oligocene age (e.g. Bieda 1959, 1963;

Alexandrowicz and Geroch 1963; Olszewska and Wiec-

zorek 1998; Gross et al. 1984; Gedl 1999, 2000). Oszc-

zypko and Oszczypko-Clowes (2014) considered them to

represent the youngest sediments of the Magura Nappe,

thrust over by other klippen units together with the Graj-

carek Unit’’. The consequence of this assumption is a

considerable rejuvenation of thrusting and folding within

the PKB by coupling it to the evolution of the Outer

Carpathians. This newest concept by Oszczypko and
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Oszczypko-Clowes (2014) regarding the position of the

Grajcarek Unit and its relationship to the PKB, is difficult

to accept. Information provided in the text of their paper

implies that the PKB is separated from the Magura nappe

by the Grajcarek Unit, the definition of which is partly

analogous to that of Birkenmajer (1970, 1979). The Graj-

carek Unit is composed of Jurassic and Lower Cretaceous

sediments, similar to the profile of the Branisko unit, but

with a reduced thickness, which originated in a basin

located to the north of the Czorsztyn ridge. One difference

concerns the age and position of the so-called black flysch

(Szlachtowa Formation), which Oszczypko and Oszc-

zypko-Clowes (2014) considered being of Cretaceous age

(Aptian–Albian, e.g. Oszczypko et al. 2012), although

Birkenmajer, since the 1960s, argued for an Early Jurassic

age (Birkenmajer and Pazdro 1968; Birkenmajer

1977, 1979; Birkenmajer et al. 2008; Birkenmajer and Gedl

2017). According to Oszczypko and Oszczypko-Clowes

(2014) the formation of black flysch was preceded by

deposition of the so-called Cenomanian Key Horizon

(Sikora 1962; Uchman et al. 2013), overlain by marly

sediments merging upwards into the Jarmuta Formation.

As for the position of the Grajcarek Unit, Oszczypko

and Oszczypko-Clowes (2014) stated that: ‘‘A character-

istic feature of the Małe Pieniny Mts. is the presence of the

Grajcarek Unit, located in the contact zone between the

PKB and the Magura Nappe to the north’’. The same was

put forward as a first conclusion in their work: ,,Along the

northern border of the Małe Pieniny Mts. the PKB is sep-

arated from the Magura Nappe by a narrow, strongly tec-

tonically deformed zone belonging to the Grajcarek Unit’’.

Nevertheless, the maps and cross-sections by Oszczypko

and Oszczypko-Clowes (2014; see Figs. 2 and 10 in their

paper) show that the Grajcarek Unit always crops out as

tectonic remnants that form two belts. A northern belt is

made of isolated remnants thrust over the Kremna forma-

tion belonging to the Magura Nappe; a southern belt is

made of ,,sheets of Grajcarek Unit’’ and subcropping

klippen units that together overlie the Magura Nappe. The

difficulty with this concept is that, if the Grajcarek Unit,

along with the klippen units, exclusively occurs as tectonic

remnants thrust over the Magura Nappe, this unit cannot

separate the PKB from the Magura Nappe.

Another controversy regarding the Grajcarek Unit is its

northern boundary, i.e. its contact with the Magura Nappe.

Judging from the map of Oszczypko and Oszczypko-Clowes

(2014) (their Figs. 2 and 10) this limit is a high-angle fault

cutting the northern limit of the Grajcarek Unit thrust over

the Magura Nappe. It is marked at the contact of the Jarmuta

Formation (Maastrichtian–Paleocene) belonging to the

Grajcarek Unit with the Kremna Formation (Lower Mio-

cene) belonging to the Magura Nappe. Outcrops of the

Kremna formation were considered by Birkenmajer

(1970, 1977) and Birkenmajer and Dudziak (1981) to belong

to the Szczawnica and Magura formations (Eocene–Mio-

cene). The cross-sections do not imply that the fault cutting

off the northern limit of the Grajcarek Unit slices thrust over

the Kremna Formation was a deep-rooted tectonic zone (see:

Birkenmajer et al.1979). This fault formed within the

Magura Nappe after the Early Miocene, that is, after depo-

sition of the Kremna Formation (after the Burdigalian and

after overthrusting it by the PKB). The problem with the

concept of Oszczypko and Oszczypko-Clowes (2014) is not

only the Grajcarek Unit but also the fact that the PKB in the

Małe Pieniny, according to them, exists exclusively as tec-

tonic remnants that together with the Grajcarek Unit are

,,drifting over’’ the Kremna formation. This way the PKB—

understood as a deep-rooted, semi vertical structure—dis-

appears entirely. In order to highlight the differences in the

interpretation of the geological structure according to

Oszczypko and Oszczypko-Clowes (2014) and the present

author, three cross-sections are shown in Fig. 4, constructed

along the traces that are identical to those in the discussed

work (compare Fig. 10 of Oszczypko and Oszczypko-

Clowes 2014 and Online Resource 3).

Another problem raised by the work of Oszczypko and

Oszczypko-Clowes (2014) is that they propose to include

the Haligovce unit as an olistolith into the so-called Myjava

Paleogene (Myjava–Hričov–Haligovka Zone: Paleocene to

Eocene; e.g. Scheibner 1968; Köhler et al. 1993; Wagreich

and Marschalko 1995). According to Oszczypko and

Oszczypko-Clowes (2014, their Fig. 10 A–B–C and Online

Resource 3a; cf. Fig. 4a in this paper), sediments of the

Myjava Paleogene belong to the Branisko Succession, and

the youngest sediments of the latter are cut by the olistolith

of the Haligovce Klippe belonging to the highest and

southernmost unit of the PKB (cf. e.g. Plašienka et al.

2012). However, it is precisely in this unit that the contact

of transgressive sediments, the Súl’ov-type conglomerates

of the Myjava–Hričov Group (cf. Janočko et al. 2000) is

clearly visible, forming a post-nappe cover complex of

Paleocene–Lower Eocene age (see Golonka et al. 2015,

Plašienka et al. 2016). The map of Oszczypko and Oszc-

zypko-Clowes (2014) suggests that the sedimentation of

the Branisko unit lasted at least until the Eocene and that

the age of overthrusting within the PKB is post-Kremna

Formation, i.e. contemporary with overthrusting within the

Outer Carpathians. This proposal is contrary to many cur-

rent opinions regarding the structure and evolution of the

PKB (e.g. Csontos and Vörös 2004; Plašienka 2011).

bFig. 3 Generalized lithostratigraphy and relationships between the

klippen and Peri-Klippen basins. Lithostratigraphy after Birkenmajer

1970, 1977, Birkenmajer and Gedl 2017, Barski et al. 2012; Plašienka

et al. 2012; and Oszczypko and Oszczypko-Clowes 2014, simplified

and changed
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The Grajcarek Unit marks the boundary of two tectonic

megaunits: the Central and Outer Carpathians that are

commonly regarded as being in contact with each other

along a steeply dipping and deep-rooted contact. It is also a

surface along which, as concluded by Oszczypko and

Oszczypko-Clowes (2014), the Central Carpathians Block

rotated counterclockwise. Determining the reasons for the

difficulties in exactly defining the Grajcarek Unit and in

placing its northern limit are probably key to a sound

interpretation of the tectonics and evolution of the PKB at a

larger scale.

6 The role of deep fracture zones
in the underplated North-European
Platform in causing tectonic diversity
along the PKB

The fold-thrust architecture of the PKB formed at the turn

of the Cretaceous and Paleogene in connection with the

subduction of the pre-Mesozoic basement of the

sedimentary basin and its accretion at the front of the

Central Carpathian Block. During the later stages of for-

mation of the Carpathian orogen, namely during Late

Oligocene to Miocene thrusting and folding that led to the

formation of the Outer Carpathian fold and thrust belt, the

North-European Platform was forced below the nascent

orogen, undercutting and underplating the PKB and adja-

cent Tatricum units (e.g. Csontos and Vörös 2004;

Froitzheim et al. 2008). Underthrusting of the North-

European platform must have reached far to the south

before Late Miocene roll-back and break-off the European

lithosphere, as can be deduced from some 500 km short-

ening within the Outer West Carpathians (Gągała et al.

2012). The underplated European platform basement and,

especially, deep fracture zones within it, played a key role

in shaping lateral variations in style of deformation and,

consequently, the resulting geological structure of the

PKB. The fault pattern within the North-European Platform

was pre-shaped during Variscan orogeny. These faults are

generally parallel to the Teisseyre-Tornquist Zone (e.g.

Po _zaryski 1991; Pharaoh 1999; Świdrowska and
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Hakenberg 2000; Dadlez 2006; Guterch and Grad 2006),

that is they are oriented NNW-SSE. These same directions

are clearly visible on the radar images in the entire Polish

Outer Carpathians (Doktór et al. 2002). Among those

faults, the Kraków–Myszków (Kraków–Lubliniec) ( _Zaba

1996; Buła et al. 1997, Buła and _Zaba 2008) tectonic zone

exerted the greatest impact on the geodynamic evolution of

the study area. Its southern prolongation continues towards

the SSE below the Outer Carpathian nappes and the PKB

(Fig. 1b), reaching the Ružbachy Window and the Sub-

Tatric Fault (Jurewicz 2005, Fig. 2). In the Carpathian

foreland this fault, dividing Upper Silesian from the

Małopolska Block, has repeatedly been reactivated as a

dextral strike-slip fault ( _Zaba 1996; Buła and _Zaba 2008).

Within the PKB this tectonic feature manifests itself in the

form of the Dunajec Fault (Fig. 1b), which shifts the

northern limit of the PKB units by ca. 700 m to the south

(Birkenmajer 1979). Above this NNW-SSE fracture zone

the geological map by Uhlig (1905) shows a pull-apart-like

structure, now occupied by the Dunajec River. Its Miocene

reactivation produced andesite intrusions (12.5–10.8 Ma;

Birkenmajer and Pécskay 1999, 2000a) that intruded along

subordinate Riedel shears (Jurewicz 2005, Jurewicz et al.

2007, Nejbert et al. 2012). In the vicinity of Szczawnica

CO2-rich carbonate waters are found, enriched with man-

tle-derived helium (Leśniak et al. 1997). Geomorphical

studies indicated Early Quaternary uplift of the Dunajec

drainage basin the total amount of which varies from 100 to

110 m (Zuchiewicz 2009). This also supports the neotec-

tonic activity of this fault. Still another argument sug-

gesting tectonic activity of the Dunajec Fault is the

presence of flowstone-like calcites within subordinate

extensional fractures dated to be 6000 ka. (Jurewicz et al.

2007). Numerous mineral springs and travertines occur

along the southern prolongation of the Dunajec Fault

beyond the PKB, in the vicinity of Vyšné Ružbachy (Uhlig

1905). The Dunajec Fault and parallel Poprad Fault have

also experienced recent seismic activity (Wiejacz 1994;

Guterch et al. 2005). There is a linear (NNW–SSE-ori-

ented) string of earthquake epicenters, extending from

Krościenko in Poland up to the east of Spišská Nová Ves in

Slovakia (Kováč et al. 2002). The strike-slip activity of

NNW–SSE-oriented faults could be connected with N to

NNE-oriented vectors of recent horizontal motions,

observed for seismic stations located south of the Pieniny

Klippen Belt, pointing to the ongoing NNE-directed push

of the Alcapa block (Jarosiński 1998, 2005; Łój et al.

2009).

The deep fracture zone within the sub-Carpathian

basement, correlated with the boundary between the

Upper Silesian and Małopolska blocks, results in a sub-

stantially thicker Magura Nappe to the east of this zone, as

the basement drops from 4 km (western side) to 7 km

below the surface (eastern side; Zuchiewicz and Oszc-

zypko 2008). The Dunajec (Kraków–Myszków) Fault is

one of many faults parallel to the Teisseyre-Tornquist

Zone, which had a considerable impact on the geometry

and structure of the PKB (Figs. 1a, b and 5a, b). Several

smaller faults parallel to the Dunajec Fault have been

recognized to the east of it in the PKB and surrounding

area: Kamienka Fault, Vel’ký and Malý Lipnik faults

(Vabec Fault) and the more significant Poprad Fault (Pi-

wniczna–Udol–Plaveč–Lipany). Strike-slip faults and the

related geometry of shifted klippen in the L’ubovnianska

Vrchovina Highland is clearly documented in a geological

map by Nemčok (1990a, b) and by Plašienka et al. (2012).

The strike-slip motion of these faults is also visible in the

field where vertical fault surfaces between isolated klippen

blocks clearly show dextral subhorizontal striations.

To the east of the Dunajec Fault the PKB strike changes

gradually from W–E to WNW–ENE (Figs. 1b, 5b and 6).

Notably, PKB strata within this curvature strike obliquely

to the overall strike of the PKB limits. This trend is clearly

visible in the field in the Małe Pieniny Mts. (Jurewicz

1994), L’ubovnianska Vrchovina Highland (Potfaj 1997;

Plašienka 2012a), as well as east of the investigated area:

e.g. Olejnikov or Drienica faults (Plašienka and Mikuš

2010). The obliquity of the bedding with regard to the PKB

trend has two reasons. The first is the larger amount of

thrusting and consequently greater shortening towards the

east. This is observable not only at a regional level but also

in the field. In the eastern part of the Małe Pieniny Mts.

there is a semi-horizontal scissor fault where the amplitude

of thrusting increases to the east and the normal fault throw

increases to the west (Jurewicz 1994). A situation whereby

bedding strike is oblique to the overall strike of the struc-

ture due to differential shortening related to folding and

thrusting has been described by Allerton (1998) from the

Sierra de Burete and Sierra de Quipar in Spain. A second

reason for this obliquity is displacement at faults, which cut

the PKB transversally (Fig. 1b). Right lateral slip within

basement rocks produced characteristic fault structures

within the overlying cover, i.e. strike-slip duplexes

(Schlögl et al. 2008; Plašienka 2011; Plašienka and Mikuš

2010) named ‘‘ribbon klippen’’ (Plašienka 2012a). This

relationship between the overall PKB geometry and the

strike of bedding implies that the formation of the arc-like

geometry of the Klippen Belt between the Central and

Outer Carpathians was not due to ductile bending but

instead was a product of step-like displacements along

dextral faults (Fig. 5b). These displacements created the

geometric effect of a bending klippen belt, accompanied by

sigmoidal strata strikes, generated by drag along strike-slip

fault surfaces (Fig. 6). The latter developed above a zone

of deep fractures within the down-going platform (Fig. 5a,
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c). Their presence influenced first the process of subduction

and subsequently the collision of the North-European

Platform with the Central Carpathian Block (Jurewicz

2005). Due to fracture zones within the underthrusting

European platform, each plate segment behaved somewhat

differently during subduction and collision with the Central

Carpathian Block. As a result, the PKB in the Pieniny Mts.

area represents a steep structure, formed by compression

between the accretionary prism of the Outer Carpathians/

North-European Platform and the Tatra Mts. massif.

Inverted strata have been observed at the southern limit of

the PKB, within the Central Carpathian Paleogene, in the

so-called zone of the Peri-Pieniny Flexure (Mastella 1975).

These are due to the structure of the Tatra Block, where

rigid granitoids building up its lower part undercut the

bottom of the PKB (Jurewicz 2005). Soft flysch sediments

in its upper part were not sufficiently resistant and this

caused the klippen belt to become overturned to the south.

A similar rigid and thick southern granitic massif was

absent to the east of the Dunajec Fault and the basement of

the down-going North-European Platform is ca. 3 km

deeper (Zuchiewicz and Oszczypko 2008). An effect of

less steeply inclined subduction below the Central Car-

pathian Block and the PKB at its front is a thinner Klippen

Belt predominantly consisting of northern PKB units (lack

of Pieniny Unit s.s.) and the presence of the Magura Nappe

below the klippen, as can be seen in tectonic windows.

Additionally, slip along transverse faults was sometimes

greater than the width of the klippen belt, which augmented

the effect of isolated klippen. This effect is taken to an

extreme in Ujak (Fig. 1b), where the PKB disappears

entirely, displaced to the south by slip along the Poprad

Fault and the Central Carpathian Paleogene; it is in direct

contact to the sediments of the Magura Nappe (Nemčok

1990a; Plašienka and Mikuš 2010).

Activation of NNW-oriented faults within the basement

of the Carpathians, responsible for the arc-like geometry of

the PKB, produced by stepping-over dextral strike-slip

faults, precludes the possibility of counter-clockwise rota-

tion of the Central Carpathians Block with respect to the

Outer Carpathians continuing into the late Neogene. Acti-

vation of oblique NNW-oriented faults cutting the PKB is

documented by Early Miocene andesite dyke arrays

(Birkenmajer and Pécskay 1999, 2000a), filling subordinate

faults branching off the Dunajec Fault (Jurewicz 2005;

Nejbert et al. 2012). Paleomagnetic investigations docu-

mented a rotation of the whole Alcapa microplate in the

Early Miocene, the value of which was estimated by Kováč

and Márton (1998) to ca. 40–50� (see: Fodor 1995; Márton

bFig. 5 Relationship between the North-European Platform, Central

Carpathian Block and the PKB trapped between them (ideograph, not

to scale). a Morphology of the platform basement, deepening

eastward. b Tectonic scheme showing the influence of deep fracture

zones on the geometry of the PKB; Cross-section of the three

segments of the PKB: c Pieniny Mts., d Małe Pieniny Mts.,
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details); c L’ubovnianska Vrchovina Highland (after Plašienka 2012a). Orientation of poles to planes is shown in the lower hemisphere

Šariš Zone between Pieniny Klippen Belt and Outer Carpathians 257



et al. 1999, 2004, 2013). Paleomagnetic investigations of

Márton et al. (2013) indicated a similar magnitude of CCW

rotation during the Miocene for the PKB, Central and Outer

Western Carpathians. Filling of the so-called Plaveč Gra-

ben with Eocene–Oligocene deep-water sediments may be

evidence that this rotation was not located along the PKB

(Leško 1960; Nemčok et al. 1998; Plašienka and Mikuš

2010). Rotation, and the related strike-slip zone along the

PKB (Figs. 2 and 5b), could have occurred earlier as a

consequence of oblique subduction at the end of the Cre-

taceous and beginning of the Paleocene (Tomek and Hall

1993; Zeyen et al. 2002). According to Rakús and Mar-

schalko (1997), polyphase activity of this shear zone during

the Albian-Paleocene produced diachronous pull-apart

basins, e.g. the Manı́n or Kostelec basins. These basins

could have been formed through the same mechanism as

that of the Gosau basins described by Wagreich and Mar-

schalko (1995) and Hofer et al. (2013).

In summary, the complex structure of the klippen belt is,

on the one hand, the result of tectonic events within the

PKB influencing the sedimentation within the Magura

Basin and, on the other hand, the effect of the structure of

the basement (the sub-Carpathian part of the platform) and

its multiple, dextral deep fracture zones oriented NNW–

SSE. Both processes resulted in the presence, within the

Magura Nappe, of synkinematic sediments resembling

polygenetic mélange, giving rise to difficulties in the

interpretation of the structure of the northern PKB

borderzone.

7 The Šariš Transitional Zone representing
a suture zone between Central and Outer
Carpathians: a discussion

According to the definition of tectonic units in the sense of

a definition such as given by e.g. Fodor (2004), namely that

‘‘Tectonic units are three-dimensional rock bodies with

distinct physical boundaries and unique structural charac-

ters including temporal evolution’’, it can be concluded that

the Grajcarek Unit of Poland (Sariš in Slovakia) does not

fulfill this criterion.

There is no doubt that, at the time of the development of

the Vahic–Oravic Basin there was, beyond the Czorsztyn

ridge limiting it to the north, another basin, which was not

the Magura Basin. This basin, during the Aalenian to

Albian, was clearly separate from the Vahic–Oravic Basin

and has been previously described as the Peri-Klippen

Hulina Basin (Sikora 1971, Golonka et al. 2000), Grajcarek

Basin (Birkenmajer 1970, 1986), or pre-Late Albian

Magura Basin (Barski et al. 2012). Although similar in

facies to the Branisko succession of the Klippen Belt, this

Peri-Klippen basin also shows affinites to the Magura

Basin of the Outer Carpathians, a basin in which sedi-

mentation initiated in that part of the Peri-Klippen zone

where its oldest sediments are preserved (Fig. 3). In the

Late Cretaceous, the Czorsztyn ridge ceased to be dis-

cernible in the sea bottom topography (Segit et al. 2015),

the PKB basin deepened and facies became more uniform

(Birkenmajer 1986). Therefore, in the Peri-Klippen zone,

the pre-Late Albian Grajcarek Basin ceased to be recog-

nizable as distinct from the Magura Basin; in the Late

Cretaceous it became an integral part of the Magura Basin

(Fig. 3).

Folding and thrusting took place within the Vahic–

Oravic zone at the turn of the Cretaceous/Paleogene,

forming an accretionary prism that became a forerunner of

the PKB (Fig. 7a). In the north, within the Magura Basin at

its front, sediments could have been partly folded, sliced

and eroded, but no autonomous tectonic unit formed.

Newly formed denivelations favored gravitational sliding,

accompanied by formation of synorogenic breccias of the

Jarmuta Formation (Birkenmajer 1977, 1986; Plašienka

et al. 2012). Mass motions took place at the same time,

producing gravitational slides (Online Resource 1) that

together with olistoliths (Online Resource 2) resulted in the

formation of chaotic deposits. Clastic material could have

been partly derived from the recently stacked and up

thrown PKB accretionary prism and partly from the folded

and eroding the Peri-Klippen Magura Basin. Within the

conglomerates known from the Czarna Woda Stream the

percentage of klippen rocks found as pebbles reaches 71%;

the remainder may be exotic material (Kutyba 1986).

Olistoliths could have formed not only during sedimenta-

tion of the Jarmuta Formation. In the Paleocene the

Szczawnica Formation (Fig. 3) belonging to the Magura

Nappe in the Ścigocki Stream near Krościenko the olis-

tholitic block of Jurassic and Cretaceous rocks (probably

Pieniny Limestone Formation from PKB; Birkenmajer

1977) could be visible. In the same location, within the

younger Zarzecze Formation of Magura Nappe, a sub-

marine slump was recognized (Golonka and Waśkowska

2014).

After this main overthrusting event, the structure of the

PKB became even more complicated. At the end of the

Paleocene the PKB and its southern neighbor, the Tatri-

cum, may have been exposed undergoing erosion (Buček

2001, Soták et al. 2001). Piggyback basins could, however,

still have existed locally, with continuous sedimentation

during this overthrusting, that is from Late Cretaceous until

Paleocene (Myjava Paleogene—Birkenmajer 1986;

Birkenmajer and Dudziak 1991; Kostka 1993). Traces of

terrestrial sedimentation can be seen in the Tatra Mts.

where karst has been documented (Głazek and Zastawniak

1999; Głazek 2000). At this time the PKB constituted the

southern shore of the Outer Carpathian Basin, and was one
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of the sources of its clastic material, filling the Peri-Klip-

pen part of the Magura Basin (Milpoš Breccia; Plašienka

et al. 2012). During the Paleocene-Eocene Thermal Max-

imum (PETM; see: Storey et al. 2007) and global sea-level

changes the Tatricum area was submerged, forming the

CCPB (Marschalko1968; Jacko and Janočko 2000) which,

after Tari et al. (1993) and Kazmer et al. (2003), is a fore-

arc basin associated with B-type subduction of the Euro-

pean plate. Sedimentation within the basin started with

gravels and nummulitic limestones (Borové Formation;

Gross et al. 1984, Janočko and Jacko 1999). Soon, the PKB

was also inundated and the CCPB sea, merged with the

Outer Carpathian Basin (e.g. Ksią _zkiewicz and Leško

1959). Traces of this inundation are transgressional sedi-

ments overlying the Haligovce Unit, known as the Súl’ov

conglomerate (Myjava-Hričov Group; Janočko and Jacko

1999; Plašienka 2011). The PKB was certainly a ridge at

the sea bottom (Birkenmajer 1986; Jurewicz 2005) that

might have shed olistoliths and supplied clastic material to

the deep Magura Basin located to the north (Fig. 7b),

(Milpoš Breccia; Plašienka et al. 2012, 2016). The PKB

was also the source area of clastic material during sedi-

mentation of the Szaflary and Zakopane beds of the CCPB

(Gedl 2000). The continuously eroded sub-marine ridge

was soon destroyed and itself became an area of deposition

of flysch sediments. Their vestige is the so-called ,,au-

tochtonous Magura Paleogene’’ (Birkenmajer 1970,

Golonka and Rączkowski 1981, 1984), known also as

,,intra klippen flysch’’ (Horwitz 1935) or ,,younger klippen

mantle’’ (Birkenmajer 1986). These sediments uncon-

formably overlie the klippen units and are considered

younger then the former. They also constitute positive

morphological forms. Nonetheless, they were considered

by Oszczypko and Oszczypko-Clowes (2014) as the

Kremna Formation of the Magura Nappe and placed below

the overthrown Grajcarek Unit, overlain in turn by the

klippen units. Also, Plašienka et al. (2012) considered that

Paleogene sediments within the klippen belt (except for the

Sul’ov Breccia) can be seen only in tectonic windows and

that they belong to the Sariš Unit. Due to the lack of

convincing outcrops, it is difficult to argue decisively for

either the presence of ‘‘autochthonous Paleogene’’ overly-

ing klippen units (Birkenmajer 1977, 1986) or the Paleo-

gene underlying klippen units and representing the

Grajcarek/Sariš Unit (Oszczypko and Oszczypko-Clowes

2014; Plašienka et al. 2012) or the Magura Nappe. How-

ever, taking into account the scale of sinking of the

Mesozoic Tatricum beds within the neighboring Podhale

synclinorium, where the thickness of Paleogene sediments

has been estimated by Środoń et al. (2006) to be

6.5–7.5 km in the Eastern Podhale and even more in the

Spišská Magura area (because the basin floor was inclined

towards the east), it can be deemed improbable that in an

extremely tectonized structure like the PKB, the Paleogene

sediments were not preserved as ,,klippen mantle’’. A proof

for this are perhaps the transgressive Súl’ov conglomerates

occurring on the highest and southernmost Haligovce Unit

(Janočko et al. 2000) and overstepping the Middle

Eocene—Oligocene sediments of Udol Succession in the

easternmost part of the study area (Plašienka and Mikuš

2010).

Overthrusting in the Magura Basin of the Outer

Carpathians started in the Peri-Klippen zone in the Mio-

cene (Oszczypko 2006, Oszczypko et al. 2015). It was

related to the north-eastward movement of the Alcapa and

Tisza-Dacia megaunits (Golonka et al. 2000; Csontos and

Vörös 2004). The main mechanism driving subduction in

the Polish Carpathians, responsible for the north-east

directed nappe transport, was slab-pull, linked with the

loading of oceanic or strongly thinned continental crust.

The Neogene subduction zone had retreating subduction

boundaries (e.g. Royden 1993; Sperner et al. 2002;

Froitzheim et al. 2008). At this time the Klippen Belt was

further shortened and stacked (Birkenmajer 1986; Plaš-

ienka 2002), which led to further complications at the

borderzone of the PKB and Magura Nappe (Fig. 7c). The

previous nappe structure underwent disintegration due to

the destruction of thrust surfaces, along which further

tectonic movement was not possible. Fragmentation of

older overthrusts was responsible for the presence of

characteristic klippen within the PKB and diapiric tectonics

(Birkenmajer 1959). Due to these processes the PKB

behaved like a megabreccia zone (Andrusov 1938;

Ratschbacher et al. 1993; Kováč and Hók 1996).

According to Plašienka et al. (2012) olistoliths were

formed during the Maastrichtian to Early Eocene (see

Plašienka et al. 2016), but further reactivation of this pro-

cess could have taken place later and be linked to Neogene

inversion causing rotational upthrow of the Tatra block

(Piotrowski 1978; Jurewicz 2005). Its southern limit was

uplifted along the Sub-Tatric Fault (Uhlig 1899; Hrušecký

et al. 2002; Sperner et al. 2002), and its northern limit was

downthrown. At the same time, a piggy-back basin

(Kremna Formation) appeared to the north of the PKB, on

top of the newly formed Magura Nappe (Oszczypko 2006).

Recently formed topographic denivelation could have also

favored small gravitational sliding and thrusting (Fig. 7c).

Advancing orogenesis and further shortening of the

Outer Carpathians resulted in reactivation of existing

thrusts and formation of new thrust faults (Fig. 7d). Con-

sequently, the previous structure of the PKB was destroyed

by numerous local deformations, the appearance of small

thrust-sheets and out of sequence faults. The juxtaposition

of these structures on older phases of deformation resulted

in the obliteration of the already complex tectonic pattern

of the PKB. The Šariš Unit defined by Plašienka et al.
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(2012) would have had to be differentiated at this stage, but

instead of a clear tectonic limit, a series of smaller slices

appeared, difficult to interpret. The Rozdiel Fault, marked

on the map of Plašienka et al. (2012) as a northern limit of

the PKB, is not a homogenous fault, but is composed of

fragments of oblique faults and small imbrications

(Figs. 1b and 5b).

Furthermore, rotational upthrow of the Tatra massif,

caused by undercutting of the downgoing North-European

Platform, also had other consequences. Associated down-

throw of the limit of the northern Tatricum block formed

the Podhale synclinorium filled with CCPB sediments

(Gołąb 1959; Mastella 1975) and, along the tectonic con-

tact with the PKB, formation of the Peri-Pieniny Flexure

(Figs. 1b and 7d). Within the latter the beds are upwarped

and overturned towards the south. The same occurs within

the PKB, where imbricated slices formed during nappe

stacking have subsequently been overturned towards the

south and put into an inverted position during Neogene

compression and inversion event (Mastella 1975; Birken-

majer 1977, 1986). As mentioned above, the geological

build-up of the contact zone is responsible for overturning

the PKB and the formation of out-of-sequence faults. The

deep, resistant granitoid massif was forced towards the

north, undercutting the PKB structure, while weak and only

slightly lithified flysch sediments at the surface were retro-

turned by newly formed Outer Carpathian nappes (Fig. 5).

This profound change of the tectonic regime resulted in yet

another reorganization or obliteration of older structures.

Thus the klippen belt was fragmented into blocks, which,

accompanied by lithological variations within the klippen

units (competent and incompetent rocks), produced diapiric

structures (Birkenmajer 1959; see Codegone et al. 2012).

As a result, in the borderzone between the Outer

Carpathians and the klippen belt, one can observe the

intercalation of tectonic structures formed due to multiple

tectonic events such as folding, imbrication, nappe thrust-

ing and gravitational sliding producing olistoliths and

breccias. The area subjected to deformation was expanding

towards the north and the youngest event was first con-

temporary with, and later followed, the sedimentation of

the Kremna Formation (Burdigalian; Oszczypko 2006).

Thus, a chaotic mélange zone was formed in front of the

PKB, a greater part of which was underthrust below the

klippen units and is now observable in tectonic windows.

The amplitude of this underthrusting can be seen in the

field in the vicinity of Kamienka quarry (Fig. 1b), where

there are outcrops of so-called ,,black flysch’’ (Szlachtowa

Formation) connected with pre-Late Albian Magura (Gra-

jcarek) Basin (Barski et al. 2012).

Moving from west to east, i.e. from the Pieniny Mts.

through the Małe Pieniny Mts. to the L’ubovnianska

Vrchovina Highland, there is a gradual change in both the

PKB structure and its contact with Magura Nappe

(Fig. 1b). Slices and thrust-sheets build the western klippen

belt and its northern limit is steep. The more we move to

the east, the narrower gets the Klippen Belt, its contact with

the Magura nappe is less steeply inclined, the klippen are

more disintegrated, and there is a higher proportion of Sub-

Pieniny than Pieniny Unit and a greater amplitude of

overthrusting onto the Magurian foreland. Towards the

east, nappe units of the PKB are gradually replaced by

loose klippen belonging mostly to the Czorsztyn Unit (Sub-

Pieniny), and considered by Plašienka et al. (2012) as part

of the Šariš Unit. A common feature of these klippen is

that, regardless of the transport process (tectonic thrusting

or gravitational sliding), they were incorporated into the

Magura Basin, becoming part of it and building a

tectonosedimentary belt along the multi-stage formed PKB.

Instead of the Grajcarek Unit sensu Birkenmajer (1986)

and Oszczypko and Oszczypko-Clowes (2014) or the Šariš

Unit of Plašienka et al. (2012) the Peri-Klippen zone of the

Magura Basin i.e. Grajcarek Basin should be distinguished.

This basin includes the oldest sediments of the Magura

Basin, i.e. the Grajcarek succession of Birkenmajer and

Gedl (2017). This same basin was named ‘‘pre-Late Albian

Magura Basin’’ by Barski et al. (2012).

During ‘‘Laramian’’ folding at the turn of the Creta-

ceous/Paleocene, klippen units partly overthrust/gravita-

tionally slid over this zone and clastic material from

degrading folded and overthrusted klippen units filled it.

Formation of a polygenetic mélange then followed, where

the difference between tectonically disrupted and gravity

driven chaotic bodies is invisible.

Chaotic sedimentation and mélange-forming processes

in similar geotectonic settings as well as the appearance of

submarine landslides along the subduction margin at the

front of accretionary prisms were described by Alonso

et al. (2006), Yamamoto et al. (2009), Yamada et al. (2010)

and Festa et al. (2010, 2012, 2016), among others. Con-

current tectonic and gravitational motions leading to the

formation of polygenetic olistostromes are common in a

large part of the Western Alps at the top of the Alpine

foreland basin succession (Perotti et al. 2012) and in the

Northern Apennines (Pini 1999; Codegone et al. 2012;

Ogata et al. 2012). Also the Miocene of the Outer

Carpathians is full of chaotic sediments, the diachronous

character of which has been underlined by Jankowski and

Jarmołowicz-Szulc (2009).

Defining the Grajcarek Unit as a structural unit would

require not only a coherent tectonosedimentary evolution

bFig. 7 a–d Stages of the Late Jurassic to Early Miocene evolution of

the Pieniny Klippen Belt and adjacent areas (sketch, not to scale) and

based on Jurewicz (2005)
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and a precise timing of the deformation episodes but also a

straightforward definition of its northern border. To date,

this border is fuzzy and defined differently by different

authors. The difficulty in locating the northern border of

the ‘‘Grajcarek Unit’’ is due to the fact that folding, slicing

and thrusting, as well as the emplacement range of olis-

toliths and thrust sheets/olistolith slumps, vanished gradu-

ally (and towards the north) both in time and space. It is

difficult to decide if the northern limit of the ‘‘Grajcarek

Unit’’ should be that of the northernmost olistolith, the

occurrence of stronger folding or a particular thrust or

fault. A similar problem arises with the southern boundary:

in many cases we cannot be sure if it is a fragment of a

tectonic unit belonging to the PKB thrust onto the Šariš

Unit, or it is an olistolith within a chaotic mélange. As

Plašienka (2011) stated: ‘‘the long-termed tectonic defor-

mation processes were repeatedly accompanied by depo-

sition of synorogenic and followed by overstepping

formations (…) which were further deformed together with

their substratum’’. However, there was no independent

tectonic unit, neither during folding and thrusting in the

PKB (Cretaceous/Paleogene), nor during folding in the

Outer Carpathians (Miocene).

8 Conclusions

During the Early Jurassic—Early Cretaceous, the Graj-

carek Basin (pre-Late Albian Magura Basin) was located

north of the Czorsztyn Ridge (Oravicum), limiting the

Pieniny–Subpieniny Basin (Birkenmajer 1986; Segit et al.

2015). This basin remained distinct until the Late Albian,

i.e. until the disappearance of the Czorsztyn Ridge (e.g.

Barski et al. 2012). This submerging resulted in deepening

and uniform of facies within the Pieniny-Subpieniny, the

Grajcarek and the Magura basins. From the Late Albian

onward, the Grajcarek Basin was integrated into the

Magura Basin and its further evolution was connected with

the Outer Carpathians. During the Late Cretaceous/Pale-

ocene thrust-folding processes, the Peri-Klippen zone of

the Magura Basin was partially folded and reduced. In the

Magurian front of the klippen belt polygenetic and poly-

phase tectono-sedimentary chaotic mélange did form,

advancing towards the north with progressive evolution

and subjecting progressively younger deposits to progres-

sively younger deformation. These processes were

accompanied by numerous olistolith-forming events, the

latter sliding gravitationally from a growing accretionary

prism. All these sediments were deformed once more due

to Late Oligocene/Miocene folding and thrusting processes

in the Outer Carpathians. In summary, the Šariš Transi-

tional Zone formed all along the northern rim of the PKB,

being composed of the result of multiple reworking of

sediments that originated both in the Grajcarek Basin and

in the Peri-Klippen part of the Magura Basin that contains

numerous olistholiths of the PKB units.

The alteration of tectonic structures along strike in the

PKB is due to variations within the basement (underplated

North-European Platform), cut by several deep fracture

zones, parallel to the Teisseyre-Tornquist Zone (NNW-

SSE). The most important of these fracture zones is the

prolongation of the limit of the Upper Silesian and

Małopolska blocks (Kraków–Myszków Fault Zone; Buła

and _Zaba 2008) below the Carpathians. The surficial

expression of this zone in the PKB is the Dunajec Fault and in

the Magura Nappe the andesite dyke array which has an en

échelon relationship to this fault (Jurewicz 2005; Nejbert

et al. 2012). Along this deep fracture zone, the platform

basement in its eastern side is downthrown in a stair-step

fashion by ca. 3 km as compared to the western side of this

fault (Zuchiewicz and Oszczypko 2008). Such a morphology

of the basement influenced subduction and later collision of

the European plate with the Central Carpathians Block.

Right-lateral movement along NNW-SSE oriented

strike-slip faults within the PKB mentioned above was also

responsible for the formation of strike-slip duplexes, with

increasing (towards the east) amplitude of overthrusting of

klippen units over the Magurian foreland and the arc-like

horizontal plan of the klippen belt.

The presence of Eocene–Oligocene sediments in the

Plaveč graben (Leško 1960; Nemcok 1990a, b; Plašienka

and Mikuš 2010) as well as Lower Miocene andesite dykes

(Birkenmajer and Pécskay 1999, 2000a) proves strike-slip

motion along NNW-SSE faults in the Outer Carpathian

basement. These faults subdivide the PKB into a series of

segments, which preclude the possibility of late, i.e. Neo-

gene, longitudinal movement along the northern boundary

of the PKB and CCW rotation of the Central Carpathian

Block. Such a rotation, related to Alcapa Block motion,

took place earlier, that is from Albian to Paleocene, and

was responsible for the formation of pull-apart basins, fil-

led with Gosau facies (Wagreich and Marschalko 1995).
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Froitzheim, N., Plašienka, D. & Schuster, R. (2008). Alpine tectonics

of the Alps and Western Carpathians. In: T. McCann (Ed.) The

Geology of Central Europe, 2: Mesozoic and Cenozoic

1141–1232. Geological Society Publishing House; London.
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Gawęda, A., Burda, J., Golonka, J., Klötzli, U., Chew, D., Szopa, K.,
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Łój, M., Madej, J., Porzucek, S., & Zuchiewicz, W. (2009).

Monitoring geodynamic processes using geodetic and

gravimetric methods: an example from the Western Carpathians

(South Poland). Geologia, 35, 217–247.

Mahel’, M. (1980). The Peri-klippen zone: its nearer characterization

and significance. Mineralia Slovaca, 12, 193–207. Bratislava.

Mahel’, M. (1989). The Klippen Belt from the aspect of geodynamic

model. Mineralia Slovaca, 21, 99–108. (in Slovak).
Marchant, R. H., & Stampfli, G. M. (1997). Subduction zone in the

Western Alps. Tectonophysics, 269, 217–235.

Marschalko, R. (1968). Facies, distribution, paleocurrents and pale-

otectonics of the Paleogene flysch of Central West Carpathians.
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